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Glioblastoma is the most malignant and lethal subtype of glioma. Despite progress in therapeutic approaches, issues with the tumor immune landscape persist. Multiple immunosuppression pathways coexist in the tumor microenvironment, which can determine tumor progression and therapy outcomes. Research in immune checkpoints, such as the PD-1/PD-L1 axis, has renewed the interest in immune-based cancer therapies due to their ability to prevent immunosuppression against tumors. However, PD-1/PD-L1 blockage is not completely effective, as some patients remain unresponsive to such treatment. The production of adenosine is a major obstacle for the efficacy of immune therapies and is a key source of innate or adaptive resistance. In general, adenosine promotes the pro-tumor immune response, dictates the profile of suppressive immune cells, modulates the release of anti-inflammatory cytokines, and induces the expression of alternative immune checkpoint molecules, such as PD-1, thus maintaining a loop of immunosuppression. In this context, this review aims to depict the complexity of the immunosuppression in glioma microenvironment. We primarily consider the PD-1/PD-L1 axis and adenosine pathway, which may be critical points of resistance and potential targets for tumor treatment strategies.
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Introduction

Cancer is characterized by genetic instability and heterogeneity in the tumor microenvironment (TME). Currently, one of the major challenges in cancer treatment is to block the multifaceted network of tumor mechanisms that cause immunosuppression and resistance to cell death (1, 2).

Gliomas are the most aggressive primary brain tumors in adults, and are of different genetic, phenotypic, and pathological subtypes, depending on the glial lineage from which they arise (3). Glioblastoma multiforme (GBM) is the most malignant subtype of diffuse glioma, and remains the most lethal among brain tumors (3, 4). Similar to other malignances, genetic and phenotypic variability within GBM present problems for the treatment of these tumors (5, 6).

Despite advances in modern medicine, the prognosis for malignant glioma patients remains just over a year. Therefore, several avenues, such as tumor resistance, need to be explored to improve therapeutic approaches (7, 8). Tumor resistance is related to redundant and synergic immunosuppressive pathways coexisting in the TME. Malignant and host cells create a specific niche, where cellular interactions shape the profile of cytokines and chemokines, favoring pro-tumoral activities (9).

Recent evidence has shown that tumors are proficient at evading immunostimulatory responses and resisting standard therapy by producing adenosine (ADO) and upregulating molecules like programmed cell death 1 (PD-1) that function as immune checkpoints (9, 10). Therefore, this review aims to depict the complexity of the immune system in the glioma microenvironment, including the role of the PD-1/PD-L1 axis and adenosine pathway in the maintenance of immunosuppression and resistance to glioma treatments.



Immune System in Gliomas


Tumor-Associated Immunosuppression

The TME has been described as a regulator of tumor progression as well as a mediator of successful therapy. The complexity of tumor niche is shaped by a variable combination of stromal cells, endothelial cells, fibroblasts, cancer stem cells and immune system. Specially, stromal and cancer stem cells have been described by a significant involvement on glioma initiation, maintenance, and progression. In fact, cancer stem cells can suppress cytotoxic responses and modulate immune and endothelial cell functions, suggesting an important role of these cells on immunosuppressive tumor site (11, 12). Importantly, studies have demonstrated an increasing significance of the immune infiltrate and its products in the process of tumor malignancy (10, 13, 14). In GBM, resident microglia and macrophages represent up to one-third of the tumor mass and may have pro-tumorigenic functions (15).

Microglial cells are considered “plastic” due to their ability to change their functions based on environment. These cells may exhibit pro-inflammatory (M1) or immunosuppressive (M2) functions (15–17). All macrophages produce several cytokines such as tumor necrosis factor (TNF) and interleukins (IL-1, IL-6, IL-8, and IL-12), which influence the generation of effector cells and activation of lymphocytes (14). Previous data has shown that the interaction between glioma and microglia is very complex and may not be beneficial for tumor resolution. Indeed, microglia cells co-cultured with glioma cells lack phagocytic ability against tumor cells (16).

Immunosuppression in gliomas involves dynamic crosstalk between tumor and stromal cells, tumor-associated macrophages (TAMs), microglia, regulatory T cells (Tregs), and tumor-infiltrating lymphocytes (TIL) (17–19). Generally, the number of CD4+ lymphocytes is lower than that of CD8+ lymphocytes in a GBM environment, but it has been observed that the numbers of both CD4+ and CD8+ cells increase with tumor grade (20). Despite the presence of these lymphocytes in the GBM microenvironment, effector T cells do not function properly and M2 macrophages are unable to promote CD4+ and CD8+ polarized immune responses, which are important for the regulation of Tregs (21).

The release of chemokines such as C-C motif chemokine ligand 2 (CCL2) is critical for the recruitment of Tregs and myeloid derived suppressor cells (MDSCs). MDSCs alter the TME and suppress immune responses by blocking CD8+ cells and inhibiting the function of natural killer cells (NK) (9, 19, 22). NK cells express death receptor ligands, which can induce caspase-dependent apoptosis in target cells, and can thus kill cancer cells (23). This cytotoxic action is limited by GBM-HLA-G expression, which protects tumors from T cells and NK-mediated killing. Moreover, NK cells are reduced in GBM patients (23, 24).

Studies have shown influences of effector and regulator T cells on the prognosis of cancer patients. For example, Tregs play a significant role in the immune response in the TME since they mediate immunotolerance by suppressing the function of effector T cells (9, 23). GBM patients showed an increased proportion of Tregs among CD4+ cells, contributing to the reduced immune response (25). In addition, the removal of the Treg fraction from patients with GBM rescues T cell proliferation and pro-inflammatory cytokine production to standard levels. This reveals the critical role of Tregs in glioma-mediated immunosuppression (26).



The PD-1/PD-L1 Axis

Interest in immune-based treatments of cancer has been renewed after the discovery of immune checkpoint inhibitors. Recently, the co-Nobel Prize in Physiology or Medicine was awarded to Tasuko Honjo, who showed the negative regulation of T cells mediated by the PD-1 pathway (27, 28). Thus, the expression and activity of immunological checkpoints have emerged as the main immunosuppressive mechanisms in gliomas (29, 30).

The transmembrane co-receptor PD-1 (CD279), encoded by the PDCD1 gene, belongs to the family of immunoglobulins and is expressed predominantly by activated T lymphocytes (31). PD-1 is often activated by PD-L1 (B7-H1; CD274), one of the ligands known to be expressed by antigen presenting cells (APCs), B lymphocytes, and parenchymal cells. PD-L2 (B7-DC; CD273) is another ligand for PD-1 and is expressed by fewer cells than PD-L1 (31–33). In normal conditions, PD-1/PD-L engagement occurs controlling a prolonged activation of immune system, often avoiding autoimmunity processes. It is known that PD-1 interaction provides T-cell inhibitory signals. PD-1/PD-L engagement during TCR stimulation leads to tyrosine phosphorylation of the PD-1 cytoplasmic tail on high affinity sites for SH2 domain-containing phosphatase (SHP-2 and SHP-1), resulting in the dephosphorylation of proximal signaling molecules which decrease T cell proliferation and survival by attenuate PI3K and Akt pathways (31, 34).

Importantly, expression of PD-L1 has been detected in glioma (35–37). Moreover, PD-L1 expression in tumor cells is related to levels of malignancy, and high PD-L1 expression is associated with greater invasiveness and aggressiveness of GBM cells (38, 39). Studies have shown heterogeneity of PD-L1 expression in tumor mass such that greater expression is seen at the edges of the tumor than in the core. This could also facilitate immune evasion and invasiveness of gliomas (38, 40).

The expression of PD-L1 in the TME is regulated mainly by cytokine and receptor antigen signaling (31). Interferon gamma (IFN-γ) is the major PD-L1 regulation factor in tumor cells and reflects ongoing antitumor immune activity. In addition, oncogenic mutations, such as loss of phosphatase and tensin homolog (PTEN) in glioma, can activate PD-L1 expression in tumor cells (31, 41, 42).

The PD-1/PD-L1 pathway has been appropriated by tumor cells to resist antitumor responses and facilitate tumor survival (42, 43). Influenced by hypoxia, cytokines, and oncogenes, GBM cells express PD-L1, which engages with the PD-1 receptor primarily on T cells and attenuates its functions, effectively reducing the antitumor activity of these cells (42).

A subset of lymphocytes (Tregs) has emerged as a critical target in cancer therapy. Tregs express both PD-1 and PD-L1, and the generation, immunosuppression, and interaction of Tregs with effector T cells could be, at least in part, modulated by PD-1/PD-L1 binding (44, 45). Francisco et al. have shown that PD-L1 can induce and maintain the expression of FOXP3 in induced Tregs, suggesting that PD-L1 may control Treg plasticity (46).

GBM cells were also able to upregulate PD-L1 expression in tumor-infiltrating macrophages via modulation of IL-10 signaling (29). Macrophages may express PD-1 and PD-L1 (47). PD-1 positive TAMs exhibit decreased phagocytic potential and PD-1 blockade improves macrophage functionalities, besides reducing tumor growth in mouse models of cancer (48).

The use of PD-1 inhibitors is becoming an effective strategy for the treatment of cancer, and several preclinical and clinical studies have been conducted for GBM (30, 49). In fact, immune checkpoint inhibitors may reverse the immunosuppressive condition and restore dysfunctional or “exhausted” T cell function in cancer (39). However, some patients remain unresponsive to PD-1/PD-L1 blockade. Therefore, fresh clinical trials to evaluate tumor resistance in PD-1/PD-L1 immunotherapy in GBM patients are required (39, 50).



Immunomodulation by Adenosine Pathway in Gliomas

Adenosine 5′-triphosphate (ATP) is the main energy molecule produced by cellular respiration. It has multiple release routes and is involved in practically all cellular responses (51). It is known that during cancer growth and progression, ATP and its main metabolite, ADO, are actively secreted or generated in the extracellular space, and accumulate to high levels in the TME (52–54).

Physiologically, extracellular ATP (eATP) functions as a “danger” signal alerting the immune system to the presence of inflammation, and is crucial for inflammasome activation and the concomitant release of cytokines (54, 55). These effects are mediated via P2 receptors, which are subdivided into two subfamilies: P2X ionotropic ion channel receptors (P2X1-7) and P2Y G-protein-coupled receptors (P2Y1, 2, 4, 6, 11, 12, 13, 14) (53–55). These purinergic receptors display distinct agonist affinity and specificity, affecting both tumor and immune cells, depending on the eATP levels available in the TME (56). Different innate and adaptive immune responses are generated through activation of P2 receptors by eATP (Table 1). Particularly, the participation of P2X7 in inflammation is extensive, and has been better characterized compared to that of other P2 receptors (54, 55, 71–74). The direct role of P2X7 in carcinogenesis is still controversial, but it is known that cell growth or death is triggered according to the cell type that expresses P2X7 and their activation level (75).


Table 1 | Functional immune responses triggered by nucleotides and nucleosides actions in glioblastoma microenvironment.



P2 receptors are assumed to be inactive in normal physiological conditions, where ATP-dependent signaling should be at baseline levels. Ectoenzymes, such as NTPDase1 (CD39) and ecto-5′-nucleotidase (CD73), maintain levels of extracellular ATP, which is crucial to avoid P2 receptor desensitization (76).

In the TME, eATP is quickly hydrolyzed to AMP by CD39 of TILs which is then efficiently converted to the immunosuppressant ADO by CD73 expressed in glioma cells (77). ATP hydrolysis drives the immune response to collaborate with tumor growth, making the CD39/CD73 axis an important regulator of immune effector function. This is a hallmark of cancer (78–81). Interestingly, CD39 inhibition can restore TIL function, and a single nucleotide polymorphism has been identified that may predict dysfunctional CD39+ expression in TILs in some solid tumors (81).

The suppressive role of ADO in the TME is primarily mediated by cytotoxicity, anti-inflammatory cytokine production, and restriction of immune cell infiltration (79). Adenosine effects are mediated by P1 receptors (A1, A2a, A2b, and A3). Interestingly, the pro-tumoral effects of ADO occur mainly through A2 receptors, as depicted in Table 1. Physiologically, ADO orchestrates tissue recovery after initial inflammation, which involves the decrease of M1 phenotype, cell proliferation, and angiogenesis. This sets the stage for tumor growth. Hence, the ADO signaling pathway may be an important therapeutic target (79, 80, 82, 83).




The PD-1/PD-L1 Axis and Adenosine Pathway in Gliomas

Typically, tumor growth involves disruption of the surrounding microenvironment, in which extracellular nucleotides might confer immunomodulatory properties that are critical for driving glioma immune escape. One of the main mechanisms of tumor immune evasion is the generation of high levels of ADO mediated by excessive activity of ectonucleotidases (83–85).

An effective immunosuppressive environment is maintained when the actions of ADO are synergistic or additive to other immunosuppressive mechanisms. There is growing evidence that immunosuppressive proteins, such as PD-1 and PD-L1, can be increased in the TME by the same mechanism that is implicated in hypoxia-mediated adenosinergic immunosuppression (86). Extracellular ADO increases in hypoxic conditions, concomitant with upregulation of CD39 and CD73. In addition, the oxygen deprivation in the tumor core is related to the upregulation of immunoregulatory mechanisms such as PD-L1 expression in glioma cells, making them resistant to T cell-dependent cytotoxicity (87).

Notably, it was suggested that ADO also induces increase in PD-1 levels (88) because ADO signaling may positively regulate TGF-β levels. TGF-β is mainly involved in stopping effector T cell activation and stimulating the activity of antigen presenting cells that express PD-1 (89). In the presence of TGF-β, CD4+ cell activation may predominantly generate inducible Tregs (90). These cells primarily express CD39, while GBM cells express high levels of CD73, suggesting that cancer and immune cells can cooperate to promote local adenosinergic immunosuppression. Accordingly, a vicious cycle is formed, favoring the upregulation of the PD-1/PD-L1 axis that maintains a complex synergism between the ADO pathway and immune checkpoint axis (77, 91, 92).

Additionally, ADO is involved in macrophage activation, predominantly via A2a (A2aR) and A2b receptors (A2bR). A2bR stimulation during macrophage differentiation could skew macrophages toward the M2 phenotype. M2 macrophages can express immunoregulatory molecules such as arginase, TGF-β, and PD-1/PD-L1 proteins, resulting in the downregulation of cellular immune responses (93).

Overall, the multifaceted role of ADO in tumor immune evasion is seen in its promotion of pro-tumor rather than antitumor immune responses, dictation of Treg function, inhibition of effector T cells, modulation of anti-inflammatory cytokines, and induction of immune checkpoints as illustrated in Figure 1 (83, 84, 86, 88, 89, 94).




Figure 1 | Immunosuppression in glioblastoma via PD-1/PD-L1 axis and adenosine pathway. Tumor core acquires reduction in the oxygen supply causing a release of high amounts of ATP. This nucleotide acts as a damage-associated molecular pattern (DAMP) and starts immune activation. Extracellular ATP binds to P2 receptors and triggers proinflammatory responses through the induction of cytokines and chemokines. A disbalance in the ATP concentration gradient leads to an upregulation of CD39/CD73 axis, favoring adenosine production. Adenosine is a key molecule that initiates a suppressive immune cell infiltration and drives the activation of PD-1/PD-L1 axis. The immunosuppressive loop is maintained indirectly by ATP release and adenosine signaling, which avoids antitumor defenses, promotes immunosuppressive cell profile, and induces upregulation of immune checkpoints. ATP, adenosine 5′-triphosphate; ADO, adenosine; CD39 or ectonucleoside triphosphate diphosphohydrolase 1, cluster of differentiation 39; CD73 or ecto-5′-nucleotidase, cluster of differentiation 73; DAMP, damage-associated molecular pattern; MDSC, myeloid-derived suppressor cells; PD-1, programmed cell death 1; PD-L1, programmed cell death ligand 1.



Taken together, the ADO pathway and the PD-1/PD-L1 axis may act synergistically to modify the TME, favoring tumor progression. Based on this landscape, the GBM standard treatment should be multimodal, involving maximal surgical removal followed by radiotherapy (RT) and/or temozolomide (TMZ). Despite such treatments, refractoriness is often observed (95, 96).

TMZ and RT have several immune modulatory effects on the TME. In addition to immune activation, RT and TMZ therapy may even worsen the immunosuppressive system in GBM. This is because both interventions induce immunogenic cell death, and consequently release immunogenic factors such as ATP (97, 98). ATP binding to P2X7 purinergic receptor is a signal that primes the immune system against tumor (99). However, glioma therapy also increases the expression of CD39/CD73. Hence, it is possible that ADO rapidly rises in the TME. RT also stimulates TGF-β and chemokines that promote the recruitment of immunosuppressive cells; therefore, the activity of the PD-1/PD-L1 axis increases. In addition to Tregs recruitment, RT-induced ATP release also can be related to Treg differentiation from naïve CD4+ cell via A2bR (100, 101).

Interestingly, some studies have shown irradiation-induced PD-L1 expression through an IFN-dependent pathway (102). Xia et al. (90) showed that under RT, PD-L1 expression in GBM cells is greater than that observed without radiation, and that the inhibition of PD-L1 increased radio-sensitivity in these cells (90). High PD-L1 expression was also associated with high numbers of M2 macrophages and Tregs, and low CD8+ cells in the TME, favoring high levels of ADO. Consequently, the immunosuppressive TME resulting from PD-L1-induction could be an important mechanism of tumor radio-resistance (103).



PD-1/PD-L1 Axis Blockade and Purinergic Modulation Therapy

Recently, there has been a surge in the research and development of immunotherapies in cancer, using the PD-1/PD-L1 axis blockade as a strategy to reduce tumor immune evasion (103). Anti-PD-1 immunotherapy has been shown to be successful in prolonging responses in only a fraction of patients (36, 47). There is a subset of them who fail to overcome the immunosuppression, even they can mount an antitumor response. Consequently, the focus of research has changed toward uncovering intrinsic factors that contribute to treatment failures. Currently, the ADO pathway is considered a barrier for the efficacy of immunotherapies (103, 104).

As seen in some solid tumors, alternative immunomodulatory molecules, including CD39, CD73 and A2aR, are upregulated in response to anti-PD-1 monoclonal antibody (mAb) (88, 104). Beavis et al. showed that CD73+ tumor cells restrict anti-PD-1 efficacy, and that this effect was relieved by concomitant treatment with an A2aR antagonist (104). Li et al. demonstrated that CD39 inhibition sensitizes tumor-resistant models to anti-PD1, and that blocking CD39 activity is associated with the enrichment of cytotoxic T cells in the TME and upregulation of inflammatory markers on these infiltrates (105).

Various clinical trials that evaluate purinergic modulation therapy along with anti-PD-1 mAb or anti-PD-L1 mAb are currently active or in the recruitment phase for multiple cancer types (Supplementary Table S1). In fact, simultaneous therapy using PD-1 inhibitors and targeting the adenosine pathway was more effective in improving survival, reducing tumor growth, and limiting metastasis than single therapy in some types of cancer (106–108). Furthermore, there is a rising range of anti-CD73 mAbs being tested in combination with other immunotherapies, generating encouraging results (100, 101, 109).

GBM is one of the most immunologically “cold” tumors among all cancers. The PD1/PD-L1 target characterizes a potential strategy for conversion of the “cold” GBM microenvironment into a “hot” microenvironment to enhance the immune response to antitumor immunotherapy (110). Therefore, anti-PD-1/PD-L1 is an emerging therapeutic possibility in gliomas (111). Since PD-1/PD-L1 blockades do not significantly promote global survivor in patients with recurrent GBM compared with standard therapy, clinical trials are exploring association between anti-PD-1/PD-L1 mAb with standard radio/chemotherapy and bevacizumab or new therapies such as genetically engineered T cells and vaccines (39, 111, 112). Most studies are undergoing clinical trials evaluation and the results still have not provided decisive conclusions (Supplementary Table S2).

Overall, the study of alterations in “purinoma” caused by immune checkpoint inhibitors would likely provide insights for the development of interventions to overcome the immunosuppressive glioma environment and boost immune responses generated by immunotherapies.



Conclusion

The environment surrounding tumors directly impacts their progression. Multiple redundant and compensatory pro-tumor pathways coexist in the TME and are closely related to the success of therapeutic treatments. Immune checkpoint inhibitors help in cancer treatment, though it is not effective in some patients. Thus, immunosuppression remains a major obstacle to therapeutic success. Studies on the relationship between purinergic signaling and inflammation show that the ADO pathway and PD-1/PD-L1 axis have a close relationship and act together to create a favorable environment for tumor immune evasion. The eATP-adenosine axis has a specific role in pro-tumor immune responses including upregulating the PD-1/PD-L1 axis. The ADO pathway has been identified as the main compensatory route involved in the maintenance of immunosuppression in patients using anti-PD-1 immunotherapy, through a drop in innate or adaptive immunity. Therefore, future research should focus on concomitant disruption of the ADO pathway and PD-1/PD-L1 axis to avoid cancer resistance.
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Gliomas are the most common and lethal primary malignant tumor of the brain. Routine treatment including surgical resection, chemotherapy, and radiotherapy produced limited therapeutic effect, while immunotherapy targeting the glioma microenvironment has offered a novel therapeutic option. PDIA5 protein is the member of PDI family, which is highly expressed in glioma and participates in glioma progression. Based on large-scale bioinformatics analysis, we discovered that PDIA5 expression level is upregulated in aggressive gliomas, with high PDIA5 expression predicting poor clinical outcomes. We also observed positive correlation between PDIA5 and immune infiltrating cells, immune related pathways, inflammatory activities, and other immune checkpoint members. Patients with high PDIA5 high-expression benefited from immunotherapies. Additionally, immunohistochemistry revealed that PDIA5 and macrophage biomarker CD68 were upregulated in high-grade gliomas, and patients with low PDIA5 level experienced favorable outcomes among 33 glioma patients. Single cell RNA sequencing exhibited that PDIA5 was in high level presenting in neoplastic cells and macrophages. Cell transfection and co-culture of glioma cells and macrophages revealed that PDIA5 in tumor cells mediated macrophages exhausting. Altogether, our findings indicate that PDIA5 overexpression is associated with immune infiltration in gliomas, and may be a promising therapeutic target for glioma immunotherapy.
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Introduction

Gliomas are the most common primary malignant tumor of the central nervous system in adults and are responsible for most of the deaths caused by primary brain tumors (1, 2), among which glioblastoma multiforme (GBM) is the deadliest subtype. Comprehensive therapy including surgery, radiotherapy, and chemotherapy fails to achieve satisfactory therapeutic effect, and poor survival of GBM patients is associated with the high infiltration of tumor cells and persistence of chemotherapy-resistant cells (3, 4). Recent studies demonstrate that infiltration of immune cells into tumor regions contributes to the development of metastasis and resistance to cancer therapies in gliomas (5, 6). Therefore, to explore other effective treatment options, more work on immunotherapy targeting the glioma microenvironment is being conducted (7–9), and single cell sequencing is providing a new approach to identify immune biomarkers of gliomas (10). Currently, human gliomas are diagnosed using morphological and molecular biomarker criteria according to the 2016 World Health Organization (WHO) classification of central nervous system (CNS) tumors (11). Therefore, further exploration of novel biomarkers to dissect glioma subtypes may help to clarify the molecular mechanisms and promote therapeutic strategies.

Protein disulfide isomerase (PDI), first discovered in 1963, is a 57-kDa dithiol-disulfide oxidoreductase with isomerase and chaperone functions (12, 13). The human PDI gene family currently comprises 21 genes, which have different biochemical characteristics, but share a common structural feature, the TRX-like domain. PDI family proteins are largely expressed in the endoplasmic reticulum (ER) (14, 15), where they play an important regulatory role in protein homeostasis, but also may participate in tumor progression. Previous studies have shown that PDI family protein overexpression correlates with the occurrence, invasion, and metastasis of a variety of malignant tumors (16–20). Consequently, PDI family proteins are likely prognostic factors and therapeutic targets for related tumors (21, 22). Two recent studies have demonstrated that the PDI family may serve as potential prognostic signature in gliomas (16, 23), and PDIA6 (17), P4HB, and PDIA3 (24) have all been proven to be involved in glioma progression. Moreover, high P4HB level contributes significantly to temozolomide resistance (25).

Protein disulfide isomerase A5 (PDIA5), also known as protein disulfide isomerase-related protein (PDIR), is a member of the PDI gene family and also exhibits chaperone-like activity. PDIA5 was first identified in 1995 and was found to be expressed in the brain, liver, kidney, and lungs (26). In gliomas, PDIA5 had significantly increased expression in gliomas compared with normal brain tissues (16).

Currently, the role of PDI proteins in tumor progression mainly lies in their ability to improve tumor apoptosis resistance (19, 27), while other molecular mechanism remains largely unclear. PDIA5 regulates the unfolded protein response (UPR) signaling pathway by activating ATF6α (28), whereby UPR regulates tumor cell survival. Other research has found that PDI inhibition could impair tumorigenic T cells and enhance normal T cell function (29). Based on the aforementioned findings, we speculated that PDIA5 correlated with histopathology grades and immune infiltration of gliomas, and could be a potential prognostic molecule.

In the present study, we comprehensively analyzed the PDIA5 expression pattern in gliomas. We conducted large-scale bioinformatics analyses, using gene expression data downloaded from existing databases, including single cell RNA-sequencing databases. We also performed PDIA5 over-expression and siRNA on U251 then co-culturing with HMC3 in vitro to mimic the infiltration of residential immune cells in glioma microenvironment. Additionally, we systematically evaluated the prognostic value of PDIA5 in gliomas. PDIA5 was found to be upregulated in gliomas and related to the suppressive tumor microenvironment by recruiting M2 macrophages, indicating that PDIA5 might be a potential prognostic biomarker or therapy target in the clinical treatment of gliomas.



Materials and Methods


Ethics Statement

The experiments were undertaken with the understanding and written consent of each subject. The study methodologies conformed to the standards set by the Declaration of Helsinki, and the study methodologies were approved by the Ethics Committee of Xiangya Hospital, Central South University.



Clinical Specimens and Data Collection

Archived paraffin embedded glioma tissues (WHO grades I–IV) were collected from patients (n= 31) who underwent surgery in the Department of Neurosurgery, Xiangya Hospital of Central South University. Normal brain tissue samples (n = 3) were gathered from severe traumatic brain injury patients who underwent partial resection of the normal brain.

We obtained data for 1,013 samples from Chinese Glioma Genome Atlas (CGGA) database (http://www.cgga.org.cn/) and 672 samples from The Cancer Genome Atlas (TCGA) database (https://portal.gdc.cancer.gov/). PDIA5 expression data in different radiographical regions of normal brain and GBM were obtained from the Gill dataset (30). RNA-seq data about specific tumor anatomy in GBM was downloaded from the Ivy Glioblastoma Atlas Project (http://glioblastoma.alleninstitute.org/). Single-cell expression matrices were acquired from the Gene Expression Omnibus (GEO; https://www.ncbi.nlm.nih.gov/geo/) GSE138794 (31), and eight single-cell RNA sequencing (scRNA-seq) datasets including both low grade glioma (LGG) and GBM were selected for analysis. Data of immunotherapeutic cohorts was downloaded from IMvigor210 (http://research-pub.Gene.com/IMvigor210CoreBiologies) (32) and GSE78220 in GEO (33).



Survival Analysis in Kaplan-Meier Plotter

Kaplan-Meier Plotter (https://kmplot.com/analysis/) was used to evaluate the correlation between PDIA5 and survival in across cancer types (34). Briefly, the patient samples were divided into two cohorts according to the cut-off expression of the gene (high vs. low expression) for the purpose of assessing prognostic value of PDIA5. We analyzed the relationship of PDIA5 expression with overall survival (OS) and disease specific survival (DSS) in each available cancer type (total number = 33). Hazard ratios (HRs) with 95% confidence intervals (CI) and log-rank P values were calculated.



Bioinformatics Analysis

The cut-off point was calculated using the R package survminer for OS, progression-free interval (PFI), and DSS. Somatic copy number variations (CNVs) and somatic mutations were downloaded from the TCGA database. CNVs associated with PDIA5 expression were analyzed using GISTIC 2.0 (35). Correlation analysis of PDIA5 was performed for gene expression profiles available in the TCGA and CGGA datasets using the R language. ESTIMATE (Estimation of Stromal and Immune cells in Malignant Tumor tissues using Expression) algorithm was performed as previously reported (36) to evaluate the presence of stromal cells and the infiltration of immune cells in tumor samples. Gene set variation analysis (GSVA) analysis was performed as described in the previous study (37). Briefly, the differential expression in immune cell lineages, GO terms of immune related biological process and inflammatory metagenes from TCGA and CGGA samples were analyzed via GSVA. Besides, T cell-inflamed gene expression profile (GEP) levels, cytolytic activity (CYT) was also analyzed through GSVA as described by Ye et al. (38).



Single-Cell RNA Sequencing

scRNA-seq was performed as described in previous studies (39, 40). The single-cell data expression matrix was processed with the R package Seurat. First, the data was normalized using the “NormalizeData” function, then the function “FindVariableGenes” was used to identify 2,000 highly variable genes. Next, “FindIntergrationAnchors” and “Integratedata” functions were used to merge eight glioma sample datasets. Afterward, the “RunPCA” function was performed and a K-nearest neighbor graph was constructed based on principal component analysis (PCA) using the “FindNeighbors” function, and then the “FindClusters” function was used to alternately combine cells together at the best resolution. Finally, “UMAP” was used for visualization. The “Single R” R package was used to identify the cell types. We chose a glioma dataset in GEO (GSE84465) and data in the Human Primary Cell Atlas Data as a reference. “FeaturePlot” and “VlnPlot” were used to further visualize gene expression. Single-cell pseudotime trajectories reconstruction and analysis was conducted using Monocle according to Pang et al. (41). Briefly, Single cells were projected onto low-dimensional space and ordered into a trajectory with branch points and cells in the same segment of the trajectory were classified as having the same “state”. Additionally, functional annotations by gene set enrichment analysis (GSEA) for PDIA5 in each ‘state’ was constructed. Gene ontology (GO) enrichment analysis and pathway analysis based on Kyoto Encyclopedia of Genes and Genomes (KEGG) was also carried out.



Immunohistochemistry

Immunohistochemical (IHC) staining was performed as previously described (42). Briefly, sections were obtained from formalin-fixed, paraffin-embedded tissues of normal brains and different grades of human gliomas (WHO grades I–IV). After antigen retrieval and blocking endogenous HRP activity, the slides were blocked with 10% normal goat serum and incubated with primary antibody (anti-PDIA5 antibody human reactivity (D225376, 1:200, Sangon Biotech, China), anti-CD68 E11 human reactivity (SC-17832, 1:400, Santa Cruz, US) at 4°C overnight. Then the signal was visualized using standard protocols. For negative controls, sections were incubated with antibody dilution solution. Slides were counterstained with hematoxylin, and representative images were obtained using an Olympus inverted microscope. H-score of each sample was calculated.



Cell Transfection and Co-Cultured Organoids

U251 VCT/PDIA5 and U251 siNC/siPDIA5 were co-cultured with HMC3 GFP in 3D condition. In brief, PDIA5 over expression and Vector (VCT) plasmids were transfected via Lipofectamine 3000 (Invitrogen, US). Simultaneously. siNC and siPDIA5 RNA transfections were performed via RNA Max (Invitrogen, US). Two days post-transfection, tumor, and HMC3 GFP cells were genteelly digested and counted at 5x10’/each, then mixing in 200 µl organoids medium. U251 VCT/PDIA5-HMC3 GFP and U251 siNÇ/siPDIA5-HMC3 GFP in organoids medium were divided and planted 40 ul/droplet. Three days post-plantation, droplets were monitored and imaged by EVOS M5000 (Invitrogen, US). The second timepoint of monitoring was scheduled at 10 days post-plantation. Diameter and region of interest (ROI) (ImageJ, US) of organoids were measured.



Statistical Analysis

Correlations between continuous variables were assessed via Spearman correlation analysis, while between rank variables were analyzed by Kendall test. The Student t-test, one-way ANOVA, and Pearson’s chi-squared test were used to evaluate differences in variables between groups. The survival probability was analyzed using Kaplan–Meier survival curves and the statistical significance was evaluated by the log-rank test. All statistical analyses were performed using R (version 3.6.1, https://www.r-project.org/). The Bonferroni correction was applied to correct nominal p-values in the subgroup analysis of checkpoint inhibitor immunotherapy reference to Hoshida et al. (43). A P-value < 0.05 was considered statistically significant. All statistical tests were two-sided.




Results


Clinical and Molecular Characteristics of PDIA5 in Gliomas

The flow diagram of this study was shown in Figure 1A. PDIA5 expression in GBM and LGG tissues was higher than in normal tissues (Figure 1B). We found no significant correlation between gender and PDIA5 expression in CGGA dataset and TCGA dataset (Supplementary Figure S1A), and PDIA5 level was significantly higher in recurrent gliomas and secondary gliomas compared to primary gliomas in the CGGA dataset (Supplementary Figure S1B). Additionally, when compared to complete remission/response, PDIA5 expression levels were significantly elevated in patients who experienced progressive disease in response to therapy, whereas no differences were found between other groups (Supplementary Figure S1C).




Figure 1 | Clinical and molecular characteristics of PDIA5 in gliomas. (A) The flow diagram of this research. (B) Expression of PDIA5 in multiple human cancers from the The Cancer Genome Atlas (TCGA) dataset. GBM, glioblastoma multiforme; LGG, brain lower grade glioma; OV, ovarian serous cystadenocarcinoma; ESCA, esophageal carcinoma; PAAD, pancreatic adenocarcinoma; COAD, colon adenocarcinoma; KIRC, kidney renal clear cell carcinoma; READ, rectum adenocarcinoma; HNSC, head and neck squamous cell carcinoma; LUSC, lung squamous cell carcinoma; BRCA, breast invasive carcinoma; TGCT, testicular germ cell tumors; DLBC, lymphoid neoplasm diffuse large B-cell lymphoma; SKCM, skin cutaneous melanoma; BLCA, bladder urothelial carcinoma; THYM, thymoma; UCEC, uterine corpus endometrial carcinoma; UCS, uterine carcinosarcoma; PRAD, prostate adenocarcinoma; CHOL, cholangiocarcinoma; LIHC, liver hepatocellular carcinoma; STAD, stomach adenocarcinoma; CESC, cervical squamous cell carcinoma and endocervical adenocarcinoma; SARC, sarcoma; LUAD, lung adenocarcinoma; PCPG, pheochromocytoma and paraganglioma; KIRP, kidney renal papillary cell carcinoma; LAML, acute myeloid leukemia; KICH, kidney chromophobe; THCA, thyroid carcinoma; ACC, adrenocortical carcinoma. (C) The expression levels of PDIA5 increased with WHO grade in the Chinese Glioma Genome Atlas (CGGA) and TCGA datasets. (D) PDIA5 expression was upregulated in isocitrate dehydrogenase (IDH) wild-type compared with IDH mutant gliomas in CGGA and TCGA datasets. (E) PDIA5 expression levels in different radiographical regions of glioblastoma multiforme (GBM) and normal brain from the Gill dataset. (F) PDIA5 expression was detected in different locations in the IVY GBM dataset. CT, cellular tumor; HBV, hyperplastic blood vessels; IT, infiltrating tumor; LE, leading edge; MVP, microvascular proliferation; PAN, pseudopalisading cells around necrosis; PNZ, perinecrotic zone. (G) Representative images of IHC staining for PDIA5 in normal brain tissue and different WHO grades of glioma [scale bar=625µm (upper), 50µm (lower)]. (H) Quantification (H-score) of PDIA5 IHC staining in normal brain (n=3) and different pathological grades of gliomas (n=31). (I) Kaplan-Meier survival curves comparing the high and low expression of PDIA5 in glioma patients from Xiangya Hospital. *P <.05, **P <.01, ***P <.001, ns. p>.05.



It is well-known that several molecular biomarkers, such as isocitrate dehydrogenase (IDH) mutation, 1p/19q codeletion status and O6-methylguanine DNA methyltransferase (MGMT) promoter methylation are related to the malignancy of gliomas (3, 44). Therefore, these molecular biomarkers were also included into the analysis in addition to WHO grade. PDIA5 expression level was higher in GBM (WHO grade IV) compared to LGG (WHO grade II and grade III) (Figure 1C), and it was elevated in malignant histopathologic gliomas (Supplementary Figure S1D). In the CGGA dataset, we found that the expression of PDIA5 was higher in the IDH wild-type compared to IDH mutant tumors among different WHO grades (Figure 1D). We also found that the PDIA5 expression level was positively associated with 1p/19q non-codeletion status in LGG patients (Supplementary Figure S1E). Moreover, PDIA5 expression was upregulated in the MGMT promoter non-methylated samples of pan-glioma patients (Supplementary Figure S1F). In summary, our results revealed that PDIA5 expression is upregulated in aggressive gliomas.

Currently, molecular subclasses provides a new perspective to predict disease outcomes (45), and gliomas can be classified into four subtypes: classical (CL), mesenchymal (ME), neural (NE), and pro-neural (PN), among which CL and ME subtypes are more aggressive (46). We detected PDIA5 expression in GBM and pan-gliomas samples from the TCGA dataset and found that increased PDIA5 expression was associated with the CL and ME molecular subtypes (Supplementary Figure S1G). Additionally, we evaluated the distribution of PDIA5 expression in GBM and normal tissues using radiographic methods. PDIA5 was found to be highly expressed in control enhanced (CE) regions (Figure 1E), which represented tumor cell infiltration. Furthermore, in the IVY GBM dataset, high PDIA5 level was enriched in hyperplastic blood vessels, microvascular proliferation, and peri-necrotic zones compared with other areas (Figure 1F).

Protein levels of PDIA5 were examined via IHC staining in the gliomas and normal brain tissue samples from Xiangya Hospital (n=34). Demographics and clinical characteristics of these patients are shown in Supplementary Table S1. The expression of PDIA5 was higher in GBM (WHO grade IV) compared to LGG (WHO grade II–III) and normal brain tissues (Figures 1G, H). Notably, glioma patients with low PDIA5 level experienced favorable outcomes among the glioma patients (Figure 1I). These results suggest that PDIA5 is significantly increased in gliomas and high PDIA5 expression may play an important role in invasive processes of gliomas.



Multifaceted Prognostic Value of PDIA5 in Cancers

Since PDIA5 is overexpressed in tumor tissues, we set out to investigate the prognostic value of PDIA5 across cancer types. Patients with high levels of PDIA5 expression experienced shorter OS in bladder urothelial carcinoma (BLCA), cervical and endocervical cancers (CESC), kidney renal papillary cell carcinoma (KIRP), lung squamous cell carcinoma (LUSC), mesothelioma (MESO), and thyroid carcinoma (THCA) (Figures 2A–G), and those patients with higher PDIA5 expression levels also experienced shorter DSS (Figure 2H, Supplementary Figures S2A–F). These findings revealed that high PDIA5 expression predicts poor clinical outcomes in multiple cancers.




Figure 2 | Kaplan-Meier survival curves comparing high and low expression of PDIA5 in different cancers. OS of bladder urothelial carcinoma (BLCA) (A), cervical and endocervical cancers (CESC) (B), kidney renal papillary cell carcinoma (KIRP) (C), lung squamous cell carcinoma (LUSC) (D), mesothelioma (MESO) (E), and thyroid carcinoma (THCA) (F). Correlation of PDIA5 expression with OS (G) and DSS (H) in 33 types of cancer. OS, overall survival. DSS; disease specific survival. (I) Kaplan-Meier analysis of OS based on high vs. low expression of PDIA5 in pan-glioma, LGG, and GBM patients in the TCGA dataset. Red curve represents patients with high expression of PDIA5, and blue curve represents low PDIA5.



We further assessed the prognostic value of PDIA5 in glioma patients from TCGA and CGGA. Among pan-glioma, LGG, and GBM in the TCGA dataset, patients with higher PDIA5 levels presented shorter OS (Figure 2I), DSS (Supplementary Figure S2G), and PFI (Supplementary Figure S2H) compared to patients expressing low levels of PDIA5, with the exception of GBM which was not statistically significant for OS. Similarly, high PDIA5 expression was significantly associated with poor prognosis in the CGGA dataset (Supplementary Figure S2I).

Subsequently, we analyzed the effect of PDIA5 on the prognosis of gliomas in the context of different molecular biomarkers and treatments. Regardless of whether IDH was mutated, 1p19q was co-deleted, and MGMT promoter was methylated, low PDIA5 expression was related to a favorable outcome (Supplementary Figures S3A–F), and the same results were obtained in the analysis of chemotherapy and radiotherapy (Supplementary Figures S3G–I). Analysis of the prognostic significance of PDIA5 in different types of gliomas under the 2016 WHO classification of CNS tumors demonstrated that patients with low PDIA5 expression experienced longer OS regardless of the subtypes (Supplementary Figures S3J–R).



PDIA5 Expression Is Correlated With Distinct Genomic Alterations

To explore the relationship between PDIA5 expression levels and specific genomic alterations in gliomas, CNVs and somatic mutations from the TCGA dataset were analyzed. CNV was investigated between high PDIA5 expression group (n=158) and low PDIA5 expression group (n=158). Amplification of chr7 and deletion of chr10 consistently appeared in gliomas with high PDIA5 expression. Additionally, 1p/19q codeletion more frequently occurred in gliomas with low PDIA5 expression (Supplementary Figure S4A), and 63 and 30 significant genomic events were discovered in the high and low PDIA5 groups respectively (Supplementary Figure S4B). In the high PDIA5 group, focal amplification peaks, including driver oncogenes such as PIK3C2B (1q32.1), PDGFRA (4q12), EGFR (7p11.2), and CDK4 (12q14.1) were found accompanied by focal deletion peaks for tumor suppressor genes such as CHD5 (1p36.31), CDKN2A/CDKN2B (9p21.3), and PTEN (10q23.31). In the low PDIA5 group, 4q12 amplification peak was observed, but the G score was evidently lower than the high PDIA5 group. Moreover, 19p13.3 amplification peak was also detected, while deletion peaks occurred in 1p32.3, 14q24.2, and 19q13.41. In regards to somatic mutations, mutation in TP53 (41%), TTN (25%), PTEN (23%), and EGFR (22%) were identified in the high PDIA5 group, while IDH1 (89%), CIC (45%), and FUBP1 (22%) were detected in the low PDIA5 group (Supplementary Figure S4C).

We also analyzed the correlation between PDIA5 expression and PDIA5 gene copy number, and found that GBM with PDIA5 copy number loss expressed significantly lower levels of PDIA5 mRNA (Supplementary Figure S5A). Moreover, in combination analysis of LGG and GBM, we observed PDIA5 expression was higher in the PDIA5 copy number gain group relative to the other two groups (Supplementary Figure S5B). These results suggest that PDIA5 expression may be controlled by chromosomal changes in gliomas.



PDIA5 Is Involved in Immunity Pathways and Inflammatory Activities in Gliomas

Previous studies have shown that the extent of immune infiltration in the tumor microenvironment is closely related to prognosis (47), and the aforementioned results support that PDIA5 could be a prognostic signature across cancers. Therefore, we analyzed the correlation between PDIA5 expression and immune infiltration using ESTIMATE, and discovered positive correlation between PDIA5 expression and stromal score, immune score, and ESTIMATE score in pan-glioma (Figure 3A) and GBM patients (Figure 3B).




Figure 3 | PDIA5 is associated with immunity pathways and inflammatory activities in GBM. PDIA5 expression was positively correlated with immune score, stromal score, and ESTIMATE score in pan-gliomas (A) and GBM patients (B). Correlation of PDIA5 and immunity pathways in CGGA (C) and TCGA (D) datasets. The relationship between PDIA5 and inflammatory activities in the CGGA (E) and TCGA (F) datasets. Expression values are z-transformed and are highlighted in red for high expression and blue for low expression as indicated in the scale bar.



Then we continued to conduct correlation analysis between PDIA5 and immunity pathways in gliomas using GO (Supplementary Table S2). In GBM patients, PDIA5 was positive associated with regulation of B cell mediated immunity, positive regulation of regulatory T cell differentiation, T cell apoptotic process, T helper2 cell differentiation, negative regulation of CD4 positive alpha beta T cell activation, regulation of T cell differentiation, positive regulation of T cell cytokine production, T helper1 cell differentiation, negative regulation of activated T cell proliferation, negative regulation of T cell receptor signaling pathway, T helper1 cell cytokine production, macrophage inflammatory protein 1 alpha production, fibroblast activation, and natural killer cell mediated immune response to tumor cells in both CGGA and TCGA datasets (Figures 3C, D). Similar results were obtained from the analysis of pan-glioma patients (Supplementary Figures S5C, D). These findings indicate that PDIA5 may take part in regulating the tumor immune environment of gliomas.

Inflammation response is another essential component of the tumor microenvironment (48). Consequently, we analyzed the association between PDIA5 and seven inflammatory metagenes. PDIA5 expression was positively correlated with interferon, STAT1, MHC-I, MHC-II, HCK and LCH, but negatively correlated with IgG in GBM patients from the CGGA dataset (Figure 3E). In the TCGA dataset, PDIA5 was positively correlated with MHC-I, HCK and LCH, and negatively correlated with IgG (Figure 3F). Additionally, in pan-glioma patients, there was a positive correlation between PDIA5 expression and six metagenes other than IgG (Supplementary Figures S5E, F). These results suggest that PDIA5 is likely to be enriched in signal transduction of T cells and antigen presenting and activation of macrophages, but negatively associated with B lymphocytes in gliomas.



PDIA5 Is Relevant to Stromal and Immune Cell Infiltration in Gliomas

To investigate the specific mechanism of PDIA5 overexpression promoting immune infiltration, we further explored the correlation between PDIA5 expression and detailed immune cell types in 33 cancer types, and found that PDIA5 was positively correlated with multiple immune cell infiltrates in most cancers including GBM, LGG, and others (Supplementary Figure S6A).

We then examined the relationship between PDIA5 and 28-immune cell lineage genes in GBM and pan-glioma, and found that the vast majority immune cells, including various types of T cells, B cells, macrophages, myeloid-derived suppressor cells (MDSCs), neutrophils, and natural killer cells, were enriched in the high PDIA5 group of GBM (Figures 4A, B) and pan-glioma (Supplementary Figures S6B, C). Taken together, these results suggest that high PDIA5 expression level was relevant to stromal and immune cell infiltration in the tumor microenvironment of gliomas.




Figure 4 | Correlation between PDIA5 expression and immune cell infiltration in gliomas. Correlation of PDIA5 and 28-immune cell lineage genes in glioblastoma multiforme (GBM) from the Chinese Glioma Genome Atlas (CGGA) (A) and The Cancer Genome Atlas (TCGA) (B) datasets. Expression values are z-transformed and are highlighted in red for high expression and blue for low expression as indicated in the scale bar. (C) Representative images of immunohistochemical (IHC) staining for CD68 in different WHO grades of gliomas [scale bar=625µm (upper), 50µm (lower)]. (D) Quantification (H-score) of CD68 IHC staining in normal brain (n=3) and different pathological grades of gliomas (n=31). (E) Correlations analysis between PDIA5 and CD68 of IHC staining. **P <.01, ***P <.001.



We also assessed the difference in the expression value of 22 immune cells between high and low expression of PDIA5 group in both CGGA and TCGA dataset using CIBERSORT, and discovered that the differences in macrophages was statistically significant, with M2 macrophages being the most significant (Supplementary Figures S7A, B). Positive correlation was also found in the correlation analysis of PDIA5 and macrophage biomarkers (Supplementary Figures S7C–F). Consequently, we detected macrophage biomarker CD68 in gliomas and normal brain tissue samples from Xiangya Hospital using IHC staining and found that the number of CD68 positive cells was positively correlated with the WHO grade of gliomas (Figures 4C, D). Moreover, a positive relationship was observed in correlation analysis between PDIA5 and CD68 in gliomas patients from TCGA dataset (Supplementary Figure S8A). Similarly, the positive correlation between PDIA5 and CD68 was also displayed in the IHC staining samples from Xiangya Hospital (Figure 4E). Finally, patients with high PDIA5 and CD68, high combined expression of PDIA5 and CD68 group, and high ratio of PDIA5 to CD68 group experienced shorter OS (Supplementary Figures S8B–D). The above findings verify the positive correlation between PDIA5 and macrophage, especially M2, infiltration in gliomas.



Neoplastic Cells and Macrophages Exhibit High PDIA5 Expression in scRNA-Seq of Gliomas

To further elucidate the immune infiltrating role of PDIA5, we also analyzed the expression of PDIA5 in gliomas using scRNA-seq. The representative merged image showing the data from 8 glioma samples is displayed in Supplementary Figure S8E. Eight clusters of cells, including neoplastic cells, oligodendrocyte precursor cells (OPCs), astrocytes, macrophages, oligodendrocytes, vascular endothelial cells, neurons, and T cells were identified from the eight glioma samples (Supplementary Figure S8F). The expression of PDIA5 in all eight clusters of cells is visualized in Figure 5A. We subsequently analyzed the expression level of PDIA5 in the 8 glioma samples. PDIA5 was richly expressed in neoplastic cells, macrophages, and OPCs (Supplementary Figure S8G). Additionally, the analysis of the expression level of PDIA5 in different cell clusters further confirmed that PDIA5 was highly correlated with neoplastic cells, macrophages, and OPCs (Figure 5B).




Figure 5 | scRNA-seq results for PDIA5 in gliomas. (A) The cells were categorized into eight clusters (left). Scatter plots of PDIA5 expression distribution of different cell clusters (right). Gray areas represent the whole cell clusters. The red dots represent cell with PDIA5 expression. (B) Violin plot of PDIA5 expression distribution of different cell clusters. (C) The single-cell trajectory of neoplastic cells contains four main branches. Cells are colored based on state (left), pseudotime (middle), and PDIA5 (right). (D) The single-cell trajectory of macrophages contained four main branches. Cells are colored based on state (left), pseudotime (middle), and PDIA5 (right).



We further analyzed the Single-cell pseudotime trajectories and functional annotations of neoplastic cells and macrophages in gliomas. In both neoplastic cells and macrophages, a trajectory was reconstructed by Monocle, which mainly contained two branch points (denoted “1” and “2”) and grouped cells into five states (Figures 5C, D). High PDIA5 expression level was observed in state 3 and 4 of neoplastic cells, and particularly higher in state 4 and 5 of macrophages. We further identified 100 genes with branch-dependent expression for branch point 1 of neoplastic cells, the differentially expressed genes before and after branch point 1 and related clustering are visualized in Supplementary Figure S9A. The top 12 genes are shown in Supplementary Figure S9B. Moreover, 100 differentially expressed genes with branch-dependent expression for branch point 2 of macrophages were also ascertained (Supplementary Figure S10A). The top 12 genes are displayed in Supplementary Figure S10B. GSEA for neoplastic cells and macrophages for PDIA5 in each “state” is shown in Supplementary Figures S9C and S10C, respectively. Notably, PDIA5 in state 4 of macrophage was uniformly positively correlated with immune pathways. Finally, the results of GO enrichment analysis (Supplementary Table S3, S4, S5) and KEGG pathway analysis (Supplementary Table S6, S7, S8) in regards to PDIA5 in neoplastic cells and macrophages is shown in Supplementary Figures S9D–F and S10D–F.



PDIA5 in Tumor Cells Mediates Tumor Cells Proliferation and Macrophages Exhausting

Accumulating evidence of the correlation between PDIA5 and macrophages in glioma microenvironment drove us to investigate the in-depth mechanisms involved in the interconnection among PDIA5, glioma cells, and macrophages. Microglia, the common consensus of residential immune cells in cerebral microenvironment performances essentially as functional macrophages. To investigate PDIA5 functions in glioma, the PDIA5 over-expression plasmid (VCT/PDIA5 plasmid) and siRNA (siNC/siPDIA5) were generated and transfected into U251. Subsequently, PDIA5 relative U251 lines were co-cultured with HMC3 GFP. The dimension of organoid was increased in co-culturing with U251 PDIA5 at 10 days post-transplantation, while dramatically decreased in co-culturing with U251 siPDIA5 (Figure 6A). Statistical evaluations of GFP ROIs presenting the HMC3 viabilities was dynamic in co-culturing with U251 siPDIA5 comparing significantly to co-culturing with U251 PDIA5 (Figure 6B). Histological sections demonstrated cell types of co-culturing organoids (Figure 6C). In co-culturing with U251 siPDIA5, HMC3 was obviously monitored comparing to other organoids. Accordingly, these results demonstrated that PDIA5 high glioma cells functionally promoted tumor cell proliferation and exhausted immune cells (HMC3). Furthermore, knock-down PDIA5 presented the malignant behavior decreasing of glioma cells in immune cells exhausting.




Figure 6 | PDIA5 high expression tumor cells exhausted immune cells (HMC3) activation. (A) PDIA5 relative U251 lines were co-cultured with HMC3 GFP in organoids medium and monitored and quantified at 3/10 days-post droplets implantation (exposure time: 1.95 ms). (B) GFP ROI per dimension measurements valued the viabilities of HMC3 in each co-culturing (exposure time: 0.888 ms). (C) HE stained co-cultured organoids demonstrated cell types. Note: figure panel pairs in (A–C) represent images captured at differing magnifications; magnification scale bars: panel (A, B) 4×amplification: 750 µm; panel (C) 10×amplification: 200 µm. ***P <.001.





Immunotherapy Is More Practical for High PDIA5 Patients

In recent years, immunotherapies, which target the immune checkpoint molecules including CTLA-4, PD-1, and PD-L1/2 have offered new treatment opportunities and improved survival in hard-to-treat tumors (7, 8). To assess the correlation between PDIA5 and immune checkpoints, we selected several well-known immune checkpoints, including LAG3, HAVCR2 (TIM-3), CD274 (PD-L1), CD276 (B7-H3), CD80, PDCD1LG2 (PD-L2), PDCD1 (PD-1), and IDO1 for correlation analysis. In CGGA dataset, PDIA5 expression was positively associated with CD276, CD274, PDCD1LG2, and HAVCR2 in pan-glioma and LGG patients, and positively correlated with CD276, PDCD1, CD274, PDCD1LG2, and HAVCR2 in GBM patients. In TCGA datasets, there was positive correlation between PDIA5 and CD276 or PDCD1LG2 in pan-glioma patients, and PDIA5 expression was positively associated with CD276, PDCD1LG2 and HAVCR2 in LGG patients. However, in GBM patients, PDIA5 only demonstrated a strong positive correlation with CD276 (Figures 7A, B). Altogether, our results imply that PDIA5 has positive correlation with clinically relevant immune checkpoint molecules in gliomas.




Figure 7 | Immunotherapy is more practical for high PDIA5 patients. Correlation between PDIA5 and immune checkpoint members in pan-gliomas, low grade glioma (LGG), and glioblastoma multiforme (GBM) from the Chinese Glioma Genome Atlas (CGGA) (A) and The Cancer Genome Atlas (TCGA) (B) datasets. (C) Submap analysis of the response of anti-CTLA-4 and anti-PD-1 therapy in the CGGA and TCGA datasets. low_b, or high_b was the value obtained from low_p, or high_p multiplied by 8 (2 *4) based on Bonferroni correction, respectively. (D) The relationship between PDIA5 and T cell-inflamed gene expression profile (GEP) level in the CGGA and TCGA datasets. (E) The relationship between PDIA5 and cytolytic activity (CYT) in the CGGA and TCGA datasets. ***P <.001.



Subsequently, we investigated whether PDIA5 could predict glioma patients’ responses to checkpoint inhibitor immunotherapy in anti-CTLA-4 and anti-PD-1 based on CGGA and TCGA datasets, and found that compared with low PDIA5 group, high PDIA5 group was expected to respond better to immunotherapies (Figure 7C). Previous work indicates that GEP and CYT are able to enhance anti-tumor activity and associated with the response to PD-1 inhibitor (49, 50). Therefore, we further explored the relationship between PDIA5 and GEP as well as CYT. PDIA5 was found to be positively associated with GEP and CYT (Figures 7D, E).

Then we continued to analyze the predictive value of PDIA5 regarding the response of anti-PD-L1 (IMvigor210) and anti-PD-1 (GSE78220) therapy for urothelial cancer and metastatic melanoma cohorts, respectively. In the anti-PD-L1 cohort (IMvigor210), we observed that patients with high PDIA5 experienced significant clinical survival benefits (Figure 8A). The significant treatment strengths and response to anti-PD-L1 immunotherapy in high PDIA5 group compared to the low PDIA5 group were also verified (Figures 8B–E). In the anti-PD-L1 cohort, the percentages of complete response (CR) and progressive disease (PD) were 19.35 and 39.44% in the high PDIA5 group, respectively, and 6.7 and 58.64% in the low PDIA5 group, respectively. And the proportion of high PDIA5 expression in CR group and PD group were 35.93 and 11.56%, respectively. Additionally, the high PDIA5 group exhibited high expression of CD274 (PD-L1), which resulted in good response to anti-PD-L1 therapy (Figure 8F). Similarly, notable favorable outcome of the high PDIA5 group was also observed in the anti-PD-1 cohort (GSE78220) (Figure 8G). The frequencies of CR, PD, and partial response (PR) were 15.99, 42.25, and 41.77% in the high PDIA5 group, respectively, and 0%, 77.53, and 22.47% in the low PDIA5 group, respectively (Figure 8H). And the proportion of high PDIA5 expression in CR group, PD group, and PR group were 100, 84.35, and 94.84%, respectively (Figure 8I). The difference is not statistically significant possibly due to the small sample size. The above findings suggest that patients with high PDIA5 have high anti-tumor immune activity and may benefit from immunotherapies.




Figure 8 | The role of PDIA5 in predicting the therapeutic value of checkpoint blockade immunotherapy. (A) Kaplan–Meier survival plot showed a significant survival benefit in the high PDIA5 group of IMvigor210 cohort. (B) Distribution of PDIA5 in the distinct anti-PD-L1 clinical response group. *p <.05, ns, p >.05. (C) The proportions of clinical response to anti-PD-L1 immunotherapy in the high and low PDIA5 groups. (D) The proportions of clinical binary response to anti-PD-L1 immunotherapy in the high and low PDIA5 groups. (E) The proportions of the high and low PDIA5 groups in the anti-PD-L1 immunotherapy clinical response. (F) Differences in CD274 (PD-L1) expression in the high and low PDIA5 groups in the IMvigor210 cohort. (G) Kaplan–Meier survival plot showed a significant survival benefit in the high PDIA5 group of GSE78220 cohort. (H) The proportions of clinical response to anti-PD-1 immunotherapy in the high and low PDIA5 groups. (I) The proportions of the high and low PDIA5 groups in the anti-PD-1 immunotherapy clinical response. **p < .01.






Discussion

Based on large-scale bioinformatic analysis, we are the first to comprehensively analyze PDIA5 expression profiles in gliomas according to the WHO grading system, histopathology, molecular biomarkers, and molecular subclasses. PDIA5 expression levels were elevated in malignant gliomas ground on the above different categories. PDIA5 overexpression was also found in the areas of infiltrating tumor cells according to radiology imaging. Importantly, our results show that high levels of PDIA5 expression predict poor outcomes based on survival analysis of different subgroups.

Genomic alterations in gliomas are able to predict disease classification and prognosis (51). In CNV analysis, we found focal amplification peaks for oncogenes in the high PDIA5 group and focal deletion peaks for tumor suppressor genes. Several common somatic mutations in GBM including TP53, TTN, PTEN, and EGFR (52), were also present in the high PDIA5 group. These results suggest that high PDIA5 expression plays an important role in glioma infiltration. Investigating the detailed mechanism of PDIA5 promotion of glioma development may help to develop new therapeutic strategies.

High-grade gliomas progress rapidly, and cause short survival of patients, among which GBM harbors the most severe malignancy. The role of the immune microenvironment in the progression of gliomas has become increasingly well-known (53). Previous research has shown that the tumor immune microenvironment influences gene expression of tumor tissues and the degree of stromal and immune cell infiltration contribute notably to prognosis (54). Stromal score, immune score, and ESTIMATE score, which are based on ESTIMATE algorithm, were shown to be negatively correlated with the prognosis of GBM (47), glioma, oligodendroglioma, melanoma (55), and gastric cancer (56). In our research, we found these three ESTIMATE algorithm scores were increased along with PDIA5, indicating that high expression level of PDIA5 is positively correlated with immune infiltration in gliomas.

Infiltrating immune cells in glioma tumor microenvironment are comprised of microglia/macrophages, CD4+ T cells, regulatory T cells (Tregs), MDSCs, and granulocytes, among which microglia and MDSC are the most frequent (53), contributing to ineffective immune activation in GBM (57). Our results revealed that multiple immune cell types were enriched in high PDIA5 patients. And the correlation between PDIA5 and T cells as well as macrophages in gliomas was presented in the subsequent specific analysis.

So far, no previous studies have focused on the interaction between PDIA5 and tumor immunity, but a few studies on PDI and immune cells have demonstrated that PDI can elicit CD8+ T-cells in leishmaniasis (58, 59). Caorsi et al. have shown PDIA3 induced proliferation of autologous CD4 and CD8 T cells in colorectal cancer, accompanied by PDIA3-specific Th1 effector cell accumulation in tumor tissue (60). Besides, the other member of PDI family has also been identified to be relevant to the activation and function of macrophages (61). Most of the functions of PDIA5 remains unclear, but the b-type domain of PDIA5 has a binding region for PDIA3 (62), suggesting the possibility that PDIA5 may be related to some biological functions of PDIA3. However, basic research is needed to further investigate the specific interactions between PDIA5 and the immune system in gliomas.

Gliomas, especially GBM, can escape anti-tumor immunity and cause severe T cell dysfunction, which includes the apoptosis of effector T cells and the activation of Tregs (63). Our correlation analysis of immune pathways showed that PDIA5 was positively associated with the differentiation of regulatory T cell and the apoptotic process of T cells, while negative correlated with CD4+ T cell activation and proliferation. Besides, the investigation about inflammatory activity suggested that PDIA5 was also enriched in the biological process of T cells. The above indicating that PDIA5 may be associated with abnormal T cell function in gliomas.

Additionally, growing evidence have identified that tumor-associated macrophages (TAMs) played a key role in the progression and metastasis of tumor cells (64–66). As the result of the impact of metabolites of malignant cells, TAMs in the tumor microenvironment make corresponding metabolic changes, leading to functional reprogramming of TAMs which includes the M2 polarization of macrophages, and alterations of cytokines and angiogenic factors secretion. These above changes are conducive to the migration and invasion of tumors (67, 68). Our immunohistochemistry results found that the number of macrophages increased with the WHO grade of gliomas, which was consistent with previous studies. Further analysis attested the positive correlation between PDIA5 and macrophage, especially M2, infiltration in gliomas. Therefore, we deduced that high expression of PDIA5 may induce macrophage associated immunity, and contribute to M2 polarization of macrophage in gliomas.

To learn more about the role of PDIA5 in macrophage associated immunity and malignant cell proliferation of gliomas, scRNA-seq analysis and gain of function as well as loss of function assay were performed. To date, scRNA-seq has exhibited great potential in screening therapeutic targets for antitumor immunity. Several studies have analyzed the gene expression of immune cells in gliomas using scRNA-seq data. Goswami et al. identified CD73 as a specific immunotherapy target which enhances the antitumor immune response to immune checkpoint therapy in GBM using scRNA-seq (69), and Cheng et al. identified 31 genes that could be biomarkers for GBM tumor cells based on single cell sequencing (70). Additionally, pseudotime trajectories analysis is capable of capturing and dissecting transcriptional changes in cells during glioma progression. Therefore, it can be used to evaluate the relationship between genes and development of specific cell lineages in gliomas (41). In the present study, using scRNA-seq data, we found that high PDIA5 expression existed in neoplastic cells and macrophages of gliomas, further research on pseudotime trajectories and functional annotations emphasized the correlation between PDIA5 and macrophage infiltration as well as progression in gliomas. Moreover, cell transfection and co-culture of glioma cells and macrophages based on organoids revealed that PDIA5 in tumor cells mediated glioma cells proliferation and macrophages exhausting, which further confirmed the crucial role of PDIA5 in regulating immune activity in the tumor microenvironment of glioma.

Nevertheless, the overexpression of PDIA5 resulted in the ultimate exhaustion of macrophage in our in vitro experiments, which was contrary to the findings that PDIA5 was positively correlated with macrophage infiltration in our previous bioinformatic analysis. This phenomenon can be attributed to the fact that the glioma cells with high expression of PDIA5 secrete certain cytokines to recruit M2 macrophages, which interact with glioma cells (67) and potentially ended with apoptosis and degradation. And the consumed macrophages can be continuously replenished from the peripheral blood and resident microglia in brain in vivo (68), while the number of macrophages in the co-culture system is constant, eventually led to the exhaustion of macrophages. Therefore, the high level of PDIA5 expression in gliomas indeed contribute to recruiting macrophages and probably mediating the polarization of macrophages to M2. Taken together, our findings demonstrate that PDIA5 overexpression correlates with immune infiltration and inflammation in gliomas, which may lead to poor prognosis in glioma patients.

Immune checkpoint refers to specific molecular interactions at the interface between T cells and antigen presenting cells, and exhibits the ability to inhibition T cell function (63). Targeting immune checkpoint, which enhances anti-tumor immune responses, has brought about remarkable clinical advances and offered new targets for tumor therapy (7). Each immune checkpoint has its own unique molecular characteristics, and several immune checkpoints may interact with each other. The prominent PD-1/PD-L1 axis, can promote invasion of GBM cells in brain tissue (71). Additionally, PD-1 has also proven to be correlated with other immune checkpoints including IDO1, LAG3, TIM-3, and B7-H3 (72). Li et al. found that glioma patients had higher TIM-3 expression on peripheral innate immunocytes, which further contributed to immune disorders (73). B7H3 has been reported to play a pivotal role in cell differentiation and carcinogenesis of glioma by Zhang et al. (74), And PD-L2, another ligand of PD-1, can evade antitumor immunity through modulating T cell response and proliferation in gliomas (75). We found tight correlations between PDIA5 and B7-H3, PD-L2, and TIM-3, suggesting that PDIA5 probably plays a synergistic role with those immune checkpoints in the progression of glioma. Further predictive analysis based on the existing databases showed that patients with high PDIA5 had high anti-tumor immune activity and were more likely to benefit from immunotherapies in gliomas as well as other tumor types, indicating that inhibition of combined PDIA5 and these immune checkpoints could improve the clinical management of gliomas.

Hsowever, there are still some limitations regarding this study, which are expected to be improved on in subsequent studies. Firstly, the relationship between PDIA5 and B cells is unclear or even seems to be contradictory in different analyses relative to macrophages and T cells. Despite the negative association between PDIA5 and IgG indicate PDIA5 inhibition of IgG activity, which might only represent part of the B cells, PDIA5 promotion of malignancy attract more immune cells including B cells in the tumor microenvironment of gliomas. Secondly, the high anti-tumor activity and poor clinical outcomes are another discrepancy among patients with high PDIA5. Prior evidence implicated that high PD-L1 contributed to immunosuppression but enhanced the response rate to anti-PD-1 therapy in metastatic melanomas and breast cancer (76, 77). The authors suggested that pre-treatment high level of PD-L1 may be related to its role in immune dysfunction and T cell exhaustion, while the increased PD-L1 level in on-treatment patients was caused by the reinvigoration of T cells. And the loss of PD-L1 inhibition effect on T cells was due to the interaction between PD-L1 and PD-1 blocked by anti-PD-1 therapy. Similar interplay patterns potentially exist between PDIA5 and certain immune checkpoint, like PD-1 and CTLA-4, giving rise to better responses to checkpoint inhibitor immunotherapy. Generally, existing data regarding the action mechanism of PDIA5 to interfere with the immune system is relatively lacking, and more wet experiments are needed to further interpret the role of PDIA5 in gliomas immunology.

In summary, our findings demonstrate that PDIA5 is upregulated in multiple types of malignant gliomas, and has multifaceted prognostic value in cancers. It is particularly noteworthy that PDIA5 overexpression correlates with immune infiltration and is associated with poor prognosis in glioma patients. And patients with high PDIA5 are more likely to benefit from immunotherapies. Overall, these findings indicate that PDIA5 could be a promising target for glioma immunotherapy.
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Purpose

The extent of preoperative peritumoral edema in glioblastoma (GBM) has been negatively correlated with patient outcome. As several ongoing studies are investigating T-cell based immunotherapy in GBM, we conducted this study to assess whether peritumoral edema with potentially increased intracranial pressure, disrupted tissue homeostasis and reduced local blood flow has influence on immune infiltration and affects survival.



Methods

A volumetric analysis of preoperative imaging (gadolinium enhanced T1 weighted MRI sequences for tumor size and T2 weighted sequences for extent of edema (including the infiltrative zone, gliosis etc.) was conducted in 144 patients using the Brainlab® software. Immunohistochemical staining was analyzed for lymphocytic- (CD 3+) and myelocytic (CD15+) tumor infiltration. A retrospective analysis of patient-, surgical-, and molecular characteristics was performed using medical records.



Results

The edema to tumor ratio was neither associated with progression-free nor overall survival (p=0.90, p=0.74). However, GBM patients displaying IDH-1 wildtype had significantly higher edema to tumor ratio than patients displaying an IDH-1 mutation (p=0.01). Immunohistopathological analysis did not show significant differences in lymphocytic or myelocytic tumor infiltration (p=0.78, p=0.74) between these groups.



Conclusion

In our cohort, edema to tumor ratio had no significant correlation with immune infiltration and outcome. However, patients with an IDH-1wildtype GBM had a significantly higher edema to tumor ratio compared to their IDH-1 mutated peer group. Further studies are necessary to elucidate the underlying mechanisms.





Keywords: immune infiltration, glioma microenvironment, dexamethasone, peritumoral edema, peritumoral edema zone



Introduction

Glioblastoma (GBM) patients frequently present with peritumoral edema as diagnosed with preoperative imaging, such as T2 or FLAIR MRI scan. Peritumoral edema in turn often causes severe neurological impairment and remains a challenging factor throughout treatment (1). The peritumoral edema in GBM is considered to be vasogenic and caused by increased vascular permeability as hypoxia induced capillary formations lack functional tight junctions, contain fenestration and irregular basal membrane endothelia (2). The disrupted blood brain barrier (BBB) leads to the extravasation of plasma into the brain parenchyma surrounding the lesion.

Furthermore, the hypoxic core of the GBM, often containing necrosis, results in VEGF secretion which in turn is a crucial mediator of peritumoral edema and disrupted tissue hemostasis. Although several studies have identified the synthetic corticosteroid dexamethasone (DEX) as unbeneficial in terms of survival for edema treatment in GBM, it is still routinely used in clinics for peritumoral edema treatment in GBM (3, 4).

Peritumoral edema has been described as a strong propagator of malignant cell infiltration and several studies have confirmed the negative prognostic impact of high edema to tumor ratios in GBM, although the mechanisms remain unclear (5, 6). Perfusion-weighted imaging has been used to demonstrate 50% reduced regional cerebral blood- volume and flow in peritumoral edema compared to the contralateral white matter (7). We therefore postulated that increased edema (including the infiltrative zone, gliosis etc.) to tumor ratio would influence the lymphocytic and myelocytic tumor infiltration in patients with GBM and could therefore be associated with a poor prognosis.



Material and Methods


Patients and Data Collection

For this retrospective analysis an ethical approval was obtained from the ethics committee of the University Hospital Frankfurt, Germany, (Identification number: 20-676). As a non-interventional single-center study no patient consent was necessary.



Cohort

In total, 162 GBM patients that were treated at the authors’ institution between September 2008 and January 2013 were retrospectively analyzed. The inclusion criteria were tumor resection (stereotactic biopsies were excluded) with the histological confirmation of WHO IV GBM without previous treatment such as radio- chemotherapy for low grade astrocytoma. Further inclusion criteria were the availability of a preoperative cranial MRI with gadolinium enhanced T1 sequences and T2 sequences.

Patient medical charts were analyzed by two neurosurgeons (D.D. and S-Y.W.) and blinded to the preoperative radiological data. Tumor and edema volume were analyzed by an experienced neuroradiologist (M.R.) and two neurosurgeons (P.B. and B.B.) who were blinded to the medical chart data. Patient characteristics that were extracted from the medical chart including the preoperative Karnofsky performance scale (KPS), date of surgery, date of death or date of last contact, date of tumor progression that was defined as the date of cranial MRI with progressive disease according to the RANO (8) criteria and/or the determination of the local interdisciplinary neurooncological tumor board.



Magnetic Resonance Imaging

Preoperative MRI scans were performed in the department of neuroradiology, Goethe University Hospital Frankfurt at a 3 Tesla Siemens Verio scanner. Gd‐DO3A‐butrol (Gadovist®, Bayer Vital GmbH) was administered intravenously (0.2 ml/kg, 0.5-1 ml/sec) and imaging started 9 seconds after administration of the contrast agent.



Image Analysis

Image analysis was performed by a neuroradiologist (M.R.) and two neurosurgeons (P.B. and B.B.) that were blinded to patients’ molecular characteristics. Pre- and postoperative tumor and edema volumes were analyzed by semi-automatic segmentation with IPlannet 3 (Cranial planning software, Brainlab AG, Feldkirchen, Germany). A representative analysis is displayed in Figure 1. All tumor segmentations were done semi-automatically with the ‘Smartbrush’ tool of the Brainlab Elements software. A two-dimensional segmentation was drawn in the axial image and a second two-dimensional segmentation was drawn in a coronal slide. These two segmentations automatically generated a three-dimensional graphic of the tumor. The three-dimensional graphic was then manually corrected by adding or erasing certain areas. A total of 144 segmentations were performed in this manner. Tumor volume was delineated on contrast enhanced T1-weighted images and necrotic areas were spared. Edema volume was measured on a non-enhancing T2-hyperintense image set in the same procedure. The extent of resection was calculated by the pre- and postoperative tumor volume. Gross total resection (GTR) was defined as complete removal (100%) of contrast-enhancing tissue.




Figure 1 | Representative MRI images that were used for the semi-automatic segmentation with IPlannet 3 software by Brainlab®. (A, B) Preoperative axial T2 and gadolinium enhanced T1 weighted MRI of a GBM patient with peritumoral edema encircled in orange and with tumor enhancement encircled in pink.





Tissue Specimen and Processing

For this analysis the formalin-fixed and paraffin-embedded (FFPE) tissue samples from 26 patients of a recently published cohort were used (4). Paraffin full mounts were processed as follows: 1. cutting into 3µm thick slices using a microtome (Leica Microsystems, Nussloch GmbH, Nussloch, Germany), 2. placing on microscope slides (SuperFrost, Thermo Scientific, Dreieich, Germany), 3. heating to 40°C for 20min and 4. storage in an incubator overnight (37°C). For staining, standardized protocols for the automated IHC slide staining system BOND-III (Leica Biosystems, Nussloch GmbH, Nussloch, Germany) were used including the following antibodies: CD3 (A0452; 1:500; Dako), CD15 (M3631; 1:2000; Dako). After hematoxylin-counterstaining slides were mounted, lymphocytic (myelocytic) infiltration was assessed by counting CD3 (CD15) positive stained cells, in a defined tumor bearing area, using a Zeiss microscope (Axiophot, Carl Zeiss Microscopy GmbH, Jena, Germany) with a Stereo Investigator (Version 4.34 software from MicroBrightField Inc.), subsequently obtaining the ratio of positive stained cells per mm2 (9). A representative analysis is displayed in Figure 2.




Figure 2 | Representative immunohistochemistry slides with anti-CD3 (lymphocytic) and anti-CD15 (myelocytic) tumor infiltration in GBM patients allocated according to high vs low edema to tumor ratio.





Statistics

Data analysis was performed with IBM SPSS Statistics Version 23.0 (SPSS Inc., IBM Corp., Armonk, NY, USA). For patients and tumor characteristics, descriptive statistics were used. Fisher’s exact test was used for the comparison of categorical variables between the cohorts. For continuous parameters, the Wilcoxon-Mann-Whitney test was used. To assess the impact of the variables, odds ratio (OR) with 95% confidence intervals (CI) were calculated. Results with p ≤0.05 were considered statistically relevant. To estimate the survival rates, the Kaplan-Meier analysis was used. The differences between curves were assessed using the log-rank test. Progression free survival (PFS) was defined as the time from diagnosis to first recurrence or death. Overall survival (OS) was defined as the time of first presentation to death.




Results


Patient Characteristics

A total of 144 patients with primary GBM were treated at the authors’ institution between September 2008 and January 2013. Of those, 18 patients were excluded due to a lack of radiological data, loss to follow-up, and/or lack of molecular data. Of the analyzed cohort, 64 patients (44%) were female and 80 patients (56%) were male. Of all patients, 64 patients (44%) were under 60 years of age. In total, 63 patients had a Karnofsky performance scale (KPS) of less than 80 (44%). Preoperative dexamethasone treatment was observed in 57 patients (39%). Gross total resection (GTR) was achieved in 89 patients (62%). O (6)-methylguanine-DNA methyltransferase (MGMT) promotor methylation was detected in 68 patients (47%) and an isocitrate dehydrogenase (IDH) (IDH1R132H-mutation) mutation was observed in 19 patients (13%). The median tumor volume on T1 + contrast preoperative MRI was 29.75 cm3 (IQR: 36.6) and median edema volume on T2 was 114 cm3 (IQR: 120.8). Median progression free survival (PFS) was 9 months (IQR: 11.5) and overall survival was 17 months (IQR: 19.5). Of the 144 patients with complete diagnostic histopathological analysis, 26 FFPE’s were available for further immunohistochemical analysis. Of those, median tumor infiltration (CD3+) were 0.18/mm2 (IQR: 0.15) for lymphocytic (CD3+) cells and 0.08/mm2 (IQR: 0.66) for myelocytic (CD15+) cells (see Table 1).


Table 1 | Patient characteristics.





Association of Edema to Tumor Ratio With Patient Characteristics

According to the median preoperative MRI edema to tumor volume, patients were stratified into the high or low edema to tumor ratio groups. Patients of the high edema to tumor ratio group had 57% (n=41) female patients compared to 54% (n= 39) in the low edema to tumor cohort. No significant differences regarding sex were observed between both groups (p=0.86; 95%CI: 0.57-2.16; OR 1.1). In the high edema to tumor cohort, 35 (49%) patients were under the age of 60 compared to 29 (40%) patients in the low edema to tumor cohort. No significant differences regarding age were observed between both groups. Moreover, 31 (43%) patients with a high edema to tumor ratio and 32 patients (44%) with a low edema to tumor ratio presented with a median preoperative Karnofsky performance scale (KPS) of less than 80. The preoperative KPS was not associated with edema to tumor ratio (p=0.99; 95%CI:0.48-1.82; OR: 0.9); see Table 2.


Table 2 | Uni- and multivariate analysis of juxtaposed characteristics according to edema to tumor ratio.





Preoperative Dexamethasone Administration and Edema to Tumor Ratio

Patient medical charts showed preoperative dexamethasone (DEX) administration present in 26 patients (36%) in the high edema to tumor ratio cohort vs. 31 patients (43%) in the low edema to tumor ratio cohort. Preoperative presence of DEX was not associated with a high edema to tumor ratio (p=0.49; 95%CI: 0.38-1.47; OR: 0.7; Table 2).



Association of Edema to Tumor Ratio With Operative Results

Gross total resection (GTR) was achieved in 45 patients (62%) in the high edema to tumor cohort and 44 patients (61%) in the low edema to tumor cohort. The operative result was independent of preoperative edema to tumor ratio (p=0.99; 95% 0.54-2.07; OR: 1.0; Table 2).



Association of Edema to Tumor Ratio With Molecular Characteristics

In patients with a high edema to tumor ratio, the MGMT promotor was methylated (+) in 38 patients (53%) and in 30 patients (42%) of the low edema to tumor ratio cohort (p=0.40; 95%CI: 0.36-1.37; OR: 07). The MGMT promotor status was not significantly correlated with edema to tumor ratio. Isocitrate dehydrogenase 1 wildtype (IDH-1 wt) was observed in 68 patients (94%) with a high edema to tumor ratio and in 57 patients (79%) with a low edema to tumor ratio (p=0.01; 95%CI: 0.07-0.71, OR: 0.2 in univariate and p=0.03; 95%CI: 0.13-0.90, OR: 4.6 in multivariate analysis. (Table 2).



Survival Analysis Depending on Edema to Tumor Volume

Volumetric analysis displayed a median tumor size of 29.75cm3 (IQR: 37.52). Patients with a tumor smaller than 29.75cm3 were defined as low tumor volume and patients with tumor size larger than 29.75cm3 as high tumor volume. Patients with low tumor volume had a median OS of 17 months (IQR: 19) and a PFS of 9 months (IQR: 12) compared to 16 months OS (IQR: 19.25) and 8 months PFS (IQR:11.75) in patients with large tumors, respectively. Preoperative volumetric tumor size was not associated with PFS (p=0.734) or OS (0.925; Figure 3A, B).




Figure 3 | PFS and OS represented by Kaplan-Meier curves for high vs. low preoperative tumor volume (A, B), high vs. low preoperative edema volume (C, D), and high vs. low edema to tumor ratio (E, F).



For the volumetric analysis of peritumoral edema, a median of 116.3cm3 (IQR: 120.8) was detected. Patients with peritumoral edema smaller than 116.3cm3 were defined as low edema volume and had a median OS of 16 months (IQR: 19.75) and a PFS of 8 months (IQR: 10.75) whereas patients with high edema volume had a median OS of 19 months (IQR: 19) and a median PFS of 9.5 months (IQR: 11). The volume of peritumoral edema was not associated with either PFS (p=0.55) or OS (p=0.40; Figure 3C, D).

To analyze the edema to tumor ratio, edema/tumor was calculated and a median of 3 was observed. Thus, patients with ratios under 3 were counted as having a low edema to tumor ratio and above 3 as having a high edema to tumor ratio. Patients with low edema to tumor ratio had a median PFS of 8 months (IQR: 12), compared to the PFS of 9 months (IQR: 11) in patients with high preoperative edema to tumor ratio (p=0.401). In terms of OS, patients with a low preoperative edema to tumor ratio displayed a median survival of 15 months (IQR: 21) compared with 19 months (IQR: 18) in patients with a high edema to tumor ratio (p=0.551; Figures 3E, F).



Leukocytic Tumor Infiltration in Dependence of Edema to Tumor Ratio

In our cohort of 144 patients, immunohistochemistry was available in a total of 26 patients. In the high edema to tumor ratio group (n=9), median lymphocytic infiltration was 0.15 cells/mm2 (IQR: 0.18) vs. 0.21 cells/mm2 (IQR: 0.13) in the low edema to tumor ratio group (n=17) indicating that the lymphocytic tumor infiltration was not significantly correlated with edema to tumor ratio (p=0.78; 95%CI: 0.38-0.50; OR: 0.06). Furthermore, median myelocytic tumor infiltration was 0.06 cells/mm2 (IQR: 0.16) in the high edema to tumor ratio group vs. 0.08 cells/mm2 (IQR: 0.05) in the low edema to tumor ratio group. The myelocytic tumor infiltration was therefore not associated with edema to tumor ratio (p=0.74; 95% CI: 0.10-0.14; OR 0.02) (Table 2).




Discussion

The major finding of our study is the significant correlation between IDH-1 status and the edema to tumor ratio. Patients harboring an IDH-1 wildtype glioblastoma presented with an increased preoperative edema to tumor ratio; however, further translational investigations are warranted to elucidate the underlaying mechanism. Furthermore, our immunohistochemistry analysis and its correlation with the edema to tumor ratio revealed that edema to tumor ratio had no significant association with lymphocytic and/or myelocytic tumor infiltration.

The interplay between cancer and immune cells is a major determinant in cancer progression and the immune system is emerging as a powerful prognostic marker and therapeutic target in neuro-oncology (10). Additionally, peritumoral edema frequently leads to neurological impairment and remains a challenging factor throughout treatment (3). Our study therefore analyzed a potential interaction between these factors.

Regarding the preoperative dexamethasone (DEX) treatment our study found no significant correlation between the extent of edema and DEX administration. Although dosage recommendations are lacking, the routinely used synthetic corticoid DEX is clinically established for edema treatment (11, 12). However, recent studies identified several mechanisms indicating that administration of DEX in patients with GBM may be not be beneficial; in fact, it may worsen the prognosis, decrease radio-sensitivity, and decreased immune infiltration is certain subtypes of GBM (3, 4, 13). Considering the missing association between the extent of tumor-edema and DEX dosage in our study, this finding supports the critical review of DEX administration in GBM patients, even more so in lesions that are not strategically located (motor or sensory cortex, language cortex, insula or basal ganglia), since several recently discovered mechanisms explain the unbeneficial impact of DEX on the outcome in GBM (3, 13).

Our study did not find a significant association between peritumoral edema or edema to tumor ratio with the extent of resection. Wu et al. recently described the negative impact of the extent of peritumoral edema (≥1 cm from tumor margin on axial MRI) on survival (6). Extensive peritumoral edema can lead to intraoperative challenges as it may obscure anatomical landmarks and complicate resection, which in turn contributes to poor survival (14, 15). Our finding does not support this proposal, since resection status was not associated with edema or edema to tumor ratio in our cohort. An important bias which could obscure our results is the inhomogeneous surgical management (5-ALA, intraoperative MRI etc.) paired with differences in surgeon experience. However, since we included the postoperative results in terms of gross vs subtotal resection we ensured to exclude a significant impact of this potential confounder.

One of the major findings of our analysis is the positive correlation between IDH-1 wildtype and a higher edema to tumor ratio. A few studies have investigated the association of IDH-1 status with morphological MRI analysis in low grade gliomas (16). IDH-1 mutated tumors present frequently with a unilateral pattern of growth, sharply defined tumor margins, homogeneous signal intensity, and less contrast enhancement on MRI. All these factors might contribute to the improved prognosis of patients with this subtype of GBM; however, an association between edema and IDH-1 is not described in the literature (16). The IDH-1 mutation leads to neo-enzymatic activity of the IDH-1 enzyme which drives the conversion of isocitrate into 2-hydroxyglutarate (2-HG), leading to a genome-wide histone- and DNA methylation alternations (17, 18). One of these consequences is the increased hypoxia-inducible factor 1-alpha (HIF-1α) that is frequently detected in patients with an IDH-1 mutation (19, 20). On the contrary, the proliferation rate (Ki-67) and vascular endothelial growth factor (VEGF) levels are significantly lower in IDH-1 mutated tumors (21, 22). However, little is known about the affinity for vasogenic edema in IDH-1 wildtype GBM (23). Our findings encourage further translational investigations into the mechanism of peritumoral edema in GBM wildtype.

Several studies have investigated the extent of peritumoral edema and correlated it with patient’s outcome but the results were conflicting and a consistent conclusion is therefore absent (1, 6, 24). In a multicenter analysis, Schoeneggers et al. identified edema as an independent prognostic factor for poor outcome in GBM (1). On the contrary, Lacroix et al. published their results including more than 400 GBM patients where the extent of peritumoral edema was not found to be an independent prognostic factor (25). In our study, neither tumor size, nor edema or a high edema to tumor ratio were associated with outcome. A possible explanation is the high-level of heterogeneity within the peritumoral edema tissue. Since the majority (>90%) of the tumors relapse in the peritumoral zone, the microenvironment with alternated tissue hemostasis may play a crucial role in recurrence, and the currently standardized quantitative measurements (T1+, T2, FLAIR etc.) do no capture molecular alternations in the peritumoral edema (26, 27). Radiomic approaches may complement current MRI imaging in future studies and elucidate pathological processes in peritumoral edema tissue.

Within this study, we addressed the effects of edema on immune infiltration (2). The assessment of immune infiltration is of paramount importance since the introduction of T cells with the expression of chimeric antigen receptors (CARs) directed against specific antigens (EGFRvIII-, HER2- and IL-13 Rα2 CAR T-cells) have initiated the era of personalized immunotherapy in GBM; and the results of several ongoing studies are eagerly anticipated (10, 28, 29). Berghoff et al. published their findings on CNS metastasis, where a high density of tumor-infiltrating lymphocytes (TIL) was more frequently observed in patients with low peritumoral edema, as compared to patients with high peritumoral edema; however, studies analysing this issue in GBMs are absent (30). In our analysis neither myelocytic nor lymphocytic infiltration was correlated with peritumoral edema. A possible explanation could be that the peritumoral microenvironment in brain tumor patients contains an array of other non-neoplastic cells, including vascular and other glial cells, all of which could contribute to edema formation (27). Although immunotherapy in general and CAR T administration in specific carries a risk of cerebral edema as a dreadful complication, our data implies that patients with a high edema to tumor ratio should not be excluded from further immunological studies (31, 32).

We did analyze a large number of patients with extensive radiological and immunohistological parameters, whereas histopathological analysis was only available in nearly 20% of the cases. As a limitation, the investigated cohort is from 2008-2013. Although all patients in our cohort received the temozolomide based radio-chemotherapy which still is the standard of care, novel therapies such as TTFields could not have been investigated. Our cohort is representative of GBM patients since the molecular profile is congruent with the literature (∼10% IDH mutated GBM in the literature and in 13% in our cohort) (18). As further limitation and potentially introducing a bias, this investigation was a single centre study and of retrospective design.

In conclusion, the present study found no association between the extent of edema and immunogenic infiltration; however, IDH wildtype GBM was found to be more likely associated with extensive peritumoral edema than IDH mutant GBM. Further translational investigations are necessary to evaluate the underlying mechanism and the clinical relevance of this observation.
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Gliomas are primary malignant brain tumors. Monocytes have been proved to actively participate in tumor growth. Weighted gene co-expression network analysis was used to identify meaningful monocyte-related genes for clustering. Neural network and SVM were applied for validating clustering results. Somatic mutation and copy number variation were used for defining the features of identified clusters. Differentially expressed genes (DEGs) between the stratified groups after performing elastic regression and principal component analyses were used for the construction of risk scores. Monocytes were associated with glioma patients’ survival and exhibited high predictive value. The prognostic value of risk score in glioma was validated by the abundant expression of immune checkpoint and metabolic profile. Additionally, high risk score was positively associated with the expression of immunogenic and antigen presenting factors, which indicated high immune infiltration. A prognostic model based on risk score demonstrated high accuracy rate of receiver operating characteristic curves. Compared with previous studies, our research dissected functional roles of monocytes from large-scale analysis. Findings of our analyses strongly support an immune modulatory and prognostic role of monocytes in glioma progression. Notably, monocyte could be an effective predictor for therapy responses of glioma patients.
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Introduction

Gliomas are one of the most malignant solid cancer types, which grade 2 and grade 3 glioma are defined as diffuse lower-grade glioma (LGG) and grade 4 glioma is defined as glioblastoma (GBM) based on the WHO 2016 classification (1). GBM, with the highest incidence rate (3.23 per 100,000 population) in United states, accounted for the majority of gliomas (57.7%) (2). The 10-year survival rate of LGG is 47% whereas the median overall survival (OS) time of GBM is less than 3 years (3). Recently, increasing molecular markers have been identified for prediction of glioma patient survival rate, including mutational status, and DNA methylation (4, 5). Given that, WHO proposed an updated grading system for CNS tumors integrating molecular diagnosis (6). However, the inevitable tumor recurrence and drug resistance due to the high heterogeneity of gliomas make it still urgent to identify novel biomarkers to help illustrate the pathological mechanism of gliomas and develop the corresponding therapeutic strategies.

Tumor microenvironment (TME), consisting of noncancerous cells and tumor associated biomolecules, have become increasingly attractive as potential targets for the treatment of gliomas (7). Accumulating evidence has demonstrated the immunosuppressive context in TME of gliomas, such as tumor associated macrophages (TAMs), regulatory T cells (Tregs), cancer associated fibroblasts (CAFs), myeloid derived suppressor cells (MDSCs), and monocytes (7, 8). Monocytes, emerged as important regulators of cancer progression, are innate immune cells of the mononuclear phagocyte system. Monocytes perform diverse functions that contribute to both pro- and antitumoral immunity during cancer development, including phagocytosis, secreting tumoricidal mediators, promoting of angiogenesis, remodeling extracellular matrix, and recruiting lymphocytes (8). Monocytes comprise as many as 30–50% of all cells in GBM microenvironment (9). Previous study has proved that monocytes closely adhere to GBM via vascular cell adhesion molecule-1 (VCAM-1) (10). Notably, monocytes also serve as the important source of TAMs and dendritic cells (DCs) that shape a more permissive TME (11). Moreover, monocyte-mediated nano drug delivery in GBM has been proposed and proved with effective cancer cell damage. Although several studies have highlighted the potential roles of monocytes in tumor growth, the in-depth mechanism of monocytes in TME and its overall prognostic value in gliomas has not been fully elucidated due to its eventual destiny of differentiation.

Weighted gene co-expression network analysis (WGCNA) has been known for its ability to explore the specific genes related to clinical traits. In this study, WGCNA was employed to identify meaningful monocyte-related gene modules in glioma patients. Genes within the identified module were extracted for clustering. Machine learning including neural network and Support Vector Machines (SVM) was used to validate the clustering results. Significant differentially expressed genes (DEGs) between the stratified groups after performing elastic regression and Principal component analyses (PCA) were used for the construction of risk scores. Risk scores could also predict immunotherapeutic efficiency. These results are expected to promote the development of novel therapeutic targets based on monocytes and provide the basis for future research on monocytes in gliomas. Besides, given the current shortcoming in diagnostic and therapeutic options in GBM, the remarkable prognostic value of monocytes can better achieve precise medicine and promote the clinical management of GBM patients.



Methods


Patient and Cohort Inclusion

2405 diffuse glioma samples were collected from three databases: The Cancer Genome Atlas (TCGA), Chinese Glioma Genome Atlas (CGGA), and Gene Expression Omnibus (GEO). For the TCGA cohort (672 glioma samples), the RNA-seq data and corresponding clinical information were retrieved from TCGA database (http://cancergenome.nih.gov/). Three CGGA validation cohorts were employed in this study, including two RNA-seq cohorts (CGGA325 and CGGA693) and a microarray cohort (CGGAarray). The RNA-seq and microarray data, clinical and survival information were downloaded from the CGGA database (http://www.cgga.org.cn). Expression matrices of GSE108474 (414 glioma samples) were obtained from the GEO database (https://www.ncbi.nlm.nih.gov/geo/).



WGCNA Identifying Monocytes Related Genes

The WGCNA package in R version 3.6.1 was used to perform WGCNA. The association between individual genes and monocyte densities was quantified by gene significance, and the correlation between module eigengenes and gene expression profiles was represented by module membership. A power of β = 2 and a scale-free R2 = 0.89 were set as soft-threshold parameters to ensure a scale-free topology network. A total of seven modules were generated, and turquoise module showing the strongest correlation was used for further analysis. Genes within the turquoise module were thus chosen for GO (gene ontology) and KEGG (Kyoto Encyclopaedia of Genes and Genomes) functional enrichment analyses. Metascape (https://metascape.org/) was also used for functional annotation of turquoise module genes.



Delineation and Validation of Immune Subtypes

Based on the 806 genes extracted from turquoise module, we applied consensus clustering algorithm of partition around medoids (PAM) to identify robust clusters of TCGA patients (12). The cumulative distribution function (CDF) and consensus heatmap were used to assess the optimal K value of 2. To validate the immune subtypes in three CGGA cohorts, we trained a neural network classifier in the discovery cohort to predict the immune subtypes for patients in the validation cohort based on 300 overlapped module-derived genes in TCGA and three CGGA cohorts using R package Rcpp, RSNNS, and “e1071”. Among the three learning functions (Quickprop, BackpropBatch, SCG), Quickprop was used for the training. The clustering results were further validated by SVM using R package caret and “e1071”. Three types of models (C-classification, nu-classification, one-classification) and four types of kernels (linear, polynomial, radial, sigmoid) in SVM were analyzed. The combination of C-classification and radial was found with the highest accuracy.



Genomic Alterations in Immune Subtypes

Somatic mutations and somatic copy number alternations (CNAs) which corresponded to the cases with RNA-seq data, were downloaded from the TCGA database. GISTIC analysis was performed to determine the genomic event enrichment. CNAs associated with the two clusters and the threshold copy number at alteration peaks were obtained using GISTIC 2.0 analysis (https://gatk.broadinstitute.org).



Annotation of the Immune Infiltrating Microenvironment

ESTIMATE was performed to evaluate the immune cell infiltration level (immune scores) and stromal content (stromal scores) for each sample. The enrichment levels of 64 immune signatures were quantified by the xCell algorithm (13). The relative fraction of 22 immune cell types in tumor tissues were estimated using CIBERSORT algorithm (14). Gene set variation analysis (GSVA) was performed to study GO pathways, and GO items with p value < 0.05 were identified. Seven types of classified immune checkpoints signaling pathways were investigated from two previous published studies (15, 16).



Identification of an Immune-Related Signature

Univariate Cox regression analysis was performed to determine the differentially expressed immune genes with prognostic significance with a p value < 0.05 between subtypes. Elastic regression analysis and PCA were further used to calculate the risk scores of patients. The extracted principal component 1 served as the signature score. The risk score of each patient after the prognostic value of gene signature score was obtained by the following calculation: ΣPC1i - ΣPC1j, where i represented the expression of genes with HR>1, and j the expression of genes with HR<1.



Prediction of Immunotherapy Response

The IMvigor210 cohort, which is an urothelial carcinoma cohort treated with the anti‐PD‐L1 antibody atezolizumab was used for prediction of patient response to immunotherapy (16). Based on the Creative Commons 3.0 License, complete expression data and clinical data were downloaded from http://research-pub.Gene.com/IMvigor210CoreBiologies. Raw data were then normalized using the DEseq2 R package, and the count value was transformed into the TPM value.



Construction and Validation of a Prognostic Model

Ultimately, nomogram is a form of visualized multi-factor regression analysis commonly used for cancer survival rate prediction. Variables selected for construction of the nomogram included the calculated prognostic scores, ages, pathological stages of glioma and mutation status. Univariate and multivariate regression analyses were also used to evaluate the prognostic value of these factors.



Statistical Analysis

Kaplan-Meier curves with log-rank test were used to assess survival difference between groups. The univariate and multivariate Cox regression analyses were performed to detect the prognostic factors. Pearson correlation and distance correlation analyses were used to calculate correlation coefficients. Contingency tables were analyzed by χ2 contingency test. The OS and risk scores were calculated using the R package survival and cutoff values determined. Based on the dichotomized risk scores, patients were grouped as with high or low risk score in each data set, and the computational batch effect was reduced by the R package sva. Data were visualized using the R package ggplot2. OncoPrint was used to delineate the mutation landscape of TCGA by the maftools R package (17). All survivorship curves were generated using R package survminer. Heatmaps were generated based on pheatmap. All statistical analyses were conducted using R software. P < 0.05 was considered statistically significant.




Results


Identification of Monocyte Density as a Potential Prognostic Marker

The flow chart of our study design was shown in Figure S1A. We sought to determine the prognostic value of monocytes in glioma by studying the monocyte-related genes using WGCNA. After stratifying patients by high and low median levels of monocytes, survival analysis revealed a clear distinction between the two subtypes in LGG, GBM, and pan-gliomas from TCGA, respectively (Figure S1B). The expression level of monocyte could also stratify patients in CGGAarray, CGGA325, and CGGA693, respectively (Figure S1C). To evaluate the potential prognostic value of monocytes, we performed WGCNA for monocyte-specific genes. A power β=2 was selected as the software threshold for a scale-free network construction. Seven modules were identified by clustering dendrogram (Figure 1A). Tomplot depicting the random 400 genes within the clustering dendrogram (Figure 1B). The correlation between the turquoise module and xCell-defined monocytes was 0.58, indicating a selective expression of the turquoise module in monocytes (Figures 1C, D). Once established the turquoise module as the one with the highest significance, we investigated the correlation between the intramodular connectivity and monocytes, which reached 0.67 (Figure 1E). Metascape revealed that turquoise-derived genes were enriched in leukocyte migration and mononuclear cell migration (Figure 1F). GO functional enrichment analysis found that the genes were concentrated in pathways involving neutrophil migration and regulation of lymphocyte activation (Figure 1G). KEGG analysis showed that the genes were enriched in the cytokine-receptor interaction (Figure 1H).




Figure 1 | WGCNA for the monocyte-related genes. (A) Cluster dendrogram generating gene modules. (B) Tomplot depicting the random 400 genes. (C) Hierarchical clustering dendrogram of module. (D) Correlation analysis of modules and cell types. (E) Scatterplot demonstrating the correlation of intramodular connectivity and monocytes. (F) Metascape for the functional annotation of key genes in module turquoise. (G) GO functional enrichment analysis of key genes in module turquoise. (H) KEGG functional enrichment analysis of key genes in module turquoise.



We subsequently extracted 806 genes from module turquoise by WGCNA. PAM was performed for glioma patients with the corresponding gene expression profiles in TCGA cohort (Figure 2A). The optimal number of clusters was evaluated by ConsensusClusterPlus package (Figure S2A). Clustering results were most stable when the number was set to two (K=2). The delineated groups based on the 806 genes showed distinct patterns of clinical traits and monocyte levels with statistical significance (Figure 2A). Survival analyses of the two clusters confirmed an obviously lower survival probability curve for cluster 1 (Figure 2B). PCA managed to differentiate the samples from the TCGA dataset (Figure 2C). Subsequently, combining the gene expression profiles from three CGGA cohorts, 300 genes were identified from these 806 genes by neural network to validate the clustering results (Figure 2D). Samples were then clustered into two groups with high or low death risk by pamr in three CGGA cohorts, respectively (Figures S2B-D). SVM was performed for validation of the clustering as well, which the contingency table showed the consistency in clustering results among SVM and neural network (Figure 2E). Survival analyses of the two clusters confirmed an obviously lower survival probability curve for cluster 1 (Figures S2E–G). PCA also managed to differentiate the samples from three individual datasets (Figures S2H–J).




Figure 2 | Machine learning for validation of clustering based on monocyte-related genes. (A) Clustering dendrogram demonstrating good separation of the two clusters by traits. ****P < 0.0001. (B) Kaplan-Meier survival analysis of the two clusters. (C) Sample clustering by PCA in the TCGA dataset. (D) Construction of clustering in CGGAarray, CGGA325, and CGGA693 based on the clustering in TCGA by neural network learning function of Quickprop. Schematic diagram of the neural network. (E) Validation of clustering by SVM algorithm in CGGAarray, CGGA325, and CGGA693. Contingency tables showing the high consistency between predicted clusters from SVM and actual clusters from neural network.





Clinical traits and TME Characteristics of the Monocyte-Stratified Groups

We then proceeded to investigate the TME characteristics of the two clusters. The expression difference of the levels of 64 cell types in two defined subtypes were investigated in TCGA and three CGGA cohorts (Figures 3A and S3A). It was found that increased cells such as fibroblasts, DCs, M2 macrophages and monocytes were related to cluster 1 with worse survival probability. Moreover, CIBERSORT algorithm showed that the expression of several types of immune cells including M0/1/2 macrophages, DCs, and neutrophils were higher in cluster 1 in TCGA, CGGAarray, CGGA325, and CGGA693, respectively (Figures S3B, S4A, S5A, S6A). The association between ESTIMATE scores of the immune infiltrating microenvironment, an indicator of the cancer biological behaviour, and clusters, as well as levels of immune cells was examined in TCGA and three CGGA cohorts (Figures 3B and S4B, S5B, S6B). ESTIMATEScores, ImuneScores and StromalScores were all higher in cluster 1 than in cluster 2 (Figures 3B and S4B, S5B, S6B). We then compared the levels of several series of immune checkpoint molecules related to antigen presentation, cell surface receptor, coinhibition, ligand and cell adhesion between the two clusters. Immune checkpoint markers tended to be overexpressed in cluster 1 (Figures 3C and S4C, S5C, S6C).




Figure 3 | Immune characteristics of the two clusters. (A) Dendrogram correlating the levels of 64 cell types calculated by xCell and clusters in TCGA. (B) ESTIMATEScores, ImmuneScores and StromalScores of the two clusters in TCGA. (C) Molecule levels of seven types of immune checkpoints in two clusters in TCGA. *P < 0.05, ***P < 0.001, ****P < 0.0001. NS, not statistically significant.



The pathological gradings of glioma were also significantly different between clusters 1 and 2 (p<2.2e-16), with a higher gradings in cluster 1 in TCGA and three CGGA cohorts (Figure S7A). The proportions of samples with IDH wildtype (WT) and chromosome 1p/19q codeletion in cluster 1 were higher than those in cluster 2 (Figures S7B, S7C), also indicating a more malignant propensity in cluster 1. Results regarding the proportion of patients with MGMT promoter methylation were less universal, with data from the TCGA database showing the most significant difference while data from the other three databases statistically insignificant difference (Figure S7D). The proportions of the four GBM subtypes in clusters 1 and 2 were significantly different in TCGA (p<2.2e-16), showing that the more malignant CL and ME subtypes accounted for the majority of cluster 1 samples (Figure S7E).

The expression differences of hypoxia pathways in two clusters were explored using GSVA. Investigated pathways included cell response regulation, hypoxia-induced intrinsic apoptosis, Hypoxia-Inducible Factor 1α (HIF1A) and others. These pathways were found to be more activated in cluster 1 in TCGA and three CGGA cohorts, suggesting a tendency for cell hypoxia, which is a universal marker for malignant tumor proliferation, in this group (Figures S8A–D). We also interrogated the relationship between metabolic pathways, such as pyrimidine synthesis and sulfur metabolism, and subtypes. The metabolic pathways were overrepresented in cluster 1, proving a more active proliferation of glioma cells in these samples (Figures S8A–D).



Monocyte-Enriched Group Showed More Malignant Genomic Features

Somatic mutation analysis and copy number variation (CNV) were performed using the TCGA dataset to explore genomic traits of the two clusters (Table S1). A global CNV profile was obtained by comparing the two clusters (Figure 4A and Table S2). According to somatic mutation analysis, mutations in EGFR (28%), TP53 (28%), PTEN (23%) and TTN (23%) were most highly enriched in cluster 1 (Figure 4B). In comparison, IDH1 (92%), TP53 (52%), ARTX (38%) and CIC (25%) mutations were enriched in cluster 2 (Figure 4C). Missense mutation was the predominant gene alteration type in all these genes except for ATRX, in which frame-shifting deletion was the most common type.




Figure 4 | Genomic features of the two clusters. (A) Distribution of gain or loss of function mutation in the 22 human chromosomes in the two clusters. Amplification of genes is marked in blue. Deletion of genes is marked in red. (B) List of the most frequently altered genes in clusters 1. (C) List of the most frequently altered genes in clusters 2. Nine mutation types were exhibited.



Different types of somatic mutations, including the single-nucleotide variant (SNV), single-nucleotide polymorphism (SNP), insertion, deletion and intergenic region (IGR), were analyzed using the R package. Silent, nonsense, missense, intronic, 5’ and 3’ UTR mutations were more common in cluster 1 than in cluster 2 (Figure 5A). Among the detected SNVs, C>T appeared to be the most common mutation in cluster 1 (Figure 5B). The T to A, C to T and C to A mutations occurred more frequently in cluster 1 than in cluster 2. While the frequencies of insertion and deletion were not statistically different between the two clusters, SNPs were significantly more common in cluster 1 (Figure 5C). The top 33 most mutated cancer-related genes were listed in Figure 5D. Common carcinogenic pathways were more active in cluster 1 (Figure 5E). The strongest co-occurrent pairs of gene alteration in cluster 1 were ATRX-TP53 and ATRX-IDH1, which was in accordance with previous reports (18–20). It was suggested that acquisition of a second cancer-related gene alteration may dictate the development of certain tumor types, and that TP53, IDH1, ATRX are functionally linked (Figure 5F) (20, 21). On the other hand, the most mutually exclusive pairs were PTEN-IDH1 and EGFR-IDH1 (Figure 5F).




Figure 5 | Genomic alterations in the two clusters. Frequency comparison according to types of mutation (A), SNV (B), INDEL and SNV (C) between the two clusters. (D) The Forest plot listing the top 17 most mutated genes between the two clusters. (E) Demonstration of the pathways involved in cancer biology in the two clusters. (F) The heatmap showing the concurrence or mutual exclusivity of the top 25 most mutated genes in the two clusters. *p < 0.05, *p < 0.01, ***P < 0.001, ****P < 0.0001. NS, not statistically significant.





Generation of Risk Score and Its Functional Annotation

By performing elastic net regression analysis and PCA algorithm (Figure S9A), 33 monocyte-related genes were derived from the 300 genes and their coefficients were obtained (Figure 6A). The monocyte-related gene signature was used to calculate risk scores by PCA. Sankey plot revealed a high consistency between monocyte-related clusters and risk scores (Figure S9B). The correlation of the expression levels of 64 cell types and risk scores was then evaluated. There was a positive correlation between the scores and the levels of fibroblasts, M2 macrophages, DCs, and monocytes (Figure 6B). Pathways related to macrophage activation and migration, dendritic cell differentiation and negative regulation of T cell proliferation were more active in the samples with higher scores (Figure 6C). In the TGCA dataset, survival analysis demonstrated a good separation of patients with different death risks by high and low risk scores (Figure 6D). The prognostic value of risk scores was further validated in CGGAarray, CGGA325, CGGA693, and GSE108474 datasets (Figure S9C). The receiver operating characteristic (ROC) analyses with the Area Under the Curve (AUC) of 0.878 and 0.845 confirmed that risk score was a prognostic biomarker in predicting 3 years and 5 years survival status of glioma patients (Figure 6E).




Figure 6 | Functional annotation of risk scores. (A) Elastic net regression analysis and PCA obtained 33 monocyte-related genes and their coefficients. (B) Dendrogram correlating the risk score and 64 cell types. (C) GO functional enrichment analysis correlating different immune regulatory processes with risk score. (D) Survival analyses of risk scores in pan-glioma, LGG and GBM groups from TCGA. D, Hazard ratios of risk scores in different cancer types. (E) ROC curve measuring the sensitivity of risk score in predicting patient’s 3 years and 5 years survival status. The area under the ROC curve was 0.878 and 0.845, respectively.





Construction of a Prognostic Nomogram Based on Risk Scores

After establishing monocyte density as a suitable marker for survival prediction of gliomas, we further investigated its prediction efficiency by developing a prognostic nomogram. Combing prognostic factors, including risk scores, patient ages, tumor grades, IDH mutation, and chromosome 1p/19q codeletion, a prognostic nomogram was developed (Figure S10A). In TCGA dataset, the Kaplan-Meier survival curve demonstrated a good discrimination of survival probabilities of the two clusters (p<0.0001) (Figure S10B). The ROC curve confirmed the discriminative ability of this nomogram (AUC=0.802, Figure S10C). Predicted probabilities corresponded well with the actual one- to five-year overall survival rates of glioma patients (Figure S10D). The efficiency of the prognostic model was validated in CGGA 693 cohort. The Kaplan-Meier survival curve demonstrated a good discrimination of survival probabilities of the two clusters (p<0.0001) (Figure S10E). The ROC curve confirmed the discriminative ability of this nomogram (AUC=0.737, Figure S10F). Predicted probabilities corresponded well with the actual four-year overall survival rates of glioma patients (Figure S10G).



Monocyte-Stratified Groups Predicted Response to Immunotherapies

High risk scores were associated with several immune checkpoint molecules including PDCD1, PDCD1LG2, and LAG3 (Figure 7A). Except for immune checkpoint molecules, the intrinsic immune escape mechanism was reported to include tumor immunogenicity and antigen presentation capacity (22). Factors associated with tumor immunogenicity was first assessed in glioma samples from TCGA (23). High risk score group exhibited lower microsatellite instability (MSI) and higher level of intratumor heterogeneity (Figures 7B, C, respectively). High risk score group presented higher silent mutation rate, number of segements, homologous recombination deficiency (HRD), aneuploidy score, and fraction altered that were all crucial indicators for genomic alterations (Figures S11A–E). Cancer testis antigen (CTA) and neoantigens were vital sources of tumor-specific antigens, and they were both higher in high risk score group (Figures S11F, S11G). Further, high risk score group exhibited higher level of macrophage regulation, lymphocyte infiltration signature score, leukocyte fraction, TCR Shannon, and TCR richness, all of which were significant indicators for antigen presentation capacity (Figures S11H–L). Six immune subtypes including Wound Healing, IFN-γ Dominant, Inflammatory, Lymphocyte Depleted, Immunologically Quiet, and tumor growth factor-β (TGF-β) Dominant have been previously identified across cancer types (23). Lymphocyte Depleted, representing an immune cold microenvironment, was more frequently observed in high risk score group (Figure 7D). We evaluated whether risk scores were able to predict therapeutic effects of immune blockade treatment. High and low risk scores succeed in stratifying patients by survival probability from the IMvigor210 cohort (p=0.012, Figure 7E). Nevertheless, when further stratifying the patients according to immunotherapeutic response types, the progressive disease, stable disease and partial response groups showed different risk scores (Figure 7F). We also grouped the therapeutic response in a binary mode, and found that the complete/partial response group had a higher percentage of high scores than the stable/progressive disease group (Figure 7G). Besides, glioma patients with high risk score were less likely to benefit from chemotherapy or radiotherapy (Figures 7H, I, respectively).




Figure 7 | Risk scores predict immunotherapy response. (A) Molecule levels of immune checkpoints in two risk score groups in TCGA. (B) MSI in high and low risk score. (C) Intratumor Heterogeneity in high and low risk score. (D) Distribution of six immune subtypes in two risk score groups in TCGA. (E) Kaplan-Meier curve of high and low risk score groups in IMvigor210 cohort. (F) The bar chart showing proportions of high and low risk scores. (G) The bar chart showing proportions of CR/PR and SD/PD patients in high and low risk score groups. (H) Kaplan-Meier curve of high and low risk score groups in patients receiving chemotherapy from CGGA693. (I) Kaplan-Meier curve of high and low risk score groups in patients receiving radiotherapy from CGGA693. **P < 0.01, ***P < 0.001, ****P < 0.0001. NS, not statistically significant.






Discussion

In the present study, monocyte density was explored as a marker for glioma prognosis by using WGCNA for the first time. Genes derived from the module of WGCNA were used for glioma patient grouping. Machine learning including neural network and SVM were applied for validating the clustering results based on monocyte. An extensive annotation of tumor genomics, TME, clinical traits, metabolism, and hypoxia was performed for monocyte-related patient groups. A risk score based on the DEGs between monocyte -related clusters was generated by PCA, with biological functions, immune subtypes, and immunotherapeutic response associated with the risk score being explored.

As a major population of innate immune cells, monocyte exert its two-sided roles in facilitating tumor growth (24) and inhibiting metastatic spread of tumor (25). Notably, monocytes could primarily differentiate into tumorigenic TAMs, yet monocytes could also differentiate into DCs responsible for effective adaptive immune responses. TAMs are recruited early during tumor formation of GBM and contribute to tumor development (26). Dendritic Cell-based Vaccination has been proved with potential therapeutic effect on GBM patient survival (27). Moreover, monocytes closely adhere to GBM via VCAM-1 and promotes tumor invasion activity (10). In summary, monocytes could both directly or indirectly mediate the tumor growth and invasion of gliomas.

To explore and confirm the predictive value of monocyte in gliomas, monocyte entity is defined by the consensus-based xCell algorithm in the present study. The WGCNA-derived monocyte-related genes clustered glioma patients into two groups with distinctive clinical traits and immune characteristics. It should be noted that even though almost all GBM patients fell in cluster 1, some LGG patients also fell in cluster 1. Therefore, the clustering results are more likely to reflect the similar molecular characteristics of GBM and LGG. Patients in Cluster 1, with worse survival, had higher level of IDH WT, 1p19q noncodeletion, and MGMT promoter unmethylation that all correlated with a more malignant phenotype of glioma. Further, patients in cluster 1 was more associated with hypoxia and hypermetabolism, both of which correlated with the malignancy of cancer. Immune infiltrating cells such as fibroblasts, M2 macrophages, and DCs had higher expression in Cluster 1. Classical immune checkpoint molecules such as PD1, PDCD1LG2, LAG3, and VTCN1 all had higher expression in cluster 1. Additionally, patients in cluster 1 had higher ESTIMATE scores. Taken together, monocyte served as an effective factor stratifying glioma patients with diverse clinical features and outcomes.

The genomic alteration related to monocyte entity was then investigated. The IDH missense mutations confer better survival outcome in glioma patients. Nevertheless, LGGs carrying the IDH mutations are more prone to develop into secondary GBMs, especially when tertiary genetic alterations in oncogenes like PIK3CA and PDGFRA occur in the same patient (28). The present study finds that the IDH1 missense mutations are overrepresented in the cluster 2 (92%) compared with the cluster 1 (12%), in accordance with previous findings that IDH mutations are more enriched in LGGs than in high grade ones (29). Likewise, EGFR, which is the most enriched mutated gene in cluster 1 (28%) as identified by somatic mutation analysis, has been reported to be frequently activated in GBM (30).

Based on the DEGs identified between two clusters, a risk score calculated by 33 monocyte related genes was reached. Monocyte related risk score showed high efficiency in predicting patients’ 3 years and 5 years survival probability. A nomogram incorporating monocyte further confirmed the efficacy of monocyte as a prognostic marker.

In recent years, acumulating evidence proved that the tumor immune microenvironment played an important role in cancer development (31). Central nervous system was long considered as an “immune privileged” organ due to the existence of blood brain barrier. Currently, the discovery of lymphatic vessels has subverted this opinion, in which immune cells could infiltrate into the brain during tumor progression as a part of the tumor immune microenvironment (32). We next tried to establish a robust relationship between risk score and tumor immune microenvironment. Glioma cells secret CCL-2 to promote the activity of tumor-associated macrophages which suppressed the activities of cytotoxic T cells (33). Besides, glioma cells increase the expression of programmed cell death 1 ligand (PD-L1), a classical immune checkpoint molecule, which induces the immunosuppressive context and mediates the immune escape of tumor cells (34). High risk score group tended to correlate with more immune infiltrating cells, such as macrophages and fibroblasts. High risk score group also expressed more immune checkpoint molecules including PDCD1 and chemokines CCL-5, CXCL10, and CXCL9. Functional annotation of risk score further revealed that macrophage activation, fibroblast proliferation, and regulation of T cell apoptotic process were more frequently occurred in glioma patients with high risk score. A series of factors associated with tumor immunogenicity and antigen presentation capacity such as MSI, intratumor heterogeneity, and neoantigens were found to be highly expressed in high risk score group. MSI has been recently reported to predict patients’ responses to immunotherapy, and has been proposed as a promising biomarker for anti-PD-L1 therapy (35). Likewise, intratumor heterogeneity has also been proved to influence the outcome of immunotherapy (36). It is noteworthy that therapeutic approaches based on neoantigens, another biomarker in cancer immunotherapy, have been proposed to selectively enhance T cell reactivity (22). Besides, IFN-γ Dominant and Lymphocyte Depleted immune subtypes were more observed in high risk score group. The above findings indicated that risk score was associated with an immunosuppressive and tumorigenic microenvironment.

Immunotherapy, represented by anti-PD-1 therapy, has been regarded as a promising therapeutic option in melanoma and urothelial cancer (37–41). So far, clinical trials of immunotherapy have not demonstrated satisfactory results in glioma patients. Based on the IMvigor210 cohort, our analyses showed that the high risk score group had more frequent stable/progressive disease patients than responsive patients, representing a worse response to immunotherapies. Based on the CGGA693 cohort, high risk score group receiving chemotherapy or radiotherapy was associated with worse survival. Therefore, we hypothesized that monocyte could be an effective factor in predicting glioma patients’ response to immunotherapy and classical chemoradiotherapy.

In conclusion, our analyses identified a monocyte gene signature consisting of 33 monocyte-specific genes, and established its prognostic value in glioma. Our findings strongly supported a modulatory role of monocytes in glioma progression and proved that monocyte served as an effective factor stratifying glioma patients’ survival probability. One major limitation of this study was the lack of external real-world data to confirm and support our findings. Another limitation was the lack of GBM cohort for predicting the immunotherapy response, which the tumor microenvironment in urothelial carcinoma might be different from that in GBM. Thus, a GBM cohort was expected to validate the efficacy of monocyte-derived risk score in predicting immunotherapy response in the future. Moreover, the in-depth mechanisms such as governing the differentiation of monocytes into protumoral or antitumoral cells in TME of gliomas remained undermined and needed further experiment for validation. Additionally, the underlying regulatory role of monocyte in immune responses remained to be elucidated.



Data Availability Statement

All data used in this work can be acquired from the Cancer Genome Atlas (TCGA) datasets (https://xenabrowser.net/), the Chinese Glioma Genome Atlas (CGGA) datasets (http://www.cgga.org.cn/), and GSE108474 from the GEO database (https://www.ncbi.nlm.nih.gov/geo/).



Author Contributions

HZ, QC, WW, NZ, YZ, HC, and ZD designed and drafted the manuscript. HZ wrote figure legends and revised the manuscript. QC, HZ, and NZ conducted data analysis. All authors contributed to the article and approved the submitted version.



Funding

Financial support was provided by the National Natural Science Foundation of China (NO. 82073893), China Postdoctoral Science Foundation (NO. 2018M633002), Hunan Provincial Natural Science Foundation of China (NO.2018JJ3838), Hunan Provincial Health Committee Foundation of China (C2019186). Xiangya Hospital Central South University postdoctoral foundation.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.656541/full#supplementary-material



Abbreviations

CDF, cumulative distribution function; CGGA, Chinese Glioma Genome Atlas; CNA, copy number alternations; CNV, copy number variation; GBM, glioblastoma; GEO, Gene Expression Omnibus; GO, gene ontology; GSEA, gene set enrichment analysis; GSVA, gene set variation analysis; KEGG, Kyoto Encyclopaedia of Genes and Genomes; LGG, low grade glioma; PCA, principal component analysis; TGF-β, tumor growth factor-β; SNP, single-nucleotide polymorphism; SNV, single-nucleotide variant; TAM, tumor associated macrophage; TCGA, The Cancer Genome Atlas; TME, tumor microenvironment; WGCNA, weighted gene co-expression network analysis; PD-L1, programmed cell death 1 ligand; DEG, differentially expressed genes; VCAM-1, vascular cell adhesion molecule-1; DC, dendritic cell; PAM, partition around medoids; MSI, microsatellite instability; HRD, homologous recombination deficiency; CTA, cancer testis antigen.



References

1. Zhang, H, Wang, R, Yu, Y, Liu, J, Luo, T, and Fan, F. Glioblastoma Treatment Modalities besides Surgery. J Cancer (2019) 10:4793–806. doi: 10.7150/jca.32475

2. Ostrom, QT, Patil, N, Cioffi, G, Waite, K, Kruchko, C, and Barnholtz-Sloan, JS. CBTRUS Statistical Report: Primary Brain and Other Central Nervous System Tumors Diagnosed in the United States in 2013-2017. Neuro Oncol (2020) 22:iv1–iv96. doi: 10.1093/neuonc/noaa200

3. 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–v100. doi: 10.1093/neuonc/noz150

4. Parsons, DW, Jones, S, Zhang, X, Lin, JC, Leary, RJ, Angenendt, P, et al. An integrated genomic analysis of human glioblastoma multiforme. Science (2008) 321:1807–12. doi: 10.1126/science.1164382

5. Ludwig, K, and Kornblum, HI. Molecular markers in glioma. J Neurooncol (2017) 134:505–12. doi: 10.1007/s11060-017-2379-y

6. Louis, DN, Perry, A, Reifenberger, G, von Deimling, A, Figarella-Branger, D, Cavenee, WK, et al. The 2016 World Health Organization Classification of Tumors of the Central Nervous System: a summary. Acta Neuropathol (2016) 131:803–20. doi: 10.1007/s00401-016-1545-1

7. Zhang, H, Zhou, Y, Cui, B, Liu, Z, and Shen, H. Novel insights into astrocyte-mediated signaling of proliferation, invasion and tumor immune microenvironment in glioblastoma. BioMed Pharmacother (2020) 126:110086. doi: 10.1016/j.biopha.2020.110086

8. Olingy, CE, Dinh, HQ, and Hedrick, CC. Monocyte heterogeneity and functions in cancer. J Leukoc Biol (2019) 106:309–22. doi: 10.1002/JLB.4RI0818-311R

9. Charles, NA, Holland, EC, Gilbertson, R, Glass, R, and Kettenmann, H. The brain tumor microenvironment. Glia (2012) 60:502–14. doi: 10.1002/glia.21264

10. Liu, YS, Lin, HY, Lai, SW, Huang, CY, Huang, BR, Chen, PY, et al. MiR-181b modulates EGFR-dependent VCAM-1 expression and monocyte adhesion in glioblastoma. Oncogene (2017) 36:5006–22. doi: 10.1038/onc.2017.129

11. Guilliams, M, Ginhoux, F, Jakubzick, C, Naik, SH, Onai, N, Schraml, BU, et al. Dendritic cells, monocytes and macrophages: a unified nomenclature based on ontogeny. Nat Rev Immunol (2014) 14:571–8. doi: 10.1038/nri3712

12. Wilkerson, MD, and Hayes, DN. ConsensusClusterPlus: a class discovery tool with confidence assessments and item tracking. Bioinformatics (2010) 26:1572–3. doi: 10.1093/bioinformatics/btq170

13. Aran, D, Hu, Z, and Butte, AJ. xCell: digitally portraying the tissue cellular heterogeneity landscape. Genome Biol (2017) 18:220. doi: 10.1186/s13059-017-1349-1

14. Newman, AM, Liu, CL, Green, MR, Gentles, AJ, Feng, W, Xu, Y, et al. Robust enumeration of cell subsets from tissue expression profiles. Nat Methods (2015) 12:453–7. doi: 10.1038/nmeth.3337

15. Schreiber, RD, Old, LJ, and Smyth, MJ. Cancer immunoediting: integrating immunity’s roles in cancer suppression and promotion. Science (2011) 331:1565–70. doi: 10.1126/science.1203486

16. Zhang, M, Wang, X, Chen, X, Zhang, Q, and Hong, J. Novel Immune-Related Gene Signature for Risk Stratification and Prognosis of Survival in Lower-Grade Glioma. Front Genet (2020) 11:363. doi: 10.3389/fgene.2020.00363

17. Gu, Z, Eils, R, and Schlesner, M. Complex heatmaps reveal patterns and correlations in multidimensional genomic data. Bioinformatics (2016) 32:2847–9. doi: 10.1093/bioinformatics/btw313

18. Network, CGAR, Brat, DJ, Verhaak, RG, Aldape, KD, Yung, WK, Salama, SR, et al. Comprehensive, Integrative Genomic Analysis of Diffuse Lower-Grade Gliomas. N Engl J Med (2015) 372:2481–98. doi: 10.1056/NEJMoa1402121

19. Liu, XY, Gerges, N, Korshunov, A, Sabha, N, Khuong-Quang, DA, Fontebasso, AM, et al. Frequent ATRX mutations and loss of expression in adult diffuse astrocytic tumors carrying IDH1/IDH2 and TP53 mutations. Acta Neuropathol (2012) 124:615–25. doi: 10.1007/s00401-012-1031-3

20. Xie, Y, Tan, Y, Yang, C, Zhang, X, Xu, C, Qiao, X, et al. Omics-based integrated analysis identified ATRX as a biomarker associated with glioma diagnosis and prognosis. Cancer Biol Med (2019) 16:784–96. doi: 10.20892/j.issn.2095-3941.2019.0143

21. Ichimura, K. Molecular pathogenesis of IDH mutations in gliomas. Brain Tumor Pathol (2012) 29:131–9. doi: 10.1007/s10014-012-0090-4

22. Schumacher, TN, and Schreiber, RD. Neoantigens in cancer immunotherapy. Science (2015) 348:69–74. doi: 10.1126/science.aaa4971

23. Thorsson, V, Gibbs, DL, Brown, SD, Wolf, D, Bortone, DS, Ou Yang, TH, et al. The Immune Landscape of Cancer. Immunity (2018) 48:812–30.e14. doi: 10.1016/j.immuni.2018.03.0233

24. Qian, BZ, Li, J, Zhang, H, Kitamura, T, Zhang, J, Campion, LR, et al. CCL2 recruits inflammatory monocytes to facilitate breast-tumour metastasis. Nature (2011) 475:222–5. doi: 10.1038/nature10138

25. Hanna, RN, Cekic, C, Sag, D, Tacke, R, Thomas, GD, Nowyhed, H, et al. Patrolling monocytes control tumor metastasis to the lung. Science (2015) 350:985–90. doi: 10.1126/science.aac9407

26. Chen, Z, Feng, X, Herting, CJ, Garcia, VA, Nie, K, Pong, WW, et al. Cellular and Molecular Identity of Tumor-Associated Macrophages in Glioblastoma. Cancer Res (2017) 77:2266–78. doi: 10.1158/0008-5472.CAN-16-2310

27. Mitsuya, K, Akiyama, Y, Iizuka, A, Miyata, H, Deguchi, S, Hayashi, N, et al. Alpha-type-1 Polarized Dendritic Cell-based Vaccination in Newly Diagnosed High-grade Glioma: A Phase II Clinical Trial. Anticancer Res (2020) 40:6473–84. doi: 10.21873/anticanres.14669

28. Wakimoto, H, Tanaka, S, Curry, WT, Loebel, F, Zhao, D, Tateishi, K, et al. Targetable signaling pathway mutations are associated with malignant phenotype in IDH-mutant gliomas. Clin Cancer Res (2014) 20:2898–909. doi: 10.1158/1078-0432.CCR-13-3052

29. Yan, H, Parsons, DW, Jin, G, McLendon, R, Rasheed, BA, Yuan, W, et al. IDH1 and IDH2 mutations in gliomas. N Engl J Med (2009) 360:765–73. doi: 10.1056/NEJMoa0808710

30. Network, CGAR. Comprehensive genomic characterization defines human glioblastoma genes and core pathways. Nature (2008) 455:1061–8. doi: 10.1038/nature07385

31. Quail, DF, and Joyce, JA. The Microenvironmental Landscape of Brain Tumors. Cancer Cell (2017) 31:326–41. doi: 10.1016/j.ccell.2017.02.009

32. Louveau, A, Smirnov, I, Keyes, TJ, Eccles, JD, Rouhani, SJ, Peske, JD, et al. Structural and functional features of central nervous system lymphatic vessels. Nature (2015) 523:337–41. doi: 10.1038/nature14432

33. Zhang, J, Sarkar, S, Cua, R, Zhou, Y, Hader, W, and Yong, VW. A dialog between glioma and microglia that promotes tumor invasiveness through the CCL2/CCR2/interleukin-6 axis. Carcinogenesis (2012) 33:312–9. doi: 10.1093/carcin/bgr289

34. Bloch, O, Crane, CA, Kaur, R, Safaee, M, Rutkowski, MJ, and Parsa, AT. Gliomas promote immunosuppression through induction of B7-H1 expression in tumor-associated macrophages. Clin Cancer Res (2013) 19:3165–75. doi: 10.1158/1078-0432.CCR-12-3314

35. Luchini, C, Bibeau, F, Ligtenberg, MJL, Singh, N, Nottegar, A, Bosse, T, et al. ESMO recommendations on microsatellite instability testing for immunotherapy in cancer, and its relationship with PD-1/PD-L1 expression and tumour mutational burden: a systematic review-based approach. Ann Oncol (2019) 30:1232–43. doi: 10.1093/annonc/mdz116

36. Li, J, Byrne, KT, Yan, F, Yamazoe, T, Chen, Z, Baslan, T, et al. Tumor Cell-Intrinsic Factors Underlie Heterogeneity of Immune Cell Infiltration and Response to Immunotherapy. Immunity (2018) 49:178–93.e7. doi: 10.1016/j.immuni.2018.06.006

37. Zhang, H, Zhou, Y, Cheng, Q, Dai, Z, Wang, Z, Liu, F, et al. PDIA3 correlates with clinical malignant features and immune signature in human gliomas. Aging (Albany NY) (2020) 12:15392–413. doi: 10.18632/aging.103601

38. Zhang, H, Fan, F, Yu, Y, Wang, Z, Liu, F, Dai, Z, et al. Clinical characterization, genetic profiling, and immune infiltration of TOX in diffuse gliomas. J Transl Med (2020) 18:305. doi: 10.1186/s12967-020-02514-6

39. Zhang, H, Cui, B, Zhou, Y, Wang, X, Wu, W, Wang, Z, et al. B2M overexpression correlates with malignancy and immune signatures in human gliomas. Sci Rep (2021) 11:5045. doi: 10.1038/s41598-021-84465-6

40. Zhang, H, He, J, Dai, Z, Wang, Z, Liang, X, He, F, et al. PDIA5 is Correlated With Immune Infiltration and Predicts Poor Prognosis in Gliomas. Front Immunol (2021) 12:628966. doi: 10.3389/fimmu.2021.628966

41. Wang, Z, Zhang, H, and Cheng, Q. PDIA4: The basic characteristics, functions and its potential connection with cancer. BioMed Pharmacother (2020) 122:109688. doi: 10.1016/j.biopha.2019.109688



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.

Copyright © 2021 Zhang, Dai, Wu, Wang, Cao, Zhang, Wang, Zhang and Cheng. 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.




REVIEW

published: 10 May 2021

doi: 10.3389/fonc.2021.672508

[image: image2]


Making a Cold Tumor Hot: The Role of Vaccines in the Treatment of Glioblastoma


Stephen C. Frederico 1†, John C. Hancock 1†, Emily E. S. Brettschneider 1,2, Nivedita M. Ratnam 1, Mark R. Gilbert 1 and Masaki Terabe 1*


1 Neuro-Oncology Branch, CCR, NCI, National Institutes of Health, Bethesda, MD, United States, 2 Ludwig Institute for Cancer Research, University of Oxford, Oxford, United Kingdom




Edited by: 
Payal Watchmaker, University of California, San Francisco, United States

Reviewed by: 
Christopher Jackson, Johns Hopkins University, United States
 Wei Chen, Stanford University, United States

*Correspondence: 
Masaki Terabe
 terabe@mail.nih.gov

†These authors have contributed equally to this work and share first authorship

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


Received: 25 February 2021

Accepted: 19 April 2021

Published: 10 May 2021

Citation:
Frederico SC, Hancock JC, Brettschneider EES, Ratnam NM, Gilbert MR and Terabe M (2021) Making a Cold Tumor Hot: The Role of Vaccines in the Treatment of Glioblastoma. Front. Oncol. 11:672508. doi: 10.3389/fonc.2021.672508



The use of immunotherapies for the treatment of brain tumors is a topic that has garnered considerable excitement in recent years. Discoveries such as the presence of a glymphatic system and immune surveillance in the central nervous system (CNS) have shattered the theory of immune privilege and opened up the possibility of treating CNS malignancies with immunotherapies. However, despite many immunotherapy clinical trials aimed at treating glioblastoma (GBM), very few have demonstrated a significant survival benefit. Several factors for this have been identified, one of which is that GBMs are immunologically “cold,” implying that the cancer does not induce a strong T cell response. It is postulated that this is why clinical trials using an immune checkpoint inhibitor alone have not demonstrated efficacy. While it is well established that anti-cancer T cell responses can be facilitated by the presentation of tumor-specific antigens to the immune system, treatment-related death of GBM cells and subsequent release of molecules have not been shown to be sufficient to evoke an anti-tumor immune response effective enough to have a significant impact. To overcome this limitation, vaccines can be used to introduce exogenous antigens at higher concentrations to the immune system to induce strong tumor antigen-specific T cell responses. In this review, we will describe vaccination strategies that are under investigation to treat GBM; categorizing them based on their target antigens, form of antigens, vehicles used, and pairing with specific adjuvants. We will review the concept of vaccine therapy in combination with immune checkpoint inhibitors, as it is hypothesized that this approach may be more effective in overcoming the immunosuppressive milieu of GBM. Clinical trial design and the need for incorporating robust immune monitoring into future studies will also be discussed here. We believe that the integration of evolving technologies of vaccine development, delivery, and immune monitoring will further enhance the role of these therapies and will likely remain an important area of investigation for future treatment strategies for GBM patients.
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Introduction

Glioblastoma (GBM) is one of the most lethal primary brain malignancies, with a median overall survival of 14-17 months despite intervention with both surgery and chemo-radiation therapy (1, 2). In recent years, there has been hope that immunotherapy would be a promising new approach to treat this devastating disease. Since 2011, a new wave of immune checkpoint inhibitors (ICIs) such as anti-CTLA-4 and anti-PD-1/PD-L1 monotherapies have been approved for melanoma, non-small cell lung cancer, and other solid malignancies outside of the CNS (3). The hypothesis of immune privilege in the CNS has begun to weaken, making immunotherapy a possibility for the treatment of GBM and other CNS cancers (4–6). Early murine studies conducted to test the efficacy of anti-PD-1, anti-PD-L1, and anti-CTLA-4 using orthotopic, syngeneic GBM models were very promising, demonstrating long-term tumor eradication using single-agent therapy and a cure rate of 75% when combining anti-CTLA-4 with anti-PD-1 (7). These results led to CheckMate 143: the first major clinical trial for immunotherapy in GBM (1). This phase III trial tested the survival benefit of anti-PD-1 monotherapy in 369 patients with recurrent GBM (8). Unfortunately, the outcome of the trial was disappointing as no significant difference was found between patients receiving treatment with anti-PD-1 in comparison to those receiving the standard of care (8). To date, immune checkpoint monotherapy has not been proven to be successful in the treatment of GBM clinically (1). Also, no phase III clinical trial with any immunotherapy approach has demonstrated benefit in GBM patients (9). One of the primary reasons for this failure is the ability of GBM tumor cells to induce immune suppression (1, 9, 10), which is why combination of different therapies may yield better results (1, 9). A call to action has now been made to develop new therapies that can provide patients with improved OS.

The mechanisms of GBM immunosuppression are multifaceted, with effects propagated both locally and systemically. At the local level, tumors can recruit regulatory T cells and induce tumor-associated macrophages to cause T cell apoptosis (4). Immunosuppressive cytokines such as IL-10, TGF-beta, and CCL2 are also secreted (11). GBM uses metabolites such as kynurenine to polarize macrophages to an anti-inflammatory phenotype (1). These mechanisms result in the majority of immune cell infiltrates being composed of immunosuppressive MDSCs and tumor-associated macrophages (11). On a systemic level, intracranial tumors can cause sequestration of T cells in the bone marrow (12). It is speculated that this is induced through the loss of the sphingosine-1-phosphate receptor 1 (S1P1) from the T cell surface, a G-protein-coupled receptor that plays a vital role in lymphocyte trafficking (12). Furthermore, recent evidence has identified meningeal lymphatic drainage that lies between the brain parenchyma and cervical lymph nodes: the “glymphatic system” (13, 14). Meningeal lymphatics play a role in the control of immune surveillance of the CNS (15). It is possible that GBM disrupts this drainage and thus hinders antigen flow and immune cell trafficking (13, 15, 16). GBMs are thus known as “cold” tumors, which have few or no lymphocyte infiltrates (11). One promising strategy to “heat up” a cold tumor is to promote a robust anti-tumor T cell response through the use of vaccines.

In 1953, observations in radiation oncology highlighted a phenomenon that has become known as the abscopal effect (17, 18). The idea refers to the systemic regression of tumors and metastases in non-radiated areas outside of the primary localized radiation field (17, 18). It is hypothesized that radiation induces the release of tumor antigens which then prime the immune system for an anti-tumor response (17). This observation inspires the possibility of stimulating the immune system using exogenously introduced antigens and is the basis for the generation and use of anti-cancer vaccines. Ideally, systemic induction of an anti-cancer T cell response by vaccines can lead to increased trafficking to the tumor site. One could theoretically “heat up” an immunologically “cold” tumor. Thus in the case of cancer, vaccinations are therapeutic rather than prophylactic (9).

It has become clear that GBMs are complex and heterogeneous, evolving before, during, and after treatment (4). Given the vast inter- and intra-tumoral heterogeneity and multiple facets of immunosuppression provided by GBM, a single target approach may not be effective. The pooled mechanisms of multiple distinct therapies will be required. One important observation in GBM is that increased levels of inflammation in and around the tumor site induces increased PD-L1 expression (10). Thus, it is anticipated that the combination of vaccines and PD-1/PD-L1 targeted therapy would be synergistic in overcoming GBM immunosuppression. Combinations of ICIs with other therapies is increasingly being tested in clinical trials (1).

This review will highlight the most promising vaccines capable of treating GBM. In addition to discussing how these vaccines are made and their success in clinical trials, we will also explore pairing these vaccines with different adjuvants to enhance overall effect. Each vaccine trial will be categorized based on their target antigens, antigenic forms, vehicles used, as well as adjuvant pairings (see Figure 1). We hope that by highlighting the most promising vaccines and adjuvants, as well as discussing the need for robust immune monitoring in future clinical trials, this review can be used as a guide for designing novel vaccine-based approaches for treating GBM.




Figure 1 | Principle of Cancer Vaccination. (A) Vaccine selection and preparation – Upon selection of suitable candidates a vaccine platform is chosen which includes either peptides, DNA or RNA. This platform is then packaged into a vehicle which includes either dendritic cells (DCs), viral vectors, heat shock proteins (HSPs), or montanide. The vaccine is then combined or paired with an adjuvant in an effort to boost the efficacy of the vaccine. Common choices of adjuvants include tetanus toxoid, poly-ICLC, imiquimod, GM-CSF, immune checkpoint inhibitors, as well as many others. (B) Vaccines can be administered intra-venously, intra-nodally, intra-dermally, or intra-muscularly. (C) Antigens are then presented by APCs to naïve or memory T cells in the lymph node. For GBM, presentation most commonly occurs in the deep-seated cervical lymph node. (D) Primed T cells migrate to the site of the tumor where they mount an anti-tumor immune response.





Target Antigens

Antigen targets for vaccines are broadly classified as either tumor-associated or tumor-specific. Tumor-associated antigens are proteins expressed in many cells throughout the body in limited quantities, but are overexpressed in tumors (9, 19). Examples of these proteins in the case of GBM include survivin and Wilms tumor 1 (WT1). Tumor-specific antigens on the other hand include mutant proteins exclusively expressed by tumor cells (19). Examples include EGFRvIII and isocitrate dehydrogenase (IDH) R132H in the context of GBM and grade 4 astrocytoma, respectively (19). Generally, tumor-specific antigens are considered as ideal targets for a vaccine since they are selectively expressed on tumor cells and not in normal tissue. One of the challenges of GBM is the ability to find a tumor-specific antigen that is expressed uniformly within the tumor, is shared between patients, and is present after the widespread changes that occur with disease recurrence (1, 11).

Neoantigens are proteins that arise from mutations within a tumor cell and vary from cell to cell and person to person (20). Personalized neoantigen vaccines use sequencing data from the whole exome and RNA of a patient’s tumor to identify specific mutations particular to that individual (1). Most of these are “passenger mutations,” which derive from genomic instability within the tumor and do not play a role in tumorigenesis (20). The process of developing a neoantigen vaccine starts with DNA and RNA sequencing of the patient’s normal cells and the tumor (21). Analysis identifies mutational differences between the two, followed by RNA sequencing data which predicts the expression level of those mutations (21). MHC or human leukocyte antigen (HLA) typing is critical because the peptide that can be presented by MHC depends on MHC/HLA haplotype (21).

The activation of neoantigen-specific T cell responses requires T cell receptor recognition and binding to a specific epitope on the MHC. Upon transcription and translation of the neoantigen, the protein is cleaved into short peptide sequences that can be presented on class I MHC on tumor cells or class II MHC on antigen presenting cells (20). In the class I MHC pathway, intracellular protein fragments are transported into the endoplasmic reticulum via the TAP protein to be bound to MHC (21). Antigen presenting cells endocytose antigens that are cleaved by proteases in endosomes and then load these onto class II MHC (21). A large number of computational algorithms have been developed to predict the neoantigens that will undergo each step of this process and successfully lead to T cell activation (21). For example, predictions can be made to identify mutations that will lead to immunogenic neoantigens that are capable of binding to MHC molecules with high affinity (20). However, the prediction algorithm continues to be optimized and currently there is no standard (22).

Two phase I trials in 2019 tested the use of a personalized neoantigen vaccine strategy in newly diagnosed GBM patients (23, 24). The study by Keskin et al. (24) tested the approach in MGMT-unmethylated GBM patients after they had undergone surgery and standard radiation. Development of the vaccine first used whole-exome sequencing to compare data from the tumor samples to normal tissue. Specific single-nucleotide mutations were identified as candidates, RNA sequencing confirmed expression, and then predictions were made for the binding affinity of the neoantigens with the patient’s specific MHC/HLA alleles. The study enrolled 10 patients and the sequencing data identified a median of 116 somatic single-nucleotide mutations per tumor, which included genes such as PTEN, EGFR, and RB1. Interestingly, only patients who had not received dexamethasone during vaccine administration developed CD4+ and CD8+ T cell responses specific to the neoantigen of interest. These T cells could be detected in the peripheral blood, and the median PFS was 7.6 months alongside the median OS of 16.8 months. Unfortunately, each of the patients experienced relapse with progressive disease and the tumor-associated T cells showed an exhausted phenotype after vaccination. Thus, the authors noted that the therapy may be more effective in combination with ICIs.

A second study (GAPVAC-101) conducted by Hilf et al. (23) tested the concurrent administration of both a tumor-associated and a tumor-specific vaccine. APVAC1 was a tumor-associated vaccine with 5-10 unmutated peptides identified by expression profiling that most highly associated with the individual’s tumor (19, 23). APVAC2 was a personalized vaccine with 1-2 mutated neoepitopes (19, 23). The vaccines were given in conjunction with standard radiation and temozolomide and the authors concluded that administration of the vaccine with unmutated peptides led to prolonged central memory CD8+ T cell responses, while the personalized neoepitope vaccine primarily induced a Th1 CD4+ T cell response (23). The authors suggested that studies would be required to confirm these preliminary results (23).

These initial clinical trials have now led to two on-going clinical trials that combine a personalized neoantigen vaccine with immune checkpoint blockade. The first (NCT02287428) study is using a vaccine strategy that targets 20 mutant peptides directly expressed on the patient’s tumor (19, 25) in combination with pembrolizumab (anti-PD-1 antibody) and radiation therapy in newly diagnosed patients with MGMT-unmethylated GBM (25). This study divides patients into three different cohorts where vaccine and ICI is administered at different timepoints in relation to one another along with radiation therapy (25). This is important since it allows the study personnel to investigate if the timing of administration of pembrolizumab enhances efficacy of the vaccine (25). The second clinical trial (NCT03422094) uses a similar vaccine in newly diagnosed patients with MGMT-unmethylated GBM (26). However, the investigators in this trial combined treatment with nivolumab (yet another anti-PD-1 antibody) with the CTLA-4 antagonist, ipilimumab (26). Since anti-CTLA-4 and anti-PD-1 therapies have different mechanisms of action (27), this second trial will provide interesting insights with regard to the treatment of GBM.



Vaccine Platforms


Peptides

Peptide vaccines are composed of short chains of amino acids to induce activation of T cells. The presentation of these peptides by dendritic cells (DCs) in the draining lymph nodes prime antigen-specific T cells. Work done in human papillomavirus-associated cervical cancer first identified the enhanced efficacy of a 35 amino acid long-peptide vaccine (28). Longer peptides induced efficacious tumor immunity in mice and humans superior to minimal epitope peptides that fit MHC class I exactly because they were more likely to be processed and presented by professional antigen presenting cells, DCs (28, 29). Peptide vaccines are some of the most commonly used vaccines tested for the treatment of GBM and are composed of single or multiple antigens. Peptides tested as a single-antigen have included EGFRvIII, CMV pp65, TERT, IDH1, survivin, and WT1. These include epitopes of tumor-associated or GBM-specific antigens.

The GBM-specific EGFRvIII is a truncated mutant of the epidermal growth factor receptor (EGFR) (11, 30, 31). It is present in 20-30% of GBM patients and is expressed heterogeneously throughout the tumor (30, 31). The loss of exons 2-7 in the extracellular domain of the protein leads to the continuous activation of the growth factor signaling pathway (30). A peptide of 14 amino acids, which includes the novel epitope created by the deletion, was conjugated to keyhole limpet hemocyanin and formed the Rindopepimut vaccine (30). ACT IV was a multicenter phase III clinical trial that investigated the OS of patients receiving the Rindopepimut vaccine administered with temozolomide. This trial enrolled 745 patients with newly diagnosed GBM (11, 30). Despite the vaccine producing a notable humoral response, there was no significant survival benefit compared to control (30). The median OS of the Rindopepimut group was 20.1 months and the median OS of the control group was 20.0 months (11). The failure of this trial illustrates the limitation of the single antigen approach (11). EGFRvIII is expressed heterogeneously in 37-86% of tumor cells. Therefore, the successful induction of immune responses will allow the expansion of antigen negative tumor cells because they are not recognized by T cells activated by the vaccine, a process that is called immune selection (11, 32). In both arms of the study, around half of patients had loss of EGFRvIII expression upon recurrence (19). The randomized phase II ReACT trial explored the efficacy of Rindopepimut together with the anti-angiogenic bevacizumab in 72 patients with relapsed EGFRvIII-positive GBM (31, 33). PFS at 6 months favored the experimental group, suggesting that combination treatments may show promise despite previous monotherapy vaccine failures (31, 33).

Another potentially important antigen is cytomegalovirus (CMV) phosphoprotein 65 (pp65). Cytomegalovirus infects a large majority of adults and CMV proteins are expressed on greater than 90% of GBMs, with 50-70% of them positive for pp65 (34). Importantly, CMV proteins are suitable tumor-specific antigens since they are only found on GBMs and are not present on normal brain parenchyma (34). Preclinical studies have shown that CMV-reactive T cells effectively kill GBM cells positive for the pp65 antigen (19). A phase I trial is currently underway called PRiME (NCT03299309) which is testing the peptide vaccine PEP-CMV in malignant glioma and medulloblastoma patients (35). The therapy contains Component A which is a 26 amino acid peptide of the human pp65 CMV antigen and the study is actively recruiting patients ages 3-35 years old (35).

Two other tumor-specific antigens of note for single-antigen GBM vaccines include TERT and IDH1. Each plays an important role in the molecular classification of CNS tumors (36, 37). Promoter mutations of TERT (telomerase reverse transcriptase) are commonly present in GBM and expression of the protein is enhanced in many different cancer types (31). UCPVax is a peptide vaccine derived from TERT epitopes that induce Th1 CD4+ T cell responses (38, 39). A phase I/II clinical trial (NCT04280848) is currently evaluating this approach in GBM patients (38). Peptide vaccines for the IDH1 R132H mutation have also been developed for grade II and III gliomas (11). Around 80% of these low-grade tumors have an IDH mutation, of which the IDH1 R132H substitution is the most common (30). The benefit of this tumor-specific target is that it is present on every tumor cell (11). An IDH1 vaccine created in 2014 also had peptide that can be presented by class II MHC and induced a Th1 CD4+ T cell response (40). Two phase I clinical trials that have studied IDH1R132H peptide vaccines include NOA-16 (NCT02454634) and RESIST (NCT02193347) (41, 42). Each vaccine contains a peptide that includes the IDH1 R132H mutated sequence and administration was combined with temozolomide (41, 42). NOA-16 is completed and enrolled 33 patients with grade III and IV gliomas and the RESIST trial is still enrolling patients with grade II tumors (41–43). NOA-16 was shown to be safe and immunogenic with 93.3% of patients having IDH1 R132H-specific T cells (identified by ELISPOT or ELISA) that were not present before vaccination (43).

Tumor-associated antigens that have been tested in single-target GBM vaccines include survivin and WT1. Survinin prevents apoptosis in cells by inhibiting caspase activation and is highly expressed in GBM and other cancers (34). SurVaxM is a peptide vaccine of amino acids 53 through 67 of the protein, conjugated with keyhole limpet hemocyanin (44). A phase II study (NCT02455557) is currently investigating the treatment of 64 newly diagnosed GBM patients with temozolomide and the SurVaxM vaccine (34, 45). Early results indicate high titers of survivin antibodies and CD8 T cells after administration of the vaccine (46). The data also point to improvement in PFS and OS compared to historical controls (46). WT1 is a transcription factor, with DNA-binding that promotes oncogenesis (34). The peptide vaccine for WT1 has also shown to be effective inducing humoral and cytotoxic CD8+ T lymphocyte responses (47). A phase II study in 21 patients demonstrated a 9.5% clinical response rate and a PFS at 6 months of 33.3% (48). An additional peptide vaccine under investigation that induces WT1-specific T cell responses is DSP-7888 (49). It has been tested in multiple types of advanced malignancies (NCT02498665) (50), pediatric high grade glioma (NCT02750891) (51), and in combination with bevacizumab for the treatment of recurrent or progressive GBM (NCT03149003) (52). Importantly, another clinical trial (NCT03311334) is underway in other solid tumors that combines DSP-7888 with immune checkpoint inhibition (53).

Peptide vaccines have also been developed that include multiple antigens. One such example combined three tumor-associated antigens overexpressed in childhood gliomas (survivin, IL-13 receptor alpha 2, and EphA2) (54). Preliminary evidence with enzyme-linked immunosorbent spot analysis showed that 13 of 21 patients mounted positive responses to at least one of the antigens (54). IMA950 is a vaccine with 11 different tumor-associated antigens (one of which is survivin) and each antigen was found present on HLA in GBM tissue samples (55). Nine of the peptides bound class I MHC, two bound class II MHC, and each was chosen based on ability to activate CD4+ and CD8+ T cells (55). A phase I/II study tested the vaccine in newly diagnosed GBM patients which found that it elicited CD8+ and Th1 CD4+ T cell responses and led to a median survival of 19 months (56). A current clinical trial (NCT03665545) is combining the IMA950 vaccine with pembrolizumab (57). Strategies such as this with multiple antigens or combinatorial approaches will be necessary to outcompete the heterogeneity and immunosuppression of GBM.



Nucleic Acids

The development of DNA vaccines is a recent strategy that is being tested in patients with GBM. Bacterial DNA plasmids that encode tumor-associated antigens and immune-stimulating cytokines are inserted into host cells, thus enhancing the expression of these molecules (58). One major benefit of DNA vaccines is that once the plasmid is in the nucleus, the antigens can be presented on both class I and class II MHC (58). The expressed antigens can activate the normal cytotoxic CD8+ T lymphocyte and Th1 CD4+ T cell responses that normally play a role in combating intracellular pathogens or malignancies (58, 59). The technique also activates the innate immune response through the recognition of bacterial CpG motifs and double-stranded DNA-sensing receptors (58, 59). Electroporation, a commonly used method for plasmid delivery into the nucleus of host cells, delivers brief, high intensity electricity to induce increased membrane permeability (59). The process also has a pro-inflammatory benefit with the release of cytokines that increase immune cell concentrations to the site of delivery (59). Recent progress in the field of DNA vaccines has drastically increased their efficacy by optimizing the codons used and untranslated RNA transport elements (60, 61). A phase I/II clinical trial (NCT03491683) is currently investigating the efficacy of the DNA vaccines INO-5401 and INO-9012 combined with the PD-1 antagonist cemiplimab in newly diagnosed GBM patients (62, 63). INO-5401 expresses the tumor-associated antigens WT1, PSMA (prostate specific membrane antigen), and TERT, while INO-9012 encodes the p35 and p40 subunits of IL-12 (62, 63). Both of the vaccines are administered with an intramuscular injection with subsequent electroporation (62, 63). The study is still ongoing, but interim analysis identified that the therapy is safe, immunologically effective, and may lead to an encouraging survival advantage (64). A similar DNA vaccine phase I trial (NCT04015700) with 6 participants is also underway using a personalized neoantigen DNA vaccine, INO-9012, and electroporation (65).

RNA vaccines are in the early stages of development as a potential treatment of GBM patients. The idea behind this approach is that a desired mRNA can be injected in the form of a vaccine and the subsequent proteins are expressed in the cells of the patient (66, 67). The mRNA will encode the antigen of interest, 5’ and 3’ untranslated regions, a 5’ cap, and a poly A tail (66). Translation occurs in the cytosol without the need for transport to a specific organelle, and then normal degradation decreases the chance for toxicity (66). Only recently have protocols been developed which have allowed the stable, efficient delivery of mRNA in vivo (66, 67). Many of the benefits of the mRNA approach over other vaccines include its safety and manufacturing (66). Messenger RNA is not an infectious agent, will not insert into the human DNA genome, and manufacturing can be quickly and inexpensively increased (66). Downsides of RNA vaccines continue to be storage and lifetime, but efforts are being made to combat these problems (66). A phase I/II RNA vaccine study (NCT04573140) is underway in GBM patients in the form of lipid particles that are loaded with the mRNA (68). Given the benefits of RNA vaccines, it is anticipated that the number of GBM vaccine trials with this approach will continue to increase.




Vaccine Vehicles


Dendritic Cells

DC are professional antigen presenting cells (APCs) with the ability to capture and present exogenous antigens (69). The ability of DCs to stimulate CD8+ T cells with peripheral antigens via class I MHC molecules makes them ideal vehicles for administering GBM vaccines. DCs loaded with glioma antigens ex vivo can be administered to patients for activation of T cells and induction of robust cytotoxic activity (69). Antigen-loaded DCs must migrate to the lymphoid organs to activate T cells (69). Once activated, T cells that successfully traffic to the tumor site can exert cytotoxic effects on antigen-expressing tumor cells, provided that the tumor microenvironment (TME) is not overly immunosuppressive.

Though classical DCs are undetected in healthy brain parenchyma, they are present in proximal vascular-rich tissues including the choroid plexus and meninges (70). Additionally, in pathological conditions, DCs are capable of migrating to the brain through the afferent lymphatics or the high endothelial venules, and are readily recruited to parenchymal inflammatory lesions (69, 70). This suggests that DCs are capable of recognizing and presenting brain-derived antigens in order to stimulate effector T cells to combat brain tumors. However, compared to other organs, drainage of brain tumor antigens is inefficient and trafficking of immune cells to the brain is attenuated. Viewed optimistically, the native limitations of CNS DCs indicate great potential for therapeutic interventions capable of promoting DC-mediated presentation of glioma antigens to peripheral T cells.

The current generation of DC vaccines are derived from specific subsets of freshly isolated, patient-derived DCs from peripheral blood cultured ex vivo with a maturation cocktail of proinflammatory cytokines such as PGE1, TNF-alpha, and IL-1beta (70, 71). Before administration to patients, DC vaccines are pulsed with antigens from a variety of sources, including peptides, tumor lysates, tumor RNA, vectors expressing tumor-associated antigens, and tumor-derived exosomes (69, 70). The most common route of DC vaccine administration in GBM patients has been intradermal, although intravenous, intranodal and intramuscular routes are also possible (69, 70). Though autoimmune reactions caused by DC vaccines are a potential concern, DC vaccines have demonstrated minimal to low toxicity in over 10 phase I/II trials in GBM patients (30).

DCs as vehicles for administration of GBM antigens have been explored in a variety of clinical trials. The first major category of DC vaccines are those expressing single tumor antigens, with most in early stages of clinical investigation. A phase I trial of newly diagnosed GBM patients receiving DCs pulsed with EGFRvIII conjugated to keyhole limpet hemocyanin was demonstrated to be immunogenic in 10 of 12 patients with no serious adverse events (72). A phase I trial in which patients with recurrent glioma received DCs pulsed with WT1 also reported no serious adverse events, and 6 of 10 patients showed a two-fold or greater increase in WT1-specific cytotoxic T lymphocytes by tetramer analysis (73). The phase I/II ADDIT-GLIO trial (NCT02649582) is currently investigating the effectiveness of autologous WT1 mRNA-loaded DCs in combination with TMZ (74). The ICT-121 vaccine targets the cancer stem cell antigen CD133 and is comprised of autologous DCs loaded with two HLA-A2 restricted CD133 epitopes (75). ICT-121 was demonstrated to be safe and to generate immune responses in a phase I trial of patients with recurrent GBM (75). A small phase I trial of patients with recurrent glioma also demonstrated safety and immunogenicity of DCs pulsed with IL-13 receptor alpha 2-derived peptides (76).

In addition to these studies, a number of trials have investigated the usage of DCs pulsed with mRNA encoding the immunodominant CMV pp65 antigen (77, 78). Pooling results from multiple trials utilizing CMV pp65 DC vaccines, it was recently reported that nearly a third of patients receiving treatment have survived beyond 5 years, indicating high promise for these treatments (79). A phase II clinical trial investigating TMZ plus CMV pp65-LAMP mRNA-pulsed DCs administered with GM-CSF and tetanus-diphtheria toxoid is ongoing in patients with newly diagnosed GBM (NCT02465268) (80). Additionally, the Phase I AVERT study (NCT02529072) of pp65-LAMP mRNA-pulsed DCs combined with nivolumab has been completed in patients with recurrent gliomas and additional phase II studies are anticipated (81).

A benefit of using DC vaccines over therapies, such as adoptive transfer of chimeric antigen receptor (CAR) T cells is that they can be used to generate responses to a multiplicity of antigens. The second major category of DC vaccines are pulsed with multiple selected antigens, creating an opportunity to activate CD8+ T cells specific for a variety of targets, which may be a beneficial strategy for combating the heterogeneity of GBM. Ideally, DCs pulsed with multiple common glioma antigens, such as WT1, EGFRvIII, and survivin, could serve as “off-the-shelf” therapies capable of treating a variety of GBM patients (69). However, a downside of this approach is the potential misallocation of immune “resources,” (i.e. generation of activated T cells specific for antigens not actually expressed on a particular patient’s tumor) as this may dilute the effects of vaccination against expressed antigens (70).

The most extensively studied multi-peptide pulsed DC vaccine is ICT-107, which consists of autologous DCs pulsed with six synthetic peptides: HLA-A1-restricted melanoma-associated antigen-1 (MAGE-1) and antigen isolated from immunoselected melanoma-2 (AIM-2), as well as HLA-A2-restricted human EGFR-2 (Her2/neu), tyrosine-related protein-2 (TRP-2), glycoprotein 100 (gp100), and IL-13 receptor alpha 2 (82). In a randomized phase II trial of newly diagnosed HLA-A1+ and/or HLA-A2+ patients receiving the ICT-107 vaccine, no significant difference in OS was observed in the treatment group as compared to controls (82). However, PFS significantly favored the treatment group by 2.2 months. Additional analyses revealed that while over 90% of patients expressed all the HLA-A2 antigens, only 38% of patients expressed the HLA-A1 antigens, and for HLA-A2+ patients with a methylated MGMT promoter, median PFS was 24.1 months for the ICT-107 treatment group compared to a median PFS of 8.5 months for the controls (82). A phase III trial of ICT-107 plus TMZ restricted to HLA-A2+ GBM patients was underway but has been suspended due to a lack of funding (31).

A third approach to DC vaccination involves pulsing DCs with autologous whole-tumor lysate. This class of DC vaccines has been the most extensively studied to date and offers the advantage of being personalized to each patient’s unique tumor profile. It also allows for presentation of a comprehensive repertoire of heterogeneously expressed TAAs and neoantigens without a need for identifying them (70). However, such indiscriminate antigen presentation may be capable of driving extraneous or even harmful responses against non-tumor antigens, though a large number of clinical trials have demonstrated minimal toxicity of this approach (69).

DC-VaxL is a tumor-lysate pulsed DC vaccine and is the only phase III DC vaccine trial with published interim results at this time (83). At the interim analysis, the median OS for the intent-to-treat population was 23.1 months from surgery, with 46.6% of patients with methylated MGMT surviving three years (83). While this data appears exciting, the unblinded survival data and immunological results remain highly anticipated. However, a different tumor-lysate-pulsed DC vaccine (Audencel) evaluated in a randomized, controlled phase II study of patients with newly diagnosed GBM (GBM-Vax) showed no significant difference in OS between the treatment and control groups (84).

There are also a number of non-controlled phase II trials of tumor-lysate pulsed DCs with or without temozolomide that have been completed in patients with de novo GBM. These trials have shown immunoreactivity in 25-40% of patients (where reported) and patient OS ranging between 18.3 to 28 months (85–88), with MGMT methylated patients showing a median OS of 32.8 months in one study (88). In a phase II study of 23 patients with recurrent GBM and 11 patients with newly diagnosed GBM receiving tumor lysate-pulsed DCs, 50% of patients had positive vaccine responses as indicated by a 1.5 or more fold enhancement of IFN-gamma production compared to pre-vaccination levels. Vaccine responders had significantly longer median OS compared to non-responders (642 vs. 430 days) (89). A number of additional phase I and II clinical trials involving autologous tumor-lysate pulsed DCs in GBM are currently ongoing, including phase I trials investigating new adjuvant therapies such as topical imiquimod, cyclophosphamide + nivolumab/ipilimumab, and pembrolizumab + Poly-ICLC (NCT01808820) (NCT03879512) (NCT04201873) (31).

Another approach to DC vaccination gaining interest in recent years involves pulsing DCs with glioma stem cells (GSC) components. In a phase I clinical trial of 7 GBM patients receiving DCs pulsed with mRNA-derived from autologous GSC cultures, PFS was 1.9 years and increased lymphocyte proliferation in response to GSC lysate exposure in vivo was observed in all 3 patients with testable material (90). Additional trials involving GSC DC vaccines are ongoing (NCT01567202) (NCT02010606) (NCT02820584).

A recent meta-analysis of randomized controlled studies using GBM DC vaccines demonstrated that DC vaccination was associated with significantly improved overall survival in GBM patients (91). However, only six studies were included in this analysis due to strict inclusion criteria and the lack of randomized, controlled studies. This highlights the need for larger, thoughtfully-designed studies evaluating DC vaccine efficacy. Further research into the optimization of DC vaccines, including optimal adjuvant strategy, tumor antigens, pulsing scheme, and combinatorial treatments are needed.

Because the success of DC vaccines ultimately lies in the ability of DC-activated T cells to successfully exert cytotoxic effects, it is important that the GBM microenvironment does not suppress CD8+ T cell activity. In this context, the combination of DC vaccines with checkpoint inhibitors such as nivolumab warrants more thorough investigation. Checkpoint inhibitors have the ability to combat T cell exhaustion, thus facilitating more effective T cell mediated anti-tumor lytic activity. The immunosuppressive microenvironment of gliomas may greatly hamper the impact of a DC vaccine in the absence of combinatorial therapies, and may be the reason that DC vaccines have had limited success in clinical trials thus far.



Heat Shock Proteins

Heat shock proteins (HSP) are critical in cell survival as the production of these proteins becomes upregulated whenever a cell is undergoing a stressful event. These stressful conditions can range from the cell being too hot or cold, undergoing UV radiation, having an osmolarity that is too high or low, or an abnormal acid-base status (92). HSPs were originally discovered by observing cells that were overheated, hence how the name “heat shock” originally came about. Once a cell undergoes stressful event, this can either result in the halting of protein production, or more commonly the misfolding of proteins. These misfolded proteins then begin to aggregate within the cell, which can eventually lead to cell death. The cell employs HSPs to prevent these deleterious events from happening by limiting the number of misfolded proteins within the cell in two different ways. If the misfolded protein can be refolded so that the protein gains functionality, the HSP will serve as a chaperone and bind to hydrophobic regions of the misfolded protein to help it fold properly (92). If the HSP cannot refold a misfolded protein due to significant misfolding, the HSP will assist in degradation by shuttling the protein to the proteosome.

HSPs are of great interest to the oncology community because their production is upregulated in cancer patients as tumors have an increased expression of misfolded or abnormal protein products. To avoid cell death as a result of an aggregation of misfolded proteins, it is believed that tumors increase the production of HSPs (93). In patients with GBM specifically, it has been reported throughout the literature that these patients have an increased expression of HSP27, HSP72, HSP73, and HSP90 (93, 94). It has also been reported that HSP27, HSP60, HSP70, and HSP90 are present within exosomes released by GBM tumors (93, 95). However, using HSPs alone to prime the immune system in order to evoke an anti-tumor immune response would not be successful as a vaccine platform as HSPs alone are unable to evoke immune responses. Alternatively, when HSPs and peptides are brought together into complexes (HSPPCs), these can elicit class I MHC -based CD8+ cytotoxic T lymphocyte responses (96). This is important because exogenous antigens are typically presented by class II MHC molecules leading to CD4+ T helper cell responses, yet HSPPCs induce robust CD8+ T cell responses (97). The key to having these HSPPC-derived peptides presented on class I MHC molecules is the CD91 receptor on antigen presenting cells, which allows for the uptake of HSPPCs into the cell (97). Once these complexes are inside the cell, they will ultimately be broken down via proteosomes, and then shuttled to the endoplasmic reticulum to be loaded onto class I MHC molecules (98). While the majority of the internalized protein follows the pathway mentioned prior, it is also important to note that some of the internalized HSPPC can be loaded into an acidic compartment which allows for loading onto class II MHC (93). This finding is pivotal as it shows that HSPPCs can stimulate both CD8+ and CD4+ T cells, a major benefit for using HSPPCs in anti-cancer vaccines.

HSPPCs can also interact with a variety of receptors that allow for activation of the NF-κB pathway (93). Additionally, it has been observed in macrophages that these HSPPCs can upregulate the secretion of pro-inflammatory cytokines such as TNF-alpha as well as IL-12 (99). Given that HSPPCs are capable of inducing pro-inflammatory responses in multiple different ways, it is clear why they are being used in vaccines. HSPPCs are capable of providing more than one antigen for presentation (100). Given the heterogeneity of tumors such as GBM, having a vaccine which accounts for more than one antigenic target is a far more improved approach.

The vast majority of HSP vaccines have used HSPPC-96 because of observed safety and minimal toxicity. The HSPPC-96 vaccine is created by isolating HSPs from patient tumor specimens. The HSPs are expected to be bound with proteins including tumor antigens made by tumor cells. Once enrichment is complete, the purified HSPs are given to patients on a weekly schedule for the first month and then on a bi-weekly schedule until the vaccine supply has been fully depleted (101). Overall, the vaccine has been well tolerated by patients with GBM in phase I trials. In a phase II trial that enrolled patients with recurrent GBM, 90.2% of patients receiving the HSPPC-96 vaccine were alive at 6 months following treatment, whereas 29.3% of patients receiving the HSPPC-96 vaccine were alive at 12 months following treatment. The median OS for patients receiving the HSPPC-96 vaccine was 42.6 weeks (93, 102). An exciting trial that is currently ongoing (NCT03018288) is treating newly diagnosed GBM with radiation therapy and temozolomide while combining pembrolizumab with or without HSPPC-96 (103). One of the goals of this trial is to determine if combining pembrolizumab with HSPPC-96 provides a synergistic effect. This is being compared to the immune response of patients receiving only radiation therapy, temozolomide, and pembrolizumab (103). Clinical trials have demonstrated that HSPPC vaccines promote a survival benefit in patients with GBM. While this may appear promising, far more clinical trials are needed to determine if pairing this vaccine platform with different adjuvants such as ICIs will promote long-term survival in patients with GBM.




Adjuvants

Unsuccessful vaccine trials in GBM are thought, in large part, the result of the intense immunosuppression caused by the disease (19). A combination of vaccines paired with adjuvants may be able to overcome these immunosuppresive mechanisms (19). Adjuvants are given in addition to the vaccine to enhance the immune response to a particular antigen (30). This is accomplished by either promoting the ideal presentation of the antigen, inducing the expression of co-stimulatory molecules, or prompting the release of cytokines by antigen presenting cells (104). The most successful and commonly used adjuvants in GBM vaccine trials include montanide, tetanus toxoid, poly-ICLC, imiquimod, CpG nucleotides, and GM-CSF. It is anticipated that the success seen with ICIs in other cancers will also translate over to GBM when used as a vaccine adjuvant.

Montanide is the clinical-grade of Incomplete Freund’s Adjuvant (Complete Freund’s Adjuvant without the Mycobateria tuberculosis) (104). As a water-in-oil emulsion, the adjuvant enhances the length of antigen presentation by retaining and slowly releasing the antigen at the site of vaccination (104). Two preparations of Montanide used as an adjuvant in human vaccine trials include Montanide ISA 51 and Montanide ISA 720 (105). Each uses a mannide monooleate surfactant, the difference being that Montanide ISA 51 uses a mineral oil and Montanide 720 a nonmineral vegetable oil (105).

In 2003 it was noted that the tetanus-diphtheria toxoid could improve the efficacy of DC vaccines in GBM patients (78). Mitchell et al. primed the vaccine site with a dose of the toxoid prior to vaccinating with CMV pp65-pulsed DCs (78). This significantly improved DC migration to lymph nodes and improved OS and PFS (78). Thus, two current clinical trials (NCT02366728) and (NCT03927222) are studying this pre-conditioning technique with the tetanus-diphtheria toxoid in the context of the CMV pp65 DC vaccine (106, 107).

Poly-ICLC, Imiquimod, and CpG oligonucleotides each activate the innate immune system by binding and activating toll-like receptors (TLRs): poly-ICLC to TLR3, Imiquimod to TLR7/8, and CpG to TLR9 (104). Poly-ICLC, also known as Hiltonol, is a stable double-stranded RNA derivative of poly I:C (polyinosine-polycytidylic acid) (104). Imiquimod is a synthetic imidazoquinoline that mostly activates TLR7, while resiquimod acts on TLR7 and TLR8 (104). TLRs 7 and 8 are each activated by single-stranded RNA and upregulate costimulatory molecules (CD80/86 and CD40), increase cytokine production (IFN-alpha, TNF-alpha, and IL-12), and enhance lymph node DC migration (104). An active phase II clinical trial (NCT01204684) is comparing the efficacy of imiquimod/resiquimod versus poly-ICLC in a tumor-lysate pulsed autologous DC vaccine (108). Lastly, TLR9 is activated by unmethylated CpG nucleotides, a pathogen-associated molecular pattern indicative of bacterial DNA (104, 109). These CpG nucleotides stimulate professional antigen presenting cells such as B cells and DCs leading to Th1-specific responses (109). These innate system agonists may prove pivotal in the challenge to surmount the multiple mechanisms of immunosuppression in GBM.

GM-CSF, or granulocyte-macrophage colony stimulating factor, is a cytokine growth factor that stimulates the activity and enhances the production of neutrophils, monocytes, and eosinophils (104, 110). Vaccine studies have shown that the adjuvant leads to DC maturation and recruitment, and macrophage, NK cell, and neutrophil activation (104). GM-CSF can not only be used as a recombinant protein, but also expressed by transfected tumor cells in a vaccine known as GVAX (111). To date, no clinical trial has used GVAX in GBM.

ICIs provide a promising approach for general activation of the immune system (19). CTLA-4 and PD-1 are both negative regulators of immune cell function (27). CTLA-4 acts early in the immune response in lymphoid tissues by preventing the binding of B7 on the antigen presenting cell to the T cell costimulatory molecule CD28 (27). PD-1 on T cells acts later in the peripheral tissue by initiating an inhibitory signal after binding to PD-L1 on tumor cells (27). ICIs are not limited to PD-1, CTLA-4, and PD-L1. Studies have shown promise with the antagonism of TIM3, LAG3, and VISTA (32, 112). Another possible inhibitory receptor to target is TIGIT (113). In addition, approaches to agonize molecules that activate T cells have also been used. The costimulatory molecule OX40 (CD134) is a part of the tumor necrosis factor superfamily and binds with the OX40 ligand (CD252) on antigen presenting cells (114). Expression is only present after antigen stimulation, thus OX40 co-stimulation is a late signal to enhance effector T cell survival (114). A preclinical study combined an OX40 agonist with an irradiated GL261 tumor cell GVAX vaccine (115). The result was increased survival by 14 days compared to controls, as well as Th1 responses and CD8 to T regulatory cell ratio (115). The authors also noted that combination therapy improved T cell exhaustion phenotypes with decreased expression of PD-1, TIM-3, and LAG-3 (115). An additional costimulatory molecule that has been studied in GBM vaccine trials is CD27. The monoclonal antibody varlilumab is an agonist of CD27, mimicking the physiological interaction with CD70 on antigen presenting cells which initiates T cell proliferation and activation (116). The ongoing DERIVe clinical trial (NCT03688178) is investigating a CMV pp65 DC vaccine together with varlilumab (117). The study will continue the previously discussed work of pre-conditioning by comparing groups treated with the tetanus-diphtheria toxoid and control prior to administering the vaccination (117).

A final immune checkpoint target that has shown efficacy in preclinical models of GBM treatment is the CD47-SIRP-alpha axis. CD47 is an antiphagocytic transmembrane protein that is upregulated on tumor cells to initiate immune escape (118). CD47 binding to the inhibitory signal regulatory protein-alpha (SIRP-alpha) on myeloid cells initiates a “don’t eat me” signal and prevents macrophage phagocytosis (119). Hu5F9-G4 is a humanized anti-CD47 antibody that showed clinical efficacy in mouse xenograft models of patient-derived pediatric brain tumors (119). Inhibition of the CD47-SIRP-alpha axis in combination with autophagy inhibitors increased macrophage infiltration, tumor cell apoptosis, and median survival in mouse models of GBM (118). Despite promising preclinical results, blockade of this checkpoint target has yet to be tested in a clinical trial for GBM. Anti-CD47 treatment has shown to play an important role in enhancing macrophage phagocytosis of GBM and promoting an anti-tumor phenotype (120). Considering that tumor-associated macrophages are one of the major players of GBM mediated immunosuppression, clincal trials combining vaccination with an anti-CD47 adjuvant could prove to be quite efficacious.

ICIs have had broad success in many cancer types, thus it might be the most promising adjuvant to use in combination with vaccines. It is important to note that while the vast majority of research is focused around PD-1, PD-L1, and CTLA-4, the immune checkpoint repertoire is not restricted to this small subset. Trials into the future can continue to investigate proven strategies such as agonists for the innate immune system, or one of the novel immune checkpoints such as OX40 or CD27.



Clinical Trials

Unfortunately, no vaccine targeted to GBM has met primary endpoints in a phase III clinical trial. The failure of these clinical studies, modeled after marked success of the approaches used in pre-clinical settings supports a re-evaluation of the clinical trial designs used to test immunotherapy in brain tumors. In most clinical trials for GBM there is a lack of robust immune monitoring. Rather, many of these trials evaluate only for OS and PFS and if the trial does not meet its endpoint for one of these indicators, the intervention is often labeled a failure. The cause for why the intervention failed is often not known. For example, in the ACT IV Rindopepimut clinical trial, the patients receiving the vaccine did not experience a survival benefit and hence the study was deemed unsuccessful. Retrospectively, it was identified that the patients did experience an enhancement of anti-EGFRvIII antibody titers as a result of the vaccine, indicating that the intervention performed its desired biological function but this was not sufficient to impact survival (121).

This finding reinforces the concept that GBM is both a heterogeneous and immunosuppressive disease thereby decreasing the likelihood that one intervention can target a sufficient number of cancer cells to result in a long-term survival benefit. Future treatment protocols for patients with GBM will most likely involve patients receiving a cocktail therapy targeted to multiple aspects of the tumor. However, evaluation of immunotherapeutic strategies must go beyond just determining the efficacy of an intervention by measuring OS or PFS. Robust immune monitoring must be incorporated into the design of clinical trials enabling the identification of interventions that enhance anti-tumor immunity. Frequent and longitudinal evaluations will help determine optimal timing of interventions and the duration of the immune response.

Immune monitoring can be incorporated into clinical trials using clinical imaging, blood correlative studies, and tissue analysis. Imaging studies are often capable of showing whether patients are experiencing a response to the intervention. However, imaging in brain tumor studies can be complicated as it can be quite difficult to distinguish between tumor progression and response to therapy (pseudo-progression) (122). Therefore, incorporating other imaging studies such as positron emission tomography (PET) into brain tumor immunotherapy clinical trials may be complementary and help confirm patient response to treatment (123–125). Radiomics is an additional imaging technique that may be advantageous to incorporate into clinical studies when evaluating for patient response to immunotherapy. This technique can take sets of clinical images and use computer algorithms to analyze differences in tumor shape as well as spatial orientation and structure (126). The results of this analysis can then be used to inform clinical teams about prognosis as well as whether the disease is progressing. While this technique has been used in studies to predict OS for patients with GBM, coupling radiomics with machine learning is needed to provide an objective indicator to differentiate between tumor progression and patient response to treatment (126).

Measuring patient response using peripheral blood is promising. Most T cell activation takes place in the periphery, when naïve T cells interact with APCs that present tumor antigens. Subsequently these T cells migrate to the site of the tumor in the brain where they may be subject to additional stimulation or suppression from the tumor cells or other factors in the TME. Therefore, it is likely that GBM patients who demonstrate a response to immunotherapy, first display a systemic effect. Activation of peripheral T cells would suggest a response to the intervention. Previous studies have shown that looking at peripheral markers of immune response such as the clonal expansion of T cells, expression of specific chemokine receptors, and levels of IFN-gamma can potentially determine whether a patient is experiencing a response to immunotherapy (122). In patients with GBM, it has been observed that an enhanced expression of IFN-gamma has been associated with better patient outcomes, while the IL-6 axis specifically has been associated with both increased tumor growth and expression of an M2-like myeloid phenotype (32, 122, 127). If patients experience an immune response as shown by markers within the peripheral blood yet fail to meet the primary endpoints of a trial, additional treatments may be needed to enhance either the trafficking of peripheral immune cells to the brain tumor or suppress the hostile TME.

Patient response to immunotherapy can also be evaluated through analyzing different expression levels of intra-tumoral markers. Specifically, intra-tumoral TCR diversity and clonality can be used. Cloughesy and colleagues observed that baseline increases in the TCR repertoire in patients with GBM may be associated with a survival benefit (128). This finding is new to the field as most studies have focused on how increased clonal size of T cells may promote a survival benefit as opposed to an increase in the overall TCR repertoire. Whether an increase in the TCR repertoire promotes a survival benefit in patients with GBM is still up for debate, however studies by Li and colleagues (who treated patients with a HSPPC-96 vaccine) observed the opposite (129). In fact, they noted that long term survivors with GBM expressed a lower amount of TCR diversity and a higher amount of TCR clonal expansion (129). While the benefit that TCR repertoire expansion provides to patients is still debated, clinical trials such as this have demonstrated that increased TCR clonal expansion promotes a survival benefit in patients with GBM. Evaluating for increased intra-tumoral TCR clonal expansion in patients with GBM may be worthwhile to help research teams understand whether patients are experiencing robust intra-tumoral immune responses to the intervention they are receiving.

In addition to incorporating robust immune monitoring into clinical trials of the future, there is a clear need for limiting the administration of immunosuppressive corticosteroids to patients enrolled in brain tumor clinical trials. Dexamethasone (a type of corticosteroid) is commonly given to newly diagnosed brain tumor patients in order to alleviate cerebral edema. However, it has been well documented by our group that dexamethasone upregulates the presence of CTLA-4, as well as blocks CD28-mediated cell cycle entry and naïve T cell differentiation (130). This results in an overall decrease in naïve T cell proliferation and differentiation. However, in pre-clinical models of GBM, it has been seen that treatment with anti-CTLA-4 or stimulation of T cells with strong activators such as CD28, prior to dexamethasone exposure can rescue T cells from the detrimental effects of this corticosteroid (130). A study by Reardon and colleagues demonstrated that dexamethasone administration concurrent with anti-PD-1 therapy reduced the survival of tumor-bearing mice in a dose dependent manner (131). It was also observed in this study that dexamethasone enabled an overall decrease in the number of T-cells as a result of increased T cell apoptosis (131). Lymphocytes that did not undergo apoptosis displayed a significant decrease in their overall function (131). The authors also note that dexamethasone reduced the number of myeloid and natural killer cell populations as well. While the studies showing the negative impacts dexamethasone has for brain tumor immunotherapy patients are still limited at this time, it may be worth considering using alternatives to dexamethasone in brain tumor immunotherapy trials of the future as dexamethasone may impact outcomes for brain tumor patients receiving immunotherapy.

One possible alternative to dexamethasone that should be considered for clinical trials of the future is mannitol. Mannitol is a sugar alcohol that reduces cerebral edema by creating an osmotic gradient within the brain that allows for movement of water from the parenchyma to the intravascular space which allows for a reduction in brain tissue volume as well as a lowering of intracranial pressure (132). While mannitol can decrease brain edema without causing immune suppression, it has been noted that increased doses of mannitol can lead to adverse events which is why more clinical trials are needed to determine the safety in using mannitol to manage edema in brain tumor patients (132). However, only a limited number of patients suffering from cerebral edema may benefit from receiving mannitol. It has been noted in the literature that using mannitol is problematic when treating patients with chronic cerebral edema (133). In addition to mannitol requiring IV infusion when treating chronic edema, mannitol diffuses into the brain over time which limits the effectiveness of this approach (133, 134). While mannitol may be effective in treating some patients with cerebral edema, its time-limited efficacy restricts use for short term or acute situations.

Bevacizumab has been proposed as an alternative to dexamethasone for combatting cerebral edema as it specifically targets vascular endothelial growth factor A (VEGF-A) which promotes both angiogenesis and vascular permeability (135). This finding suggests that VEGF-A plays a critical role in the increased brain edema that has been observed in patients with brain tumors (135). Bevacizumab sequesters VEGF-A thereby preventing binding to its receptors which allows for a reduction in cerebral edema as observed by Xiangying and colleagues (135) but does not extend survival in patients with GBM (136). However, with a prolonged plasma half-life and sustained inhibition of wound healing, the use of bevacizumab, while effective in reducing cerebral edema in patients with brain tumors, raises concerns in this patient population. Specifically, Bota and colleagues found that the optimum time for patients to stop receiving bevacizumab prior to tumor resection was four weeks (137). Additionally, the research team found that patients should not undergo treatment with bevacizumab for at least two weeks following surgery (137). The cessation of bevacizumab prior to surgery and wait time prior to re-initiating this treatment following surgery is necessary for patients to avoid surgical complications, thereby limiting widespread use of this agent as a substitute for corticosteroids.

Control of tumor-related cerebral edema remains a challenge. In the context of clinical trials, alternatives to corticosteroid use such as short-term mannitol and bevacizumab can be prospectively evaluated so that guidelines can be established to enable testing of immune therapies in this patient population where response is not further compromised by iatrogenic factors.



Discussion

In this review, some of the most promising vaccines that are currently under investigation for the treatment of GBM were discussed including the rationale for their use and the clinical trial results thus far (see Table 1). Additionaly strategies such as the use of adjuvants and the importance of immune monitoring thereby enhancing the information obtained from clinical trials were also discussed. Hopefully, this review serves as a guide or provides an outline for investigators and clinicians as they seek to design and implement different vaccine-based approaches to treat patients suffering from GBM. While many vaccines targeted to GBM can stimulate the immune system, the benefit of this stimulation is often transient, failing to be sufficient enough to increase OS and/or PFS. The heavily immunosuppressive nature of GBM contributes to the failure for most immunotherapeutic strategies as does the heterogenous nature of GBM. Targeting multiple antigens, perhaps some commonly occurring in most GBMs such as EGFRvIII, IL-13 receptor alpha 2, or WT1 in combination with vaccines targeting antigens more specific to individual patients may increase the efficacy of this treatment modality. In addition, combining multiple therapeutic strategies such as a combination of vaccination and treatment with ICIs may also overcome the challenge of tumor-immune escape. Given the challenges inherent in treating GBM, a multifaceted approach will likely be necessary to ultimately generate effective immune therapies for this disease.


Table 1 | Summary of all vaccine-based clinical trials discussed in this review.
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Background

Glioma is one of the highly fatal primary tumors in the central nervous system. As a major component of tumor microenvironment (TME), immune cell has been proved to play a critical role in the progression and prognosis of the diffuse lower-grade gliomas (LGGs). This study aims to screen the key immune-related factors of LGGs by investigating the TCGA database.



Methods

The RNA-sequencing data of 508 LGG patients were downloaded in the TCGA database. ESTIMATE algorithm was utilized to calculate the stromal, immune, and ESTIMATE scores, based on which, the differentially expressed genes (DEGs) were analyzed by using “limma” package. Cox regression analysis and the cytoHubba plugin of Cytoscape software were subsequently applied to screen the survival-related genes and hub genes, the intersection of which led to the identification of SERPINE1 that played key roles in the LGGs. The expression patterns, clinical features, and regulatory mechanisms of SERPINE1 in the LGGs were further analyzed by data mining of the TCGA database. What’s more, the above analyses of SERPINE1 were further validated in the LGG cohort from the CGGA database.



Result

We found that stromal and immune cell infiltrations were strongly related to the prognosis and malignancy of the LGGs. A total of 54 survival-related genes and 46 hub genes were screened out in the DEGs, within which SERPINE1 was identified to be significantly overexpressed in the LGG samples compared with the normal tissues. Moreover, the upregulation of SERPINE1 was more pronounced in the gliomas of WHO grade III and IDH wild type, and its expression was correlated with poor prognosis in the LGG patients. The independent prognostic value of SERPINE1 in the LGG patients was also confirmed by Cox regression analysis. In terms of the functions of SERPINE1, the results of enrichment analysis indicated that SERPINE1 was mainly enriched in the immune‐related biological processes and signaling pathways. Furthermore, it was closely associated with infiltrations of immune cells in the LGG microenvironment and acted synergistically with PD1, PD-L1, PD-L2.



Conclusion

These findings proved that SERPINE1 could serve as a prognostic biomarker and potential immunotherapy target of LGGs.
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Introduction

Glioma is the most common type of primary brain tumors in the central nervous system (CNS), originated from the transformed progenitor cells or neural stem cells (1). According to the WHO Classification of CNS tumors revised in 2016, gliomas are divided into four grades from WHO grade I to WHO grade IV and comprise two major subtypes: diffuse gliomas and gliomas and non-diffuse gliomas (2, 3). Among them, diffuse low-grade (WHO grade II) and intermediate-grade (WHO grade III) gliomas are collectively referred to as lower-grade gliomas (LGGs) (4). Compared with glioblastoma (WHO grade IV), LGGs are relatively benign and have a favorable prognosis. However, LGGs commonly exhibit diffuse and infiltrative nature, which makes it extremely difficult to be completely resected. As a matter of fact, most LGGs eventually progress to the secondary tumors with higher grades (4, 5). Despite ongoing advances in surgical operation and postoperative adjuvant chemoradiotherapy, the prognosis of gliomas has not been dramatically improved over the past decades (6, 7). Therefore, more effective therapeutic strategies for LGGs need to be further explored.

The tumor microenvironment (TME), which consists of large and diverse amounts of immune cells, stromal cells and other non-tumor components, plays pivotal roles in tumor initiation and progression (8, 9). For instance, tumor-associated macrophages (TAM) affect the development of tumors mainly through proliferation, local infiltration, angiogenesis and immunosuppression (10, 11). Other immune cells, including effector T cells, regulatory T cells, B cells, natural killer (NK) cells, dendritic cells (DCs), and N1-polarized neutrophils, have also been reported to serve various functions in the TME (12). In recent years, tumor immunotherapies that target tumor or immune cells have evolved to the most promising therapeutic approaches to treat cancers (13, 14). Immune checkpoint inhibitors, such as programmed cell death receptor 1 (PD-1) inhibitor, programmed death-ligand 1 (PD-L1) inhibitor, have made tremendous progress in the clinical treatment of melanoma, non–small cell lung cancer (NSCLC), and urothelial carcinoma (UC) (15–17). However, immune suppression and evasion that also exist in the TME remain the formidable challenges to effective immunotherapies in some tumor patients (18). For example, under induction of CSF-1, CCL2, IL-4, IL-6, IL-10, tumor-associated macrophages (TAMs) in the glioma microenvironment differentiate into M2-type macrophages (19, 20), which contribute to establishing an immunosuppressive microenvironment due to lack of costimulatory factors such as CD40, CD80, and CD86 (21, 22). Hence, further investigation of the immune status of the TME remains particularly needed.

Serpin family E member 1 (SERPINE1), encoding plasminogen activator inhibitor 1 (PAI-1), serves as the primary inhibitor of uridylyl phosphate adenosine (uPA) and tissue plasminogen activator (tPA) (23). Previous researches have predominantly focused on its function in thrombosis (24). With the recent development of high-throughput sequencing technology, the abnormal expression of SERPINE1 has been detected in various tumors and its role in tumors has attracted great attention. SERPINE1 has been reported to induce tumor migration, invasion, angiogenesis and thereby promote the progression and metastasis of tumors (24, 25). For example, SERPINE1 was reported to be elevated in the gastric adenocarcinoma tissues and its upregulation enhanced the invasive and proliferative capacities of tumor cells by regulating epithelial-mesenchymal transition (EMT) (26). Moreover, SERPINE1 was identified as a regulator of glioblastoma cell dispersal and downregulation of SERPINE1 limited the proliferation and invasion of glioma cells (27). However, the specific molecular mechanisms underlying these phenotypes caused by SERPINE1 in gliomas still remain obscure.

In this study, the LGG cohort data from the TCGA database was mined to screen the prognostic immune‐related genes for the LGGs. SERPINE1 was finally determined as our research objective. The association between the expressions and clinical features of SERPINE1were analyzed via using the LGG RNA-seq data from the TCGA and CGGA database. To better elucidate the biological mechanisms of SERPINE1, we carried out the gene co-expression analysis, GSEA, immune-cell infiltration correlation analysis, and immune checkpoints correlation analysis in the LGG cohort. Finally, we proved that SERPINE1 served as an oncogene in the LGGs and might be a novel potential target for glioma immunotherapy.



Materials and Methods


Data Collection and Processing

The TCGA RNA-seq data and corresponding phenotype data of LGG samples were downloaded from UCSC Xena website (http://xena.ucsc.edu/). Samples with incomplete information and duplicates were removed. Stromal scores and immune scores were calculated by the ESTIMATE algorithm for each sample (28). RNA-seq data and corresponding clinical information used for further validation were downloaded from the CGGA database (29, 30). Batch effects were removed using the “sva” Bioconductor package (31). We extracted the following clinical characteristics for this study: gender, age, survival status, survival time, tumor grade, IDH status. The glioma tissue chip was purchased from the Shanghai Outdo Biotech Co. Ltd (Shanghai, China), which contained 30 LGG cases (Lot No.: XT16-017).



Screening Differentially Expressed Genes (DEGs)

All LGG patients were divided into high/low groups according to the immune scores and stromal scores. We screened the DEGs between the high and low score groups using the “limma” R package, with the thresholds of p-value<0.05 and log2|fold change|> 1 (32). The intersections of these DEG sets were showed by Venn diagram (http://bioinformatics.psb.ugent.be/webtools/Venn/).



Functional Enrichment Analysis

Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis and gene ontology (GO) analysis were performed using the Bioconductor package “clusterProfiler” to identify the possible pathways and functions of the DEGs (33). GO analysis included three categories: cellular component (CC), biological process (BP), and molecular function (MF). Metascape database was utilized to conduct functional enrichment analysis for the top 500 SERPINE1 positively correlated genes (34). The terms with p-value<0.05 were considered statistically significant.



PPI Network, GSEA, GSVA, and ROC

The protein-protein interaction (PPI) network was constructed using the STRING online tool (35) and visualized by Cytoscape software (V3.7.1) (36). Gene set enrichment analysis (GSEA) was performed using GSEA software (V 4.1.0). The false discovery rate (FDR)<0.05 was considered statistically significant. Gene set variation analysis (GSVA) was performed via R software (37). The receiver operating characteristic (ROC) curves were constructed using “survivalROC” package (38).



Tumor-Infiltrating Immune Cells

To calculate the abundance of 22 immune cell types in each LGG sample, we submitted the gene expression data to the CIBERSORT website (https://cibersort.stanford.edu/) and performed the CIBERSORT deconvolution algorithm (39). The results with p-value<0.05 were considered statistically significant.



Immunohistochemistry (IHC)

PAI-1 and cell markers were detected by immunohistochemistry (ICH) that was conducted with the standard protocol. Rabbit anti-PAI1 antibody was purchased from ZEN-BIOSCIENCE (Chengdu, Sichuan, China), and other primary antibodies were purchased from Affinity Biosciences LTD. Secondary antibody (HRP conjugated Goat Anti-Rabbit IgG) was purchased from Servicebio Technology Co. Ltd (Wu Han, China). Primary antibodies and secondary antibody were respectively diluted at a ratio of 1:50 and 1:200. The staining intensity of each staining area was categorized into four-level: negative staining (scored 0), weak staining (scored 1), moderate staining (scored 2), strong staining (scored 3). And the area of each staining intensity was measured respectively. We quantified the results of tissue microarray immunohistochemistry staining using histochemistry score (H-score). H-score = (percentage of weak staining area ×1) + (percentage of moderate staining area ×2) + (percentage of strong staining area ×3).



Statistical Analysis and Plot Generation

The R software (Version 4.0.3), GraphPad Prism 8 software (Version 8.0.2), and Adobe Illustrator software (Version 24.0.2) were used to perform statistical analysis and generate figures. Kaplan-Meier survival analysis was performed using the “survival” (https://CRAN.R-project.org/package=survival) and “survminer” (Version: 0.4.8) R packages. Wilcoxon rank-sum test was used to compare the median values between the variables. The Cox regression model was used for univariate and multivariate analyses. We calculated the correlations between the different variables via the Spearman correlation test. In all statistical tests, p-value<0.05 was considered statistically significant. The plots were generated by R packages: “ggplot2” (Version: 3.3.2), “ggpubr” (Version: 0.4.0), “pheatmap” (Version: 1.0.12), “VennDiagram” (Version: 1.6.20), “enrichplot” (40), “survivalROC” (Version: 1.0.3), “vioplot” (Version: 0.3.5), “corrplot” (Version: 0.84).




Results


Relationship Between The Immune, Stromal, ESTIMATE Scores and the Clinical Characteristics of the LGG Patients

The gene expression profiling data and clinical information of 533 LGG samples were downloaded from the TCGA database (https://www.cancer.gov/tcga). Three samples, including TCGA-TQ-A7RS-01A, TCGA-CS-5390-01A, and TCGA-R8-A6YH-01A, were excluded from our study cohort for lack of complete clinical information. Since 18 patients in the cohort corresponded to multiple sample information, we thus merged these repeated gene expression profiles after taking the average. Ultimately, a total of 508 LGG patients were enrolled in our study, and their clinical informations were presented in Table 1. Based on the ESTIMATE algorithm, the immune scores varied from -1676.002 to 2477.026, the stromal scores ranged from -1769.170 to 1710.690, and the ESTIMATE scores (ESTIMATE score is the sum of the immune score and stromal score of each sample, which reflects the purity of the tumor. The higher the ESTIMATE score, the lower the purity of the tumor.) were distributed between -3422.599 and 3762.907 (Supplementary Table 1). We subsequently sorted the 508 LGG cases into high-score and low-score groups according to the median value of these scores. Kaplan-Meier analysis indicated that the cases with low immune (p=0.004), stromal (p=0.001), and ESTIMATE (p=0.007) scores exhibited longer overall survival than those with high scores (Figures 1A–C). We further analyzed the associations between these scores and the clinical characteristics of the LGG patients. The results showed that the WHO grade III and IDH wild-type LGG patients exhibited higher immune, stromal, and ESTIMATE scores, although the immune score was not statistically significant between the IDH groups (Figures 1D–I). No significant differences also appeared in age and gender subgroups (Supplementary Figures 1A-F).


Table 1 | Demographic and clinicopathologic characteristics of the LGG patients enrolled in this study.






Figure 1 | Relationship between the immune, stromal, ESTIMATE scores and the clinical characteristics of the LGG patients. (A) Kaplan-Meier survival analysis of LGG patients in high and low immune-score groups. (B) Kaplan-Meier survival analysis of LGG patients in high and low stromal-score groups. (C) Kaplan-Meier survival analysis of LGG patients in high and low ESTIMATE-score groups. (D–F) The distribution of immune score, stromal score, ESTIMATE score in tumor grades. (G–I) The distribution of immune score, stromal score, ESTIMATE score in IDH status. P-value < 0.05 was considered statistically significant.





Identification of the Differentially Expressed Genes (DEGs) Based on the Immune and Stromal Scores of the LGGs

To identify the DEGs, the LGG patients were classified into the high-score and low-score groups based on the immune and stromal scores above. The DEGs were subsequently screened by comparing the gene expression profiles of the high-score and low-score groups, with a threshold of the absolute value of fold change > 2 (FDR<0.05). A total of 1264 up-regulated genes and 1028 down-regulated genes were selected in the high immune score group (Figure 2C and Supplementary Table 2). 1513 up-regulated genes and 518 down-regulated genes were chosen in the high stromal score group (Figure 2D and Supplementary Table 2). The “pheatmap” package was then employed to plot the heatmap, which exhibited the expression distribution of the DEGs between the high-score and low-score groups (Figures 2A, B). The intersected genes that were upregulated or downregulated in both immune and stromal groups were selected for further investigation (Figures 2E, F). Ultimately, a total of 1113 up-regulated genes and 463 down-regulated genes were included for the subsequent research.




Figure 2 | Identification of the differentially expressed genes (DEGs) based on the immune and stromal scores of the LGGs. (A, B) Heatmaps showing the distribution patterns of differentially expressed genes based on immune and stromal scores. The darker the red color, the higher the gene expression was. The deeper the blue color, the lower the gene expression was. (C, D) Volcano plots of significantly differentially expressed genes based on immune and stromal scores (|lg FC|>1, p < 0.05). Blue dots represented significantly down-regulated genes, and red dots represented significantly up-regulated genes. (E, F) Venn plots showing the overlapping DEGs between immune and stromal groups. (G) Bubble plot of GO enrichment analysis of DEGs. (H) Bubble plot of KEGG enrichment analysis of DEGs. Node size represented the number of DEGs contained in the corresponding GO/KEGG term, and the node color denoted the p-value. P-value<0.05 was considered statistically significant.



To validate the potential functions of these 1576 DEGs, we performed Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genome (KEGG) pathway analyses. As presented in the bubble plot, the top GO terms enriched by these DEGs included T cell activation (BP), regulation of lymphocyte activation (BP), external side of plasma membrane (CC), and immune receptor activity (MF) (Figure 2G). On the other hand, the KEGG enrichment analysis indicated that the 1576 DEGs were predominantly enriched in the pathways of cytokine-cytokine receptor interaction, phagosome, and chemokine signaling pathway (Figure 2H). From the enrichment analysis results above, these DEGs were mainly involved in a varied range of biological processes and pathways associated with immune responses. Considering that these DEGs were obtained based on the immune and stromal cell scores, we thus identified the 1576 DEGs as immune-related genes (IRGs).



Screening of Target Genes

Initially, to gain the hub genes within the 1576 DEGs, the protein-protein interaction (PPI) network was constructed using the STRING database and visualized by Cytoscape software (v3.7.2) (Supplementary Figure 2). 46 hub genes in the network were identified by two algorithms (Stress and Betweenness) in the cytoHubba plugin of Cytoscape software (Figures 3A, B). Secondly, we conducted a univariate Cox regression analysis for the TCGA cohort to identify the genes correlated with the overall survival of the LGG patients. Of the 1576 DEGs that were analyzed, 54 genes were significantly associated with the prognosis of the LGG patients (p<0.001) (Figure 3C). Finally, the intersection of the 54 prognostic genes and the 46 hub genes led to the identification of SERPINE1 and TIMP1 (Figure 3D). Based on the online GEPIA2 database (http://gepia2.cancer-pku.cn/#index), the expression of TIMP1 was not significantly different between the LGG and normal brain tissues (Supplementary Figure 3A), which implied a minor role of TIMP1 as a biomarker for the LGGs. Therefore, SERPINE1 was selected as the target gene for the later study.




Figure 3 | Screening target genes. (A) The network of top 50 hub genes screened by CytoHubba Stress algorithm. (B) The network of top 50 hub genes screened by CytoHubba Betweenness algorithm. Node size indicated its connectivity (the larger the node, the more proteins interacted). Node color indicated gene ranking (top-ranked genes colored by relatively darker color). (C) Forest plot showing hazard ratios with p‐values and 95% CI measured by univariate Cox regression analysis. The dashed line marked hazard ratio=1. Red boxes represented unfavorable prognosis genes, and blue boxes remarked favorable prognosis genes. CI, confidence interval. (D) Venn plots showing the intersected genes between hub genes and survival-related genes.





The Expressions of SERPINE1 Increased With the Grades of Gliomas and Was Upregulated in the IDH Wild-Type LGGs

The analysis based on the GEPIA2 database indicated that SERPINE1 was significantly upregulated in the LGG samples compared with the normal brain tissues (Supplementary Figure 3B). We subsequently examined the expression patterns of SERPINE1 in the LGGs using the RNA-seq data from the TCGA database, which was further validated by the RNA-seq data in the CGGA database. The CGGA RNA-seq datasets that included 693 and 325 glioma samples were collected and merged after the batch effects by the “sva” package were removed (Supplementary Figure 3C). We ultimately selected the 575 LGG samples with the complete follow-up information from the merged dataset for our research (Table 1).

We found that the expression of SERPINE1 was comparatively higher in higher-grade tumors and patients of more advanced age. In the TCGA and CGGA cohorts, WHO grade III gliomas showed higher levels of SERPINE1 mRNA than WHO grade II gliomas (p<0.001, respectively) (Figures 4A, C). The older LGG patients tended to express higher levels of SERPINE1 mRNA (Supplementary Figure 3D) but failed to be validated in the CGGA cohort (Supplementary Figure 3F). It is well known that IDH status influences the prognosis of gliomas, among which IDH wild-type gliomas often associated with a worse survival rate (41). We thus determined the expression patterns of SERPINE1 based on IDH status. The results showed that the expression of SERPINE1 was significantly upregulated in the IDH wild-type gliomas in comparison to the IDH-mutant gliomas (Figures 4B, D). No significant difference in SERPINE1 mRNA levels was indicated by gender (Supplementary Figures 3E, G). In a word, the above results suggested that the expression of SERPINE1 was positively correlated with the malignancy of gliomas.




Figure 4 | The expressions of SERPINE1 increased with the grades of gliomas and was upregulated in the IDH wild-type LGGs. (A, C) SERPINE1 was highly expressed in WHO grade III glioma. (B, D) SERPINE1 was significantly elevated in IDH wild-type glioma.





SERPINE1 High Expression Predicted an Unfavorable Prognosis in the LGG Patients

To investigate the prognostic value of SERPINE1 for LGG patients, we collected the clinical and gene expression profile data from the TCGA and CGGA databases. The baseline of the patient characteristics was presented in Table 1. Firstly, the patients were divided into high and low expression groups based on the median value of SERPINE1 mRNA. The subsequent Kaplan-Meier analysis indicated that the high SERPINE1 expression group had shorter overall survival in all the LGG patients (P<0.001) (Figure 5A). Similar results were achieved in the WHO grade II patients (P=0.011) and WHO grade III patients (P<0.001) from the TCGA cohort (Figures 5B, C). In line with the results from the TCGA dataset, the patients with higher SERPINE1 expression also exhibited shorter overall survival in the CGGA dataset (P<0.001 for all LGGs, P=0.042 for WHO grade II gliomas, and P<0.001 for WHO grade III gliomas) (Figures 5D–F). Additionally, the univariate and multivariate Cox analysis of the TCGA and CGGA cohorts indicated that age, tumor grade, corticosteroids treatment, IDH status, 1p19q status, as well as SERPINE1 expression could serve as independent prognostic factors in patients with LGG (Table 2). Moreover, we performed receiver operating characteristic (ROC) curve analysis to assess the predictive ability (1-, 3-, 5-year overall survival) of SERPINE1 in LGG. The areas under the ROC curve (AUC) for 1-year survival were 0.819 in the TCGA cohort, 0.654 in the CGGA cohort; 3-year survival were 0.753 in the TCGA cohort, 0.697 in the CGGA cohort; 5-year survival were 0.677 in the TCGA cohort, 0.688 in the CGGA cohort (Figures 5G, H). All in all, the above results suggested that SERPINE1 could be an important prognostic biomarker for LGG patients.




Figure 5 | SERPINE1 high expression predicted an unfavorable prognosis in the LGG patients. (A, D) Kaplan-Meier overall survival analysis of SERPINE1 expression in all LGG patients. (B, E) Kaplan-Meier overall survival analysis of SERPINE1 expression in patients with grade II glioma. (C, F) Kaplan-Meier overall survival analysis of SERPINE1 expression in patients with grade III glioma. (G, H) ROC curve analysis of SERPINE1 in LGG patients. P-value < 0.05 was considered statistically significant.




Table 2 | Univariate analysis and multivariate analysis of overall survival in the LGG cohort.





The Potential Functions of SERPINE1

To better understand the potential functions of SERPINE1, we examined the correlation between SERPINE1 and other genes in the LGG gene expression profile through the online database LinkedOmics (Figure 6A and Supplementary Table 3) (42). The top 500 positively correlated genes were selected to perform enrichment analysis through the Metascape online tools. As presented in Figures 6B–D, these genes were primarily enriched in extracellular matrix organization, myeloid leukocyte activation, blood vessel development, response to wounding, and T cell activation, some of which exhibited immunologic characteristics.




Figure 6 | The potential functions of SERPINE1. (A) Heatmap of SERPINE1 positively correlated genes. (B) Bar graph showing the top 20 enriched terms of SERPINE1 positively correlated genes. The color depth denoted the p-value. Network plot of enriched terms: (C) each node represented one enriched term colored by its cluster ID; (D) colored by p-value. GSEA enrichment analysis of SERPINE1 in LGG datasets: (E) the KEGG pathways enriched in high SERPINE1 expression group of TCGA dataset; (F) CGGA dataset. P-value < 0.05 was considered statistically significant.



Gene set enrichment analysis (GSEA) was subsequently utilized to distinguish the signaling pathways involved in the LGGs between the high and low SERPINE1 expression groups. Significant difference was demonstrated (FDR<0.05) in the MSigDB collection enrichment (c2.Cp.Keg.v7.2.symbols). As shown in Figures, antigen processing and presentation, B cell receptor signaling pathway, chemokine signaling pathway, cytokine cytokine receptor interaction, natural killer cell mediated cytotoxicity, primary immunodeficiency, T cell receptor signaling pathway, and Toll-like receptor signaling pathway were enriched in the SERPINE1 high expression group from the TCGA cohort (Figure 6E and Supplementary Table 4). Similar results were obtained in the CGGA dataset (Figure 6F and Supplementary Table 4), evidently suggesting that SERPINE1 might serve as a crucial factor in regulating immune-related biological processes and pathways in the glioma microenvironment.



SERPINE1 Regulated the Infiltration of Immune Cells in the LGGs

Considering that SERPINE1 might play a role in regulating immune-related responses in the LGGs, the abundance of 22 types of infiltrating immune cells in the TCGA (Figure 7A) and CGGA datasets (Figure 7C) were examined via using the CIBERSORT algorithm. The results showed that NK cells, monocytes, and macrophages accounted for a reasonably large proportion of the 22 immune cell types, which might suggest close involvements of these three cell types in the development of LGGs. And the correlations among 22 types of infiltrating immune cells were weak to moderate in the LGG cohort. Clearly, M2 macrophages presented highly negative correlations with activated mast cells, and eosinophils positively correlated with activated mast cells (Supplementary Figures 4A, B). By comparing the proportion of each immune cell type between high- and low-SERPINE1 expression groups, we found that the groups with high-SERPINE1 expression in both of the TCGA and CGGA datasets exhibited relatively low level of monocytes infiltration and high level of infiltration of M0 macrophages and naive CD4+ T cells (Figures 7B, D). In addition, Spearman correlation analysis found that SERPINE1 expression was significantly associated with the infiltration of several immune cell types in LGG. In both of TCGA and CGGA datasets, SERPINE1 expression was positively correlated with the infiltration of M0 macrophages (Figures 7E, I), neutrophils (Figures 7F, J), follicular helper T-cells (Figures 7G, K), and negatively correlated with the infiltration of monocytes (Figures 7H, L). Supplementary Figures 4C-J presented other immune cells related to SERPINE1 expression. Then, we performed ICH staining to identify the content of TAMs (CD68, CD163), neutrophils (CD66b, MPO), monocytes (HLA-DR, CD14), and follicular helper T-cells (CXCR5, ICOS) in LGG tissues. The results showed that the content of TAMs and neutrophils in the PAI-1 high expression group was significantly higher than that in the PAI-1 low expression group (Supplementary Figures 5A, B). Between the two groups, there was no significant difference in the infiltration of monocytes and follicular helper T-cells (Supplementary Figures 5C, D). Altogether, it was suggested that SERPINE1 expression did influence the immune cell infiltration in the LGG microenvironment, especially the macrophages and neutrophils.




Figure 7 | SERPINE1 regulated the infiltration of immune cells in the LGGs. The immune infiltration landscape of LGGs: (A, C) bar plots showing the proportion of 22 immunocyte types in TCGA dataset and CGGA dataset. (B, D) Violin plots showing the differences in the proportion of 22 immunocyte types between SERPINE1 high and low expression groups. Red colors represented the group with SERPINE1 high expression; green color represented the group with SERPINE1 low expression. The SERPINE1 expression was positively correlated with the infiltration of M0-type macrophages (E, I), neutrophils (F, J), follicular helper T cells (G, K), and negatively associated with monocytes (H, L). P-value < 0.05 was considered statistically significant.





SERPINE1-Related Inflammatory Responses

Considering the important role of inflammation in host immune reaction to the tumor as well as tumor immunotherapy, we further analyzed the associations between SERPINE1 and different inflammatory responses. Therefore, seven clusters of metagenes (Supplementary Table 6), representing different types of inflammatory and immune responses, were selected to analyze the association between SERPINE1 and different inflammatory responses (43). The expression pattern of these metagenes in the TCGA dataset was presented in the Figure 8A. As showcased in the heatmap, SERPINE1 expression positively correlates with HCK-, Interferon-, LCK-, MHC_I-, MHC_II-, and STAT1-related genes but negatively with IgG-related genes. To verify the result of heatmap analysis, we convert the expression data of these metagenes into enrichment scores via Gene set variation analysis (GSVA). Then, the correlogram was used to display the correlation between seven inflammatory metagene signatures and SERPINE1 (Figure 8C). This analysis showed that SERPINE1 was positively related with the signature of HCK, Interferon, LCK, MHC_I, MHC_II, and STAT1 but was negatively associated with IgG, a marker for B lymphocytes activities. Moreover, the analysis based on the CGGA dataset gave identical results (Figures 8B, D).




Figure 8 | SERPINE1-related inflammatory responses in LGG. (A, C) Heatmaps showing the relationship between SERPINE1 and seven metagenes in TCGA and CGGA datasets. (B, D) Correlogram showing the correlation between SERPINE1 and seven metagenes in TCGA and CGGA datasets.





Correlation Analysis Between SERPINE1 and Immune Checkpoints

According to the above study, SERPINE1 was not only identified as an immune-related gene but might affect the infiltration of immune cells in the TME. Considering that suppressive mechanisms in the TME exerted a critical role in the immune evasion of glioma cells (19), we took a step further to explore the potential association between SERPINE1 and some crucial immune checkpoints. Spearman correlation analysis was used to analyze the correlation between SERPINE1 and the immune checkpoint-related genes, including PD-1, PD-L1, PD-L2, CTLA4, TIM-3, IDO1, B7-H4, and LAG3. Correlation matrix plots indicated that SERPINE1 was correlated significantly with several immune checkpoints in the TCGA (Figure 9A) and CGGA dataset (Figure 9B). Notably, SERPINE1 showed significant positive relationships with PD-1, PD-L1, and PD-L2 both in TCGA and CGGA datasets. Moreover, Kaplan-Meier survival analysis demonstrated that LGG patients with low levels of SERPINE1 and PD1 exhibited appreciably longer overall survival than those with high levels of SERPINE1 and PD1 expression (Figures 9C, F). Similar results were obtained in the analysis of SERPINE1 combined with PD-L1(Figures 9D, G) and PD-L2(Figures 9E, H). In short, these results indicated that SERPINE1 and some immune checkpoints such as PD-1, PD-L1, PD-L2 might act synergistically in the progression of LGGs.




Figure 9 | Correlation analysis between SERPINE1 and immune checkpoints. (A, B) Correlation matrix plots of SERPINE1 and major immune checkpoints in the TCGA dataset and CGGA dataset. (C, F) Kaplan–Meier survival analysis in LGG patients stratified by SERPINE1 and PD-1 expression. (D, G) Kaplan–Meier survival analysis in LGG patients stratified by SERPINE1 and PD-L1 expression. (E, H) Kaplan–Meier survival analysis in LGG patients stratified by SERPINE1 and PD-L2 expression. P-value < 0.05 was considered statistically significant. *p-value ≤ 0.05; **p-value ≤ 0.01; ***p-value ≤ 0.001.






Discussion

Treatments of LGGs have remained a huge challenge to clinicians due to the aggressive nature and high risk of recurrence (44). Although tremendous efforts have been made to improve the clinical outcome, the prognosis of LGG patients has not been substantially improved in the last decades (45, 46). Therefore, it is necessary to develop novel treatment strategies for glioma patients. In recent years, immunotherapy for gliomas has attracted increasing attention to scientists, based on the continuous in-depth research on the immune TME. For example, some studies have corroborated that combination of PD-1 blockade and local radiotherapy prolonged the survival time of an orthotopic glioma mouse model (47). However, due to the immunosuppressive microenvironment in glioblastoma, PD-1/PD-L1 checkpoint blockades have not made breakthroughs in glioblastoma treatment (48). And the detailed molecular mechanisms of the immune responses in the glioma microenvironment have not been clarified, which greatly limits the development of effective immunotherapies to treat gliomas. This study investigated the TME of LGGs and screened out the prognosis-related immune genes based on the TCGA and CGGA databases, which may provide a new perspective to find potential therapeutic targets for gliomas.

In the screening phase, we used the ESTIMATE algorithm to calculate the immune cell and stromal cell scores for each LGG sample from the TCGA database. We found that high immune or stromal scores tended to predict poor prognosis. WHO grade III or IDH wild-type gliomas, as expected, had higher immune and stromal scores. Similar results were observed in the research of glioblastoma and osteosarcoma (49, 50). These results evidently confirmed that the infiltrative level of immune and stromal cells was correlated with tumor malignancy and prognosis. Subsequently, based on the immune and stromal scores, 1576 differentially expressed genes were screened out. GO and KEGG pathway enrichment analyses further verified a close involvement of these DEGs in the immunologic processes. Additionally, out of the 1576 DEGs, 54 survival-related genes were obtained by the univariate Cox regression analysis, and 46 hub genes were filtered out through the cytoHubba plugin in Cytoscape software. In this way, the target gene SERPINE1 was ultimately selected at the intersection of the survival-related genes and hub genes.

SERPINE1 encodes plasminogen activator inhibitor type 1 (PAI-1), which serves as the primary inhibitor of urokinase plasminogen activator (uPA) and tissue-type plasminogen activator (tPA) (23). Previous studies have primarily focused on its role in thrombosis. However, in recent years, high-throughput sequencing results showed that SERPINE1 was aberrantly overexpressed in various types of tumors. It has also been reported that SERPINE1 was mainly produced by stromal cells in the TME and thus might exert its tumor-promoting function by regulating the interactions between tumor cells and the microenvironment (51). Currently, SERPINE1 as a tumor-promoting factor has been studied in breast cancer, gastric cancer, and head and neck squamous cell carcinoma. For instance, Yang et al. reported that SERPINE1 was an independent predictor of poor prognosis for gastric adenocarcinoma and it promoted tumor cell proliferation, migration, and invasion by regulating epithelial-mesenchymal transition (EMT) (26). Likewise, both in vivo and in vitro experiments confirmed that SERPINE1 knock-down could inhibit glioma growth and invasiveness (27). Nevertheless, the molecular mechanisms of SERPINE1 were still obscure in gliomas, particularly its regulatory mechanisms in the TME of gliomas.

We subsequently analyzed the expression characteristics of SERPINE1 in the LGGs based on the TGCA, CGGA, and GEPIA2 databases. Compared with the normal brain tissues, SERPINE1 was significantly upregulated in the LGGs. Besides, the expression levels of SERPINE1 were higher in the WHO grade III or IDH wild-type gliomas. According to the previous studies, high grade or IDH wild-type gliomas are often associated with poor prognosis (52). As a result, it was rational to hypothesize that SERPINE1 was a tumor-promoting factor and positively correlated with the malignancy of LGGs. Kaplan-Meier analysis indeed indicated that higher SERPINE1 expression predicted shorter overall survival in the LGG patients. ROC analysis further revealed that SERPINE1 could function as a sensitive indicator predicting one-year, three-year, and five-year survival rates for the LGG patients. Moreover, we found that SERPINE1 was an independent prognostic factor for overall survival using the Cox multivariate analysis. Taken together, we speculated that SERPINE1 was a valuable prognostic biomarker for the LGGs.

To further investigate the potential mechanisms of SERPINE1 in the LGGs, we examined the top 500 genes positively related to SERPINE1 in the LGGs via the LinkedOmics website. These related genes were mainly enriched in immune-response related processes, such as myeloid leukocyte activation (GO:0002274), T cell activation (GO:0042110). Besides, gene set enrichment analysis (GSEA) was performed to investigate the biological functions of SERPINE1 in the LGGs based on the TCGA and CGGA database. Likewise, the GSEA results demonstrated that many immune-response related processes existed in the group with high SERPINE1 expression. Taken together, SERPINE1 was an immune-related gene and was involved in the immune processes in the TME of the LGGs. Considering that immune-related genes often conducted their functions by regulating immune cell behaviors, we utilized the CIBERSORT algorithm to assess the proportions of 22 types of immune cells in the microenvironment of LGGs. The results showed that SERPINE1 affected immune cell infiltrations. The group with high expression of SERPINE1 harbored a higher proportion of T cells follicular helper, neutrophils, macrophages M0, and a lower proportion of monocytes. Moreover, we confirmed through ICH staining that TAMs and neutrophils were highly infiltrated in LGG with high PAI-1 expression. As we all know, immune cells are critical components of the TME and have been confirmed to influence tumor behavior and patient prognosis (53). Although tumor-associated microglia/macrophages (TAMs) accounted for the higher proportion of all infiltrating immune cells in the glioma TME, their capacities were not sufficient to cause antitumor immune responses (54). On the other hand, they could secrete copious amounts of anti-inflammatory cytokines to develop an immunosuppressive microenvironment (54, 55). Likewise, neutrophil was known to activate immune response and mediate tissue damage in the inflammatory response, however, tumor-associated neutrophils (TANs) exerted an immunosuppressive role in the TME (56). The activation and recruitment of neutrophils could directly or indirectly affect the recruitment and differentiation of the TAMs, which was important for tumor progression and the maintenance of the TME (57). Moreover, there was initial evidence suggesting that PAI-1 can affect the biological behavior of inflammatory cells. For example, Sakamoto et al. (58) found that PAI-1 that abnormally elevated in esophageal squamous cell carcinoma (ESCC) could promote macrophage infiltration by the Akt and Erk1/2 signaling pathways. And studies indicated that PAI-1 could assist IL-8-mediated neutrophil infiltration via inhibiting IL-8/Heparan Sulfate/Syndecan-1 Complex shedding on endothelial cell surfaces (59). In the analysis of SERPINE1 and seven immune metagenes, we found that SERPINE1 expression was particularly correlated with macrophage- and T-cell-related, but not B cell-related immune responses. These results suggested that SERPINE1 is a negative prognostic factor for LGG and plays an important role in the regulation of immune responses. Thus, we speculated that the negative effects of SERPINE1 on the LGGs might be associated with the infiltrations of macrophages and neutrophils.

In this study, SERPINE1, as an immune-related gene, was screened out and was confirmed to affect immune cell infiltrations in the LGG microenvironment. Given the importance of immunotherapy in gliomas, we took a step further to analyze the correlation between SERPINE1 and immune checkpoint genes in the TCGA- and CGGA-LGG datasets. Indeed, SERPINE1 exhibited significant correlations with the immune checkpoints, especially PD-1, PD-L1, and PD-L2, and might synergize with them. It has been demonstrated that the interaction of PD-1 and PD-L1 was a critical mechanism for tumor cells to evade immune surveillance. Blockade of PD-1/PD-L1 could enhance the anti-tumoral T cell immune responses (60). Pembrolizumab and nivolumab, the PD-1 immune checkpoint inhibitors, have received FDA approval for the treatment of metastatic melanoma and non-small-cell lung cancer (61). Moreover, ACT001, which directly targeted PAI-1, has been reported to suppress glioma cell proliferation, migration, and invasion via inhibiting the PI3K/AKT pathway (62). Whether ACT001 and pembrolizumab/nivolumab have synergistic effects in the treatment of gliomas will be the subject of our future research.

In summary, we screened SERPINE1 in the immune-related differential genes and further explored its expression features and biological functions in the LGG cohorts through bioinformatic analysis. The results indicated that SERPINE1 could not only act as a prognostic biomarker but also function as a potential therapeutic target for gliomas.
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Supplementary Figure 1 | Relationship between the immune, stromal, ESTIMATE scores and the clinical characteristics of the LGG patients. (A–C) The distribution of immune score, stromal score, ESTIMATE score at different ages. (D–F) The distribution of immune score, stromal score, ESTIMATE score in different genders. P-value<0.05 was considered statistically significant.

Supplementary Figure 2 | Protein-protein interaction (PPI) network of DEGs visualized by Cytoscape software (v3.7.2) (Confidence score=0.97). Node size indicated its connectivity (the larger the node, the more proteins interacted). Red nodes represented upregulated genes, while blue nodes downregulated genes.

Supplementary Figure 3 | (A) The difference in TIMP1 expression between LGG samples and normal brain samples was not statistically significant. (B) SERPINE1 expression was significantly higher in LGG samples than in normal brain samples. (*represent p-value<0.05) (C) The batch effect between mRNAseq_693 dataset and mRNAseq_325 dataset from the CGGA database was removed by the “sva” R package. (D, F) The expression level of SERPINE1 mRNA in LGG at different ages. (E, G) The expression level of SERPINE1 mRNA in LGG in different genders. P-value<0.05 was considered statistically significant.

Supplementary Figure 4 | (A, B) Correlation matrix plots of 22 immunocyte types in TCGA dataset and CGGA dataset. (C–E) Immune cells related to SERPINE1 expression in TCGA dataset. (F–J) Immune cells related to SERPINE1 expression in CGGA dataset. P-value<0.05 was considered statistically significant.

Supplementary Figure 5 | (A) The biomarkers of TAMs (CD68, CD163) were detected by immunohistochemistry staining in LGG samples. (B) The biomarkers of neutrophils (CD66b, MPO) were detected by immunohistochemistry staining in LGG samples. (C) The biomarkers of monocytes (CD14, HLA-DR) were detected by immunohistochemistry staining in LGG samples. (D) The biomarkers of follicular helper T-cells (CXCR5, ICOS) were detected by immunohistochemistry staining in LGG samples.
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Background

Programmed cell death 10 (PDCD10) plays a crucial role in regulating tumor phenotyping, especially in glioblastoma (GBM). Glioma-associated microglia/macrophages (GAMs) in tumor pathological microenvironment contribute to GBM progression. We previously found that the infiltration of GAMs was associated with PDCD10 expression in GBM patients. The present study aims to further explore the regulation of PDCD10 on GAMs in GBM.



Methods

Overexpression of PDCD10 in human- and murine-GBM cells was established by lentiviral transduction. Cell behaviors and polarization of primary microglia, microglia- and macrophage-like cells were investigated through indirect co-culture with GBM cells in vitro respectively. The PDCD10-induced release of chemokines was identified by a chemokine protein array. The cross-talk between GBM and microglia as well as macrophages was further studied using selective antagonist SB225002. Finally, an orthotopic homograft mouse model was employed to verify the results of in vitro experiments.



Results

Indirect co-culture with PDCD10-overexpressed GBM cells promoted proliferation and migration of microglia- and macrophage-like cells, and stimulated pro-tumorigenic polarization of primary microglia, microglia- and macrophage-like cells. Pdcd10-upregulated GBM cells triggered a nearly 6-fold increase of CXC motif chemokine ligand 2 (CXCL2) release, which in turn activated CXC chemokine receptor 2 (CXCR2) and downstream Erk1/2 and Akt signaling in primary microglia, microglia- and macrophage-like cells. The blockage of CXCR2 signaling with specific inhibitor (SB225002) abolished microglia- and macrophage-like cell migration induced by PDCD10-upregulated GBM cells. Moreover, Pdcd10-upregulated GL261 cells promoted GAMs recruitment and tumor growth in vivo.



Conclusion

Our study demonstrates that overexpression of PDCD10 in GBM recruits and activates microglia/macrophages, which in turn promotes tumor progression. CXCL2-CXCR2 signaling mediated by PDCD10 is potentially involved in the crosstalk between GBM cells and GAMs.
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Introduction

Glioblastoma (GBM) is the most common primary malignant tumor in central nervous system, accounting for 57.3% of gliomas with poor prognosis (1). Five-year survival rate is only 6.8% despite the combine application of aggressive surgical resection, chemotherapy and radiation (2). Characterized as a heterogeneous neoplasm, tumor microenvironment (TME) in GBM consists of various types of cells including tumor cells, endothelial cells, tumor-associated microglia/macrophages (TAMs) and numerous soluble factors like cytokines. TAMs, which are also named as glioma- associated microglia/macrophages (GAMs), account for up to 30% of tumor mass in human GBM (3). The interaction between tumor cells and TME modulated tumor progression (4). GAMs are composed of resident microglia and monocyte-derived macrophages (MDMs) which enter the brain through the compromised blood brain barrier under pathologic status (5). Accumulating evidences suggest that TAMs play a crucial role in tumorigenesis and progression (6, 7). The accumulation and activation of GAMs in GBM niche promoted tumor growth and invasion, while depletion of GAMs inhibited tumor growth (8, 9). Novel therapeutic strategies targeting TAMs have achieved a curative effect in various cancers in vitro (10, 11). However, these medications did not improve the patient prognosis (7). The infiltration of TAMs in tumors was mediated by numerous chemotactic factors produced by tumor cells and TME cells including C-C motif ligand 2 (CCL2), CX3C chemokine ligand 1 (CX3CL1), stromal cell-derived factor-1 (SDF-1), colony-stimulating factor-1 (CSF-1) and periostin (POSTN) etc. (12). These facts raised our consideration to define a novel therapeutic approach targeting the interaction of tumors and GAMs.

Programmed cell death 10 (PDCD10), originally named TF-1 cell apoptosis related gene 15, is also known as cerebral cavernous malformation 3 (CCM3) (13). Mutations of CCM3 resulted in human familial cerebral cavernous malformation. PDCD10 is widely expressed in various types of cells, such as astrocyte, neuron, endothelial cells and tumor cells. PDCD10 is the component of striatin-interacting phosphatase and kinase (STRIPAK) complex, plays an important role in the modulation of germinal center kinases III activity, vascular endothelial-derived growth factor receptor 2 (VEGF-R2) internalization, Golgi assembly and cell polarity (14). Endothelial loss of PDCD10 promoted cell proliferation, migration, sprouting and tube formation (13). In central nerve system, PDCD10 played a critical role in neuron-glial unit and neo-neuron migration (15, 16). Pdcd10-deficiency in gut epithelium augmented CCM formation in a mouse model, indicating the PDCD10 function in a gut-brain axis (17). Altered expression of PDCD10 had been reported in various tumors including breast cancer, prostate cancer, bladder cancer etc., playing dual function in tumor progression and chemo-therapy resistance (18–20).

The function of PDCD10 in GBM is still unclear. Previous report indicated that loss of PDCD10 in GBM activated tumor cell behaviors and mediated chemotherapy resistance (21). However, clinical data from The Cancer Genome Atlas (TCGA) shows that PDCD10 is upregulated in GBM patients, revealing a positive correlation with poor prognosis (Figure S1). We focused on PDCD10 function and reported previously a paracrine mechanism triggered by endothelial-PDCD10 (22). Most recently, we found that GAMs infiltration was positively correlated with PDCD10-positive staining in specimens generated from GBM patients, which was consistent with the findings from TIMER database described in Figure S2. Taken together, we assumed that PDCD10 in GBM played a role in the recruitment and activation of GAMs. To this end, we performed indirect co-culture experiments and employed an orthotopic homograft mouse model to investigate the underlying mechanism. As a result, we demonstrate overexpression of PDCD10 in GBM recruits and activates microglia/macrophages, which in turn promotes tumor progression. CXC motif chemokine ligand 2/CXC motif chemokine receptor 2 (CXCL2-CXCR2) signaling mediated by PDCD10 is potentially involved in the crosstalk between GBM cells and GAMs.



Material and Methods


GBM Patients’ Samples

Thirty-four specimens were obtained from patients who underwent surgical treatments from 2015 to 2018 in Tongji Hospital and histologically confirmed as GBM postoperatively. This study was approved by Ethical Committee of Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology in accordance with the Helsinki Criteria. Informed consent was obtained from all individual patients included in this study.



Animals

C57BL/6J mice used for isolation of primary microglia or for orthotopic homograft implantation were purchased from SPF Biotechnology Co. Ltd., Beijing, China. C57BL/6J mice of mixed sex were bred and kept in the animal center of Tongji Medical College, Huazhong University of Science and Technology. All the experiments were performed following the ARRIVE (Animals in research reporting in vivo experiments) Guidelines and were approved by the Committee on Animal Research of Tongji Medical College, Huazhong University of Science and Technology.



Cell Culture and Mouse Primary Microglial Isolation

Murine GBM cell line GL261 (National Cancer Institute, Frederick, USA), microglia-like cell line BV2 and human GBM cell lines U251 (China Center for Type Culture Collection, CCTCC, Wuhan, China), murine monocyte/macrophage cell line RAW264.7 and human GBM cell lines U373 (American Type Culture Collection, ATCC, Manassas, USA) were cultured in Dulbecco’s modified Eagle’s medium (DMEM, Gibco, Carlsbad, USA) supplemented with 10% fetal bovine serum (FBS, Gibco), 200 mM glutamine, 50 units/ml penicillin and 50 μg/ml streptomycin. Human monocyte cell line THP1 (ATCC) were cultured in RPMI1640 (Gibco) with 10% FBS and 200 mM glutamine. To perform following experiments, THP1 was pretreated with phorbol myristate acetate (PMA, Sigma-Aldrich, St. Louis, USA) 100 ng/ml for 2 days, to obtain differentiated macrophage-like cells (THP1-mac).

Mouse primary microglia was isolated from neonatal C57BL/6J mice. Briefly, the forebrains were completely digested by 0.125% trypsin and DNase (Sigma) and centrifuged at 1500 rpm for 15 min. The cell pellet was suspended in culture medium and filtrated with a 40 μm cell filter (Millipore, Darmstadt, Germany). Then, the cell mixture was incubated in a poly-L-lysine pre-coated flask for 14 days. Microglia detached after shaking flask at 220 rpm for 1 h at 37 °C. The supernatant containing microglia was collected and centrifuged (1000 rpm for 5 min). Then, microglia were routinely cultured in DMEM with10% FBS. Iba1 staining was used for verification of isolated primary microglia.



Human PDCD10 and Murine Pdcd10 -Upregulated GBM Cell Line Generation

The lentiviral vectors for human PDCD10 (oxPDCD10, Cat#29650-13) and murine Pdcd10 (oxPdcd10, Cat#43748) and corresponding empty vectors (LVCON238 for human species, Ch and LVCON254 for murine, Cm) were purchased from GenePharma, Shanghai, China. The infection of lentiviral-PDCD10/Pdcd10 and corresponding controls in human (U251 and U373) and murine GBM cell lines (GL261) was respectively performed according to manufacturer’s instructions. After selection by 2 μg/μl puromycin (Sigma), the PDCD10 upregulation was confirmed by RT2-PCR and Western Blot.



Cell Proliferation, Migration and Cell Morphology Study

The conditioned medium (CM) and control medium (C) were prepared from oxPDCD10/oxPdcd10 and corresponding empty vectors transducted GBM cells respectively. Briefly, the same number of GBM cells was incubated in culture dishes with equal volume of DMEM supplemented with 10% of FBS and 200 mM glutamine for 48 hours. Then, the media were harvested, centrifuged and used for the following experiments. Cell behavior studies were performed by incubation with CM or control medium. For cell proliferation assay, 5.0 x 103 cells were seeded into 96-well-plate with respective media derived from GBM cells. After 72 hours incubation, the cell proliferation was detected by CCK8 reagent (Boster Biological Technology, Pleasanton, USA). To perform scratch assay, 5.0 x 105 cells were seeded in 6-well-plate overnight. A thin stripe was scratched by a pipette tip. Then, cells were incubated with CM or control medium for 24 hours. The migrated area was photographed by a microscope (Olympus Corporation, Tokyo, Japan). For transwell assay, 3 x 106 PDCD10/Pdcd10-upregulated- or control-GBM cells with corresponding medium was added into 24-well-plate. Then, 1.0 x 105 cells were suspended and seeded in the inserts of transwell system (8 μm pore, Corning Life Sciences, NY, USA), which was placed in 24-well-plate. After 48 hours incubation, migrated cells were fixed with 4% of formalin and stained with crystal violet. The numbers of migrated cells were counted. The morphology of cells including primary microglia, microglia- and macrophage-like cells was observed through regular microscope. The number of spindle-shaped cells and the average length of cellular processes were measured using Image J software. To determine whether inhibition of CXCR2 signaling suppressed microglia- and macrophage-like cell migration induced by oxPDCD10-GBM cells, SB225002 (Cat#S7651, Selleck Chemicals, Houston, USA), a selective CXCR2 antagonist, was used with optimized concentrations. Generally, each in vitro experiment was performed for at least 3 times with 3 technical replicates.



RT2-PCR and Western Blot

RNA extraction was performed using Axygen AxyPrep Kit (Corning Life Sciences) according to the manufacture’s protocol. cDNA was synthesized using PrimeScript RT Kit (Takara Bio Inc., Shiga, Japan). The PCR reaction was performed using TB Green kit (Takara Bio Inc.) with standard procedure in CFX Systems (Bio-Rad, Hercules, USA). Sequences of human and mouse primers were shown in Supplemental Data (Table S1). Relative expression of target genes was quantified using 2-ddCt method, normalized to the reference gene.

Protein extraction and Western blot were carried out as previous description (22). The following antibodies was used: PDCD10, GAPDH (each 1:1000 dilution, Abcam, Cambridge, UK), Iba1 (1:500, Abcam), CXCR2 (1:500, Abclonal, Wuhan, China), p-Erk1/2, Erk1/2, p-Akt and Akt (each 1:1000 dilution, Cell signaling technology, Danvers, USA).



Protein Array

The protein array was carried out using a mouse chemokines array kit (Cat#: ARY020, R&D Systems, Minneapolis, USA). Two identical membranes precoated with antibodies against 25 different chemokines were incubated with media derived from oxPdcd10- and control-GL261 cells respectively. The following procedure was performed according to the manufacturer’s instructions. The semi-quantification of the dots was analyzed by ImageJ software.



Immunohistochemical (IHC) and Immunofluorescent (IF) Staining

IHC and IF staining were respectively performed according to the protocols described in our previous publication (22). We did use PBS and related lysis buffer to perfuse blood cells before IHC and IF for GAMs. For IHC-staining, the sections were incubated with primary antibodies as follows: PDCD10 (1:200) and anti-Iba1 (1:200). Images were acquired by an Olympus microscope. To perform double-IF staining, the following primary antibodies mixtures were applied on the sections: PDCD10 (anti-rabbit, 1:200) and Iba1 (anti-goat, 1:200); CXCR2 (anti-rabbit, 1:100) and Iba1 (anti-goat, 1:200). Negative control sections were incubated with nonimmune IgG. Slides were counterstained with DAPI (1:500). The images were acquired using a confocal microscope (LSM800, Carl Zeiss, Jena, Germany).



Orthotopic Homograft Mouse Model

An orthotopic homograft model was employed by using 6-8 weeks old and mixed sex C57BL/6J mice (20-25 g). Mice were given oxPdcd10- (oxPdcd10) or control-GL261 cells (C) by cerebral orthotopic injection using mouse intracranial stereotactic injection system (RWD, Shenzhen, China). Briefly, mice were anesthetized and immobilized by a head holder. After skin incision, the skull was drilled at the point which located at 1mm anterior and 1.5 mm lateral to the bregma. Then, 2 μl cell suspension containing 3 x 105 cells was slowly injected into the brain by a microsyringe. The needle was slowly retracted and the skin was sutured by a surgical histoacryl. To evaluate whether inhibition of CXCR2 signaling reduced in vivo microglia/macrophages recruitments induced by oxPDCD10-GL261 cells, mice were intraperitoneally injected with SB225002 (5 mg/kg, Selleck Chemicals) daily, beginning on the eighth day after implantation for a whole period of 21 days. Twenty-eight days after implantation, the mice were sacrificed. The brain containing homograft tumors were totally removed and prepared for further studies. Iba1-positive cells were quantified using Image J software in high magnification images.



Statistical Analysis

The statistical analysis was performed using IBM SPSS 23.0 software. Data was described as mean and standard deviation (Means ± SD). Student’s t-test and ANOVA were respectively used for analyzing the differences between two groups and multiple groups. Pearson’s correlation analysis was used to determine the correlation between two groups. Statistical significance was established as p<0.05.




Results


PDCD10 Overexpression in GBM Patients Was Positively Correlated With Infiltration of GAMs

The PDCD10 and Iba1 expression in human GBM specimens was detected by Western Blot. The semi-quantification of the blots demonstrated a positive correlation between PDCD10 and Iba1 expression (p<0.01) (Figure 1A). Moreover, IHC-staining on adjacent slices from different GBM patients showed that Iba1-labelled cells were dominantly observed in those patients with high expression of PDCD10 (Figure 1B). Scatter plot analysis indicated a positive correlation between the quantification of PDCD10- and Iba1-positive cells (p<0.05) (Figure 1B). In addition, the altered expression of PDCD10 in different areas of single slice was also observed by IF-staining (Figure 1C left panel). Notably, the Iba1-labelled GAMs were dominantly detected in the area with massive PDCD10 expression (Figure 1C middle and right panel).




Figure 1 | The expression of PDCD10 in glioblastoma (GBM) patients displayed a positive correlation with the infiltration of glioma-associated microglia/macrophages (GAMs). (A) Western blot of PDCD10 and Iba1 in GBM patients. Representative blots showed the expression of PDCD10 and Iba1 in GBM patients. Semi-quantification of the blots revealed a positive correlation between PDCD10 and Iba1 expression. (B) Immunohistochemical staining of PDCD10 and Iba1 on the adjacent sections of GBM patients. Quantitative analysis revealed that the number of GAMs was positively correlated with that of PDCD10-positive staining cells. (C) Immunofluorescent staining of PDCD10 and Iba1 in representative GBM patient. The altered immunoreactivity of PDCD10 (left panel) and Iba-1 (middle panel) were identified in various tumor regions. As shown in double staining (right panel), a massive number of Iba1-labelled GAMs (red) was observed in high PDCD10-immunoreactivity (green) areas. *p< 0.05; **p< 0.01.





Cultured Medium From PDCD10-Upregulated GBM Cells Activated Microglia and Macrophages In Vitro

To explore the effect of PDCD10 in GBM on microglia and macrophages in vitro, two PDCD10-overexpressed human GBM cell lines was established (oxPDCD10-U251 and oxPDCD10-U373) (Figures 2A, B). THP1-mac cells cultured with CM derived from oxPDCD10-U251 (p<0.001) and oxPDCD10-U373 (p<0.01) showed a significantly higher proliferation rate than that with the corresponding control media (Figure 2C). Increase of migration ability in THP1-mac cells mediated by oxPDCD10-U251 (p<0.01 and p<0.001 respectively) and oxPDCD10-U373 (p<0.05, respectively) were identified by scratch assay (Figure 2D) and transwell assay (Figure 2E) respectively. After incubation with medium derived from oxPDCD10-GBM cells, most THP1-mac cells displayed a morphological change (Figures 2F, G), revealing a spindle-shaped cell type as well as a longer cellular process in THP1 cells (p<0.001, respectively). Further studies shown in Figure 2H  revealed that a significant increase in IL-10, IL-6, arg-1 (p<0.001) and NOS2 (p<0.05) was detected in CM-treated THP1-mac cells, indicating a pro-tumorigenic polarization induced by oxPDCD10-CM.




Figure 2 | Overexpression of PDCD10 in human GBM cells activated macrophages in vitro. Human GBM cell lines (U251 and U373) were transducted by lentivirus vectors containing human PDCD10 (oxPDCD10) and empty vector (Ch) respectively. (A, B) PDCD10 overexpression was confirmed by RT2-PCR (A) and Western blot (B). Macrophage-like cells (THP1-mac) were generated by the treatment of human THP1 cells with 100 ng/ml prorbol myristate acetate. Then, cells were incubated with conditioned medium (CM) and control medium derived from oxPDCD10- (oxPDCD10) and control-GBM cells (C) respectively. (C) Cell proliferation was detected by CCK-8 assay. (D, E) Cell migration was measured by scratch assay and transwell assay. For scratch assay (D), migrated area of THP1-mac cells was measured 48 hours after scratching. To perform transwell assay (E), THP1-mac cells were seeded into the insert of transwell system with serum-free medium. CM or control medium was added into the lower chamber. After incubation for 24 hours, the migrated cells were counted after crystal violet staining in a high magnification. (F, G) THP1-mac cell morphology study. After incubation with medium derived from oxPDCD10-U251 (F) or oxPDCD10-U373 (G) GBM cells, most THP1-mac cells displayed a morphological change including a higher percentage of spindle-shaped cell type as well as a longer cellular process (arrowheads). (H) The relative gene expressions in THP1-mac cells were detected by RT2-PCR. ++p<0.01 and +++p<0.001, compared with Ch; *p<0.05, **p < 0.01 and ***p < 0.001, compared with (C).



Subsequently, we performed similar experiments using murine cells. Upregulation of Pdcd10 was established by lentiviral-Pdcd10 transduction in murine GBM cell line GL261 (Figures 3A, B). A significant increase of cell proliferation was detected in BV2 and RAW264.7 after incubation with medium derived from oxPdcd10-GL261 cells for 72 hours (p<0.01, respectively) (Figure 3C). Scratch assay reveled a 1.8- and 1.4-fold increase of migrated area in BV2 and RAW264.7 cells treated with oxPdcd10-CM compared with the corresponding controls (p<0.01, respectively) (Figure 3D). Furthermore, more migrated cells were detected in oxPdcd10-CM treated BV2 and RAW264.7 cells in comparison with control medium treated cells by transwell assay (p<0.001, respectively) (Figure 3E). To evaluate the morphological and functional change in microglia and macrophages, mouse primary microglia and macrophage-like cells (RAW264.7) were respectively incubated with culture medium (Blank), control GL261-medium (C) and oxPdcd10-GL261 medium (oxPdcd10) for 24 hours. Unstimulated primary microglial and RAW264.7 cells in blank group displayed a round-shape without protrusions (left panel of Figures 3F, G). In comparison with blank group, more spindle-shaped cells with longer process were observed in control- and oxPdcd10-groups (p<0.001, respectively). In particular, medium generated from oxPdcd10-GL261 induced a more visible morphological change in both primary microglia and RAW264.7 than that in corresponding control groups (p<0.001) (Figure 3F). IF-staining of Iba1 in primary microglia suggested a similar cell morphological change after treatment by medium from oxPdcd10-GL261 (Figure 3G). As shown in Figure 3H, a heat-map was used to illustrate the change of the related markers in murine primary microglia, BV2 and RAW264.7 cells. In detail, IL-10, IL-6 and arg-1 were significantly elevated after oxPdcd10-CM treatment in comparison with control (p<0.05).




Figure 3 | Overexpression of Pdcd10 in murine GBM cells activated microglia and macrophages in vitro. (A, B) Stable upregulation of Pdcd10 in murine GBM cell line GL261 (oxPdcd10) was established by the transduction of lentivirus vector. The control cells (Cm) were transducted with empty vector. The PDCD10 upregulation was confirmed at mRNA (A) and protein levers (B). The murine microglia-like cell line (BV2), macrophage-like cell line (RAW264.7) and primary microglia (microglia) were used in the following experiments. (C) Medium derived from oxPdcd10-GL261 cells (CM) promoted cell proliferation in BV2 and RAW264.7 cells. Cell proliferation was detected by CCK-8 assay. (D, E) CM activated cell migration in BV2 and RAW264.7 cells. For scratch assay (D), BV2 and RAW264.7 cells was seeded in a 6-well-plate followed by media replacement with CM and control medium (C) retrospectively. 48 hours after scratching, the migrated area was automatic calculated by image J software. The transwell assay (E) was performed using BV2 and RAW264.7 cells. Cells were suspended with serum-free media and seeded into upper insert. CM or control medium was added into the lower chamber. (F) The morphological features of primary microglia and RAW264.7 cells. Primary microglia mostly displayed a round-shaped morphology with short cellular processes (left panel). Both CM and control medium induced a spindle-shaped morphologic transformation in both primary microglia and RAW264.7 cells (middle and right panel). In particular, significantly more spindle-shaped cells and longer cellular processes (arrowheads) were identified in both primary microglia and RAW264.7 cells incubated with CM. (G). Immunofluorescent staining of Iba1 in microglia showing morphological change induced by CM treatment More spindle-shape microglia were observed in CM-treated group. Scar bar = 20 μm. (H) CM induced phenotype polarization in primary microglia, BV2 and RAW264.7 cells. Various gene expressions were detected by RT2-PCR and showed in a heat-map (black box indicated statistic difference). ++p <0.01 and +++p < 0.001, compared with Cm; **p < 0.01 and ***p < 0.001, compared with C; ###p < 0.001, compared with blank.





Upregulation of Pdcd10 in GBM Increased Microglia/Macrophages Recruitment and Promoted Tumor Growth In Vivo

GL261 (C) and oxPdcd10-GL261 cells (oxPdcd10) were orthotopically implanted into mice brain. Stable overexpression of PDCD10 in vivo was confirmed by Western blot (p<0.01) (Figure 4A), IHC- (Figure 4B) and IF-staining of PDCD10 (Figure 4E). At 28 days after implantation, the maximum diameter of tumor mass was larger in oxPdcd10-mice than that in control mice (p<0.01) (Figure 4C). To evaluate the microglia/macrophage recruitment, two sectional areas of interest including tumor edge (Figure 4D) and tumor core (Figure 4E) were examined. Of note, IF-staining of Iba1 (green) revealed a significantly more microglia/macrophage infiltration in peri-tumor area and tumor edge (p<0.001, respectively) (Figure 4D) in oxPdcd10-group, suggesting a potential chemotaxis effect mediated by PDCD10 on microglia/macrophages which migrated from normal brain tissue towards homograft tumors. As shown in Figure 4E, the number of infiltrated microglia/macrophages in tumor core was larger in oxPdcd10-group than that in control group (p<0.001), and a positive correlation was revealed between PDCD10 expression and infiltration of microglia/macrophages, which was consistent with our findings in GBM patients. Intriguingly, the aggressive tumor growth and increase of microglia/macrophage recruitments induced by Pdcd10 upregulation were reversed by the treatment with SB225002 (Figures 4C–E).




Figure 4 | Overexpression of Pdcd10 in murine GBM cells recruited microglia/macrophages and promoted tumor growth in vivo. Mice were cerebral orthotopic implanted with oxPdcd10- (oxPdcd10) or control-GL261 cells (C) (n = 8 for each group). The whole brain was removed 28 days after implantation. (A) The stable PDCD10 overexpression was confirmed by Western blot. (B) Immunohistochemical staining demonstrated PDCD10 overexpression in homograft tumors. Scale bar = 100 μm. (C) Overexpression of Pdcd10 promoted homograft tumor growth, which was reversed by SB225002 treatment. Representative photos showed the homograft tumors (dot-line) in control-, oxPdcd10-mice, and SB225002 treated oxPdcd10-mice. Scale bar = 5 mm. HE-staining demonstrated that homograft tumor (arrows) in oxPdcd10 group was larger than that in control group. After treatment with SB225002, the increase of tumor volume was reduced. (D) Pdcd10 overexpression in GL261 cells recruited microglia/macrophages, which was attenuated by SB225002 treatment. Substantial Iba1-positive cells (green) were detected in tumor edge and peri-tumor area (dot-line indicated tumor margin). The lower photos were the enlargement of white box in the upper images respectively. (E) Microglia/macrophages infiltration in tumor core induced by Pdcd10 overexpression was also attenuated by SB225002 application. Double-staining of PDCD10- (red) and Iba1 (green) in tumor core. Scar bar = 50 μm. (F) CXCR2 activation in microglia/macrophages mediated by Pdcd10 upregulation was abolished by SB225002 treatment. Immunoreactivity of CXCR2 (green) was merely detected in cells without Iba1-staining (red, arrowheads) in control mice. Co-labelling of Iba1 and CXCR2 (orange, arrows) was significantly detected in oxPdcd10-tumors. The box (middle photo) was magnified to show the co-localization of CXCR2 and Iba1. Scar bar = 20 μm. **p<0.01 and ***p<0.001, compared with C, #p < 0.05, ##p < 0.01 and ###p < 0.001, compared with oxPdcd10.





Upregulation of PDCD10 in GBM Cells Promoted CXCL2 Release, Which in Turn Activated CXCR2 Signaling in Microglia and Macrophages

To explore the underlying mechanism of PDCD10 in GBM on microglia and macrophages, a mouse chemokine protein array kit including 25 chemokines was used. The dot-blots reflecting protein expression were shown in Figure 5A. After semi-quantification, eleven detected chemokines were listed in Figure 5B. Among them we outlined that CXCL2 was the one of greatest upregulated chemokines. Then, we further examined the expression of CXCR2 in primary microglia, microglia- and macrophage-like cells. Notably, a significant upregulation in both mRNA (Figure 5C) and protein levels (Figure 5D) of CXCR2 were detected in mouse microglia, BV2 and RAW264.7 cells treated with medium from oxPdcd10-GL261 cells. Similarly, CXCR2 expression in human THP1-mac cells was upregulated after incubation with oxPDCD10-CM than that with control medium (Figures 5E, F). Additionally, double-staining of Iba1 and CXCR2 in sections generated from homograft tumors demonstrated an increased expression of CXCR2 on microglia/macrophages in oxPdcd10-tumors than control (Figure 4F), while this effect was reversed by SB225002 application (Figure 4F).




Figure 5 | Upregulation of Pdcd10 in murine GBM cells triggered the release of CXCL2 that in turn activated CXCR2 on microglia and macrophages. (A) Different expression of various chemokines in media derived from Pdcd10-overexpressed or control-GL261 cells (oxPdcd10 or C) was detected by a mouse chemokine array kit. (B) Semi-quantification of the dot-blots. CXCL2 was demonstrated as a nearly 6-fold increase in oxPdcd10-medium than that in control medium. (C, D) Detection of CXCR2 in murine BV2, RAW264.7 and primary microglia. (C) RT2-PCR and (D) Western blot demonstrated that CXCR2 was upregulated in murine primary microglia, BV2 and RAW264.7 in oxPdcd10-group. (E, F) CXCR2 in human THP1-mac cells was detected at mRNA (E) and protein levels (F). *p < 0.05, **p < 0.01 and ***p < 0.001, compared with Cm. #p < 0.05 and ##p < 0.01, compared with Ch.





Treatment of SB225002 Suppressed CXCR2 Activation and Cell Migration of Microglia and Macrophages Induced by PDCD10-Upregulated GBM Cells

Murine BV2 and RAW264.7 cells were co-cultured with media from oxPdcd10-GL261 (oxPdcd10) and control GL261 cells (C) respectively. SB225002, a selective CXCR2 antagonist, was applied to BV2 and RAW264.7 cells with optimized concentrations. As a result, the migrated area induced by oxPdcd10-CM was reduced by 27% in BV2 cells (p<0.05) and 43% in RAW264.7 cells (p<0.01) after the administration of 80 nM SB225002 (Figure 6A). For transwell assay, both 40 nM and 80 nM of SB225002 were applied. As shown in Figure 6B, the number of migrated cells induced by oxPdcd10-CM was significantly reduced by SB225002 treatment (BV2:p<0.05 and p<0.01, RAW264.7: p<0.001 and p<0.001, for 40 nM and 80 nM SB225002 application respectively). Additionally, human THP1-mac cells treated with medium from oxPDCD10-GBM cells also showed a significant increase of migration ability (p<0.001, respectively), which was attenuated by the application of optimized concentration of SB225002 respectively (p<0.05, respectively) (Figures 6C, D).




Figure 6 | SB225002 treatment suppressed CXCR2 activation and cell migration in microglia and macrophages induced by PDCD10-upregulated GBM cells. Cell migration was detected in murine BV2 and RAW264.7 cells (A, B) and in human THP1-mac cells (C, D). For scratch assay (A, C), cells were treated with 40 nM or 80 nM SB225002 for 48 hours. To perform transwell assay (B, D), 40 nM or 80 nM SB225002 was used for cell treatment for 24 hours. CXCR2 and downstream signaling pathways in human THP1-mac (E) murine primary microglia, BV2 and RAW264.7 cells (F) were detected by Western blot. *p < 0.05, **p < 0.01 and ***p < 0.001, compared with Cm; SB225002 treatment suppressed CXCR2 activation and cell migration in #p < 0.05, ##p < 0.01 and ###p < 0.001, compared with oxPdcd10; &&p < 0.01, &&&p < 0.001, compared with Ch; +p < 0.05, ++p < 0.01 and +++p < 0.001 compared with oxPDCD10.



Moreover, the signaling pathway was verified by Western blot. As shown in Figures 6E, F, the upregulated CXCR2 expression mediated by oxPdcd10/oxPDCD10-GBM cells was identified in primary microglia, microglia- and macrophage-like cells respectively, which were abolished upon SB225002 treatment in different concentrations. Following the activation of CXCR2, the phosphorylation of Erk1/2 and Akt were significantly elevated, which was subsequently reversed following the SB225002 application in a dose-dependent manner.




Discussion

In the past few years, the role of PDCD10 in regulating endothelial angiogenesis and apoptosis were well studied (13). However, there was remarkable controversy regarding the role of PDCD10 in human malignant tumors. Previous reports revealed that PDCD10 in malignant tumors exerted dual functions through a cell-type dependent manner (23, 24). Until now, the role of PDCD10 in GBM is still not clear. A recent publication demonstrates that loss of PDCD10 in GBM promotes cellular behaviors and tumor progression (21). However, the TCGA data raise obvious controversy revealing that PDCD10 is upregulated in GBM, and associated with poor prognosis (Figure S1). PDCD10 triggered a paracrine manner, which in turn affects GBM cells (22), indicating an important role of PDCD10 in pathological TME. It is well known that accumulative evidence demonstrates that TAMs play a pivotal role in regulation of tumor progression. Based on the paracrine mechanism and the direct interaction between tumor cells and TAMs, our present study aimed to explore the potential impact of PDCD10 in GBM on GAMs and the underlying mechanism. In summary, our study revealed that ①upregulation of PDCD10 is positively correlated with GAMs infiltration in GBM patients; ②upregulation of PDCD10 in GBM cells recruits and activates murine primary microglia, microglia- and macrophage-like cells in vitro and promotes tumor growth in vivo; ③PDCD10-overexpressed GBM cells increases the release of CXCL2, which activates CXCR2 and downstream Akt and Erk1/2 signaling in primary microglia, microglia- and macrophage-like cells.

GAMs are mainly composed of resident microglia and MDMs. Most previous publications demonstrated that cellular distribution and function of resident microglia and MDMs are similar, and accordingly it was difficult to discriminate them (25, 26). However, recent studies revealed tiny differences in their distributions. MDMs occupy a dominant proportion and are observed in all areas of tumor mass with an extremely high distribution in close proximity to vessels, while resident microglia are often confined to tumor border areas and absent from the tumor core in GBM. These reports also employed flow cytometry or histology to discriminate GAMs by using different markers, such as P2ry12, Tmem119 for microglia and Emilin2, Mertk for MDMs (25, 27, 28). In the present study, we performed indirect co-culture experiments by using various human and murine cells to understand the possible interaction between GBM and microglia and macrophages. Considering the possible differences between residual microglial and MDMs, to avoid the bias, we used macrophage-like (THP1-mac and RAW264.7 from human and murine respectively) and microglia-like cell lines (BV2 from murine) as well as murine primary microglia to confirm our consumption. For instance, the following interaction groups including two human oxPDCD10-GBM cell lines (U251 and U373) and THP1-mac, murine oxPdcd-GBM cell line (GL261) and three microglia as well as macrophages (primary microglia, BV2 and RAW264.7), were used to perform multiple cellular behavior studies. Intriguingly, incubation of microglia- and macrophage-like cells with medium derived from PDCD10/Pdcd10-upregulated GBM cells promoted cell proliferation and migration in vitro. The GAMs polarization and the related morphological change were still uncertain. Generally, M0 morphological status of microglia/macrophage displays a round-shape with little protrusions without any stimuli. Amoeboid- and spindle-shape with elongated cellular processes is characterized as M1 or M2 polarization (29–32). GAMs in GBM are usually polarized into M2-phenotype, exerting anti-inflammatory function and promoting tumor progression (33). However, some previous reports indicated that co-cultures with GBM cells resulted in an amoeboid shape change in most microglia cells, which in turn play anti-inflammatory function like M2 macrophage (34, 35). In our study, we demonstrated that oxPDCD10-CM induced a larger number of M2-phenotype cells than that induced by control medium. Additionally, a significantly increased transcription of M2-markers, such as IL-10, IL-6 and arg-1 was detected in oxPDCD10-CM cultured primary microglia, microglia- and macrophage-like cells, suggesting that overexpression of PDCD10 in GBM triggered a pro-tumorigenic phenotype polarization. Subsequently, we employed an orthotopic homograft mouse model to evaluate the impact of GBM PDCD10 on microglia/macrophages in vivo. Compared with subcutaneous tumor model, this model provides similar cerebral microenvironment for tumor growth in vivo mimicking pathological status in patients. Moreover, this model also avoided the inflammatory reaction induced by xenograft-tumor, which might influence the evaluation of microglia/macrophages recruitment and activation as well as xenograft tumor growth. As a result, PDCD10 expression in homograft tumor was positively associated with the number of infiltrated microglia/macrophages in both tumor edge and tumor core. Since the cellular function of microglia and MDMs possibly differs, the discrimination and respectively functional analysis of them are urged in our further study. In addition, we found that oxPdcd10-mice raised a much bigger tumor mass, suggesting that the recruitment of microglia/macrophages might contribute to GBM growth.

Numerous chemotactic factors in tumor pathological circumstance were identified to function in tumor progression. By binding to corresponding receptors, they activate various types of cells including TAMs, endothelial and tumor cells etc. Previous reports demonstrated that TAMs recruitment and activation by various chemotactic factors are crucial process in tumor progression (12, 36). In the present study, we demonstrated that oxPdcd10-GL261 cells facilitated more than 2-fold release of CCL8, CX3CL1, CXCL10, CCL5 and CXCL2. Of them, CXCL2 was dominantly increased by nearly 6-fold, which attracted our attention to focus on the related signaling pathways. CXCL2 mediates biological functions by interacting with corresponding receptor CXCR2 and activates downstream signaling, such as PI3K/Akt, PLC/PKC, MAPK/p38, ras/Erk1/2 and STAT3 etc (37). CXCR2 is dominantly expressed on TAMs, and plays a role in tumor progression through paracrine manner (10, 38). However, CXCR2 mediated autocrine loop is also demonstrated in tumor pathology. In our study, we found that CXCR2 and its downstream signaling, both Akt and Erk1/2, were activated in both microglia and macrophages after the treatment of oxPDCD and oxPdcd GBM medium, resulting in a significant increase of cell migration. The related enhancements could be abolished by specific CXCR2 inhibitor application. Moreover, IF-staining of CXCR2 demonstrated that the activation of CXCR2 was identified not only in oxPdcd10-GBM recruited microglia/macrophages but also in oxPdcd10-GBM cells. More intriguingly, treatment of mice with SB225002 inhibited CXCR2 signaling in both microglia/macrophages and tumor cells (Figure 4F). Thus, we assumed that CXCL2-CXCR2 resulted in tumor growth in vivo might through both autocrine and paracrine manner.

Taken together, PDCD10 in GBM promotes microglia/macrophages recruitment by increasing cell migration ability, and induces pro-tumorigenic polarization through a paracrine CXCL2-CXCR2 signaling pathway. All these effects finally contribute to an aggressive tumor progression. Thus, our study provides evidence that PDCD10 might be an oncogene which highly involved in GBM pathology.
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Extracellular vesicle (EV) secretion is a ubiquitous cellular process with both physiologic and pathologic consequences. EVs are small lipid bilayer vesicles that encompass both microvesicles and exosomes and which are secreted by virtually all cells including cancer cells. In this review, we will focus on the roles of EVs in mediating the crosstalk between glioblastoma (GBM) cells and innate and adaptive immune cells and the potential impact on glioma progression. Glioma-derived EVs contain many bioactive cargoes that can broaden and amplify glioma cell mediated immunosuppressive functions and thereby contribute to shaping the tumor microenvironment. We will discuss evidence demonstrating that the low oxygen (hypoxia) in the GBM microenvironment, in addition to cell-intrinsic effects, can affect intercellular communication through EV release, raising the possibility that properties of the tumor core can more widely impact the tumor microenvironment. Recent advances in glioma-derived EV research have shown their importance not only as message carriers, but also as mediators of immune escape, with the capacity to reprogram tumor infiltrating immune cells. Exploring EV function in cancer-immune crosstalk is therefore becoming an important research area, opening up opportunities to develop EV monitoring for mechanistic studies as well as novel diagnostic glioma biomarker applications. However, robust and reproducible EV analysis is not always routinely established, whether in research or in clinical settings. Taking into account the current state of the art in EV studies, we will discuss the challenges and opportunities for extending the many exciting findings in basic research to a better interpretation of glioma and its response to current and future immunotherapies.
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Introduction

Since the first comprehensive histomorphological description of glioblastoma multiforme (GBM) by Rudolf Virchow in the 19th century, it still remains a challenge not only to comprehensively describe its “multiforme” features, but also to develop effective treatments. Extensive research in brain cancer, particularly the most aggressive primary brain cancer GBM, has led to only modest progress in prolonging the median lifespan of patients from the time of diagnosis. GBM forms a complex and heterogeneous microenvironment that is composed of both cancerous and non-cancerous cells including endothelial cells, immune cells, glioma stem-like cells (GSCs), and astrocytes. The complexity of the GBM tumor microenvironment (TME) is further enhanced by hallmark features of solid tumors, such as low oxygenation (hypoxia). Tumor hypoxia drives malignancy by promoting chemo- and radiotherapy resistance, an immunosuppressive microenvironment, cancer cell stemness, angiogenesis, and metabolic modulation (1–3). These features most likely contribute to the tumor recurrence in most patients receiving standard-of-care consisting of surgical resection followed by chemo-radiotherapy (4). Indeed, in silico analyses showed that high expression of a recently defined hypoxia signature was highly correlated with poor prognosis of GBM patients (5).

Cells comprising GBM tumors use different communication routes that facilitate tumor progression. They include direct cell interactions through membrane receptors and their ligands, and the release of soluble factors, such as cytokines, chemokines, and metabolites. Recently, extracellular vesicles (EVs), as a new means of intercellular communication, have drawn much attention due to their ability to carry various bioactive molecules that are responsible for altering expression of tumor promoting and tumor suppressing genes in recipient cells. In this review, we will look at the spectrum of research that has established EVs as prominent actors in the pathophysiology of GBM, focusing on GBM-derived EV influence on immune cells of the tumor microenvironment. We will discuss how these findings could be extrapolated to a better interpretation of GBM and its response to current and future immunotherapies. We will also consider how EVs can be implicated in novel diagnostic, prognostic, and predictive glioma biomarker applications.



Biogenesis, Release, Cargo and Uptake

EVs are defined as phospholipid-bilayer enclosed extracellular spherical structures that can vary in size from 30 nm to a few µm. EVs are secreted by multiple cell types and are involved in intercellular communication between neighboring or distant cells through the transfer of their cargo from the donor to recipient cells. EV release is generally constitutive, but it can also be influenced by pathological conditions such as cancer, and by immune responses. Two important mechanisms influence not only the subtype of the vesicles secreted, but also their cargo composition. The first mechanism is used by cells to secrete exosomes or small vesicles (30-150nm) and starts with the formation of early endosomes (Figure 1). Early endosomes, during their maturation towards late endosomes or multi-vesicular bodies (MVBs), start to accumulate intraluminal vesicles (ILV) through endosomal membrane invaginations. Late endosomes or MVBs subsequently fuse with lysosomes and thus promote ILV destruction, or they can fuse with the cell membrane, releasing ILVs into the extracellular space. The second mechanism of EV formation is through direct budding of the plasma membrane straight to the extracellular space. The vesicles formed by this mechanism are called microvesicles or medium/large vesicles (100–1,000 nm). Although microvesicles are released by many cell types during normal and pathological processes, there are still many unanswered questions regarding their functions. A size based categorization is useful to simplify the study of EVs, but further analysis of EV subpopulations is needed in order to identify their biological properties. Indeed, there are other vesicles that are formed in a similar way that do not fall in the category of microvesicles or exosomes, but which are considered as an important mediator of extracellular interactions. Apoptotic bodies (50–2,000 nm), released from cells entering apoptosis, contain proteins, fragments of DNA, mRNAs and non-coding RNAs (6, 7). A separate class of EVs, oncosomes and large oncosomes, has also been described. They are defined as cancer cell-derived EVs that contain cancer specific molecules, such as oncogenic proteins or nucleic acids. Whether these EVs are indeed different type of vesicles is a question that needs to be answered by investigating their biogenesis and detailed functions. EV nomenclature is controversial, since there are no totally specific markers to clearly distinguish each EV biogenesis pathway, although presence of tetraspanin proteins CD63, CD9 and CD81 has been used for general characterization (8). Therefore, following the recommendations stated by the positional paper of the International Society for Extracellular Vesicles (ISEV) in 2018, EVs should rather be named according to their size: small EVs (<100 nm or <200 nm) and medium/large EVs (>200 nm) (9). Whether vesicle classification by biogenesis pathway rather than by size has a stronger biological basis or functional relevance remains to be determined. We propose that one way to resolve this is to link biogenesis pathways with cargo composition or delivery efficiency. This would give more precise EV systematization and even enable us to describe novel subtypes or distinguish targeted EVs from randomly secreted ones. However, this will be only achieved with enhanced isolation techniques, better EV structural analysis and functional analyses.




Figure 1 | Extracellular vesicle biogenesis and types. Microvesicles are formed by direct budding of the plasma membrane and release into the extracellular space. Exosome biogenesis begins with the formation of early endosomes. Early endosomes accumulate intraluminal vesicles (ILVs) through membrane shedding, leading to the formation of multivesicular bodies (MVBs). Subsequently, late endosomes/MVBs either fuse with lysosomes, in which case the ILVs will be destroyed, or else they fuse directly with the cell membrane, releasing exosomes into the extracellular space. Apoptotic bodies are shed directly into the extracellular environment by apoptotic cells. Each of these types of EVs can carry different cargos that are loaded on their membrane (proteins, glycoproteins) or packed in their lumen (proteins, DNA and RNAs). EV cargo composition can reflect donor cells (apoptotic bodies) or harbor more specifically sorted biomolecules (exosomes).



However, size matters, and the specific differences in EV size and surface molecules can impact their recognition and uptake by recipient cells. There are three major mechanisms that cells are using to take up EVs nonspecifically; endocytosis, phagocytosis and micropinocytosis. Additionally, EVs can be taken up by cell specific receptor-ligand interaction (clathrin or caveolin-mediated) (10, 11). EVs may also deliver their cargo by simple fusion with the plasma membrane (12). Once the vesicle is internalized, its cargo can be released into the cytoplasm or transported to the nucleus or the cell membrane. Nevertheless, EV internalization is not obligatory for EV functionality, since surface proteins can interact with receptors of the recipient cell plasma membrane that may lead to direct or indirect stimulation of intracellular signaling cascades. All of these specific and nonspecific mechanisms of EV uptake and interactions represent the array of possibilities for EV-mediated intercellular communication that can induce epigenetic modifications in the recipient cells by transfer of bioactive molecules. Overall, EVs are a ubiquitous communication system used by many cell types in many different organisms; however, the processes involved, and the messages carried, are highly individual. In the case of malignancy, it is becoming apparent that EV mediated communication can work alongside the mutated protein network and other oncogenic mechanisms to enable cancer cells to proliferate and sculpt their environment to facilitate tumor progression.



Role of EVs in Glioma. What Can They Do?

The GBM microenvironment consists of diverse cellular populations which have different functions and origins. It is well known that GBM cells interact with surrounding non-cancer cells to maintain a microenvironment that favors tumor proliferation, invasion of the brain, angiogenesis and immunosuppression. Multiple modes of communication are involved in this phenomenon, such as soluble factors, cell-cell (contact) interactions, metabolic disruption (nutrient utilization), and EVs. We will describe key findings showing how EVs released by GBM cells can specifically impact immune cells.

EVs are involved in the mechanisms of tumor progression and invasion in different types of cancers. In the light of these data, their relevance in GBM is being explored as a potential factor contributing to malignancy. It was calculated that a single GBM cell secretes as many as 10,000 EVs over a 48 hour period (13); the potential biological significance of this is highlighted by the fact that as few as 1,000 GBM EVs are sufficient to inhibit cytotoxicity of one T cell (our unpublished in vitro data). Of course, we should consider that in vivo the number, size and cargo of GBM EVs can vary depending on patients’ treatments (14) and local conditions in the TME, such as hypoxia (15). The EVs of GBM cells carry different molecules than those of normal glial cells (16). These molecules include cancer effector molecules (e.g., mutant oncoproteins, oncogenic transcripts and oncomiRs) and can directly or indirectly support tumor progression and immune evasion (13, 17). This can lead to physiological transformation of the cancer and the stromal cells, creating a permissive environment in which the tumor can thrive (Figure 2).




Figure 2 | GBM EVs can trigger various processes in the cells present in the tumor microenvironment. They can have an effect on neighboring cancer cells, resident brain cells (astrocytes and microglia), and on infiltrating immune cells (T cells and macrophages). However, the process is bidirectional and many of the EV-recipient tumor-suppressive cells can also secrete EVs that further suppress the antitumor functions of immune infiltrating cells and support GBM cell proliferation.



To increase the viability of tumor cells, GBM EVs can interfere with signaling pathways through the coding and non-coding RNAs they contain. The most studied RNA species transferred by EVs are the miRNAs although many other types are found (18). miRNAs are short sequence single-stranded RNAs with a major role in gene regulation (19). Several in vitro studies using microarray have shown the involvement of miRNAs (including miR-21, mir-29 miR-210, miR-148, and many others) in enhancing proliferation and inhibiting tumor cell apoptosis in GBM (20–25). mir-21 has been mostly studied as a major GBM cell regulator (26) and has also been shown to be transferred in the cargo of GBM EVs (27). In vitro suppression of miR-21 decreased proliferation and increased apoptosis in GBM cells (28). Additionally, plasma levels of mir-21 (cell-free and potentially EV-derived) were shown to correlate with glioma grade, and GBM patients with high EV associated miR-21 levels in cerebrospinal fluid (CSF) had poor prognosis (29). In addition to miRNAs, other non-coding RNA can also be transported by the EVs and can potentially affect recipient cells (18). Human GBM cells that were resistant to temozolomide transferred long non-coding RNA SBF2-AS1 via EVs to neighboring GBM cells; this endowed temozolomide resistance in the recipient cells (30). Induction of hypoxia and hypoxia induced pathways in GBM are considered as a major influence on treatment failure and strongly regulate many genes including those encoding miRNA (31, 32). Notably, many miRNAs, including miR-21, are shown to be upregulated by hypoxia in GBM (33, 34) and are proposed as potential biomarkers (35, 36).

EV cargos are not limited to coding and non-coding RNAs. EVs can be involved in protein transport or they can dysregulate the lipid balance in the cells that internalize them. EGFRvIII, PDGFR and human epidermal growth factor receptor 2 (HER2) are some of the key receptors involved in the molecular pathogenesis of GBM. GBM cells are shown to secret these proteins with EVs and transfer them to another cancer cell population, thereby promoting a malignant phenotype (17). Furthermore, EVs released by GBM cell lines were demonstrated to carry the chloride intracellular channel-1 (CLIC1) protein (37), which is important for cell cycle regulation and was reported to be associated with poor prognosis in GBM patients when highly expressed (38).

Additionally, GBM EVs were shown to modulate in vitro and in vivo migration patterns and morphology of the surrounding astrocytes, which supports the invasion and progression of GBM (39, 40). Nevertheless, EV-mediated GBM interactions with cells in the microenvironment are reciprocal in nature. For example, endothelial cell-derived EVs isolated from a GBM tumor promoted glioma cell migration (15). Similarly, GBM associated fibroblasts secreted EVs that were taken up by tumor cells to promote glycolysis (41).

An important source of EVs in the tumor is the small population of GSCs that are playing a significant role in GBM progression. Indeed, the resistance to standard-of-care chemotherapy (42) and radiotherapy (43) in GBM is facilitated by GSCs. The capacity of GSCs to thrive in harsh, hypoxic microenvironmental niches is achieved by their self-renewal and differentiation potential (44). GSCs are also involved in modulating the expression of the key components that promote tumor proliferation and survival in hypoxic and perinecrotic regions. Notably, GSCs are exerting some of these functions by a high EV secretion capacity and these EVs have substantial differences in their protein cargo profiles and activities (45). One of the mechanisms by which GSCs regulate other cells is through EV-mediated transfer of Notch1 protein that is highly enriched in their EVs (46), or by transfer of the pro-angiogenic and immunosuppressive factor VEGF-A (47). Regarding GSC chemoresistance, this is facilitated by high expression levels of specific ABC drug transporters and is also linked to their EV secretion patterns (48, 49).



Role of EVs in the Crosstalk Between Cancer Cells and Innate and Adaptive Immune Cells


Effects on Innate Immune Cells

Innate immune cells present in GBM are represented by NK cells and myeloid cells. GBM EVs were shown in vitro to inhibit NK cell expression of NKG2D activating receptor, which could potentially limit NK anti-tumor reactivity (50). For myeloid cells these comprise around one third of cells of the GBM tumor mass and include dendritic cells (DCs) monocytes, macrophages and microglia. The proportion of these tumor-associated cells has been shown to correlate with clinical outcome in GBM and other solid cancers (51). Of particular interest are macrophages that can acquire different phenotypes according to cytokines and signaling molecules of the microenvironment. Classically activated M1 macrophages are capable of phagocytosis, cytotoxicity, antigen presentation and secretion of inflammatory cytokines. In solid cancers, including GBM, it is believed that many macrophages acquire an alternatively activated M2 polarization, resulting in production of angiogenic factors, EVs, immunosuppressive molecules, and chemokines, cytokines and growth factors favoring tumor progression (52). However recent observations in GBM suggest that a non-polarized M0 status of the so-called glioma associated macrophages (GAMs) can also be identified (53). Evidence from the last few years shows that EVs released by GBM cells promote a tumor-supportive macrophage phenotype. EVs derived from GBM cell lines (U87MG) were able to modify blood-derived monocytes to M2‐like macrophages in vitro (54). Moreover, functional delivery of miR-451/miR-21 contained in GBM EVs to microglia and macrophages in vitro, as well as to macrophages in vivo, led to downregulation of miR-21 targeted c-Myc mRNA (21). Interestingly, the transcription factor c-Myc is suggested to be upregulated in M2 macrophages and to regulate murine tumor-associated macrophage (TAM) polarization (55). However, downregulation of c-Myc by GBM EV-derived miR-21 might promote a more global transition of the microglia/macrophage phenotype that leads to the expression of a distinct transcriptional program rather than modulation of just one gene. This was later confirmed in vivo using the GL261 mouse glioma model in which EV-delivered miR-21 was able to downregulate BTG2 cell cycle progression regulator, particularly in microglia cells (27). These data suggest that in vivo downregulation of the anti-proliferative effects of Btg2 by EV-delivered miR-21 could increase microglia proliferation, promote tumor growth and formation of a hypoxic microenvironment. Additionally, the release of EVs from the hypoxic zones of GBM tumors was shown to induce M2 macrophage polarization in vitro, which subsequently promoted glioma proliferation, migration and invasion. This was demonstrated to be the result of EV-mediated delivery of miR-1246 that polarized macrophages towards M2 by inhibiting NF-κB and activating the STAT3 pathway (56), which could serve as a polarization switch, as suggested for other cancers (57). Nevertheless, some of the most important mechanisms leading to tumor immune escape and tumor growth in many solid tumors, potentially including GBM, are the immune checkpoints and their ligand interactions. One such immune checkpoint molecule is Tim-3 that could be engaged by Galectin-9 (Gal-9) and lead to immunoregulatory effects (58). Indeed, EVs from CSF of patients with GBM were shown to be enriched in Gal-9, particularly in high grade gliomas; these EVs were shown to decrease antigen presenting abilities of DCs in vitro in a Tim-3 dependent manner (59). This data highlights the interest of CSF sampling to interrogate EV immunoregulatory functions, but also raises questions about the cellular origin of the EVs, which needs to be clarified in order to understand their potential roles in the in vivo tumor microenvironment. Furthermore GSC-derived EVs can potentially skew tumor infiltrating monocytes towards immunosuppressive M2 macrophages by transferring axonal guidance signaling proteins, which leads to M2-like polarization (60). The programmed cell death ligand-1 (PD-L1) expression of these M2 macrophages clearly has potential for major effects on programmed cell death 1 (PD1) expressing tumor infiltrating T cells, as discussed below.



Effects on T Cells

T cell infiltration of tumors positively correlates with better clinical outcome in many cancers [reviewed in (61)]. However, in GBM, increased inflammation, immune infiltration and activation was reported to be associated with shorter overall survival (62). Although the brain environment certainly limits effective antitumor immunity, the GBM tumor and the TME further compromises T cell functionality. One of the first studies on GBM EVs (63) reported that mouse GBM EVs promoted in vivo tumor growth and inhibited CD8+ T cell cytolytic activity. Similarly, GBM EVs from low passage GBM cell lines were shown to decrease IFN-γ secretion and migration capacities in peripheral blood mononuclear cells (PBMCs) from healthy donors (64). Indeed GSCs in vitro were shown to secrete EVs that contain tenascin-C that disrupts mTOR signaling in PBMCs (65), which is a key mechanism for integrating signaling from DCs during antigen presentation. Furthermore, it was shown that human GSC EVs inhibited T cell activation and proliferation through direct PD-L1/PD1 interactions (66). This indicates that PD-L1 expression on GBM EVs can suppress T cell-mediated antitumor functions and potentially contribute to the immunosuppressive environment. PD-L1 belongs to the family of immune checkpoint molecules, and has a direct consequence on effector T cell function in the tumor microenvironment through binding PD1 expressed on T cells. The PD-L1, expressed by GBM cells and myeloid cells (67), induces inhibitory signals in PD1 expressing T cells, blocking effector responses and allowing cancer cells to evade immune attack. Additionally, other proteins with immunosuppressive functions (FasL, CTLA-4 and CD39) were identified in GBM EVs from several human cell lines. In CD4+ T cells, these EVs suppressed T cell activation, measured by diminished CD69 expression, and in CD8+ T cells they induced apoptosis and reduced IFN-γ and TNF-α production (50). These effects were at least partially mediated by FasL, suggesting that FasL expressing GBM cells not only inhibit T cell functions by cell-cell contact (68), but also by releasing FasL+ EVs. Since the local concentration, distribution and the specific cellular source of EVs in vivo is not well defined, to what extent these in vitro results are representative of direct EV mediated GBM/T cell interactions in vivo remains to be determined. Nevertheless, extrapolating from findings in other cancer indications (69–71), this mechanism of immunosuppression, i.e., direct interaction of cancer cell-derived EVs with T cells in the TME, is certainly feasible. However, EV-mediated T cell inhibition in GBM can also be myeloid cell dependent (72, 73). EV modulation of T cell function in solid tumors does not necessarily arise directly from cancer cell-derived EVs; myeloid cells that are coerced to support GBM progression such as TAMs and myeloid-derived suppressor cells (MDSCs) can represent a rich source of EVs in the TME. Paradoxically, the EVs from such immunosuppressive cells do not necessarily recapitulate the functions of the donor cells, as demonstrated for myeloid cell-derived EVs in the MC38 colorectal model, which had a stimulatory effect on T cells (74).




Local, Regional and Systemic Release of EVs and Their Use as Biomarkers

The ubiquitous presence of EVs in the TME is a factor to consider when assessing the impact of immunotherapy. Based on in vitro data, high concentrations of GBM EVs can deactivate T cells and push macrophages towards an immunoinhibitory phenotype (56, 64). This raises the possibility of a differential effect of GBM-derived EVs on recipient cells depending on their proximity. Using a chick embryo chorioallantoic membrane model, which allows rapid vascularization, survival and development of tumor cells or tissues placed on its surface, it was shown that GBM cells can export molecules from the tumor core to the leading edge of the tumor, promoting invasion (75). An interesting question to be addressed is whether GBM EVs could promote functional export of some of the immunosuppressive features of the GBM TME, such as hypoxia or acidification, by transferring proteins or miRNA that are induced by these microenvironmental features in donor cells.

Therapy responses in GBM are mostly assessed radiologically, since brain tumor tissue is rarely available. Non-invasive biopsies would be an attractive option, if they can provide information on the underlying biology of the tumor. EVs released by the GBM tumor into the blood circulation or CSF are interesting candidates for biomarkers of the tumor status. Analysis of EV-based “liquid biopsies” has shown that EVs secreted by GBM cells differ from those secreted by normal glial cells, based on their cargo content, their quantity, and their size profile; this information could be exploited for monitoring therapy outcome or even for diagnosing patients with brain tumors. Indeed, plasma or CSF-derived EVs have already furnished information about the molecular subtype of GBM (76), hypoxic status (77) and therapy responsiveness (78). Many of the reported GBM EVs are enriched in oncogenic proteins (EGFRvIII), angiogenic factors, and RNAs (coding and non-coding). A comprehensive cargo characterization would be interesting from a research perspective but would require application of multiple technologies to achieve this (Table 1). Therefore, careful selection of the most tumor-specific EV markers would be necessary for clinical biomarker applications. Taken together, these advances in EV analysis highlight the precious information that can be obtained about a highly inaccessible brain tumor through plasma or CSF sampling. This of course opens up many possibilities of not just enhancing our understanding of the mechanisms of GBM progression, but also of improving on existing radiological monitoring. However, almost one third of the patients show imaging changes on brain MRI that are interpreted as tumor progression, eventually leading to therapy change or suspension, but which is in fact due to so-called pseudoprogression. According to response assessment in neuro-oncology criteria (RANO) pseudoprogression is a transient MRI pattern mimicking tumor progression but not necessarily accompanied by worsening of the clinical outcome (87). The process is generally observed within the first 3 months of completion of radiotherapy, but may occur later (88). The detailed causes of pseudoprogression are not fully determined, but mechanisms may include enhanced permeability of the tumor vasculature from chemotherapy and radiation, or immune cell infiltration (89). Pseudoprogression is an important issue in GBM and correct diagnosis could be very important in patients undergoing immunotherapy, for which immune infiltration is likely to be a necessary event for therapy response. Development and validation of EV-based biomarkers could therefore address this unmet clinical need for non-invasive biomarkers (Figure 3).


Table 1 | Categories of EV cargos detected in liquid biopsies in patients with GBM.






Figure 3 | Potential of EVs as a non-invasive clinical biomarker in GBM. Diagnosis of GBM usually comprises magnetic resonance imaging (MRI) and histopathological analysis of a tumor biopsy. Most patients receive treatment composed of surgery, followed by radiation and chemotherapy with temozolomide. Despite this treatment, GBM recurrence generally occurs. However, radiological distinction between tumor progression and pseudoprogression is often difficult, particularly after experimental treatments such as immunotherapy (immunomodulatory antibodies, vaccines, chimeric antigen receptor T cells). Methodologically, EVs can be rapidly characterized by nanoparticle tracking analysis (NTA) that can detect size and concentration, as well as surface expression of EV and tumor associated antigens with the use of fluorochrome-conjugated antibodies. EVs and their cargo detected in patients’ plasma or CSF offer great potential as a biomarker that can improve diagnosis and treatment decisions.





Concluding Remarks

The release of EVs by cancer cells and other cells within the GBM microenvironment, as well as their presence in plasma or CSF, is now established as an incontrovertible feature of GBM biology. Nevertheless, the field merits further research efforts to understand and to potentially profit from the presence of GBM-derived EVs. The list of possible functional properties of EVs that we have discussed now needs to be put back in the context of GBM in vivo. The biologically active concentrations of EVs that actually reach different areas of the tumor (hypoxic, perinecrotic or leading edge regions) remain to be determined. This is an important issue, in order to understand the very different cellular interactions (e.g. between cancer cells and immune cells induced by therapy) occurring in these different sites. Manipulating EV function will be challenging, but identifying the producer cell might offer opportunities to modulate EV release or cargo composition, such as a bioactive proteins or miRNAs. For the latter approach, the cargo molecule to therapeutically target would need to be chosen based on rigorous functional testing of recipient cell responses, ultimately in vivo. Finally, EV characterization from plasma or CSF, benefitting from sophisticated research platforms, has established the proof of principle of using EVs as liquid biopsy biomarkers. More widespread application for the unmet clinical need of non-invasive monitoring of treatment response, notably in immunotherapy clinical trials, should now be envisaged, with appropriate use of precise and robust EV and cargo characterization.
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High grade gliomas are malignant brain tumors that arise in the central nervous system, in patients of all ages. Currently, the standard of care, entailing surgery and chemo radiation, exhibits a survival rate of 14-17 months. Thus, there is an urgent need to develop new therapeutic strategies for these malignant brain tumors. Currently, immunotherapies represent an appealing approach to treat malignant gliomas, as the pre-clinical data has been encouraging. However, the translation of the discoveries from the bench to the bedside has not been as successful as with other types of cancer, and no long-lasting clinical benefits have been observed for glioma patients treated with immune-mediated therapies so far. This review aims to discuss our current knowledge about gliomas, their molecular particularities and the impact on the tumor immune microenvironment. Also, we discuss several murine models used to study these therapies pre-clinically and how the model selection can impact the outcomes of the approaches to be tested. Finally, we present different immunotherapy strategies being employed in clinical trials for glioma and the newest developments intended to harness the immune system against these incurable brain tumors.
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Introduction

Malignant tumors of the central nervous system (CNS) have an annual rate mortality of 9.01 per 100,000 adults in the US (1). Gliomas are brain tumors which clinically can present as grades II–IV in relation to their malignancy. Glioblastoma, the most aggressive type of glioma (high-grade glioma, WHO grade IV), accounts for the majority of gliomas and the highest incidence rate for malignant tumors of the CNS in adults (3.21 per 100,000 population) (1). This type of aggressive tumor has been subjected to extensive research due to the dismal outcomes of the current standard of care (SOC) therapies (maximal safe surgery, followed by radiation and chemotherapy with Temozolomide), and the lack of improvement in the median survival post-diagnosis (14-17 months) (2).

There are several aspects of this type of tumor that makes it difficult to treat (3), such as its anatomical location and the presence of a blood-brain barrier, which hampers the delivery of therapeutics (4); its intrinsic infiltrative nature, that makes it a tumor virtually impossible to resect completely (3, 5); and the presence of an immunosuppressive micro-environment, that impedes the natural development of an anti-tumor immune response (6–11). In spite of these challenges, in the last decade, there has been an expansion in the therapies aimed to harness the immune system to direct it against malignant glioma (12). So far, pre-clinical data has demonstrated the effectiveness of immune-stimulatory or anti-immunosuppressive strategies, and many clinical trials are currently ongoing to test their efficacy in the clinical arena (12).

This review aims to discuss several aspects related to the glioma immune-microenvironment and the newest strategies that could emerge as a result of the latest pre-clinical investigations. Firstly, we will present the available clinical data regarding the immune microenvironment in glioma and its particularities in terms of tumor classification and molecular features (7, 13–15), as well as the current immune-mediated strategies being tested in the pre-clinical field (16). Also, we will overview the present immune-stimulatory therapeutic modalities being tested in clinical trials (8, 17). Finally, we will discuss the latest pre-clinical developments related to anti-glioma therapies that could enhance the immune system to develop long-lasting anti-tumor immunity (18–24).

We believe that this review will bring to light the latest improvements in the strategies being developed to treat high-grade gliomas aimed to stimulate an anti-tumor immune response, broadening the spectrum of possibilities to be tested in the clinical setting and bringing new concepts for fighting this devastating tumor.



Glioma Classification


Adult Gliomas

Glioma involves a heterogeneous group of primary brain tumors originated from neural precursor cells (25), and represent thirty percent of the CNS tumors (1, 26). They can be divided in diffuse gliomas and non-diffuse gliomas, which refer to tumors with a circumscribed growth pattern, including ependymomas and other astrocytic tumors (27, 28). The majority of adult gliomas are diffuse, distinguished by an infiltrative pattern of growth within the CNS parenchyma, and have been typically classified according to histological features and grade of malignancy (27–29). The histological analysis of surgical specimens allows the identification different glioma subtypes: oligodendroglioma, characterized by uniformly rounded nuclei; astrocytoma, with nuclear irregularities and hyperchromasia; and oligoastrocytoma, which is a rare mixed glioma (30). Additionally, based on the grade of anaplasia it is possible to further divide gliomas into four World Health Organization (WHO) subtypes, ranging from WHO grade I to WHO grade IV. WHO grade I gliomas correspond to tumors with slow development and better prognosis; WHO grade II gliomas are defined as low grade gliomas; WHO grade III gliomas are used to describe anaplastic gliomas; and WHO grade IV encompass glioblastoma (27, 28, 31). Usually, high grade gliomas (HGG) include WHO III and IV gliomas.

The revised 2016 WHO CNS classification includes, for the first time, distinctive genetic/epigenetic alterations to define several groups of gliomas (28, 32). The presence and distribution of genetic alterations in brain tumors, such as alterations in PI3K, PDGFR, PTEN, TP53, IDH, EGFR, H3F3A, ATRX and TERT (33–35), are now a criteria used to differentiate glioma subtypes (28, 36, 37). Each molecular glioma subtype is related to a histologic tumor-class and a particular WHO grade of malignancy (33, 34, 38–40). The hallmark genetic alteration in adult diffuse gliomas, that promoted the incorporation of molecular features in their classification, is the mutation in isocitrate dehydrogenase 1 (IDH1). This alteration, usually at arginine 132 (IDH1-R132H), is highly frequent in diffuse low-grade gliomas (LGGs; WHO grade II), in anaplastic astrocytomas (WHO grade III), and also in a smaller proportion of HGG originated from LGGs (secondary glioblastomas; WHO grade IV) (28, 40–42). IDH1-R132H (mIDH1) catalyzes the production of 2-hrydroxyglutarate, eliciting epigenetic reprogramming of gene expression (33, 40, 43, 44) and is associated with better prognosis in glioma patients (33, 39, 40, 45). In addition, the loss of 1p/19q chromosomal segments define mIDH1-1p/19q-codel and mIDH1-noncodel glioma subtypes. Mutant IDH1-noncodel typically co-occurs with loss-of-function mutations in ATRX and TP53 genes, which are associated with astrocytoma and oligoastrocytoma subtypes (28). Mutant IDH1 1p/19q-codel gliomas are usually oligodendrogliomas and frequently co-express mutations in TERT promoter (TERTp) and CIC (28, 39–41). In adults, diffuse wild type (wt) IDH1 gliomas appear principally in patients over 50 years old and commonly are HGG, WHO grade IV of malignancy (28, 31, 39). These HGG generally harbor mutations in TP53 and TERTp, with retention of ATRX function. They can also present alterations in the chromosomes 7 and 10, deletions in CDKN2A/B, and changes in genes involved in the RTK-RAS-PI3K signaling cascade, such as PTEN mutation or loss or EGFR amplification (28, 31, 32, 34). Importantly, the DNA methylation, which typically occurs at cytosines followed by a guanine separated by a phosphate group (CpG site), emerges as a distinctive parameter to refine tumor classification with clinical implications, especially in cases with ambiguous histology. The CpG-island methylator phenotype (G-CIMP) is closely related with IDH1 mutation and is associated with better prognosis in gliomas (46, 47). On the other hand, demethylation in CXCR4, TBX18, SP5, and TMEM22, genes have been linked with initiation and progression of glioblastoma (48). DNA methylation profiling has been shown to be highly robust and reproducible. In diffuse glioma TCGA patients, Ceccarelli et al., identified glioma DNA methylation clusters (LGm1–LGm6) linked to different molecular glioma subtypes (40). More recently, Capper et al, developed a DNA methylation-based classification system, which allowed to define five categories of methylation classes of CNS tumors, which resulted in a change of diagnosis in up to 12% of prospective cases analyzed (49); and in the positioning of this method as a powerful tool to improve glioma classification. In addition, the analysis of DNA methylation profiles has utility in therapeutic decisions. The presence of methylated CpG islands in the O6-methylguanine-DNA methyltransferase (MGMT) promoter is a molecular marker of better response to DNA alkylating agents (50), indicating that the methylation status of MGMT promoter is a critical feature to design glioma treatment.

In summary, adult gliomas are classified by histological features and by molecular lesions, that define distinctive tumor entities, which are associated with different grades of malignancy. This classification is relevant for diagnosis, prognosis and clinical decisions. In addition, the updated CNS-WHO classification for brain tumors is a valuable source to improve and conduct accurate studies of gliomas, considering the intrinsic biological features of the different glioma subtypes.

Currently, the adult glioma SOC includes maximal safe surgery when is possible; chemotherapy, generally with temozolomide (TMZ); and focal radiation (17, 51). However, in spite of intense investigation for years, no substantial clinical improvements have been observed (51). This unfortunate fact encourages the development novel therapeutic approaches for a wide spectrum of glioma patients who are waiting for an effective treatment.



Pediatric Gliomas

High grade gliomas comprise ~ 15% of all central nervous system (CNS) pediatric tumors (52), and have an incidence of approximately 0.85 per 100,000 children (26). Pediatric high grade gliomas (pHGG) and diffuse intrinsic pontine gliomas (DIPG) (recently included into the classification of Diffuse midline glioma (DMG)) are highly aggressive gliomas, which, unlike the adult counterparts, occur throughout the CNS anatomy. The prognosis for pHGG is dismal, with an overall median survival of 9-15 months and a 5-year survival rate of less than 20% (53).

Brainstem gliomas are more prevalent in childhood, whereas hemispheric pHGG, are more prevalent in adolescents (54). Several characteristics distinguish pHGG from adult gliomas, such as molecular (genetic and epigenetic), and clinical features (55). Particularly, advancements in molecular high-throughput profiling over the last few years improved our understanding of pHGG and led to the identification of unique genetic and epigenetic features of these tumors. Most notably, the discovery of recurrent mutations in the genes encoding histone variants H3.3 (H3F3A) and H3.1 (HIST1H3B/C), and other genes associated with epigenetic mechanisms, demonstrated the unique biology of pediatric brain tumors (53, 56, 57). Three somatic mutations resulting in the replacement of a lysine with a methionine at residue 27 of histones H3.1 and H3.3 (K27M) in brainstem/midline pHGG, or the replacement of a glycine to arginine or valine at residue 34 (G34R/V) of the histone H3.3 in hemispheric pHGG were found to be characteristic of these tumors (53, 57). These mutations rewire the epigenome, resulting in global hypomethylation and disrupt critical regulatory sites of post-translational histone modifications (56). These mutations are exclusive, are found at specific anatomical locations, within distinct age groups and patients harboring these tumors have different survival outcomes (38, 56).

The WHO classifies pHGGs as anaplastic astrocytoma (WHO grade III) and glioblastoma (GBM; WHO grade IV) (28). Among midline pHGG, the updated 2016 WHO classification of tumors of the CNS classifies the DMG H3-K27M-mutant as an independent entity, WHO grade IV (58). DMG H3 K27M-mutant arises in all midline CNS structures, are astrocytic tumors, and represent the majority of infiltrative brainstem glioma (59).

The histological characteristics of pHGG include hypercellularity, nuclear atypia, abnormally high mitotic activity, and increased angiogenesis and/or necrosis, the latter two associated primarily with GBM morphology (60). Due to their proliferative nature, HGG have shorter duration between symptom onset and diagnosis compared to tumors of lower grade, precluding the clinical advantages of early detection (61, 62). Surgical intervention of non-brainstem pHGG patients includes tumor resection and biopsy, although total tumor resection is often impossible in pHGG, particularly for midline pHGG, as these infiltrative tumors often progress into normal tissue beyond surgical margins (58). However, the extent of resection is one of the few significant prognostic markers for overall survival (OS) in pediatric patients with pHGG (63). Although surgery is the primary intervention for treatment of non-brainstem pHGGs, it is not curative. Standard of care also includes radiation therapy for pHGG patients above three years of age, typically 50-60 Gy delivered over 3-6 weeks (61). Currently, no chemotherapeutic treatments are involved in the SOC for pHGG; however, various are being tested in clinical trials (64). Despite immense efforts, there are no effective treatment options and pHGG has become the leading cause of cancer related death in children and adolescents under the age of 19 years (26, 60).

There is a diversity of molecular alterations driving pHGG and therapies must be accordingly diverse and specific. Highly targetable molecular alterations are found in different subtypes of non-brainstem pHGG. For example, pHGG often carry genetic alterations in the TP53, PTEN/PI3K/Akt, PDGF or Ras pathways, which include targets that can be druggable (65). However, immunotherapies specifically designed for pediatric brain tumors have been understudied. Pre-clinical models for pHGG and the testing of immune-mediated therapeutic approaches are starting to emerge (66, 67), which open new avenues for the treatment of these aggressive pediatric brain tumors.




Glioma Immune Microenvironment


Crosstalk Between the Healthy CNS and the Immune System

The brain has for long been considered an immune privileged site due to the absence of immune response after the heterotopic transplantation of skin xenografts (68). However, in the same set of experiments, Medawar et al. observed that if the immune system had been previously exposed to the tissue graft in any other site of the body and then the transplantation was done in the brain, a powerful immune response invaded the CNS, causing grafting breakdown and rejection (68). These data showed that the CNS in not immune-isolated and that even though an immune response against xenografts cannot be easily started in the brain parenchyma, it can reach this site in a pre-immunized state.

Due to anatomical particularities, the crosstalk between the CNS and the immune system differs from the immune response mounted in any other organ of the body (69–72). For instance, the passage of molecules and cells, such as immune cells, to the brain parenchyma is subjected to a strict control by the endothelial blood-brain barrier (BBB) (69). Also, the absence of classic lymphatic drainage in the CNS was considered to be the cause of the lack of an afferent arm of the immune system; i.e. the route of antigen transportation from the site of infection/trauma to the nearby lymphatic node (69). However, maintaining the brain as an immune-isolated tissue would be dangerous, thus many efforts had been destined to understand the mechanism by which the immune system surveils the CNS. There are two types of fluids in the CNS: the cerebrospinal fluid (CSF), in the ventricles and the subarachnoid space; and the interstitial fluid in the brain parenchyma. Even though both types of fluids drain to the cervical and lumbar lymphatic nodes, they do it through separate routes: while the CSF drains across the cribriform plate and the dura mater lymphatics, the interstitial fluid drains via perivascular channels into the lymph nodes or the CSF (69, 71). This narrow space does not allow the passage of cells, but it permits antigen transportation to the nearest lymph node, where adaptive immune response could be started. In contrast, the drainage pathways of the CSF allow cell trafficking and this fluid has a more active crosstalk with the immune system (69, 73). In fact, healthy individuals contain up to 700,000 cells in total in the CSF (70). Around 80-90 % of these cells are T cells, majority of which are memory T cells (70, 73). Also, a small proportion DCs has been found in the CNS, and there is evidence that DC can scan the CSF for foreign antigens and reach the lymphoid organs to activate T cells in the periphery (70, 72).

Even though these data demonstrate the interconnection between the immune system and the healthy CNS, this site usually remains quiescent and immunosuppressed due to the presence of factors derived from neural cells (70, 73). For instance, the brain parenchyma contains only one type of immune cell: the microglia. These cells are tissue resident macrophages, but they originate from a different embryonic layer than circulating macrophages (73, 74). These cells are kept in an inactivated state through the interaction of the CD200 receptor in neural cells and CD200 ligand in microglia (75). Even though these cells are capable of antigen presentation, the levels of MHC in microglia and other astrocytes remains low (73). However, in response to an infection, microglial cells become activated and produce an array of pro-inflammatory mediators, to facilitate the recruitment and activation of innate and adaptive immune cells (76). After an inflammatory stimulus, the immune privilege of the brain switches, increasing the permeability of the BBB and the infiltration of myeloid cells and activated T cells, as well as the proliferation of microglial cells (73, 76–78). This state causes phenotypic changes as well, such as CD11c, MHCII and co-stimulatory molecules’ upregulation (73, 78).



Immune Microenvironment in Brain Tumors: General Concepts

The shift in the dogma of the CNS as an immune inert site, prompted the development of immunotherapies against glioma. Glioblastoma is one of the deadliest type of tumor and currently patients succumb to this disease even after their treatment with SOC (79). Thus, researchers have been devoted to find therapeutic alternatives to harness the immune system and direct it against this tumor. Today, there are several ongoing clinical trials testing different type of immunotherapies, but the results obtained so far have not been as encouraging as the effects observed in pre-clinical models and the great majority have not been tested in Phase III yet (12, 79).

There are several aspects related to the biology of gliomas that make them difficult to treat by immunotherapies. For instance, these tumors tend to have high intra-tumoral heterogeneity, so that finding a tumor specific antigen as a target for immune mediated therapies is difficult and usually approaches involving tumor antigens require the inclusion of more than one target to prevent antigen scape (80–82). Also, the intact BBB prevents the readily penetration of chemotherapeutics to the brain parenchyma, though its permeability can be affected in an inflammatory state (83). Finally, the immune microenvironment of these tumors tends to be immunosuppressive, hijacking the efficacy of immune mediated strategies (6, 8, 9, 12, 78).

Glioma tumor immune microenvironment (TME), refers to all those immune cells infiltrating the tumor mass. Even though the diversity of cell infiltration can vary depending on the type of brain tumor (revised below), glioma TME has usually been found to be immunosuppressive (6, 7, 11, 84). Animal models as well as the analysis of human samples have shed light on the characteristics of glioma TME. Myeloid cells are the major type of immune cell in glioma’s TME, with macrophages representing more than 30% of the tumor mass (6, 85). This group encompasses bone-marrow derived macrophages and tissue-resident derived macrophages (13, 74). It is not clear if these two populations have different functions in glioma or if they are associated with tumor progression, but they have been encountered at different locations: while microglial cells were found at the tumor border, bone-marrow derived macrophages were detected at the tumor core (86). These two types of cells are generally known as tumor-associated macrophages (TAMs). Also, infiltrating monocyte-derived macrophages constitute 85% of the total macrophage population in glioma and it has been observed that prevention of monocyte infiltration extended de median survival of tumor-bearing animals (86). There have been detected expression markers and differential transcriptional landscapes that can be used to distinguish these two populations (86–88). For instance, resident microglia express P2Y12, TMEM19, and are CD45 low, whereas macrophages express CD44, CD169 and are CD45 high (87). More importantly, these two cells’ subclasses have been identified in human samples, in which intratumoral blood-derived macrophages displayed a more immunosuppressive transcriptional program and their presence correlated with tumor malignancy (86).

Myeloid-derived suppressor cells (MDSC) are a type of immature myeloid cells that are known to have immunosuppressive functions via different mechanisms that ultimately inhibit T cell functions (9, 11, 13). These cells have been found in the blood of glioma patients and in the tumor mass, and they have also been characterized in animal models (9, 15, 89, 90). Usually, MDSCs are divided phenotypically in monocytic MDSCs (M-MDSCs) and polymorphonuclear MDSCs (PMN-MDSCs). In humans, M-MDSCs are characterized by CD11b+HLA-DR−CD14+CD15−CD33high, whereas PMN-MDSCs express CD11b+CD66b+CD15+CD14−/dimCD33dimHLA-DR− [PMCID: PMC6447515]. In mouse, MDSCs characterization entails less markers: M-MDSC are defined as CD45+/CD11b+Ly6G-Ly6C+ and PMN-MDSCs as Cd45+/CD11b+Ly6G+Ly6C- (91). It has been observed that the quantity and activation status of MDSC inversely correlates with patient survival and that they can be a predictor of WHO tumor grade (90). Moreover, whilst MDSC infiltration after surgery has been associated with poor prognosis, MDSC decrease correlated with better prognosis and an increase in DC infiltration (90).

Lastly, tissue hypoxia, which is common in GBM due to the inefficient neovascularization (10), induces regulatory T cells (Tregs) activation and tumor-promoting phenotype of tumor associated macrophages (10, 92). The presence of Tregs can suppress cytotoxic T cell activities, leading to tumor progression. Moreover, tumor cells as well as immunosuppressive tumor infiltrating immune cells, secrete an array of cytokines that promote and maintain the immunosuppressive microenvironment, not only affecting tumor infiltration, but also cellular differentiation at the bone marrow level (10, 84). Some of the cytokines encountered in the TME are IL-10, TGFβ and IL-6. These are related to NK and T-cell activities inhibition and their expression is related to glioma progression (93).



Immune Infiltration Patterns in Brain Tumors With Different Genetic Landscapes: Lessons From The Clinic and Animal Models

It is clear that immunosuppression is a common feature of gliomas that enables tumor progression and malignancy. However, the composition of the immune cell infiltrate varies among the type of tumor and certain immune cells are associated with particular genetic alterations usually found in gliomas, such as mutations in IDH1 (94).

The transcriptional landscape of GBM has been classified at least in three different types: proneural, classical and mesenchymal, which correlate with the presence of different genetic alterations (95, 96). This classification not only describes inter-tumor differences, but also intra-tumoral variability, as samples taken from distinct regions and at different times thought-out treatment showed diverse transcriptional signatures. With the emergence of Single cell RNA-Seq (scRNA-Seq), the cellular composition of glioblastoma was found to be even more complex. It has been observed that tumor cells can exist in four different phenotypes: mesenchymal-like, astrocyte-like, oligodendrocytic precursor cell-like and neural progenitor cell-like (80). These different cellular states are correlated with different genetic mutations and with the transcriptional signatures defined previously, with neural progenitor cell-like and oligodendrocytic precursor cell-like cells associated with the proneural subtype; mesenchymal-like cells with mesenchymal subtype; and mesenchymal subtype and astrocyte-like cells associated with classical subtype (80). This complexity in the phenotype of gliomas has been found to have a correlation with the composition of immune cell infiltrate (7).

Tumor microenvironment composition in adult glioma has been lately characterized. Luoto et al. performed a regression-based gene expression deconvolution to estimate the proportions of particular immune cell types based on RNA-Seq analysis of 156 primary GBM samples generated by The Cancer Genome Atlas (97). They found that cases could be grouped into three immune-response groups which were the following: negative, humoral and cellular-like. They also found that differences in adaptive immune response could be associated with the specific subtypes of HGG defined above. They describe that the “negative” subgroup, which is associated with the negative regulation of lymphocyte response, encompass the proneural subtype, including those samples with CDK4-MARCH9 locus amplification and IDH1 mutation. The mesenchymal subtype was more prevalent in the “humoral” subgroup, in which gene signature was related to B-cell and humoral response components. Finally, the “cellular-like” subgroup was more populated with classical subtype samples, as well as with samples with EGFR amplification. Also, they observed that immune-related responses correlated with the presence of specific genetic alterations. Samples with CDK4 locus amplification or IDH1 mutations were found to be less infiltrated by macrophages, and to have less CD4+ components. On the contrary, samples with NF1 inactivation had a higher macrophage content. This observation has been confirmed in the study of Wang et al. (98). Even though none of the cell components described in the work by Luoto et al. correlated with patient survival, the presence of high activity related to the "antigen presentation and interferon response" cluster was a positive predictor of longer OS. Similarly, Caleb Rutledge W. et al., also found a correlation between tumor-infiltrating lymphocytes (TILs) and GBM transcriptional subclasses and they show that TILs were enriched in the mesenchymal class compared with all other classes (99). Also, they did not observe a correlation between IDH1 mutation and TIL presence, nor did they with patient OS (99).

The correlation of IDH1 status and TME composition has been extensively characterized (94). In general, as presented above, IDH1-mutant (mIDH1) gliomas tend to be less populated with TILs when compared to IDH1-wt tumors. Specifically, less CD8+ cytotoxic T cells have been found in mIDH1 gliomas and this could be explained by the reduced expression of chemoattractant cytokines to T cells by mIDH1 glioma cells (100, 101). Also, and in correlation to what Luoto et al. found, mIDH1 gliomas tend to have less macrophages than wt-IDH1 tumors (97). Moreover, in an animal model of mIDH1 glioma in the context of ATRX and TP53 mutations, it has been observed that the presence of this mutation reprograms the tumor cell transcriptome, which affects not only immune cell infiltration but also the bone marrow differentiation of the granulocytic lineage (15). This effect was found to be mediated by G-CSF secretion by mIDH1 glioma cells, which prompted the expansion of pre-neutrophils, while reducing the immunosuppressive phenotype of the granulocytes encountered in mIDH1 tumors’ TME (15).

Tumor microenvironment in pediatric gliomas has been less characterized than the adult counterpart, in part because of the small amount of samples available. Thus, it is difficult to correlate molecular subtypes of pediatric tumors with TME infiltration patterns. However, the data gathered so far in the pediatric population show differences in relation to the immune infiltrate characteristics observed in adult patients. In the study of Plant et al., they analyzed 22 pediatric brain tumor tissue samples of mixed diagnoses and they observed no correlation between the amount of T cells and the aggressiveness of the tumor or the patient survival (102). Griesinger et al., analyzed different types of pediatric brain tumors, which consisted in 7 pilocytic astrocytomas (PA), 19 ependymomas (EPN), 5 GBM, 6 medulloblastomas (MED), and 5 non-tumor brain (NT) control samples. They show PA and EPN to be the most enriched tumors in myeloid cells, with GBM at the third place, but still with more myeloid cells than the NT samples (103). These cells expressed makers for both, immune activation (HLA-DR and CD64) and immunosuppression (CD206 and CD163). T cell infiltration was also evaluated and GBM had more T cells than the NT control (0.79% vs 0.02%), exhibiting a 46-fold and 26-fold increase in CD8 and CD4 T cells, respectively. Also, the average CD8/CD4 ratio, which was shown to be a prognostic factor in other types of cancer, was elevated in GBM with respect to NT controls: 2.83 vs 0.83, respectively (103). Moreover, Lieberman et al., studied the TME in DIPG, a pediatric high grade glioma that occurs in the pons. They conclude that the TME of these tumors do not show strong evidence of immunosuppression or inflammation, so that immune-directed therapies against these tumors should focus on immune cell recruitment to the tumor site (104). In this regard, Mendez et al. demonstrated the efficacy of an immunestimulatory gene therapy in increasing the median survival of tumor bearing mice in a pre-clinical mouse model for DIPG harboring mutant ACVR1 gene (66). They show that this therapy was effective in promoting the activation and the infiltration of anti-tumor CD8 T cells (66). Lastly, using a model for pediatric HGG harboring the H3.3-G34R mutation it has been demonstrated that these tumor exhibit a more permissive TME with respect to the control group without the mutated histone (105, 106). Researchers show that H3.3-G34R tumors are less populated with MDSC and that these cells are not immunosuppressive. Also they observed an increased infiltration of T cells, DCs and M1 macrophages; and an increased sensitivity of glioma cells to IFNγ-induced apoptosis (105, 106).

In conclusion, these data gathered from clinical samples and pre-clinical models highlight the complexity of the immune cell infiltrate in brain tumors and the importance of taking into account the particularities of each type of glioma when considering the application of immune-mediated therapies.




Mouse Models to Study Glioma Immune Microenvironment and Possible Therapies

The dismal prognosis of glioma patients demonstrates the need to faithfully model the formation and the biology of this tumor type to enable successful anti-glioma therapies. Immunotherapy has emerged as a promising approach to treat growing number of cancers (107, 108), but none has been effective in improving the survival of GBM patients (59, 109, 110). However, researchers working on GBM believe that immunotherapy could establish successful treatment regimens where other treatments have not been successful (111, 112).

Genetic, histological and physiological modifications are involved in the evolution of glioma’s malignancy and invasive phenotype. A good glioma animal model would enable the identification of signaling pathways which are related to tumor initiation, invasion, malignancy and therapeutic resistance. Ideally, the model should accurately resemble histologically and genetically the human disease. It should also display the cellular heterogeneity observed in glioma patients. Most glioma tumors have been previously modeled either in immunodeficient (113–115) or immunosuppressed (116) animals. However, these models have important drawbacks in terms of the lack of interactions with the adaptive immunity, which is key to fight this tumor. Also, tumors in immunocompetent mice exhibit characteristics similar to clinical pathophysiology in patients with glioma, characterized by immune infiltration and strong neovascularization, which are absent in brain tumors developed in immunodeficient mice (117).

Preclinical syngeneic murine glioma models are crucial to determine the immune response of novel therapies prior to its human clinical trial. The use of animal models of malignant glioma shed light on the composition of the TME, its influence on disease progression and outcomes, as well as on new therapeutic targets for treatment (118). The method widely used in glioma biomedical research is intracranial or subcutaneous injection of tumor cells like C6, 9L or GL261 into mice or rats. These syngeneic models are used to study the biology of glioma or new therapeutic agents. Also, there are other syngeneic murine glioma models, such as SMA560, GL26, CT-2A, 4C8 mouse models and 9L, RG-2, F98 and CNS-1 rat glioma models which maintain the immunological interaction between the tumor cells and the host (16).

GL261 model is perhaps the most extensively used syngeneic mouse model of GBM. This model is reported to recapitulate histologic and biological characteristics of GBM (16). Furthermore, this model employs immunocompetent mice, and thus is suitable to analyze GBM tumor immunology and to perform immunotherapeutic research (119). Among the reported pre-clinical applications of this model, we can mention: the use of adoptive T cell transfers to restore and induce long-term immunity; the use of antibodies to improve antitumor T cell activity via augmentation of costimulatory signals; the abrogation of survival advantages of Tregs; and the enhancement of tumor immunogenicity using IL12 based gene therapy to stimulate robust cytotoxic T cell responses (119), as GL261 express unique tumor antigens which can induce a specific T cell responses (120). Moreover, this model has been employed to study the immunosuppressive effects of TGFβ, which promotes Treg activity (121). Also, GL261 has been used to test the efficacy of a peptide vaccine using GL261-specific antigens and a TGFβ neutralizing antibody (1D11) (122). In another study, GL261-based DC vaccines have been curative and preventive of tumor engraftment (119). Thus, these results have helped to validate GL261 as one of the model of choice for investigating immunotherapeutic treatment modalities against GBM. Likewise, GL26 model enables the study of immunotherapies. GL26 tumors express melanoma associated antigens gp100 and tyrosinase-related protein 2, both of which can be used to pulse DCs, which would in turn stimulate cytotoxic T cell-mediated robust antitumor immune response (123). Other immune-mediated strategies tested with GL26 model include Treg depletion using PC61, which is an antibody directed against CD25, one of the primary markers for Tregs (124).

SMA-560 tumors are an excellent model of anaplastic astrocytoma with low S-100 expression and high expression of glial fibrillary acid protein (GFAP) and glutamine synthetase, providing a representative model of glial tumors of astrocytic lineage (125). These tumors lack MHC Class II molecules, but do express MHC Class I at low levels which highlights their potential for antigenic recognition by traditional effector T cells (126). They also express TGF-β which lends great value to this model (126). SMA-560 model has been used to test the efficacy of the induction of secretion of selected cytokines such as IL2, IL4, IL3, IL6 or TNFα, which resulted in an increase in MS of VM/Dk mice (126). Another study also showed that the over-expression of a soluble form of CD70 ligand in SMA-560 tumor cells, reduced tumor growth rate and increased host animal survival (127). Also, this model was used to investigate DC and CAR-T cell based therapies’ outcomes for radio-resistant glioma cells (128).

Histologically, CT-2A tumors show features of high-grade astrocytomas, including pleomorphism and high cellular density, and can undergo malignant transformation with evidence of pseudopalisading necrosis (129). Compared to established glioma cell lines, CT-2A cells are significantly more proliferative and invasive (130), but less invasive than other mouse brain tumors (131). CT-2A share similarities with neural stem cells, like primary human GBMs grown ex-vivo, and express stem cell markers such as CD133, Oct and Nestin (132). Overall, the CT-2A model is considered to accurately represent several GBM characteristics including intra-tumoral heterogeneity, in vivo migratory patterns, radio-resistance, and chemo-resistance (129). By virtue of its brain tumor stem cell-like properties, the CT-2A model could provide a resource for studying the role of tumor stem cells in the immunological landscape of gliomas. Moreover, since CT-2A is deficient in PTEN and this deficiency contributes to tumor induced immunosuppression (133), this model can be utilized to devise strategies for mitigating PTEN deficiency-associated immune effects (134).

4C8-B6D2F1 tumor model was developed to address the shortcomings observed with other glial tumors (135). The 4C8 cells adopt oligodendrocytic characteristics in vitro, but convert to GFAP+ astrocytes when exposed to serum (136). Implantation of 4C8 into B6D2F1 mice produces pleomorphic, highly cellular tumors with extensive invasion into ventricles and meninges (135). They also express components of MHC I and II molecules (137). Intratumoral injections with vaccines and viruses engineered to secrete IL-12, have shown to promote significant anti-tumor activity, with detected immune cell infiltration, and minimal toxicity (138).

The RCAS/tv-a system is a model that allows the somatic transfer of oncogenes driving glioma development, enabling the development of tumor in situ. This method has been used to initiate tumors in newborn mice, by the introduction of genetic alterations into brain cells engineered to express tv-a receptor (139). Genes used to initiate brain tumors could be PDGF and Kras overexpression. These animals can then be crossed onto other genetic backgrounds in order to study the effects of particular mutations on tumor biology (140, 141). It has been observed that the oncogenes Kras and PDGF produce more malignant gliomas in mice with Ink4a-Arf-/- and PTEN loss backgrounds compared with those gliomas generated in wt mice, which develop lower-grade tumors (139, 142). Hambardzumyan D et al. described a protocol to develop gliomas in adult mice, which represent an excellent tool for studying the tumor immune microenvironment and immunotherapeutic approaches in adult gliomas (141, 143). Even though this model has not been widely used for the study of glioma’s TME, it has been observed that, similar to what it is observed in the clinical setting, tumor malignancy of the gliomas generated with the RCAS system correlated with an influx of macrophages, which was influenced by tumor signal transducer and activator of transduction (STAT) 3 expression (144). In the same study, the authors report that STAT3 inhibition with WP1066 increased the MS of mice bearing brain tumors expressing PDGF-B + Bcl-2 (144).

Another syngeneic model to generate gliomas in situ can be achieved by the Sleeping beauty (SB) transposon system (145). This method allows high-level stable gene transfer and sustained gene expression in many somatic cell types (146). The SB transposon system, member of the Tc1/mariner class of transposons, is capable of recognizing inverted repeats/direct repeats (IR/DR) sites on DNA transposons and performing a cut-and-paste reaction to integrate transposable DNA segments into a host genome (145, 147). This method has been used to develop endogenous tumors that mimic gliomas by delivering DNA transposons that encode for the genetic lesions of interest. Our laboratory has developed a series of syngeneic GBM models using this method. For instance, we have engineered ATRX-deficient gliomas (148, 149), by injecting plasmids encoding SB transposase/firefly luciferase, plus other plasmids encoding for the desired genetic alterations located between IR/DR: shp53, NRASG12V, and shATRX, into the lateral ventricle of neonatal mice (148). Also, using SB transposon system, we have developed: a DIPG murine tumor model of mACVR1-G328V by injecting plasmids encoding for NRASG12V, shp53, and mACVR1-G328V (66); a mIDH1 murine tumor model by injecting plasmids encoding for NRASG12V, shp53, shATRX and IDH1-R132H (44); and a H3.3-G34R murine high grade glioma model by injecting plasmids encoding for NRASG12V, shp53, shATRX and H3.3-G34R (67, 150). This method has the advantage that the tumors developed can be resected, processed as a single cell suspension, and grown in vitro as neurospheres. These neurospheres can be further implanted in adult C57BL/6 mice.

Recently, Patel SM et al. described a method for in utero electroporation of neural stem cells to generate an in situ mouse model for DIPG tumors, a highly aggressive glioma that grows in the pons in pediatric patients (151). They used PiggyBac DNA transposon plasmids to induce the expression of different combinations of PDGFB, Pdgfra-D842V, or Pdgfra-WT, along with dominant negative Trp53 (DNp53) and H3.3K27M expression. They report the induction of gliomas from grades IV to II, which depended on the plasmid combination (151). These tumors displayed histopathological features of the human disease and represent an invaluable tool for the modelling of the TME in DIPG, as the development of the gliomas in this model resembles their development in humans. Also, to better depict the inter-person heterogeneity in immune response and glioma genetic make-up, Aslan K et al., described the use of an hypermutated orthotopic glioma syngeneic mouse model, exhibiting more than 100 non-synonymous mutations per tumor exome. This model was used to study the dichotomy in the glioma response to immune-checkpoint blockade and to develop a method to try to predict the therapy outcomes by imaging MRI technique (152).

An alternative humanized mouse model system has also been developed to evaluate the efficacy of various GBM immunotherapies. Humanized models are generated by the engraftment of human cancer cell lines, or human patient-derived xenograft (PDX) tumors into immunodeficient NSG mice with an HLA-matched human immune system, which is achieved by the transplantation of human PBMCs, or CD34+ hematopoietic stem cells (HSCs). Transplanted CD34+ HSCs in immunocompromised mice differentiate into human helper and cytotoxic T cells, B cells, monocytes, NK cells, and DCs (153). Humanized mice can survive months post-tumor implantation with relatively stable proportions of human cells. Human microglia/macrophage-like cells have also been developed in the brain of CD34+ HSC humanized mice (154). These models have the advantage of recapitulating tumor heterogeneity and clonal diversity, which mimics the human tumor immune microenvironment and can be used to investigate the biology of GBM (109, 155). Nevertheless, the humanized mouse platform is being improved in such a way that immunotherapeutic research could become more predictive. The use of humanized mouse models in GBM preclinical and clinical studies is currently limited due to the lack of knowledge and unanswered questions, such as whether humanized mice models display the clinical features of glioblastoma patients. For instance, Ashizawa T. et al., investigated the efficacy of the anti-PD-1 antibody using humanized NOG-dKO mice, generated by implanting human PBMCs and GBM cell line U87 (156). In this study, there was no rejection of the human glioma cells or the PBMCs, and T-cell and NK-cell anti-tumor immune responses were detected, thus constituting an interesting model to evaluate the effect of immunotherapeutic agents against glioma. Despite these advantages, humanized mouse models are partial in maintaining the cellular and mutational diversity of parental tumors and entail an extended generation time (157, 158). Patient-derived glioblastoma organoids (GBOs) that recapitulate the histological features, cellular diversity, gene expression, and mutational profiles of their corresponding parental tumors have recently been developed and biobanked. When GBOs are transplanted into adult rodent brains, they show rapid, aggressive infiltration and high reliability (157).

While there is no perfect murine model to study immunotherapies for glioma, syngeneic tumor models in immunocompetent mice represent a valuable resource for this purpose. The transplantable models presented are convenient because tumor location and growth can be better predicted and thus, the testing of different therapies and their relationship with the immune system can be more easily studied. Although orthotopic xenografts retain some of the human GBM features and are considered to be a useful model for therapeutic studies (159), it lacks the proper immune environment due to the use of immunocompromised mice, which is a drawback for the study of tumor immunology and anti-tumor immune-stimulatory therapies.



Strategies to Overcome Immunosuppressive Microenvironment: Current Therapeutic Modalities Under Clinical Trial and Under Pre-Clinical Investigation


Immune Checkpoint Blockade

Immune checkpoints (IC) are negative regulators of the immune system that maintain self-tolerance, avoid autoimmunity and adjust the extension and duration of the immune responses to prevent tissue damages (160). The mechanism involves the interaction between IC receptors with its ligands, acting as a natural feedback loop that inhibits and reduces inflammation. Likewise, cancer cells could express IC ligands as a way to evade immune-mediated elimination. Examples of these immunomodulatory molecules, which are negative regulators of T cell activation and function, include the cytotoxic T lymphocyte antigen 4 (CTLA-4), the programmed cell death 1 (PD-1) and its ligand PD-L1, TIM-3, the enzyme indoleamine 2,3-dioxygenase (IDO), V-domain Ig suppressor of T cell activation (VISTA), killer-cell immunoglobulin-like receptor (KIR), TIGIT, B and T lymphocyte attenuator (BTLA) and LAG-3. Amongst them, CTLA-4, IDO and PD-1/PD-L1 are the most studied molecules inhibitors for which have been developed and evaluated in preclinical and clinical assays (160).

First attempts in developing IC inhibitors (ICIs) were focused in CTLA-4 molecule. CTLA-4 is a co-inhibitory receptor present on the surface of Treg that was discovered in the late 80´s (161). CTLA-4 has the B7 family of proteins (B7-1 or CD80 and B7-2 or CD86) as natural ligands, which are found at the surface of antigen presenting cells (APC). Even though CTLA-4 shares structural and biochemical similarities with CD28, a potent co-stimulatory receptor of T cells, CTLA-4 and CD28 have opposite immunoregulatory functions. Binding of CTLA-4 to B7 ligands has a 20-100 fold higher affinity than CD28, so when both are present, T cell activation is prevented and cytokine production switches to an immunosuppressive pattern, i.e. IL-10, TGFβ, and indoleamine (162).

Despite the lack of correlation between CTLA-4 ligand expression and a specific cancer cell type and the fact that Ctla-4-knockout mice models predicted lethal autoimmune phenotypes, it was shown that CTLA-4 inhibition produced antitumoral responses in preclinical cancer models (163). These preclinical studies showed promising results in some immunogenic tumors, using antibodies as a single agent or in combination with other agents that stimulated immune responses after tumor implantation, in the case of poorly immunogenic cancer models (163). Therefore, the development of fully humanized anti-CTLA-4 antibodies led to clinical testing of Ipilimumab and Tremelimumab. The first clinical study of CTLA-4 antibody treatment was performed in patients with advanced melanoma that were not responding to conventional therapy (164). Ipilimumab is a IgG1 monoclonal antibody that blocks the CTLA-4/CD80-CD86 interaction on APCs and T cells, promoting co-stimulatory binding of CD28 to CD80/CD86 (165). On the other hand, Tremelimumab is a monoclonal IgG2 antibody with a similar CTLA-4 blocking mechanism; but it only received orphan drug designation from the FDA for malignant mesothelioma (166).

Several pre-clinical trials evaluated the effects of CTLA-4 inhibition in GBM mouse models, showing differences in the outcomes depending on the tumor model evaluated. CTLA-4 blockade alone resulted in 80% of long survivors and abrogated Treg expansion in SMA-560 tumor-bearing mice (167). However, in other studies, the efficacy of this treatment was much lower, with 40 to 15% long term survivors (168, 169), or did not elicit antitumor efficacy (9). A significant challenge to effectively asses the efficacy of ICIs in GBM is to develop better pre-clinical animal models. In this sense, the SB28 GBM model recapitulate human GBM features, like low mutational levels and loss of MHC-I expression (170). Besides these technical issues, the sole inhibition of CTLA-4 in the immunologically suppressed microenvironment of GBM may not be effective to trigger a successful antitumoral immune response since this receptor is only present on T cells (171). In fact, our previous findings indicate that although the treatment with anti-CTLA-4 in GL26 GBM-bearing mice did not elicit antitumor effects, it boosted the efficacy of immune-stimulatory TK+Flt3L gene therapy (9). Moreover, even though preclinical data of CTLA-4 inhibition showed potential effects for GBM treatment, several adverse effects occur through a rapid and nonspecific activation of the immune system. In this regard, a Phase 1 clinical trial of Nivolumab (anti-PD-1) alone or in combination with Ipilimumab in patients with recurrent GBM showed no differences in OS but higher toxicity with the addition of anti-CTLA-4 to the treatment (172).

PD-1, which was first identified in 1992 as a putative pro-apoptotic receptor (173), plays a major role in limiting immune response and regulates T cell biology (174). While CTLA-4 acts early on T cell activation inhibition in the lymph nodes, PD-1 immune checkpoint controls the activity of T lymphocytes in peripheral tissues (175). PD1 ligand 1 (PD-L1; also known as B7-H1 and CD274) and PD-L2 (also known as B7-DC and CD273) serve as ligands for PD-1. They are present constitutively on resting T cells, dendritic cells, B cells, natural killer cells and macrophages, and can be induced in non-haematopoietic tissues by pro-inflammatory cytokines (176, 177). Specifically, tumor cells can express these ligands, protecting them from immune system eradication (178). For instance, the term “innate immune resistance” makes reference to PDL1 gene amplification or the upregulation of PD-1 ligands by constitutively active signalling pathways on tumor cells (179–182). On the other hand, the “adaptive immune resistance” situation makes reference to PD-L1 expression by tumor cells in response to IFNγ release by T cells (183, 184).

The interaction PD-1/PD-L1 provokes effector T cells cell cycle arrest and the down-regulation of cell survival molecules like Bcl-XL, the dephosphorylation of ZAP70, and the phosphorylation of PI3K by the recruitment of SHP1 and SHP2 phosphatases (185). PD-1/PD-L1 axis disruption was thought to be a promising approach to overcome T cell inhibition and to promote an antitumoral immune response. In this regard, numerous studies have shown successful results in the treatment of metastatic melanoma (186, 187), Non-small cell lung cancer (188) and renal cell carcinoma (189). Preclinical studies using orthotopic mice models of GBM showed that PD-1 inhibition promoted NK cytotoxic effects against cancer cells when used as a single agent (190, 191) or in combination with radiotherapy (192). However, most clinical trial studies using anti-PD-1/PD-L1 monotherapy have shown limited efficacy in GBM patients (193).

Checkmate 143 was a Phase III clinical trial evaluating ICIs (Ipilimumab + Nivolumab) in GBM patients. It was concluded that Nivolumab as monotherapy was better than the combination, due to increased adverse effects when combined with Ipilimumab, and a significant increase in OS in comparison to the current therapy with Bevacizumab was not observed (194). In the case of PD-L1 inhibitors, a Phase 1 clinical trial of Atezolizumab as monotherapy in patients with recurrent GBM have shown no improvements in survival (195).

In conclusion, anti-PD-1 immunotherapy has been extensively evaluated in mouse models, and in clinical trials as monotherapy or in combination with other treatments, offering novel approaches for the treatment of GBM (Table 1) (12). Additionally, anti-PD-L1 immunotherapy has also been well evaluated in clinical trials (Table 2). Although the efficacy of ICIs as single agents has shown no satisfactory results in GBM, it is necessary to evaluate their efficacy as complements of other active immunotherapeutic strategies, such as vaccines and/or immune-stimulating gene therapies, which promote T cell infiltration, the subsequent IFNγ production and PD-1/PD-L1 upregulation.


Table 1 | PD-1 inhibitor treatments approved by the FDA and in clinical testing for GBM patients.




Table 2 | PD-L1 inhibitor treatments approved by the FDA and in clinical testing for GBM patients.



IDO is an enzyme with an essential role in the catabolism of tryptophan (Trp) into different metabolites, like kynurenines (Kyn). Although it is not considered as a classical checkpoint, it is included in this group of molecules because it has powerful immunosuppressive properties (196, 197). IDO expression in the context of tumor immunity has been associated to cancer and immune cells (198). IDO contributes to immunosuppression activities by increasing Kyn levels and depleting Trp, which inhibit effector T cells and NK cells, and promotes Treg proliferation (198). This enzyme has been shown to be upregulated in almost all GBM patients (199) and its high expression correlates with malignancy (200). In this sense, a pre-clinical study of TMZ in combination with an IDO inhibitor showed tumor growth reduction and an increase in long-term survival of mice with GBM (201). Encouraging preclinical results led to several clinical trials with IDO1 inhibitors, but unfortunately administration as single agent did not show significant antitumoral activity. Nowadays, several clinical trials are being conducted in order to test IDO inhibition efficacy, in combination with TMZ and radiotherapy (NCT03532295, NCT02502708 and NCT04049669). Similarly, another trial tested the combination of an IDO inhibitor (INCB024360) with Nivolumab, Anti-GITR MAb and Ipilimumab in patients with recurrent GBM (NCT03707457). However, after a failed Phase III trial in melanoma, with no differences in progression free survival (PFS) or OS, it was proposed that IDO is not an appropriated target in cancer (202). However, it is possible that more effective and specific inhibitors need to be developed in order to successfully block IDO pathway in cancer (203).

Trp degradation to Kyn by IDO1 and TDO2 provokes Trp starvation, which causes the subsequent activation of general control nonderepressible 2 (GCN2), decreasing general protein production. IDO-activated GCN2 also affects T cells proliferation and effector function, by inhibiting fatty acid synthesis, promoting T-regs activation (204), Platten, 2012 #122}. In this sense, Trp degradation has been recognized as an important microenvironmental factor with immunosuppressive properties. Particularly, the IDO/TDO-Kyn-AhR enzymatic cascade has emerged as an interesting pathway to develop novel therapeutic strategies and overcome tumour immune scape in GBM. In this regard, besides several IDO inhibitors that are being tested in preclinical and clinical trials, Kyn has been shown to be an interesting target due to its aryl hydrocarbon receptor (AhR) agonist activity. AhR activation promotes the generation of immune-tolerant DCs and T-regs (205). Thus, the approach of depleting extracellular Kyn has shown promising efficacy in mouse models. Engineered KYNase catalyses the synthesis of anthranilic acid from Kyn, promoting effector T cell infiltration into the tumour (206). Finally, several AhR antagonists are being tested in preclinical studies (207). However, due to their broadly effects inhibiting any AhR ligand (endogenous and exogenous), development of antitumoral AhR therapies is in early stages (207). In this sense, it remains to be elucidated if this approach will show anticancer activity by acting on cancer cells or by modulating immune responses, and if they achieve optimal pharmacokinetic/pharmacodynamic profiles (204).



Macrophage Reprogramming

The heterogeneous microenvironment of glioblastomas contains an enriched proportion of non-tumor cells which characterize the TME. Although the quantity of lymphocytes is very low, the tumor-associated macrophages (TAM) have been described as one of the major populations of GBM’s TME. TAM comprises two main subpopulations, the microglia (MG) and the monocyte-derived macrophages (MDM) (208, 209). MGs are the resident immune cells of the central nervous system specialized to monitor and respond to pathogens or injuries (210) and MDMs are peripheral bone marrow derived cells that infiltrate the TME. Despite different origins, these two populations function as immune-suppressed cells of the TME which diminish T-cell response and promote tumor progression and invasion (209). Different studies have shown that the pro-tumorigenic role of TAM is promoted by their interaction with glioma cells through mutual paracrine signaling. Different released factors have been involved in TAM-GBM interaction and the shift of TAMs to an M2 phenotype, which is characterized by anti-inflammatory properties and reduced phagocytic activity. Several studies have demonstrated that CSF1 could act as MG chemoattractant and that TAM released factors, such as the epidermal growth factor (EGF), TGFB1, IL-10, TNF, MMP14, MMP2, can promote GBM migration and invasion (211–213). Due to the immune-suppressing role of TAM in tumor progression, this population became a novel target for antitumor immunotherapies (213).

Different strategies have been focused on the impairment of macrophage tumor recruitment and on the reprogramming of phagocyte innate immune surveillance functions of MDM and MG (Figure 1).




Figure 1 | Current and novel immunotherapeutic strategies for GBM treatment under pre-clinical and clinical investigation. Current immunotherapeutic strategies in GBM include oncolytic viruses that can destroy glioma cells through immunogenic cell death without affecting non neoplastic brain cells, TAM reprogramming and the use of CAR T cells. Activation of immune checkpoint ligands such as PD-1, CTLA-4, and IDO can help tumor cells to escape immune surveillance. Thus, inhibition of them can effectively inhibit glioma progression and improve the response to other active immunotherapeutic strategies, such as DC vaccines and immunostimulant gene therapy. GBM antigens, including IL-13Rα2, HER2/neu and EGFRvIII are present in tumor cells. These tumor-associated antigens are targets of genetically modified CAR-T cells or peptide vaccines. Also, novel strategies are being studied currently in the pre-clinical setting, addressing more efficient ways to cross the blood-brain barrier (BBB), such as nanodiscs, and the modulation of the activity of novel targets. Created with BioRender.com.



Recent studies have shown that the CSF1 ligand is expressed in glioma cells and TAM. The CSFR1R is only expressed on macrophages (214). Inhibition of CSF1R using the blood-brain barrier permeable compound BLZ945, significantly decreased tumor growth and extended survival in a mouse model of GBM and patient-derived xenografts models. Treatment efficacy was related to M2 macrophage polarization inhibition, but not TAM depletion in tumor treated mice. Molecular analysis of TAM showed that this population had an inhibited expression of some M2 polarization markers, such as Arg1, F13a1, Mrc1, and Adm (215). Although, different inhibitors such as BLZ945, RG 7155, PLX339 have been tested in clinical trials, blocking of CSFR1 remains challenging and requires further studies.

TAM survival is maintained by factors released by glioma cells, such as interferon-γ (IFN-γ) and granulocyte-macrophage colony stimulating factor (215, 216).

The combined treatments of CSFR1 inhibitors with PD-1 or PDL-1 monoclonal antibody are promising avenues under investigation in clinical trials (216). Also, the combination of triple therapy using checkpoint inhibitors (anti-CTLA-4 and anti-PD-1), and immune-virotherapy showed effective M1 polarization of macrophages and tumor eradication (217). Other combinational therapy approach inhibiting the Neuroglial-2/Chondroitin sulfate proteoglycan-4 (NG2/CSPG4) axes using the antibody mAb9.2.27 together with activated NK cells in preclinical animal models of gliomas decreased tumor growth, by increasing recruitment of CCR2low MDM to the TME and by amplifying ED1 and MHCII expression on MG (218).

Likewise, other studies showed that therapies using dual inhibitors of VEGF and Angiopoietin-2 (ANG-2) axes led to modifications in TAMs. A2V bi-specific antibody or dual therapies utilizing Cediranib and MEDI3617, reprogramed macrophages to antitumor M1 phenotype, inhibited TAM recruitment and delayed tumor growth and progression (219, 220).

Further research studies demonstrated that CXCR4 signaling is involved in the recruitment of TAM to the TME. Inhibition of this axis using the clinically approved drug AMD3100 prevents BMDCs infiltration, tumor revascularization, and abrogate tumor recurrence (218). Moreover, a recent phase I/II clinical trial study showed positive results in macrophage recruitment inhibition and local control of tumor recurrences after irradiation therapy using a reversible CXCR4 inhibitor Plerixafor (221).

Glioma cells redirect macrophages activating signals to a pro-inflammatory M2 state. This strategy has been related to the overexpression of Spp1 (secreted phosphoprotein 1 or osteopontin) and Mgfe8 (milk fat globule-EGF factor 8 or lactadherin) on glioma cells and human glioblastoma tissue, which prompt M2 reprogramming of MG as a result of integrin signaling activation. Furthermore, downregulation of Spp1 and Mgfe8 within glioma cells inhibits the amoeboid transformation of myeloid cells and redirect M2 microglia/macrophages phenotype impairing glioma growth (222).

The latest strategies developed have been related to the targeting of CD47/SIRPA (signal regulatory protein alpha) pathway. CD47 is a transmembrane protein overexpressed in glioma cells that binds to the receptor SIRPA on the surface of monocytes/macrophages and MG cells inhibiting phagocytic functions and allowing tumors to escape the innate immune surveillance. Transcriptomic analysis of human gliomas has shown that high expression of CD47 correlates with overall survival, which makes CD47 a novel prognostic marker (223, 224). The mechanism of activation of CD47/SIRPA includes the activation of ITIM (immune-receptor tyrosine-based inhibitory motif) and subsequent signalling through the activation of PTPN6 (protein-tyrosine phosphatase non-receptor type 6) and PTPN11, inhibiting phagocytosis (225). Moreover, preclinical studies based on orthotopic glioma models showed that blocking CD47 using antibodies decreased tumor growth and enhanced animal survival (223). Even though the major role of CD47 inhibition has been attributed to peripheral macrophage recruitment, Hutter, G. et al also demonstrated its effect on resident microglia. Using mouse glioma models which enable the differentiation of genetically labelled MDM (Ccr2 RFP) and MG (Cx3cr1 GFP), they showed that microglia associated tumor cells increase tumor cell phagocytosis in response to CD47/SIRPA axis inhibition (226). This data indicates that enhancement of MDM and MG phagocytosis phenotype is a promising avenue for glioma treatment. Recent clinical trial studies using 5F9, a CD47 inhibitor, on other solid tumors showed a positive response in combination with other anticancer treatments (227).

Another feature of malignant transformation in glioma is the protein over-glycosylation ended by charged sialic acid in glioma cells, which constitutes novel target. SIGLEC (sialic acid-binding immunoglobulin-like lectin) proteins (14 different identified variants) are receptors of sialic acid and they are mainly present on immune cells (TAMs) acting as negative regulators of phagocytosis. SIGLEC receptor activates immunosuppressive signals after binding to sialic acids through the same signalling pathways activated in the CD47/SIRPA axe as discussed above (213, 228, 229). Examination of the sialic acid/SIGLEC pathway has demonstrated that genetic and antibody ablation of SIGLEC15 expands anti-tumor immune response and obstructs tumor growth in mouse glioma models (230).

In summary, these studies show that regulation of TAM recruitment to the tumor mass or re-education to a phagocyte phenotype contributes to the anti-tumor response and inhibition of glioma progression. Due to the diversity and plasticity of TAMs, a better understanding of the mechanisms involved in TAMs recruitment and reprogramming remain a challenge to target these immune modulators of the TME for treatment. Combination of conventional therapies, immune checkpoint inhibitors together with TAMs regulation appears to be a promising alternative to improve glioma immunotherapy and halt glioma progression.



Therapies Aiming at the Stimulation of the Immune System to Develop Anti-Tumor Specific Immune Response

An additional group of immunotherapies are aimed at inducing the development of antitumor specific responses, i.e. mediated by specific T-cells or antibodies production. These therapies were discussed in detailed before, and it is not the purpose of this manuscript to review them on detail. Anti-tumor specific response-inducing therapies can be summarized in:

	Oncolytic virus-mediated therapies, where oncolytic viruses are targeted to the tumor cells to cause Immunogenic cell death (ICD), stimulating the release of tumor-associated antigens (TAA) and damage-associated molecular patterns (DAMPs), which help to overcome the immunosuppressive tumor microenvironment (231). In this way, ICD induces the recognition of tumor cells by the immune system and the development of long-term immunity (232). Furthermore, OVs induce antiviral innate immune responses triggered by pathogen-associated molecular patterns (PAMPs) (231). Additionally, OVs can be genetically engineered to deliver immunotherapeutic transgenes or to increase their tumor selectivity, enhancing their potential for oncolytic immunotherapy (231–246).

	Suicide gene therapies, which comprises the delivery of genes encoding a conditionally cytotoxic enzyme that converts a non-toxic prodrug into a cytotoxic compound. In this way, transduced tumor cells are destroyed, sparing normal cells (247). The most evaluated suicide gene therapy for the treatment of GBM is HSV- thymidine kinase (TK) plus systemic administration of ganciclovir (GCV) (247).

	Peptide vaccines, where the main objective is to inhibit cancer progression or relapse, by producing humoral (tumor-specific antibodies) or cellular (cytotoxic T cells activation) responses against tumors (20, 248).

	Dendritic cells (DC) vaccines. DCs are professional antigen presenting cells (APCs), which function is to recognize, process and present antigens to T cells in the context of the major histocompatibility complex (MHC) I and II, in order to activate T cells and subsequently the adaptive immune response (12). Moreover, DCs are able to secrete pro and anti-inflammatory cytokines that modulate the tumor microenvironment. Autologous DCs can be loaded ex vivo with tumor antigens, peptides, tumor lysates, viral antigens, GSC or mRNA, among others, and then be administered back to patients as an antitumor vaccine (8, 249). These autologous DCs are usually differentiated from autologous monocytes by the incubation with specific cytokines (12).

	CAR T therapy. Chimeric antigen receptors (CARs) are recombinant receptors for specific targets found on cancer cells. They are designed to redirect the specificity and function of patient-derived cytotoxic T cells, which are ex vivo genetically engineered to express the CAR and re-infused to the patient (186, 250, 251).






Influence of Genetic Alterations Present in Glioma Subtypes on the Response to Immunotherapies

Although the use of immune therapies to treat gliomas is still in its early stages, i.e., in research and trial phases, the knowledge accumulated in the field in CNS tumors and other solid cancers indicate that the genetic makeup of the tumor is a predictive factor of the efficiency of the immune therapies. Not only the genetic information can predict if a treatment is likely to generate response or not, but also the genetic alterations present in certain subtypes of tumors can be exploited to devise tailored immunotherapies. In solid tumors, it was observed that the mutational load is a positive predictive factor of response to immunotherapy. A significant proportion of gliomas have mutations associated with DNA repair defects and genetic instability (252). As a consequence of this, higher mutational burden, has been observed, particularly in pediatric HGG patients with DNA repair-related germline mutations (252). Although a recent study found no correlation between mutational load and response to immune checkpoint inhibition in glioma (253), it is likely that the treatment in this study was inefficient due to the poor penetrance of the immune checkpoint inhibitors to the brain (254). In this respect, a patient with Lynch syndrome (a genetic condition related with mismatch DNA repair deficiency) who developed an IDH-mutant glioblastoma was treated with a PD-1 inhibitor (Nivolumab), remaining free of recurrence for 5 years (255).

Recent studies have described the peculiarities of the immune compartment in gliomas, which is strongly immunosuppressive and enriched in myeloid suppressor cells and exhausted and regulatory T-cells (209). Recently, it was demonstrated that the interactions between tumor cells and the immune microenvironment are influenced by the genetic alterations of the tumors. For instance, some studies reported that IDH mutations induce epigenetic changes that lead to establishing an immunosuppressive TME (94, 100). However, work from our team reported that infiltrating immune myeloid cells in the mutant-IDH TME are devoid of immunosuppressive properties. This highlights that it is not only important to identify the presence of a particular immune cells population using defined molecular markers, but also to assess the functional activity of these cells, to be able to describe the characteristics of the TME (15). In addition, it has been reported that mutant-IDH glioma cells express lower PD-L1 levels due to epigenetic reprogramming, suggesting a less immunosuppressive environment. All this information is pivotal to devise therapeutic approaches, e.g., the concept of combining mutant-IDH inhibitors (to revert the suppressive TME) with immunotherapies. However, considerable work still needs to be done in regards to the genetic and functional characterization of immune cell populations in the TME of gliomas. Single-cell RNA-seq allows the identification of different immune cells within the glioma TME, and can inform on whether certain molecular subtypes of glioma have more immune-active or immune-suppressive environments. Another type of technologies that can shed light into the characteristics of the immune populations within glioma TME are the studies performed in de novo genetically engineered animal models, which can be developed in immunocompetent mice and allow to dissect the effect of particular genetic alterations in the immune TME (15, 44, 148). This type of studies will also help devising tailored immunotherapies for specific gliomas. For instance, a group of NF1-mutant low grade gliomas was demonstrated to be associated with immune activation, increased cytolytic T-cell infiltration and neoantigens production, and this group might benefit from immunotherapies (256).

Another area where immunotherapies benefit from the knowledge of the glioma genetic makeup is on the development of CAR-T therapies or peptide vaccines. CAR-T therapies require the identification of targets that are expressed on the surface of the tumor cells and that are not expressed in normal cells. Interleukin-13 receptor α2 (IL-13Rα2) was identified as a glioma specific marker, and CAR-T therapy with cells targeting this protein was evaluated in a clinical trial (257). The preliminary results of this study on a single patient reported glioma regression, but development of therapy resistance associated to the emergence of (IL-13Rα2) negative cells. Additionally, histone K27M-mutant cells show consistent expression of GD2, and its CAR-T-mediated targeting was efficient in K27M xerograph models (258). These studies provide the foundation on future directions to develop efficient immunotherapies for glioma. CAR-T cell therapies. The identification of multiple cell surface markers with minimal off-target effects for the different molecular subtypes of gliomas is essential to target tumors and prevent antigen escape-associated resistance. In this regard, the recent genomic analysis of gliomas has led to the identification of clonal mutations that drive the different molecular subtypes. For example, IDH1/2 mutations in adult gliomas and histone H3.1 and H3.3 mutations in pediatric high grade gliomas were shown to be clonal for their respective subtypes, and developing therapies targeting these genetic alterations would reduce the risk of antigen-escape.

The epigenetic alterations induced by driver mutations such as those in IDH1/2 and H3.1 and H3.3 histones may also induce DNA repair deficiencies and/or genetic instability, and this can be associated with more immune reactive tumors. For example, cells more susceptible to DNA damage, such as H3.3-G34R mutant cells (259), undergo immunogenic cell death (ICD) upon DNA damaging conditions, which can revert the immune-suppressive TME. For this reason, acknowledging the susceptibility of the different glioma molecular subtypes to different treatments to induce ICD. For example, HDAC inhibitors were shown to target K27M HGG (260), and other tailored therapies are being explored for other subtypes (252), but the potential combinations of treatments inducing ICD and immunotherapies remain unexplored.

In summary, it is clear that the genetic alterations present in the different glioma molecular subtypes are determinant of the efficacy of immunotherapies possibilities and responses, and that the evolving information of each glioma subtype will provide opportunities for novel tailored immunotherapies.



Novel Targets and Strategies to Stimulate Anti-Glioma Immune Response

In this section, we aim to discuss about the latest glioma targets and anti-tumor strategies being studied in the pre-clinical setting (Figure 1).


Fyn Inhibition as a Target to Enhance Immune Response and Prevent Tumor Progression

Despite current advances in the molecular characterization of gliomas and novel therapies to target the tumor immune microenvironment, treatment of glioblastoma remains elusive (34, 261). Latest studies indicate that glioma infiltrating myeloid cells inhibit the anti-glioma immunity and enhance tumor progression and thus, the identification of the connections between tumor cells and the tumor immune suppressive microenvironment could open innovative treatment options (9, 262). Fyn, a non-receptor tyrosine kinase member of the Src family kinases (SFK), has recently emerged as a novel regulator of the tumor immune microenvironment during glioma development (20, 248). Fyn regulates several cellular functions in normal physiology and is deregulated in different cancers (263–265). It has been shown that Fyn displays important functions related to the immune system modulation, regulating the activity of T cells (266, 267); and in the development of the CNS, regulating the migration and adhesion of neurons (268, 269). Previous studies on Fyn’s role in cancer, including glioma, show that Fyn is activated via NRAS dependent and independent pathways through the oncogenic receptors EGFR, PDGFR, HGF/MET or RTK/RAS/PI3K to increase cell migration, proliferation and reduce cell death (270–272). These growth factor receptors are the most common mutated driver genes in GBM tumorigenesis (34, 261). Even though Fyn is mutated in a very low percentage of human gliomas (0.1-0.4 %), it has been shown that it is overexpressed in higher grade mouse and human gliomas (20, 270).

Until recently, Fyn has been best known by its cell-autonomous functions. The majority of in vitro studies showed that pharmacological inhibition and genetic downregulation of Fyn in glioma cells decreased cell proliferation and migration (265, 270, 273, 274). However, in vivo studies had been inconclusive (275). Recently, Comba et al. demonstrated not only the effects of Fyn in increasing glioma cell proliferation and migration, but also an unusual cell-non-autonomous role of Fyn inhibiting the anti-glioma immune response (20). RNA-Seq and network bioinformatic analysis of the tumor transcriptomic landscape on glioma mouse model tumors indicated that Fyn’s biological effects were related to the immune microenvironment. Using diverse genetically engineered immune-competent mouse glioma models, the study shows that genetic downregulation of Fyn increases survival and decreases glioma growth and progression. Interestingly, Fyn knockdown tumors generated in immune deficient mice (NSG, CD4-/- and CD8-/-) exhibited no differential effects on tumor growth and survival, demonstrating the relevance of the immune response in the progression of these tumors. The mechanistic analysis showed that Fyn depletion reduces the expansion of the immune suppressive myeloid cells (MDSCs) in the TME, including monocytic-MDSCs (CD45+, CD11b+, Ly6Chi, Ly6G−) or polimorphonuclear-MDSCs (CD45+, CD11b+, Ly6Clo, Ly6G+) and therefore less inhibition of T-cell activity is observed. Fyn increases tumor growth due to MDSC migration induction, their augmented expression of ARG1 and CD80, as well as their enhanced functional immunosuppressive activity (20). This work opens up new avenues for future investigations to understand glioma-immune microenvironment cross-talk and increases the potential efficacy of anti-glioma therapeutics. All these data suggest that Fyn inhibition in tumor cells is a novel therapeutic target for glioma treatment. Inhibiting Fyn’s pro-tumoral activity has the combined effects of reducing tumor cell proliferation and migration, as well as inducing the anti-tumor immune response.

The incapacity of different therapeutic agents to cross the blood-brain barrier and the non-specificity of the available Fyn pharmacological inhibitors challenge the possibilities of its use as a target for glioma treatment (265). To investigate the translational implications of targeting Fyn in glioma, we propose the use of glioma pre-clinical models to test the efficacy of nanoparticles loaded with small interfering RNA (siRNA) against Fyn. This strategy has the advantage of being systemically administrated, since nanoparticles have the ability to cross the brain-barrier and deliver their cargo directly into brain tumors (276, 277). Furthermore, the combination of Fyn inhibition within glioma cells and cancer immunotherapy, such as immune checkpoint blockade (PDL1 and PD1 inhibitors), IFNγ therapy, and Ad-hCMV-TK plus Ad-hCMV-Flt3L immune-stimulatory gene therapy (8, 12, 278), are promising avenues to improve the efficacy of anti-glioma immunotherapies and explore novel personalized treatment for glioma patients.



Nanoparticles as a Novel Anti-Glioma Therapy to Stimulate the Immune System

Nanotechnology is a potentially promising strategy to utilize against gliomas. It offers advantages such as (1) targeted delivery of materials to specific organs and tissues; (2) antigen and adjuvant co-delivery to antigen-presenting cells (APCs); and (3) non-invasive delivery of therapeutics; while (4) providing safe and biocompatible platforms for combinational immunotherapy, especially with immune checkpoint blockade (ICB) (279). In particular, Kuai, et al. have developed a synthetic high-density lipoprotein (sHDL) nanodisc platform composed of phospholipids and apolipoprotein A1-mimetic peptides (280). As a platform for cancer immunotherapy, sHDL has ideal properties, including multiple cargo loading sites for antigens, adjuvants, and chemotherapeutics, and its small size (10 nm) mediates efficient delivery of cargo to draining lymph nodes or directly to tumors for cytotoxic effects. In this regard, we have demonstrated strong anti-tumor efficacy of sHDL delivering GBM neoantigens or a chemotherapeutic agent docetaxel (DTX) in murine models of glioma (21, 22).

The sHDL nanodiscs using GBM neoantigens were synthesized by modifying neoantigen peptides with a reduction-sensitive cysteine-serine-serine linker, which was reacted with a dioleoyl-sn-glycero-3-phosphoethanolamine-N-[3-(2-pyridyldithio) propionate] (PDP)-modified lipid to produce neoantigen-lipid conjugates (22, 280). Loading of neoantigen-lipid conjugates and CpG (a Toll-like receptor-9 agonist) in sHDL was mediated via hydrophobic interactions after simple mixing. Nanodiscs were taken up by DCs, leading to strong localization with endosomes/lysosomes, sustained epitope-MHC I presentation, and cross-priming of CD8+ T cells against GBM. Mice were inoculated with an orthotopic GL261 model and treated with a combination of nanodiscs carrying three GBM neoantigens and anti-PD-L1. The results showed up to 100-fold higher IFNγ+ T cell responses and eradicated 30% of gliomas, compared with soluble vaccine + anti-PD-L1 treatment (22). Furthermore, there were no signs of recurrence through day 90, on which mice were re-challenged in the contralateral hemisphere and did not show any signs of neurological deficit as well (22). These results are particularly exciting as they demonstrate immunological memory and the ability of glioma-specific T cells to traverse the blood brain barrier (BBB) and exert cytotoxic effects against gliomas.

Nanodiscs carrying DTX and CpG were synthesized similarly (21). One of the main barriers of effective glioma treatment is the BBB, which provides a physical resistance to GBM chemotherapeutic treatment. By loading sHDL nanodiscs with DTX and CpG and injecting them intrathecally, the BBB was bypassed, allowing the nanodiscs to diffuse through the entire tumor (21, 281). When sHDL-DTX-CpG was administered to orthotopic GL26 tumor-bearing mice, a ~2-fold increase in survival was observed, compared with DTX, DTX-CpG, or DTX-sHDL treatment (21). sHDL-DTX-CpG triggered immunogenic cell death, as evidenced by high expression of “eat me” and “danger” signals, such as calreticulin and HMGB1 on the surface of tumor cells. sHDL-DTX-CpG also promoted recruitment of APCs as well as CD8+ T cells into GBM tumors (21). As standard therapy for GBM is normally a combination of radiation therapy and chemotherapy, GBM-bearing mice were treated with a combination of sHDL-DTX-CpG and radiation therapy, which resulted in 80% tumor regression and no tumor recurrence post tumor re-challenge (21). Exemplified by these two examples using the sHDL nanodisc platform, nanotechnology is a novel and effective therapy to stimulate a comprehensive anti-GBM immune response.



Current Therapies Aimed at Targeting Epigenetic Pathways in Glioma and Its Impact on the Immune Response

Insights into the molecular landscape of diffuse gliomas have revealed characteristic genetic and epigenetic profiles which stratified the glioma classification (38, 47). Genetic anomalies associated with gliomagenesis commonly coincide with specific epigenetic mutations (282). These include but are not limited to a mutation in histone H3 genes such as H3K27M, and H3G34R/V as well as a mutation in the epigenetic modulator gene isocitrate dehydrogenase (IDH) (38, 47). Owing to the reversibility of epigenetic modifications, the proteins and genes that regulate these changes have become new targets in the treatment of glioma (282). Epigenetic mechanisms are critical for many processes in cancer–immunity cycle. Also, epigenetic pathways can impact both tumor cells as well as immune cells resulting in a negative impact on the anti-tumor immune response. For instance, DNA methylation-associated mutagenesis is the single most important source of genetic alterations, leading to neoantigen formation in most cancers including glioma (283, 284).

Several therapies aimed at targeting epigenetic pathways are being examined for their anti-glioma abilities. Several of these therapies target proteins that mediate histone modifications. Examples of these therapies include EZH2 inhibitors, DNA methyltransferase (DNMT) inhibitors, histone deacetylase (HDAC) inhibitors, mutant IDH inhibitors, and BET inhibitors (285). The enhancer of zeste homolog 1/2 (EZH1/2) is the main subunit of PRC2 responsible for the trimethylation of Histone H3 lysine 27 (H3K27me3), which controls stem cell and oncogenic gene expression programs (282). The H3K27 mutation has been shown to inhibit polycomb repressor complex 2 (PRC2) activity which leads to hypomethylation of H3K27 and expression of potential oncogenes (282). EZH2 overexpression is associated with poor GBM prognosis, and reducing levels of EZH2 expression in vivo resulted in a reduced tumor progression, which suggests the efficacy of EZH2 inhibitors as anti-glioma therapies (286, 287). EZH2 inhibitor, Tazemetostat, alone, and in conjunction with other therapies, is currently in clinical trials for treating pediatric glioma with EZH2, SMARCB1, or SMARCA4 mutations (ClinicalTrials.gov IDs NCT03213665, NCT03155620). These mutations affect gene expression via the regulation of chromatin remodeling.

DNA methylation is the most commonly studied epigenetic modification in cancer (285), and methylation signatures are included in glioma classification (288). Gliomas harboring mutant IDH1 display high levels of DNA hypermethylation in CpG rich domains, which are associated with increased tumor progression and altered gene expression (289, 290). Inhibitors of mutated IDH1/2 enzymes entered clinical trials and represent a novel drug class for targeted therapy of gliomas. These include AG-881, AG-120, and AG-221, all of which are being tested in preclinical and clinical settings. Preliminary results from Phase I clinical trials with IDH inhibitors demonstrated an objective response rate ranging from 31% to 40% with durable responses (>1 year) (291). To date, AG-120 showed the most clinically promising results as an orally administered, reversible, and highly selective small-molecule inhibitor of mutant IDH1/R132H cancers (292, 293).

Another group of drugs targeting the glioma methylation status are DNMT inhibitors, which are now being studied as potential anti-mIDH1 glioma therapies. DNMTs promote cancer generation by causing hypermethylation of tumor suppressor gene enhancers and promoter regions (18, 285). Early studies have shown anti-glioma efficacy of DNMT inhibitors in vivo and in vitro (294, 295). Despite the preclinical successes, a representative DNMT inhibitor, 5-aza-2′-deoxycytidine, has been shown to have minimal efficacy in early clinical trials (290). Recent studies showed a strong connection between epigenetics and cytokine production in tumor cells. One example is DNMT inhibition which can trick cancer cells into behaving as virus-infected cells, leading to activation of the interferon pathway (296, 297). In glioma, IL-6 promotes hypermethylation of the Sp1-binding site in the miR142-3p gene promoter, preventing binding of Sp1 and inhibiting miR-142-3p expression (298). These changes were shown to enhance the effectiveness of immune checkpoint inhibitors (296, 297). Moreover, multiple studies have shown that the PD-L1 level can be regulated by epigenetic mechanisms. For example, in IDH1 mutated glioma, we have shown that methylation in PD-L1 promoter negatively correlates with PD-L1 expression and prognosis (24).

Histone acetylation plays a role in gene expression. Whilst acetylation is generally associated with elevated transcription, deacetylated histones are generally associated with repressed genes (299). HDAC enzymes are differentially expressed in glioma and have been shown to play a role in glioma progression (18, 299). Several pre-clinical studies have shown an effective response for HDAC inhibitors via multiple mechanisms, including induction of tumor cell death, as well as increase radio-sensitivity, differentiation, and/or cell cycle arrest (300–302). Due to the promising results obtained from these studies, both Vorinostat and valproic acid, are currently being tested in clinical trials on gliomas as monotherapies and combinational therapies (18, 303–305). So far, results showed that HDAC inhibitor monotherapies are not sufficient as anti-glioma therapies, but they show promise in increasing the anti-glioma effects in combinational therapies (306).

Bromodomain and extra-terminal domain (BET) proteins are epigenetic chromatin readers that bind to acetyl marks of lysine residues to regulate gene expression (282, 285, 307). BET proteins were found to be associated with high expression of oncogenes (285, 307). BET inhibitors have been identified as possible therapies for GBM patients, as they have been found to inhibit GBM cell proliferation both in vivo and in vitro by hindering cell cycle progression and reducing oncogene expression (307, 308). Despite the promising preclinical findings, there are no clinical trials on BET inhibitors as a treatment for glioma patients.

Multiple therapeutics targeting epigenetic pathways (epidrugs) have been approved for cancer treatment which can affect the immune response. These were approved to treat hematopoietic malignancies such as T-cell lymphoma, multiple myeloma, and myelodysplastic syndromes (309, 310). Even though there is no clinical application of epidrugs targeting glioma, azemetostat, a KMT6A (EZH2) inhibitor, was approved for the treatment of epithelioid sarcoma, making it the first approved histone ‘writer’ inhibitor and the first epidrug to treat solid tumors (311). This demonstrates promising avenues of epidrugs to target solid tumors that have pronounced epigenetic dysregulation including glioma, which could in turn, enhance the immune response against these tumors.



Inhibition of the Oncometabolite (R)-2-HG to Enhance Anti-Glioma Immunity

Mutation in the metabolic enzyme isocitrate dehydrogenase 1 (mIDH1) at active site residue R132H occur in ~20-25% of infiltrative gliomas (40, 312, 313). The mutation leads to gain-of-function catalytic activity that converts α-ketoglutarate (αKG) to the onco-metabolite (R)-2-hydroxyglutarate ((R)-2-HG) (40, 314, 315). (R)-2-HG competitively inhibits histone demethylating enzymes ten-eleven translocation methylcytosine dioxygenases (TETs) and lysine-specific demethylases (KDMs) (289, 316). Inhibiting demethylation increases DNA and histone methylation, altering the epigenome, resulting in changes in the tumor transcriptome (289, 316). Although studies have shown that small molecule inhibitors targeting IDH1-R132H have been effective in impairing tumor progression as monotherapy in pre-clinical models (317), in phase I clinical trials they have not been effective as monotherapies (NCT02381886). We have previously shown that mIDH-R132H, in the context of ATRX and TP53 inactivation, epigenetically reprograms gene regions corresponding to DNA repair proteins in human and murine glioma cell cultures (44). Treatment with AGI-5918, a small molecule inhibitor prior to radiotherapy, downregulated DNA repair gene expression, thus making the tumor cells radiosensitive. These results highlight the need for a combinatorial treatment strategy to effectively impede mIDH1 progression.

The onco-metabolite (R)-2-HG has been shown to repress expression of key immune regulatory genes, such as CCL2, CXCL-2 and C5-a, which are primarily involved in mediating lymphocytes’ trafficking to the mIDH1 glioma TME (94). Recently, one study demonstrated that combination of PD-1 inhibition and the mIDH1 inhibitor BAY1436032 extended the survival of mice implanted with GL261-IDH1R132H glioma cells by overriding the immune suppressive environment mediated by (R)-2-HG (318).

We recently demonstrated that in genetically engineered mIDH1 mouse gliomas, resembling human mutant IDH1 astrocytoma, (R)-2-HG inhibition in combination with SOC increased the infiltration of DCs and anti-tumor specific T cells in the TME, while decreasing the infiltration of immunosuppressive MDSCs, Tregs, and M2 macrophages compared to saline treated mice (24). We also observed that mIDH1 glioma cells exhibit lower levels of PD-L1 expression (24). In response to (R)-2-HG inhibition, PD-L1 expression levels on mIDH1 glioma cells significantly increased to those observed in wild type IDH gliomas (24). Numerous preclinical solid tumor models have demonstrated that the immune checkpoint blockade of PD-1/PD-L1 interaction prevents T cell exhaustion, resulting in enhanced anti-tumor immune activity and improved MS (9, 319, 320). We previously demonstrated that PD-L1 checkpoint blockade as monotherapy elicited a small increase in MS in mice bearing syngeneic glioma, with only a few long-term survivors (9). However, immune-checkpoint blockade used as monotherapy has failed in Phase III clinical trials to improve OS of patients with glioma (12). We observed that IDH1-R132H inhibition used in combination with SOC and anti-PD-L1 immune checkpoint blockade increased the frequency of tumor-specific cytotoxic CD8+ T cells and IFN-γ release within the TME (24). Strikingly, long-term survivors from IDH1-R132H inhibition in combination with SOC and anti-PD-L1 immune checkpoint treatment group remained tumor-free post mIDH1 glioma rechallenging in the contralateral hemisphere, indicating the development of anti-mIDH1 glioma immunological memory (24). This is a critical factor in determining the success of immune-therapeutic approaches in gliomas. A robust anti-tumor T cell response and the presence of anti-glioma immunological memory are required to eradicate any remnant tumor cells post-surgery and prevent recurrence.

Collectively, upon metabolic reprogramming it is possible to achieve anti-mIDH1 glioma immunity. The precise elucidation of the immune pathways affected by (R)-2-HG will lead to an understanding of the underlying biological processes and will provide better therapeutic approaches for mIDH1 glioma patients.




Future Prospects and Conclusions

The path for immunotherapies against glioma has started more than a decade ago and the lack of sustained clinical beneficial outcomes demonstrates the challenge that this tumor represents (12, 17, 79, 84, 249). Malignant gliomas are tumors intrinsically difficult to target by immunotherapies due to their heterogeneity, their immunosuppressive TME and the particular cross-talk of the CNS and the immune system (6, 11). However, as tumor recurrence occurs almost always in glioma patients, since these tumors are virtually impossible to completely resect due to their infiltrative nature, anti-glioma immunological memory would be highly beneficial desirable for these patients. Also, because the immunosuppressive TME is related to glioma aggressiveness, trying to counteract this milieu represents an appealing idea for oncologists and researchers.

Research in immunotherapies against glioma developed in parallel with the broadening of our understanding regarding the molecular landscape associated to different types of glioma. These studies demonstrated that entities before defined under the same WHO group, were not as homogeneous as they were thought to be (38, 40, 321). The genetic and epigenetic data gathered so far enabled the classification of gliomas in terms of their intrinsic characteristics, in combination with the histological features, and unveiled how complex these tumors are. Also, with the advent of state-of-the-art technologies, such as scRNA-Seq, it was realized not only that gliomas have intra-tumor heterogeneity, but also, that this state could fluctuate, for example, depending on the stage of the treatment at which the biopsy is taken. Ideally, in the future, the advancements in both, sequencing methodologies and immunotherapeutic strategies, will be combined to design and apply more targeted therapies for glioma patients (Figure 2).




Figure 2 | Genomic sequencing of glioma patient tumor biopsies could guide the immunotherapy strategies selected based on the mutational profile and clinical status. Tumor biopsies obtained by surgical resection undergo high-throughput genomic sequencing to identify mutations present within the cancer cells. The genetic lesions detected could be used as a decision factor to select which immunotherapy to choose. Patients with primary tumors that express specific tumor antigens can undergo a variety of immune-based treatments that address these driver mutations directly and could be combined with chemotherapeutic agents and other approaches, such as immune checkpoint inhibitors. Patients that present with recurrent or residual glioma could also be treated with gene therapy or virotherapy-mediated approaches that directly target the glioma cells to trigger immune-stimulatory mechanisms.



This overwhelming amount of information allowed the development of more sophisticated murine models for the pre-clinical testing of immune-mediated therapies for glioma. Mouse models that recapitulate the human disease, with animals harboring brain tumors encoding for the specific genetic and epigenetic alterations described, have been generated with techniques, such as the Sleeping Beauty method, that enable the concomitant study of the surrounding immune response.

Even though these advancements represented a milestone in the exploration of immunotherapies against glioma, the translation of pre-clinical findings to the clinical setting has not yielded consistent or sustained beneficial outcomes for patients. This drawback reveals that animal models need to be further adjusted to the genetics/biology of these tumors and that we should be cautious about generalizing the potential clinical response for a particular immune-mediated therapy. So far, the data gathered from clinical trials and the information obtained in pre-clinical models have been useful in demonstrating that the molecular features of glioma influence the anti-tumor immune response and the clinical consequences of the administration of an immunotherapy.

Despite the lack of a substantial benefit for glioma patients treated with immunotherapies, the medical-research community has learnt important lessons from these pitfalls. Currently, we know that the immune-mediated approach to treat glioma should be combinational, not only by considering more than one TAA or TSA to target, but also by integrating different immunotherapeutic strategies. For example, DC vaccines could be combined with ICI and OV therapy, to enhance the development of adaptive anti-tumor immunity. The possibility of combinational therapies is encouraging, as we have been capable of developing different immune-mediated strategies against this tumor. However, it rises the complexity of tumor treatment, as the number of combinations for drug doses, times and routes for drug administration increases exponentially.

The great advancements in the immune-mediated approaches for glioma therapy and the development of BBB penetrating and tumor-targeted ways of drug administration in the pre-clinical setting has demonstrated that the research community is capable of designing new alternatives to overcome the challenges that this type of tumor presents. We believe that the key for the success of immunotherapies against glioma resides in the deep understanding of the biology of this tumor and in the precise combination of diverse therapeutic approaches. It is important to carefully revise the clinical trial results and to compare them with the pre-clinical data, in order to learn from the failures and generate better animal models.

We hope that the data discussed in this review highlight the importance of taking into account the molecular features of gliomas when considering immunotherapies and that it will shed light on the aspects that we still need to tackle to successfully harness the immune system against these tumors.
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Targeting the unique glioma immune microenvironment is a promising approach in developing breakthrough immunotherapy treatments. However, recent advances in immunotherapy, including the development of immune checkpoint inhibitors, have not improved the outcomes of patients with glioma. A way of monitoring biological activity of immune cells in neural tissues affected by glioma should be developed to address this lack of sensitivity to immunotherapy. Thus, in this study, we sought to examine the feasibility of non-invasive monitoring of glioma-associated microglia/macrophages (GAM) by utilizing our previously developed induced microglia-like (iMG) cells. Primary microglia (pMG) were isolated from surgically obtained brain tissues of 22 patients with neurological diseases. iMG cells were produced from monocytes extracted from the patients’ peripheral blood. Quantitative reverse transcription-polymerase chain reaction (qRT-PCR) revealed a significant correlation of the expression levels of representative markers for M1 and M2 microglia phenotypes between pMG and the corresponding iMG cells in each patient (Spearman’s correlation coefficient = 0.5225, P <0.0001). Synchronous upregulation of CD206 expression levels was observed in most patients with glioma (6/9, 66.7%) and almost all patients with glioblastoma (4/5, 80%). Therefore, iMG cells can be used as a minimally invasive tool for monitoring the disease-related immunological state of GAM in various brain diseases, including glioma. CD206 upregulation detected in iMG cells can be used as a surrogate biomarker of glioma.
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Introduction

Gliomas are tumors of the central nervous system (CNS) derived from neural tissues. Among them, glioblastoma (GBM) has a highly aggressive phenotype and accounts for most gliomas. Despite advances in surgical resection, chemotherapy, and radiation therapy, GBM prognosis remains poor, and <5% of patients survive beyond five years post-diagnosis (1).

Among the recent attempts to develop multimodal treatment strategies to modify the extremely poor survival of GBM patients, immune checkpoint inhibitors were expected to bring about a paradigm shift, similar to that achieved in the treatment of other malignancies, such as melanoma (2, 3). However, clinical trials have failed to observe significant therapeutic benefits of immune checkpoint inhibitors in patients with GBM (4, 5). Such unfavorable results may be partly due to the peculiar state of the immune system in glioma tissues and the CNS in general.

Microglia are the brain’s immune system cells responsible for maintaining brain homeostasis (6). Microglia exhibit a spectrum of phenotypes. The classically activated microglia/macrophages stimulate anti-tumor immune responses through the secretion of pro-inflammatory cytokines, such as tumor necrosis factor-alpha (TNF-α), interleukin (IL)-1β, and inducible nitric oxide synthase, defined as M1 markers. However, the alternatively activated microglia/macrophages promote tumor survival by producing anti-inflammatory cytokines such as IL-4, transforming growth factor-beta (TGF-β), and IL-10, defined as M2 markers (7–10). Microglia and peripheral macrophages recruited by glioma cells, defined as glioma-associated microglia/macrophages (GAM), were shown to contribute to tumor growth and invasion (11).

GBM is a complex solid tumor containing neoplastic and non-neoplastic cells, and the majority of the non-neoplastic cells are GAM, which account for 30%-50% of the cells in GBM (12, 13). GAM have been reported to play various roles in the malignancy features of GBM, including proliferation, growth, invasion, and immunosuppression (14–17). GAM are recruited to GBM microenvironment, where they release a wide array of chemokines and cytokines in response to the factors secreted by the tumor cells (14). Recently, small extracellular vesicles secreted by GAM have been reported to promote the progression of glioma (18). Within the tumor microenvironment, GAM are forced to transform to M2 phenotypes by GBM cells that secrete factors such as IL-10, IL-4, IL-6, macrophage colony-stimulating factor, macrophage inhibitory factor, TGFβ, and prostaglandin E2, which subsequently supports tumor growth and invasion (19). Several studies of tumor tissue samples have documented a correlation between GAM characteristics and pathological grade/prognosis of gliomas (20, 21).

We have previously developed a technique to generate induced microglia-like (iMG) cells from peripheral blood (22). We reported that iMG cells expressed the essential characteristics of human microglia, such as surface markers and drug responses, phagocytosis, and cytokine production (22). We applied this technique for translational research focusing on neurological, psychiatric, and pain-related disorders (23, 24). Other research groups and ours have revealed that iMG cells express microglia-specific surface markers (CX3CR1, P2RY12, TMEM119, and others) and possess phagocytic activity (22, 25, 26). Recently, iMG cells have been reported to be distinct from monocytes and macrophages but clustered closer with human brain microglia [Ohgidani 2020 under review] (25). These results suggest that iMG cells are a promising research tool for less-invasive monitoring of the immunological state of microglia in the CNS.

CD206 is a 175 kDa transmembrane protein encoded by the mannose receptor C-type 1 gene (MRC1). It is mostly expressed in macrophages, dendritic cells, and endothelial cells, where it functions as a receptor for mannosylated ligands, such as microbial antigens (27). In neural tissues, expression of CD206 is observed in microglia (28, 29) and astrocytes (30, 31). CD206 is widely recognized as a representative M2 microglial marker (29, 32). CD206 is involved in important cellular functions, especially in pinocytosis and phagocytosis (28, 31, 33). Therefore, CD206 is suggested to play a critical role in the first step of the recognition and capture of pathogens in neural tissues (31). A recent study has suggested a positive correlation between the World Health Organization pathological grades and the numbers of CD206-positive GAM in human glioma tumor tissues (21). Interestingly, we reported that CD206 expression in iMG cells was downregulated in patients with bipolar disorder during the manic state (34). Based on that study, we proposed that iMG cells could be candidate surrogate cells to monitor the immune environment that comprises other CD206-expressing cells in CNS diseases.

We hypothesized further that iMG cells from patients with glioma might reflect the immune properties of GAM and thereby serve as a novel biomarker of glioma. To clarify this hypothesis, we compared the immunological states of blood-derived iMG cells with those of brain-derived microglia. Further, we investigated the specificity of biological properties of these cells, which were isolated from glioma patients.



Materials and Methods


Patients

Microglia were isolated from the residual resected brain tissue after sampling for the pathological diagnosis from the surgical removal of subcortical or deeply located mass lesions (N = 15) or following epileptic surgery (N = 7) in a total of 22 patients (Table 1). During surgeries for the removal of nine gliomas (grade II, N = 2; grade III, N = 2; grade IV, N = 5) and six radiographic glioma-like mass lesions (meningioma, N = 1; metastatic tumor, N = 2; brain abscess, N = 1; encephalitis, N = 1; radiation necrosis, N = 1), the samples for microglia isolation were obtained from the surgical corridor during the approach to the lesion. In five of the seven patients with epilepsy, sampling for microglia isolation was performed at the resected epileptogenic lesion detected using chronic subdural electrodes placed during a prior surgery 1 or 2 weeks before. Resected brain tissues were immediately placed on ice and transferred to the laboratory for microglia isolation within 2 h of resection.


Table 1 | Summary of the pathological characteristics of samples and period from subdural electrode placements.





Primary Microglia Isolation

Human tissue samples were dissociated using a Neural Tissue Dissociation Kit (Miltenyi Biotec, Bergisch-Gladbach, Germany), according to the manufacturer’s instructions (Figure 1). The cell suspension was incubated with CD11b microbeads (Miltenyi Biotec) in the MACS buffer (Miltenyi Biotec) for 15 min at 4°C. Afterward, the cells were washed, resuspended, and transferred to an LS column (Miltenyi Biotec) within a magnetic field. The positively selected (CD11b+) microglia were collected and resuspended in the Microglia Medium (ScienCell, Carlsbad, CA, USA). Primary microglia (pMG) were plated on culture dishes at a density of 3 × 105 cells/mL and cultured overnight in standard culture conditions (37 °C, 5% CO2). After overnight incubation, culture supernatant and non-adherent cells were removed. Microglia were cultured in RPMI-1640 Glutamax (Invitrogen, Carlsbad, CA, USA) supplemented with 1% antibiotic/antimycotic, recombinant human granulocyte macrophage colony-stimulating factor (GM-CSF) (10 ng/mL; R&D Systems, Minneapolis, MN, USA) and recombinant human IL-34 (100 ng/mL; R&D Systems) for 5 days.




Figure 1 | Diagram illustrating primary microglia and induced microglia-like cell collection and experiment. Monocytes isolated from the patients were induced to develop into microglia-like (iMG) cells. The biological properties of iMG cells were compared with those of brain-derived primary microglia.





Preparation of iMG Cells From Human Peripheral Blood

Peripheral blood was collected into a heparinized tube from patients with brain tumors, epilepsy, or other brain diseases (Figure 1). In three patients with epilepsy, consent to collect blood was not obtained. Peripheral blood mononuclear cells (PBMCs) were isolated using Histopaque-1077 (Sigma Chemical Co., St. Louis, MO, USA) density gradient centrifugation. PBMCs were resuspended in RPMI-1640 (Nacalai Tesque, Kyoto, Japan) supplemented with 10% heat-inactivated fetal bovine serum (Japan Bio Serum, Hiroshima, Japan) and 1% antibiotic/antimycotic (Invitrogen). PBMCs were plated on culture dishes at a density of 4 × 105 cells/mL and cultured overnight in standard culture conditions (37 °C, 5% CO2). After overnight incubation, culture supernatant and non-adherent cells were removed. Adherent cells (monocytes) were cultured in RPMI-1640 Glutamax supplemented with 1% antibiotic/antimycotic, recombinant human GM-CSF (10 ng/mL), and recombinant human IL-34 (100 ng/mL) for 14 days to obtain iMG cells (22, 23).



Quantitative Reverse Transcription-Polymerase Chain Reaction

To assess gene expression patterns in microglia and iMG cells, qRT-PCR was performed using a LightCycler 480 system (Roche Diagnostics, Mannheim, Germany). Microglia and iMG cells were washed. Total RNA was extracted using a High Pure RNA Isolation kit (Roche Diagnostics) according to the manufacturer’s protocol and used for cDNA synthesis using a Transcriptor First Strand cDNA Synthesis kit (Roche Diagnostics). qRT-PCR for representative markers of M1 and M2 microglia phenotypes was performed using their respective primers (Table 2). Normalization was performed using the reference gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH) from the Universal ProbeLibrary (Roche Diagnostics) and the ΔΔCt method.


Table 2 | Primer sequences used for qRT-PCR.





Immunohistochemistry

The resected brain tissues around the tumors were fixed in 10% neutral buffered formalin, embedded in paraffin, and processed for immunohistochemistry. The expression levels of the following microglia/macrophage markers were investigated in 4 μm serial paraffin sections: Iba-1 (pan-microglia/macrophage marker), CD68 (lysosomal protein; highly expressed by macrophages and activated microglia), and CD206 (mannose receptor, M2 marker). Goat antibody for Iba-1 (Cat. #ab5076, Abcam, Cambridge, MA, USA; 1:500 dilution, RRID: AB_2224402), rabbit antibody for CD206 (Cat. #ab64693, Abcam, Cambridge, MA, USA; 1:1000 dilution, RRID: AB_1523910), and mouse antibody for CD68 (Cat. #M0814, Dako, Carpinteria, CA, USA; 1:200 dilution, RRID: AB_2314148) were used as the primary antibodies. The sections were incubated with primary antibodies at 4°C overnight. Immunoreaction products were detected using the polymer immunocomplex method by an Envision system (Dako). The sections were counterstained with hematoxylin. Immunoreactivity was detected using 3,3′-diaminobenzidine (Dojindo, Kumamoto, Japan). The negative control experiments for CD 206, Iba-1, and CD68 were performed without primary antibodies (Supplementary Figure S1).



Statistical Analyses

Results are expressed as the mean ± standard deviation (SD). The Spearman’s correlation coefficient was used for analyzing the correlation between parameters in pMG and iMG cells. Statistical significance was determined at α = 0.05 level. Differences were considered statistically significant when P-values were <0.05. Each experiment was conducted with four independent cell cultures; however, in some cases, the number of pMG or iMG cells was small and the number of samples was <4 [N = 3.68 (SD ±0.7790)].




Results


Gene Expression in Human GAM and iMG Cells

Total RNA was isolated from these paired samples to investigate the expression profiles of pMG cells isolated from brain tissue and the corresponding blood-derived iMG cells. PCR was performed to determine the expression levels of inflammation-related genes known as representative markers for M1 microglia and macrophage phenotype (CD45, CD80, HLA-DR, TNF-α, IL-1β, and IL-23) and M2 phenotype (CD206, CD209, CD23, BDNF, IL-10, and CCL18) (Supplementary Table S1). Spearman’s correlation analysis revealed that expression levels of inflammation-related genes in the paired pMG and iMG cells derived from the same patient significantly correlated (Spearman’s correlation coefficient  = 0.5225, P < 0.0001), indicating that iMG cells exhibited disease-related phenotypes and were regulated synchronously with the corresponding pMG (Figure 2).




Figure 2 | qRT-PCR for representative M1 and M2 microglial markers in primary microglia and induced microglia-like cells. mRNA levels of M1 and M2 microglia markers (12 types in total) were measured using qRT-PCR in 19 cases in which total mRNA was extracted from both induced microglia-like (iMG) cells and primary microglia (pMG). Each value was compared with the control (epilepsy cases without inflammatory infiltrates due to subdural electrode placements, N = 2) to investigate the correlation between iMG and pMG parameters. The expression levels of inflammation-related genes significantly correlated in pMG and iMG cells from the same patients (Spearman’s correlation coefficient = 0.5225, P < 0.0001). Red circles indicate M1 markers, M2 markers are indicated by blue circles, and CD206 is indicated by black dots. qRT-PCR was performed in four independent cell cultures; however, in some cases, the number of pMG or iMG cells was small, and the number of samples was <4 [N = 3.68 (SD ±0.7790)].



Next, to identify glioma-specific transcripts in GAM, the qPCR results were compared between the glioma group (GLI group; N = 9) and radiographic glioma-like mass lesion group (RGM group, N = 6; meningioma, N = 1; metastatic tumor, N = 2; brain abscess, N = 1; encephalitis, N = 1; and radiation necrosis, N = 1). Among the analyzed markers, the expression of CD206, known as an M2 marker, was synchronously upregulated in pMG and iMG cells in six of the nine patients (67%) in the GLI group (Figure 3A). Upregulation of CD206 expression in pMG and iMG cells was particularly pronounced in individuals with GBM, as this phenomenon was observed in four of the five patients studied (80%). The characteristics of the patients from the GLI group are summarized in Table 3, revealing no clear predictive biomarker or background characteristics correlating with CD206 upregulation. In the RGM group, synchronous upregulation of CD206 expression was detected only in two (meningioma and brain abscess) of the six (33%) patients (Figure 3B). The brain tissue around the tumor of the patient with meningioma showed reactive astrocytes and edematous change probably because of the physical compression (Supplementary Figure S2). The surrounding tissue of the patient with brain abscess showed edematous change and infiltration of inflammatory cells. There was no increment in CD206 expression level in two patients with metastatic tumor and two patients who underwent removal of tumor-suspected lesions (radiation necrosis) and encephalitis suspected lesion. Altogether, CD206 upregulation in microglia shown in the surrounding tissue might be a hallmark of glioma, especially in GBM, and can be detected by isolating iMG cells from the peripheral blood of patients.




Figure 3 | Expression levels of CD206 in primary microglia and induced microglia-like cells in patients with glioma and radiographic glioma-like mass lesions. (A) CD206 expression levels in primary microglia (pMG) and induced microglia-like (iMG) cells in patients with glioma (GLI group) compared to those in control samples. Synchronous upregulation in CD206 expression was detected in pMG and iMG cells in six of the nine (66%) patients, and especially in four of the five (80%) patients with GBM. (B) CD206 expression levels in pMG and iMG cells in patients with a radiographic glioma-like mass lesion (RGM group) compared to those in control samples. Synchronous upregulation of CD206 expression was detected in two of the six (33%) patients. We compared CD206 expression levels in the GLI and RGM groups with those from epilepsy patients as control due to the lack of samples from healthy individuals.




Table 3 | Summary of the pathological characteristics and genetic mutations in patients from the glioma group.





Expression CD206, Iba-1, and CD68 in Human Brain Tumor Samples

To assess the invasion of microglia/macrophages in the brain tissue around the tumor, tissue samples of grade II–IV glioma and metastatic tumor were analyzed using immunohistochemistry (Figures 4A–D). Interestingly, the Iba1-positive GAM fraction was the most predominant in all tumors, followed by a slightly lower proportion of cells positive for CD68, a marker for the activated microglia. CD206 tended to be highly expressed in brain tissue surrounding GBM, and conversely, it was weakly expressed in all metastatic brain tumors and grade III gliomas. In grade II gliomas, CD206-positive GAM were present in high numbers. These results were consistent with the PCR results in all tumor cases.




Figure 4 | Magnetic resonance imaging findings and immunohistochemistry staining in samples from patients with grade II–IV glioma and metastatic tumor. Magnetic resonance imaging findings and representative immunohistochemical staining for CD206, Iba-1, and CD68 of the brain tissues surrounding a metastatic tumor (A) and glioma (WHO grade II–IV) (B–D) (scale bars = 50 µm).






Discussion

Our study demonstrates that some immune properties of GAM can be monitored using iMG cells isolated from peripheral blood. In recent years, the development of drugs targeting tumor immunity has progressed rapidly. In particular, immune checkpoint inhibitors have already been confirmed to be effective in clinical trials for tumors such as melanoma (2); however, these drugs have not been proven effective for GBM. Mounting evidence has demonstrated that immune response is involved in the development and progression of GBM (14); therefore, a thorough investigation of the underlying molecular and immunologic mechanisms of GBM tumorigenesis is important for developing novel interventions. Our study demonstrated that the specific immune status of glioma might be monitored using peripheral iMG cells, which can be utilized as an effective research tool for the elucidation of immunologic mechanisms of tumorigenesis. Furthermore, GAM that play a role in supporting tumor invasion (35) may become a new target for immunotherapy of GBM in the future.

Our study revealed the specific upregulation of CD206 in iMG cells isolated from the peripheral blood of patients with glioma. These findings indicate that our technique can be used to develop a diagnostic marker for glioma. Although neuroradiological examinations, such as computed tomography and magnetic resonance imaging, are mainly performed as standard clinical examinations for the preoperative diagnosis of GBM, radiographic characteristics of GBM are similar to those of other neuronal diseases, including metastatic brain tumor, brain abscess, and primary CNS lymphoma. Therefore, the development of a tumor-specific marker for GBM would greatly facilitate the presurgical confirmation of diagnosis. There have been several recent attempts of molecular diagnosis of gliomas using cerebrospinal fluid (36, 37); however, those techniques have not achieved the detection of glioma-specific mutations in peripheral blood cells. Recently, several reports on serum microRNAs can distinguish patients with gliomas from healthy controls with high sensitivity and specificity (38, 39). Zhou et al. (40) reviewed 28 reports on the diagnosis of glioma using microRNAs and reported overall sensitivity of 85% and specificity of 90%. Although these studies suggested that microRNA levels are useful for distinguishing glioma and non-glioma cases, a complete consensus has not been reached to date. Our report provides a novel alternative approach for developing a non-invasive diagnostic tool for brain tumors based on a peripheral blood test.

We have previously reported that CD206 expression in iMG cells was downregulated in manic patients with bipolar disorder (34). We hypothesized that psychiatric states change microglial polarization and affect the immune environment, associated with changes in CD206 expression levels. The present study extends the significance of CD206 expression in iMG cells as a marker to glioma, another CNS disease.

Our study revealed the upregulation of CD206 expression using qRT-PCR of microglia extracted from brain tissues around GBM in four of the five studied cases. Few studies have reported that GAM are associated with the pathological grade and prognosis of gliomas. A positive correlation between the World Health Organization pathological grades and the expression of CD206-positive GAM has been reported in human glioma tumor tissues (21). GAM may be induced to M2 polarization by glioma-secreted factors, thereby supporting tumor invasion and growth (35). In low-grade gliomas, Lee et al. reported correlations between malignant transformation, CX3CR1 V249I gene polymorphisms, and tumor immune microenvironment. Tumors from patients that were heterozygous or homozygous for CX3CR1 V249I polymorphisms showed less infiltration of M2 macrophages and had a better prognosis than those in patients without these mutations (41).

We found that iMG cells derived from the peripheral blood showed similar CD206 profiles to pMG in the brain. Recently, some reports have shown that extracellular vesicles derived from GBM can change the phenotype of GAM to an M2-like anti-inflammatory phenotype (42, 43). Gabrusiewicz et al. showed that exosomes secreted from GBM stem cells mainly targeted peripheral blood monocytes to induce immune suppressive M2 phenotype by secreting cytokines such as monocyte chemotactic protein-3 and chemokine (C-X-C motif) ligand 1 (44). Thus, not only the interaction between GBM and GAM, but also between GBM and peripheral blood monocytes through humoral factors and/or extracellular vesicles may reflect the microenvironment of gliomas and can be detected by analyzing iMG cells derived from peripheral monocytes.


Limitations

Studying human GAM has two major challenges. Control tissues are derived from post-mortem tissues or diseased non-tumor patients and, most notably, from epileptic patients because of the lack of naive control samples. However, the brain tissues obtained from patients with epilepsy are not completely normal. The second challenge is the current lack of reliable surface markers for distinguishing brain-resident microglia from infiltrating myeloid cells in the human brain. Experiments with functional assays and flow cytometry would be required to evaluate how closely iMG cells reflect the immunological activity of GAM. However, these experiments could not be performed in this study because the number of cells collected was limited. In several epilepsy patients, non-specific upregulation of microglial markers, including CD206, were observed in tissue samples obtained by the second look surgeries performed approximately 1 or 2 weeks after craniotomies for subdural electrode placements. Histopathological examination of such tissue samples revealed infiltration of chronic inflammatory cells in the subarachnoid space. Physical brain damage caused the infiltration of inflammatory cells, which was thought to have affected the upregulation of CD206 expression (45–47).

In this study, synchronous upregulation of CD206 expression levels was observed in most patients with glioma; however, patients with meningioma and brain abscess showed similar levels. Identifying differences in the properties of microglia and iMG cells between glioma, meningioma, and brain abscess is recommended for future studies. As recent attempts to identify markers distinguishing microglia and monocytes/macrophages have not reached any consensus (48, 49), we analyzed human data using a sorting method based on CD11b+ MACS: this approach assesses all myeloid cells, including monocytes, macrophages, dendritic cells, and neutrophils, besides microglia. Our findings were based on a limited number of patients with brain tumors, including GBM, and a limited number of epilepsy patients as control. Therefore, future studies with a larger number of patients will be necessary to confirm our results.




Conclusion

In summary, our study revealed that peripheral iMG cells obtained by our previously developed technique can be used to gauge the properties of pMG from the tumor lesion microenvironment in the CNS. Therefore, iMG cells are novel, less-invasive tools for monitoring the disease-related immunological state of microglia. They can be used to investigate the roles of microglia in various brain diseases, including glioma. The upregulation of CD206 expression detected using iMG cells has the potential to be used as a glioma biomarker. Our study represents the first step towards understanding the contribution of GAM to the proliferation and invasion of GBM cells. Further studies are needed for investigating the role of microglia in GBM as a better understanding of GAM roles in GBM may provide a new therapeutic target for GBM treatment.
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Supplementary Figure 1 | Negative control staining for CD 206, Iba-1, and CD68 in patients with grade II–IV glioma and metastatic tumor. The negative controls for CD 206, Iba-1, and CD68 of the brain tissues surrounding metastatic tumor (A) and glioma (WHO grade II–IV) (B–D) (scale bars = 50 µm).

Supplementary Figure 2 | Hematoxylin and eosin staining of the brain tissue around the tumor of a patient with secretory meningioma. The brain tissue around the tumor of a patient with secretory meningioma showed reactive astrocytes and edematous change (scale bars = 50 µm).



Abbreviations

CNS, Central nervous system; GAM, Glioma-associated microglia/macrophages; GBM, Glioblastoma; GLI group, Glioma group; GM-CSF, Granulocyte macrophage colony-stimulating factor; IL, Interleukin; iMG cells, Induced microglia-like cells; PBMCs, Peripheral blood mononuclear cells; pMG, Primary microglia; qRT-PCR, Quantitative reverse transcription-polymerase chain reaction; RGM group, radiographic glioma-like mass lesion group; TGF-β, Transforming growth factor-beta; TNF-α, Tumor necrosis factor-alpha.



References

1. Dolecek, TA, Propp, JM, Stroup, NE, and Kruchko, C. CBTRUS Statistical Report: Primary Brain and Central Nervous System Tumors Diagnosed in the United States in 2005-2009. Neuro Oncol (2012) 14 Suppl 5:v1–49. doi: 10.1093/neuonc/nos218

2. Robert, C, Ribas, A, Schachter, J, Arance, A, Grob, J-J, Mortier, L, et al. Pembrolizumab Versus Ipilimumab in Advanced Melanoma (KEYNOTE-006): Post-Hoc 5-Year Results From an Open-Label, Multicentre, Randomised, Controlled, Phase 3 Study. Lancet Oncol (2019) 20(9):1239–51. doi: 10.1016/s1470-2045(19)30388-2

3. Wolchok, JD, Chiarion-Sileni, V, Gonzalez, R, Rutkowski, P, Grob, JJ, Cowey, CL, et al. Overall Survival With Combined Nivolumab and Ipilimumab in Advanced Melanoma. N Engl J Med (2017) 377(14):1345–56. doi: 10.1056/NEJMoa1709684

4. Omuro, A, Vlahovic, G, Lim, M, Sahebjam, S, Baehring, J, Cloughesy, T, et al. Nivolumab With or Without Ipilimumab in Patients With Recurrent Glioblastoma: Results From Exploratory Phase I Cohorts of CheckMate 143. Neuro Oncol (2018) 20(5):674–86. doi: 10.1093/neuonc/nox208

5. Filley, AC, Henriquez, M, and Dey, M. Recurrent Glioma Clinical Trial, CheckMate-143: The Game is Not Over Yet. Oncotarget (2017) 8(53):91779–94. doi: 10.18632/oncotarget.21586

6. Wolf, SA, Boddeke, HW, and Kettenmann, H. Microglia in Physiology and Disease. Annu Rev Physiol (2017) 79:619–43. doi: 10.1146/annurev-physiol-022516-034406

7. Mosser, DM, and Edwards, JP. Exploring the Full Spectrum of Macrophage Activation. Nat Rev Immunol (2008) 8(12):958–69. doi: 10.1038/nri2448

8. Kettenmann, H, Hanisch, UK, Noda, M, and Verkhratsky, A. Physiology of Microglia. Physiol Rev (2011) 91(2):461–553. doi: 10.1152/physrev.00011.2010

9. Mantovani, A, Sica, A, Sozzani, S, Allavena, P, Vecchi, A, and Locati, M. The Chemokine System in Diverse Forms of Macrophage Activation and Polarization. Trends Immunol (2004) 25(12):677–86. doi: 10.1016/j.it.2004.09.015

10. Ye, XZ, Xu, SL, Xin, YH, Yu, SC, Ping, YF, Chen, L, et al. Tumor-Associated Microglia/Macrophages Enhance the Invasion of Glioma Stem-Like Cells Via TGF-beta1 Signaling Pathway. J Immunol (2012) 189(1):444–53. doi: 10.4049/jimmunol.1103248

11. da Fonseca, AC, and Badie, B. Microglia and Macrophages in Malignant Gliomas: Recent Discoveries and Implications for Promising Therapies. Clin Dev Immunol (2013) 2013:264124. doi: 10.1155/2013/264124

12. Rossi, ML, Hughes, JT, Esiri, MM, Coakham, HB, and Brownell, DB. Immunohistological Study of Mononuclear Cell Infiltrate in Malignant Gliomas. Acta Neuropathol (1987) 74(3):269–77. doi: 10.1007/BF00688191

13. Wood, GW, and Morantz, RA. Immunohistologic Evaluation of the Lymphoreticular Infiltrate of Human Central Nervous System Tumors. J Natl Cancer Inst (1979) 62(3):485–91. doi: 10.1093/jnci/62.3.485

14. Hambardzumyan, D, Gutmann, DH, and Kettenmann, H. The Role of Microglia and Macrophages in Glioma Maintenance and Progression. Nat Neurosci (2016) 19(1):20–7. doi: 10.1038/nn.4185

15. Bettinger, I, Thanos, S, and Paulus, W. Microglia Promote Glioma Migration. Acta Neuropathol (2002) 103(4):351–5. doi: 10.1007/s00401-001-0472-x

16. Watters, JJ, Schartner, JM, and Badie, B. Microglia Function in Brain Tumors. J Neurosci Res (2005) 81(3):447–55. doi: 10.1002/jnr.20485

17. Qian, J, Luo, F, Yang, J, Liu, J, Liu, R, Wang, L, et al. Tlr2 Promotes Glioma Immune Evasion by Downregulating Mhc Class Ii Molecules in Microglia. Cancer Immunol Res (2018) 6(10):1220–33. doi: 10.1158/2326-6066.Cir-18-0020

18. Zhang, Z, Xu, J, Chen, Z, Wang, H, Xue, H, Yang, C, et al. Transfer of MicroRNA Via Macrophage-Derived Extracellular Vesicles Promotes Proneural-to-Mesenchymal Transition in Glioma Stem Cells. Cancer Immunol Res (2020) 8(7):966–81. doi: 10.1158/2326-6066.Cir-19-0759

19. Wei, J, Gabrusiewicz, K, and Heimberger, A. The Controversial Role of Microglia in Malignant Gliomas. Clin Dev Immunol (2013) 2013:285246. doi: 10.1155/2013/285246

20. Gjorgjevski, M, Hannen, R, Carl, B, Li, Y, Landmann, E, Buchholz, M, et al. Molecular Profiling of the Tumor Microenvironment in Glioblastoma Patients: Correlation of Microglia/Macrophage Polarization State With Metalloprotease Expression Profiles and Survival. Biosci Rep (2019) 39(6):BSR20182361. doi: 10.1042/BSR20182361

21. Ding, P, Wang, W, Wang, J, Yang, Z, and Xue, L. Expression of Tumor-Associated Macrophage in Progression of Human Glioma. Cell Biochem Biophys (2014) 70(3):1625–31. doi: 10.1007/s12013-014-0105-3

22. Ohgidani, M, Kato, TA, Setoyama, D, Sagata, N, Hashimoto, R, Shigenobu, K, et al. Direct Induction of Ramified Microglia-Like Cells From Human Monocytes: Dynamic Microglial Dysfunction in Nasu-Hakola Disease. Sci Rep (2014) 4:4957. doi: 10.1038/srep04957

23. Ohgidani, M, Kato, TA, and Kanba, S. Introducing Directly Induced Microglia-Like (iMG) Cells From Fresh Human Monocytes: A Novel Translational Research Tool for Psychiatric Disorders. Front Cell Neurosci (2015) 9:184. doi: 10.3389/fncel.2015.00184

24. Sato-Kasai, M, Kato, TA, Ohgidani, M, Mizoguchi, Y, Sagata, N, Inamine, S, et al. Aripiprazole Inhibits polyI:C-Induced Microglial Activation Possibly Via TRPM7. Schizophr Res (2016) 178(1-3):35–43. doi: 10.1016/j.schres.2016.08.022

25. Atoshi Banerjee, YL, Do, K, Mize, T, Wu, X, Chen, X, and Chen, J. Validation of Induced Microglia-Like Cells (Img Cells) for Future Studies of Brain Diseases. Front Cell Neurosci (2021) 15:629279. doi: 10.3389/fncel.2021.629279

26. Sellgren, CM, Sheridan, SD, Gracias, J, Xuan, D, Fu, T, and Perlis, RH. Patient-Specific Models of Microglia-Mediated Engulfment of Synapses and Neural Progenitors. Mol Psychiatry (2017) 22(2):170–7. doi: 10.1038/mp.2016.220

27. Stahl, PD, and Ezekowitz, RAB. The Mannose Receptor is a Pattern Recognition Receptor Involved in Host Defense. Curr Opin Immunol (1998) 10(1):50–5. doi: 10.1016/S0952-7915(98)80031-9

28. Marzolo, MP, von Bernhardi, R, and Inestrosa, NC. Mannose Receptor is Present in a Functional State in Rat Microglial Cells. J Neurosci Res (1999) 58(3):387–95. doi: 10.1002/(Sici)1097-4547(19991101)58:3<387::Aid-Jnr4>3.0.Co;2-L

29. Durafourt, BA, Moore, CS, Zammit, DA, Johnson, TA, Zaguia, F, Guiot, MC, et al. Comparison of Polarization Properties of Human Adult Microglia and Blood-Derived Macrophages. Glia (2012) 60(5):717–27. doi: 10.1002/glia.22298

30. Burudi, EME, Riese, S, Stahl, PD, and Rgnier-Vigouroux, A. Identification and Functional Characterization of the Mannose Receptor in Astrocytes. Glia (1999) 25(1):44–55. doi: 10.1002/(sici)1098-1136(19990101)25:1<44::Aid-glia5>3.0.Co;2-c

31. Régnier-Vigouroux, A. The Mannose Receptor in the Brain. Int Rev Cytol (2003) 226:321–42. doi: 10.1016/s0074-7696(03)01006-4

32. Kobayashi, K, Imagama, S, Ohgomori, T, Hirano, K, Uchimura, K, Sakamoto, K, et al. Minocycline Selectively Inhibits M1 Polarization of Microglia. Cell Death Dis (2013) 4:e525. doi: 10.1038/cddis.2013.54

33. Zimmer, H, Riese, S, and Regnier-Vigouroux, A. Functional Characterization of Mannose Receptor Expressed by Immunocompetent Mouse Microglia. Glia (2003) 42(1):89–100. doi: 10.1002/glia.10196

34. Ohgidani, M, Kato, TA, Haraguchi, Y, Matsushima, T, Mizoguchi, Y, Murakawa-Hirachi, T, et al. Microglial CD206 Gene Has Potential as a State Marker of Bipolar Disorder. Front Immunol (2016) 7:676. doi: 10.3389/fimmu.2016.00676

35. Pyonteck, SM, Akkari, L, Schuhmacher, AJ, Bowman, RL, Sevenich, L, Quail, DF, et al. Csf-1R Inhibition Alters Macrophage Polarization and Blocks Glioma Progression. Nat Med (2013) 19(10):1264–72. doi: 10.1038/nm.3337

36. Huang, SW, Ali, ND, Zhong, L, and Shi, J. MicroRNAs as Biomarkers for Human Glioblastoma: Progress and Potential. Acta Pharmacol Sin (2018) 39(9):1405–13. doi: 10.1038/aps.2017.173

37. Fujioka, Y, Hata, N, Akagi, Y, Kuga, D, Hatae, R, Sangatsuda, Y, et al. Molecular Diagnosis of Diffuse Glioma Using a Chip-Based Digital PCR System to Analyze IDH, TERT, and H3 Mutations in the Cerebrospinal Fluid. J Neurooncol (2021) 152(1):47–54. doi: 10.1007/s11060-020-03682-7

38. Ohno, M, Matsuzaki, J, Kawauchi, J, Aoki, Y, Miura, J, Takizawa, S, et al. Assessment of the Diagnostic Utility of Serum Microrna Classification in Patients With Diffuse Glioma. JAMA Netw Open (2019) 2(12):e1916953. doi: 10.1001/jamanetworkopen.2019.16953

39. Zhi, F, Shao, N, Wang, R, Deng, D, Xue, L, Wang, Q, et al. Identification of 9 Serum microRNAs as Potential Noninvasive Biomarkers of Human Astrocytoma. Neuro Oncol (2015) 17(3):383–91. doi: 10.1093/neuonc/nou169

40. Zhou, Q, Liu, J, Quan, J, Liu, W, Tan, H, and Li, W. MicroRNAs as Potential Biomarkers for the Diagnosis of Glioma: A Systematic Review and Meta-Analysis. Cancer Sci (2018) 109(9):2651–9. doi: 10.1111/cas.13714

41. Lee, S, Latha, K, Manyam, G, Yang, Y, Rao, A, and Rao, G. Role of CX3CR1 Signaling in Malignant Transformation of Gliomas. Neuro Oncol (2020) 22(10):1463–73. doi: 10.1093/neuonc/noaa075

42. van der Vos, KE, Abels, ER, Zhang, X, Lai, C, Carrizosa, E, Oakley, D, et al. Directly Visualized Glioblastoma-Derived Extracellular Vesicles Transfer RNA to Microglia/Macrophages in the Brain. Neuro Oncol (2016) 18(1):58–69. doi: 10.1093/neuonc/nov244

43. Abels, ER, Maas, SLN, Nieland, L, Wei, Z, Cheah, PS, Tai, E, et al. Glioblastoma-Associated Microglia Reprogramming Is Mediated by Functional Transfer of Extracellular Mir-21. Cell Rep (2019) 28(12):3105–19.e7. doi: 10.1016/j.celrep.2019.08.036

44. Gabrusiewicz, K, Li, X, Wei, J, Hashimoto, Y, Marisetty, AL, Ott, M, et al. Glioblastoma Stem Cell-Derived Exosomes Induce M2 Macrophages and PD-L1 Expression on Human Monocytes. Oncoimmunology (2018) 7(4):e1412909. doi: 10.1080/2162402X.2017.1412909

45. Jin, X, Ishii, H, Bai, Z, Itokazu, T, and Yamashita, T. Temporal Changes in Cell Marker Expression and Cellular Infiltration in a Controlled Cortical Impact Model in Adult Male C57BL/6 Mice. PloS One (2012) 7(7):e41892. doi: 10.1371/journal.pone.0041892

46. Loane, DJ, and Kumar, A. Microglia in the TBI Brain: The Good, the Bad, and the Dysregulated. Exp Neurol (2016) 275 Pt 3:316–27. doi: 10.1016/j.expneurol.2015.08.018

47. Wang, G, Zhang, J, Hu, X, Zhang, L, Mao, L, Jiang, X, et al. Microglia/Macrophage Polarization Dynamics in White Matter After Traumatic Brain Injury. J Cereb Blood Flow Metab (2013) 33(12):1864–74. doi: 10.1038/jcbfm.2013.146

48. Butovsky, O, Jedrychowski, MP, Moore, CS, Cialic, R, Lanser, AJ, Gabriely, G, et al. Identification of a Unique TGF-beta-dependent Molecular and Functional Signature in Microglia. Nat Neurosci (2014) 17(1):131–43. doi: 10.1038/nn.3599

49. Pong, WW, Walker, J, Wylie, T, Magrini, V, Luo, J, Emnett, RJ, et al. F11R is a Novel Monocyte Prognostic Biomarker for Malignant Glioma. PloS One (2013) 8(10):e77571. doi: 10.1371/journal.pone.0077571



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.

Copyright © 2021 Tanaka, Ohgidani, Hata, Inamine, Sagata, Shirouzu, Mukae, Suzuki, Hamasaki, Hatae, Sangatsuda, Fujioka, Takigawa, Funakoshi, Iwaki, Hosoi, Iihara, Mizoguchi and Kato. 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: 20 July 2021

doi: 10.3389/fimmu.2021.653711

[image: image2]


The N6-Methyladenosine-Modified Pseudogene HSPA7 Correlates With the Tumor Microenvironment and Predicts the Response to Immune Checkpoint Therapy in Glioblastoma


Rongrong Zhao 1,2†, Boyan Li 1,2†, Shouji Zhang 1,2, Zheng He 1,2,3, Ziwen Pan 1,2, Qindong Guo 1,2, Wei Qiu 1,2, Yanhua Qi 1,2, Shulin Zhao 1,2, Shaobo Wang 1,2, Zihang Chen 1,2, Ping Zhang 1,2, Xing Guo 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 of Shandong University, Jinan, China, 3 Department of Neurosurgery, Qilu Hospital (Qingdao), Cheeloo College of Medicine, Shandong University, Qingdao, China




Edited by: 

Payal Watchmaker, University of California, San Francisco, United States

Reviewed by: 

Jian Zhang, Southern Medical University, China

Ekaterina Friebel, University of Zurich, Switzerland

*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: 15 January 2021

Accepted: 05 July 2021

Published: 20 July 2021

Citation:
Zhao R, Li B, Zhang S, He Z, Pan Z, Guo Q, Qiu W, Qi Y, Zhao S, Wang S, Chen Z, Zhang P, Guo X, Xue H and Li G (2021) The N6-Methyladenosine-Modified Pseudogene HSPA7 Correlates With the Tumor Microenvironment and Predicts the Response to Immune Checkpoint Therapy in Glioblastoma. Front. Immunol. 12:653711. doi: 10.3389/fimmu.2021.653711




Background

Glioblastoma (GBM), one of the most aggressive tumors of the brain, has no effective or sufficient therapies. Identifying robust biomarkers for the response to immune checkpoint blockade (ICB) therapy, a promising treatment option for GBM patients, is urgently needed.



Methods

We comprehensively evaluated lncRNA m6A modification patterns in m6A-sequencing (m6A-seq) data for GBM tissues and systematically investigated the immune and stromal regulators of these m6A-regulated lncRNAs. We used the single-sample gene-set enrichment analysis (ssGSEA) algorithm to investigate the difference in enriched tumor microenvironment (TME) infiltrating cells and the functional annotation of HSPA7 in individual GBM samples. Further, we validated that HSPA7 promoted the recruitment of macrophages into GBM TME in vitro, as well as in our GBM tissue section. We also explored its impact on the efficacy of ICB therapy using the patient-derived glioblastoma organoid (GBO) model.



Results

Here, we depicted the first transcriptome-wide m6A methylation profile of lncRNAs in GBM, revealing highly distinct lncRNA m6A modification patterns compared to those in normal brain tissues. We identified the m6A-modified pseudogene HSPA7 as a novel prognostic risk factor in GBM patients, with crucial roles in immunophenotype determination, stromal activation, and carcinogenic pathway activation. We confirmed that HSPA7 promoted macrophage infiltration and SPP1 expression via upregulating the YAP1 and LOX expression of glioblastoma stem cells (GSCs) in vitro and in our clinical GBM tumor samples. We also confirmed that knockdown of HSPA7 might increase the efficiency of anti-PD1 therapy utilizing the GBO model, highlighting its potential as a novel target for immunotherapy.



Conclusions

Our results indicated that HSPA7 could be a novel immunotherapy target for GBM patients.





Keywords: N6-methyladenosine, tumor microenvironment, glioblastoma, immune checkpoint blockade, HSPA7



Introduction

Glioblastoma (GBM), one of the most aggressive brain tumors, currently has no effective and sufficient therapies due to its intratumoral heterogeneity and molecular complexity. Immune checkpoint blockade (ICB) therapy is being actively pursued as a promising treatment option for GBM. However, very few patients respond to this therapy (1–5) partly because of the contribution of prominent immunosuppressive factors in the brain tumor microenvironment (TME) in GBM, including tumor-associated macrophages (TAMs), neutrophils, and regulatory T cells (Tregs) (6–8). The development of biomarkers and identification of the definite molecular mechanism underlying resistance to ICB therapy are urgently needed to identify effective therapeutic strategies for GBM.

N6-Methyladenosine (m6A), the most abundant reversible methylation modification of mRNA, critically affects processes in mRNA metabolism, including splicing, export, translation, and decay. Dysregulation of this modification is clearly linked to diverse pathological processes and disease progression (9, 10), including GBM tumorigenesis (11–15). Recent studies have described the role of m6A modification in regulating the immune response (16–19), prompting us to reveal the importance of the spectrum of m6A-regulated genes and m6A regulatory mechanisms in shaping the TME. Numerous studies have demonstrated that m6A is also present in numerous long non-coding RNAs (15, 20–22) (lncRNAs, transcripts longer than 200 nucleotides but lacking functional coding capacity), and lncRNA m6A modification has emerged as a fundamental player in cancer progression and immune regulation, suggesting a potential association between the tumor immune response and m6A lncRNA modification. However, the lncRNA m6A methylation profile has not been systematically clarified in GBM tumors. Additionally, none of these studies have specifically investigated the roles of m6A-modified lncRNAs in the overall TME landscape in GBM. Therefore, it is worthwhile to obtain comprehensive knowledge of the cellular TME infiltration characteristics mediated by m6A-modified lncRNAs, as this knowledge would contribute to our understanding of the role of m6A modification in immune regulation and guide the development of more effective immunotherapeutic strategies.

Here, we depicted the first transcriptome-wide lncRNA m6A methylation profile in GBM and normal brain tissues via m6A sequencing (m6A-seq) data analysis, revealing the highly distinct lncRNA m6A modification patterns between these two groups. Key immune-stromal-related lncRNAs were identified by differentially expressed gene (DEG) analysis in primary GBM cohorts from The Cancer Genome Atlas (TCGA). Integrating the m6A-regulated lncRNAs revealed in this study, we identified HSPA7 as a novel prognostic factor in GBM patients. Through detailed bioinformatic analyses of HSPA7, we identified its crucial role in immunophenotype determination, stromal activation and carcinogenic pathway activation and highlighted its robust capacity to predict the ICB response. We confirmed that HSPA7 facilitated macrophage infiltration via the YAP1–LOX axis in vitro. We also confirmed that HSPA7 enhanced the efficiency of anti-PD1 therapy utilizing GBM patient-derived glioblastoma organoids, an ex vivo model. These results demonstrated that HSPA7 could be a novel immunotherapy target for GBM patients.



Materials and Methods


Patient Specimens and Public Patient Cohorts

Human GBM and normal brain tissues for m6A-seq were obtained from patients admitted to Qilu Hospital. All participants provided written informed consent, and the research was approved by the Ethics Committee on Scientific Research of Shandong University Qilu Hospital (approval number: KYLL-2018-324).

The RNA sequencing (RNA-seq) transcriptome, somatic mutation data, and corresponding clinicopathological parameters of the TCGA GBM cohort were obtained from the TCGA database (http://cancergenome.nih.gov/). Two Chinese Glioma Genome Atlas (CGGA) GBM RNA-seq datasets and the corresponding clinicopathological parameters were obtained from the CGGA database (http://www.cgga.org.cn/). For ICB data, genomic and clinical information from the IMvigor210 cohort, complete expression data, and detailed clinical annotations were obtained from http://research-pub.Gene.com/imvigor210corebiologies based on the Creative Commons Attribution 3.0 license. For data from GBM patients treated with PD-1 inhibitors (pembrolizumab or nivolumab), clinical information was obtained from Supplementary paper data, and the sequencing data were obtained from SRA PRJNA482620 (2). For patients with melanoma treated with anti-CTLA4 therapy, the expression data were downloaded from the cBioPortal database (http://www.cbioportal.org/), and the detailed clinical characteristics of individual patients were obtained from the supplementary data of a previous paper (23). In addition, the somatic mutation data and information in Figure S11A were obtained from the cBioPortal database. The m6A-seq sequencing data have been deposited in SRA PRJNA661159 (the data are being processed, submission ID: SUB8069560, released when the paper is published). The processed data are available from the corresponding author upon reasonable request.



Estimation of TME Cell Characterization

We used the single-sample gene set enrichment analysis (ssGSEA) algorithm to calculate the enrichment score of immune cell infiltration into the GBM TME for each sample. Immune cell-related genes were obtained from Bindea et al. (24) and Robert L (25). (Table S1) and included genes related to immune cell types, immune-related pathways and functions. Based on the ssGSEA results, samples from the TCGA GBM cohort were classified into the high immune cell infiltration (immune-H) group or low immune cell infiltration (immune-L) group by using the “hclust” R package.



Functional Annotation and Pathway Enrichment Analysis

To explore the differences in biological behavior among the samples with distinct HSPA7 expression levels, we used selected HALLMARK (26) and Kyoto Encyclopedia of Genes and Genomes (KEGG) (27) from gene sets from the Molecular Signatures Database (MSigDB) and other commonly used gene signatures (28–30) to estimate pathway enrichment scores for each sample (Table S2) by gene set variation analysis (GSVA) using the “GSVA” R package.

The terms enriched with genes positively correlated with the expression of HSPA7 and genes interacting with HSPA7 detected in NCBI (https://www.ncbi.nlm.nih.gov/gene/3311) and the starBase database (http://starbase.sysu.edu.cn/index.php) were analyzed via the Metascape resource (http://metascape.org/gp/index.html#/).



Cell Lines and Reagents

All patient-derived GSC cell lines, including mesenchymal (MES) subtype GSC cell lines (GSC 20 and GSC 267), proneural (PN) subtype GSC cell lines (GSC 8–11), and neural progenitor cells (NPCs) were kindly donated by Dr. Frederick F. Lang and Dr. Krishna P.L. Bhat (The University of Texas, M.D. Anderson Cancer Center, Houston, TX, USA). The cells were cultured in DMEM/F12 supplemented with B27 (Invitrogen,California, USA), 20 ng/ml EGF (R&D Systems, USA), and 20 ng/ml bFGF (R&D Systems, California, USA). The human glioma cell lines U87MG, U251MG, A172, and LN229 and the human monocyte cell line THP-1 were obtained from the Chinese Academy of Sciences Cell Bank. U87MG, U251, A172, and LN229 cells were cultured in DMEM (Thermo Fisher Scientific, USA) supplemented with 10% FBS (Thermo Fisher Scientific; Waltham, MA, USA). THP-1 cells were cultured in RPMI-1640 (Thermo Fisher Scientific) supplemented with 10% FBS (Thermo Fisher Scientific). THP-1 cells were incubated with 100 ng/ml PMA (Sigma-Aldrich; St. Louis, MO, USA) for 24 h in vitro to induce their differentiation into macrophages. Cells were cultured in a standard humidified atmosphere of 5% CO2 at 37°C.



Western Blot

Protein was extracted from GSC cells or glioma cells. The following primary antibodies were used: GAPDH (Cell Signaling Technology, Boston, USA, 5174), YAP1 (Cell Signaling Technology, 14074), CD44 (Cell Signaling Technology, 3570), LOX (Abcam, Cambridge, UK, ab174316), and YKL40 (Cell Signaling Technology, 47066).



Antisense Oligonucleotides, Lentivirus Transfection

ASOs were synthesized by RiboBio (Guangzhou, China). HSPA7/FTO overexpression, METTL3 shRNA and corresponding control lentiviruses were synthesized by GeneChem (Shanghai, China). Target sequences for HSPA7 were as follows: ASO#1: 5′-GGAAGCGGAGCTGAGCAGAT-3′; ASO#2: 5′-CTAACAAGATCACCAATGAC-3′. Target sequences for METTL3 were as follows: 5′-GCCAAGGAACAATCCATTGTT-3′.



Immunofluorescence

The slides were washed with PBS for 15 min and blocked with 10% goat serum in PBS. The slides were incubated overnight in a humidified chamber at 4°C with the following primary antibodies: LOX (Abcam, ab174316); YAP1 (Cell Signaling Technology, 14074), CD68 (Abcam, ab213363), CD44 (Cell Signaling Technology, 3570), Ki67 (Cell Signaling Technology, 9449), PD-L1 (Abcam, ab213524), and SPP1 (Abcam, ab8448). After primary antibody incubation, the samples were washed with PBS and incubated with the matching fluorescent-conjugated secondary antibody (1:500 dilution, Thermo Fisher) at room temperature for 1 h. Images were captured using a LeicaSP8 confocal microscope (Leica Microsystems, Wetzlar, Germany)



Fluorescence In Situ Hybridization

RNA-FISH was performed according to the instructions of the manufacturer (GenePharma, Shanghai, China). Incubated with a cy3-labeled HSPA7 probe, nuclei were counterstained with DAPI. Images were captured using a LeicaSP8 confocal microscope. Probe sequence: ATCCTTTTGCACCTCCCCGACCC; AACCTTCCCGCACCTTCCCGCCCAGTC.



Glioblastoma Organoid Model

Glioblastoma organoid models were generated as previously described (31). GBO medium containing 50% DMEM:F12 (Thermo Fisher Scientific), 50% Neurobasal (Thermo Fisher Scientific), 1× GlutaMax (Thermo Fisher Scientific), 1× NEAAs (Thermo Fisher Scientific), 1× PenStrep (Thermo Fisher Scientific), 1× N2 supplement (Thermo Fisher Scientific), 1× B27 w/o vitamin A supplement (Thermo Fisher Scientific), 1× 2-mercaptoethanol (Thermo Fisher Scientific), and 2.5 μg/ml human insulin (Sigma) per well was placed on an orbital shaker rotating at 120 rpm within a 37°C, 5% CO2, and 90% humidity sterile incubator.



Transwell Assay

Transwell assays were performed in 24-well multiwell insert systems according to the protocol of the manufacturer. THP-1 cells were incubated with 100 ng/ml PMA (Sigma-Aldrich) for 24 h in vitro to induce their differentiation into macrophages and then added to the top chamber in serum-free media. The bottom chamber was filled with 10% FBS 1640 and GSC growth media. After 24 h of incubation, the top chamber cells were removed using a cotton swab, and the membrane was fixed in 4% paraformaldehyde for 15 min and stained with crystal violet for 15 min. Five fields of adherent cells in each well were photographed randomly.



Statistical Analysis

Kaplan–Meier survival analysis was performed using GraphPad Prism 7.04, and significant differences between two groups were compared by the log-rank (Mantel–Cox) test. The waterfall function in the “maftools” package was used to visualize the mutational landscape in patients in the high- and low-HSPA7 groups or the high- and low-tumor mutation burden (TMB) groups. Student’s t-test was used for two-group comparisons. For comparisons among more than two groups, the Wilcoxon test and one-way ANOVA were used for non-parametric and parametric data (32). P > 0.05 was considered nonsignificance (ns), P ≤ 0.05 was considered statisticallysignificant (*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


Overview of Transcriptome-Wide m6A Methylation in lncRNAs in GBM and Normal Brain Tissues

To understand the pattern of the lncRNA m6A modification profiles in GBM, three human GBM tumor tissues and three normal brain tissues were subjected to transcriptome m6A-seq, which revealed that a considerable proportion of lncRNAs were extensively m6A-modified. In addition, 2,113 m6A peaks were identified in the normal group, corresponding to the transcripts of 1,538 genes, including 544 long intergenic ncRNAs (lincRNAs), 720 antisense lncRNAs, 262 pseudogenes, and 12 others. In the GBM group, 2,412 m6A peaks were identified, corresponding to the transcripts of 1,508 genes, namely, 445 lincRNAs, 771 antisense lncRNAs, 283 pseudogenes, and 9 other genes (Figure 1A). Further analysis showed that most of the lncRNAs (74.5% of the m6A-methylated genes in the normal group but 65.3% of the methylated genes in the GBM group) in both groups contained only one peak, while a relatively small number of lncRNAs contained two peaks, and very few lncRNAs contained three or more peaks (Figure 1B). Upon further analysis of the distribution profiles of m6A peaks within lncRNAs, we found that m6A sites were distributed in almost the same proportion in intronic and exonic regions in the normal group but exhibited a slightly increased tendency to be distributed in exonic regions in GBM tissues (Figure 1C).




Figure 1 | Overview of m6A methylation within lncRNAs in GBM and normal brain tissues. (A) Numbers and gene types of lncRNAs identified in normal brain and GBM tissue samples as identified by m6A-seq. (B) The number of m6A-modified peaks per lncRNA transcript. (C) Distribution of m6A peaks across lncRNA transcripts. (D) Numbers of common and tissue-specific m6A lncRNAs in normal and GBM brain tissues. (E) Dot plot of Log2FC (lncRNA expression) versus Log2FC (differential m6A methylation) values showing a positive correlation between the overall m6A methylation level and the lncRNA expression level (Pearson’s r = 0.495; P < 0.0001) and the distribution of genes with significant changes in both the m6A (FC ≥ 1.2, P ≤ 0.05) and corresponding lncRNA expression levels in GBM samples compared with normal brain tissues (FC ≥ 2, padj ≤ 0.05).



To reveal the significance of m6A-methylated lncRNAs in GBM, the differences and overlaps in the m6A-modified lncRNAs between the GBM and normal brain groups were analyzed by constructing a Venn diagram. As shown in Figure 1D, 781 m6A-modified lncRNAs were common to both groups. A total of 727 new genes were expressed, and the expression of 757 genes was lost in the GBM group compared with the normal group, indicating a significant difference in global lncRNA m6A modification patterns between the GBM and normal groups. To explore the effect of m6A on lncRNA expression, the differentially expressed lncRNAs between 153 primary GBM and five normal brain tissues in the TCGA GBM cohort were compared. Compared with normal samples, GBM tissues exhibited 4,375 differentially expressed lncRNAs (LogFC ≥ 1 and padj ≤ 0.05), with 2,614 upregulated and 1,761 downregulated (Table S3). In addition, the global abundance of m6A peaks between GBM and normal brain tissues was also compared. Furthermore, integrated analysis of these differentially m6A-modified lncRNAs and differentially regulated lncRNAs from the TCGA dataset was conducted. The distribution of genes with a significant change in both the m6A level (|FC| ≥ 1.2, P ≤ 0.05) and the overall transcript expression level (|FC| ≥ 2, padj ≤ 0.05) is shown in Figure 1E. These genes were divided into four main groups: 208 were hypermethylated and upregulated (“hyperup”), 394 were hypomethylated and downregulated (“hypodown”), 56 were hypermethylated but downregulated (“hyperdown”) and 64 were hypomethylated but upregulated (“hypoup”) in GBM tissues relative to normal brain tissues. We also discovered a positive correlation between differentially methylated m6A peaks and the expression levels of their corresponding genes [Figure 1E, Pearson correlation coefficient (r) = 0.495, P<0.0001], and the m6A modification sites in all of the above four groups of genes were distributed in exonic regions, reconfirming that m6A modification can regulate the expression of mature lncRNAs. These results revealed obviously distinct m6A modification patterns between GBM and normal brain tissues. Moreover, m6A modification could regulate numerous lncRNAs, possibly by regulating their stability, degradation or other functions, as reported previously.



Identification of the Immune-Stromal-m6A-Related Pseudogene HSPA7 as a Novel Prognostic Risk Factor in GBM

To investigate the effects of these m6A-regulated lncRNAs on cell infiltration into the TME, we assessed the tumor purity, stromal score, and immune score of 153 primary GBM cases in the TCGA GBM cohort using the ESTIMATE algorithm (see Materials and Methods, Table S4). Then, we performed differential analysis of all RNA-seq data from these 153 GBM samples in the TCGA database based on the median cutoff immune/stromal scores. The volcano plot of the high/low stromal/immune scores revealed differential gene expression profiles between the samples. A total of 791 upregulated lncRNAs and 459 downregulated lncRNAs (|FC| ≥ 1.5, padj ≤ 0.05) were identified based on the difference in immune scores (Supplementary Figure S1A and Table S5). Simultaneously, 734 upregulated lncRNAs and 269 downregulated lncRNAs (|FC| ≥ 1.5, padj ≤ 0.05) were identified based on the differential analysis of stromal scores (Figure S1B and Table S6). As the Venn diagram (Supplementary Figures S1C, D) indicates, four identical upregulated genes and 11 identical downregulated genes were related to immune activation, stromal activation, and m6A modification. Then, we performed Kaplan–Meier analysis on patients stratified by the expression levels of these 15 differentially expressed genes, and only HSPA7 (Figure 2B) and AC011899.9 (Supplementary Figure S2B) were found to have prognostic significance (P ≤ 0.05) in the 153 TCGA GBM samples based on the median expression levels. The Gene Expression Profiling Interactive Analysis (GEPIA) database was used to show that HSPA7 was significantly overexpressed in GBM tissues compared with normal brain tissues in the Genotype-Tissue Expression (GTEx) database (Figure 2A), while AC011899.9 was not (Supplementary Figure S2A). Thus, we focused only on HSPA7 in the following work.




Figure 2 | Identification of the immune-stromal-m6A-related pseudogene HSPA7 as a novel prognostic factor in GBM. (A) The GEPIA database showed that HSAP7 was overexpressed significantly in GBM tissues compared with GETx normal brain tissues. (B) Kaplan–Meier survival curves show that HSPA7 is a prognostic risk factor in GBM. (C) qPCR assays showing that HSPA7 expression was significantly higher in GBM cells than in NHA cells. Data are presented as the mean ± SD, n = 3. Means were compared with one-way ANOVA, and the NC group is indicated as the control. (D) The gene IGV plots of HSPA7 in the m6A-seq. (E) MeRIP assay showing that HSPA7 was highly enriched by the m6A antibody, and the modification can be regulated by the m6A methyltransferase METTL3. Data represent mean ± S.D. from three independent experiments. qPCR assay showing that the expression of HSPA7 can be regulated by (F) m6A methyltransferase METTL3 and (G) demethylase FTO. Data represent mean ± S.D. from three independent experiments. (H) Distribution of HSPA7 expression in different cohorts stratified by molecular subtype (CL, n = 56; MES, n = 51; PN, n = 44; PN vs MES, P < 0.0001; CL vs MES, P = 0.0020; PN vs CL, P = 0.0013), IDH1 status (mutant, n = 8; WT, n = 141; P = 0.0002), G-CIMP status (G-CIMP, n = 9; non-G-CIMP, n = 142; P < 0.0001), MGMT promoter status (methylated, n = 55; unmethylated, n = 67; P = 0.7445), age (high, age > 55, n = 100; low, age ≤ 55, n = 53; P = 0.5114), and sex (female, n = 54; male, n = 99; P = 0.3996). (I) Univariate and multivariate Cox regression analyses of HSPA7 and other clinical features in the overall survival of GBM samples. The statistical significance is shown as: ns, P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.



We then tested the RNA expression level of HSPA7 in GBM cell lines (U87MG, U251MG, A172, and LN229 cells), and discovered that its expression was significantly higher in GBM cell lines than in normal human astrocyte (NHA) cells (Figure 2C). The m6A methylation peak distribution and abundance in HSPA7 transcripts from GBM and normal brain tissues, as detected by m6A-seq, were visualized using IGV software (Figure 2D). We found that HSPA7 was highly enriched in the m6A-precipitated fraction, and the m6A modification enrichment level could be regulated by methyltransferase-like 3 (METTL3), which contains a catalytic activity domain to catalyze m6A formation (Figure 2E). Additionally, the expression of HSPA7 was significantly inhibited by knocking down METTL3 (Figure 2F) and overexpressing FTO, an m6A demethylase (Figure 2G). These results provided evidence that HSPA7 harbored high m6A modification levels and thus could be regulated in an m6A-dependent manner.

To explore the association between HSPA7 expression and clinical characteristics, we first compared HSPA7 expression levels in patients in the TCGA GBM cohort stratified separately by molecular subtype, IDH1 status, CpG island methylator phenotype (G-CIMP) status, MGMT promoter status, age, and sex. As shown in Figure 2H, HSPA7 expression in the PN subtype was significantly lower than the HSPA7 expression in the classical (CL) and MES subtypes and was highest in mesenchymal samples. HSPA7 expression was lower in samples with IDH mutations than in samples with wild-type IDH1. Regarding the G-CIMP status, HSPA7 expression was lower in patients with G-CIMP tumors than in those without G-CIMP tumors. No obvious correlations between HSPA7 expression and MGMT promoter methylation, age, or sex were observed. Furthermore, univariate Cox regression analysis of the overall survival of GBM patients in the TCGA cohort showed that high HSPA7 expression (HR: 1.511, P = 0.056) was an independent risk factor associated with the prognosis of GBM. Moreover, high HSPA7 expression (HR: 1.418, P = 0.034) remained a statistically significant factor in GBM patients after adjustment for age, sex, IDH status, MGMT promoter methylation status, and G-CIMP status in subsequent multivariate Cox regression analysis (Figure 2I). These results indicated that the pseudogene HSPA7 is a novel risk prognostic biomarker and indicates therapeutic outcomes of GBM patients.



HSPA7 Is Correlated With Immunophenotypes and TME Landscapes

To gain further insight into the exact role of HSPA7 in immunophenotype determination, we analyzed 31 immune-associated gene sets representing diverse immune cell types, functions, and pathways (see Materials and Methods). As shown in Figures 3A, B, the HSPA7-high expression group had significantly greater cell infiltration into the TME, higher immune and stromal scores, and lower tumor purity than the HSPA7-low expression group, confirming that HSPA7 could indeed regulate immune cell infiltration and immune-related gene expression. We then explored the specific differences in 31 immune cell phenotypes with high and low HSPA7 expression. Compared to tumors with low HSPA7 expression, tumors with high HSPA7 expression exhibited significantly increased infiltration of immunosuppressive cell populations, such as macrophages, neutrophils, and Tregs. However, some immune-activating cells, including activated dendritic cells (aDCs), immature DCs (iDCs), plasmacytoid DCs (pDCs), and tumor-infiltrating lymphocytes (TILs), were also enriched (Supplementary Figure S3A), indicating the complexity of the TME, in which GBM cells elicit multiple biological behavioral changes through direct or indirect interactions with other TME components. Two recent publications (7, 8) on single-cell mapping of human brain cancer reported that tumor-associated macrophages (TAMs) are the most abundant cellular components in brain TMEs, which can be subdivided ontogenetically into tissue-resident microglia (MGs) and macrophages of embryonic origin, and bone marrow-derived macrophages (BMDMs), showing tumor-promoting and immunosuppressive functions. To identify specific macrophage cell populations linked to HSPA7 expression in GBM, we examined the TCGA GBM dataset for TAM MG and TAM BMDM using validated gene set signatures (25), which demonstrated that tumors with high HSPA7 expression exhibited significantly increased infiltration of TAM BMDMs, while TAM MG was significantly decreased (Figure 3A and Supplementary Figure S3A), suggesting that HSPA7 enhanced recruitment of tumor-promoting BMDMs into the GBM TME rather than MG. These studies also showed that both activation and exhaustion of lymphocytes were prevalent, with increased relative frequencies of Tregs in the brain tumor TME. Moreover, we found elevated neutrophil infiltration in tumor tissues, revealing the complexity and multifaceted functions of the brain TME. We found that HSPA7 had a significant positive correlation with the enrichment scores of the three immunosuppressive immune cells and immune checkpoints (Figure 3C). We next investigated chemokines and immune modulators associated with immune suppression states. We then explored the specific differences in markers of myeloid lineages with suppressive functions (CD33, NOS2, CD163, CD68, SPP1, CD14, CD206), immune inhibitory checkpoints (LAG3, CTLA4, HAVCR2, PDCD1, PDCD1LG2, CD27, TIGIT, CD274, and TNFRSF9), and major neutrophil-recruiting chemokines and their receptors (ITGA3, CD177, MET, and CXCL8) between patients with high and low HSPA7 expression. Tumors with high HSPA7 expression exhibited significantly increased expression levels of these markers compared to tumors with low HSPA7 expression (Figures 3D–F), and positive correlations were found between HSPA7 expression and these molecules (Supplementary Figures S4A–C). Furthermore, to explore the direct involvement of the HSPA7 in the biological pathway causing immune suppression, we then analyzed myeloid cell-derived macrophage-restricted chemokines, which were the main factors that cause immunosuppression in GBM. We found that compared to tumors with low HSPA7 expression, tumors with high HSPA7 expression exhibited significantly increased myeloid cell-derived macrophage-restricted chemokines (8, 25) (Supplementary Figures S4D, E), including CCL17, CXCL2, CXCL3, and CXCL16 (involved in wound healing); immunosuppressive cytokines IL-10, CTSB, and CTSW (participating in multiple tumor-promoting processes, including invasion and metastasis); CCL2 and CCR2 (involved in macrophage chemotaxis); and other chemokine contributions of myeloid cell populations to the inflammatory TME milieu, indicating that HSPA7 could promote immunosuppressive phenotypes and suppress intratumoral antitumor immune responses.




Figure 3 | HSPA7 is correlated with immunophenotypes and TME landscapes. (A) The enrichment scores of immune cell types and immune-related function-related gene sets were calculated via the ssGSEA algorithm. A heatmap was used to visualize these immune characteristics between the HSAP7 high and low expression groups; yellow represents a high enrichment level, black represents a median enrichment level, and blue represents a low enrichment level. (B) High expression of HSPA7 presented significantly increased stromal, immune, and ESTIMATE scores and decreased tumorigenicity. (C) HSPA7 positively correlated with immunosuppression regulators (checkpoints, macrophages, neutrophils, and Tregs). High expression of HSPA7 presented significantly increased markers of (D) suppressor function of myeloid lineages, (E) immune inhibitory checkpoints and (F) major neutrophil-recruiting chemokines and their receptors. The asterisks indicate a significant statistical p-value calculated using the non-parametric Wilcoxon test (*P < 0.05; **P < 0.01; ***P < 0.001, ****P < 0.0001). (G) Compared to the immune-L group (102 patients), patients in the immune-H group (51 patients) experienced poorer prognoses. (H) HSPA7 expression was higher in the immune-H group than in the immune-L group. (I) The proportion of GBM molecular subtypes in the low and high HSPA7 groups. MES subtype, red; CL subtype, orange; PN subtype, blue. (J) Alluvial diagram showing the changes in immune phenotypes, GBM molecular subtypes, and HSPA7 expression. (K) HSPA7 positively correlated with CD44, a marker of the MES subtype. (L) GSEA of mesenchymal signatures showed that GBM samples with high HSPA7 expression were enriched in the MES subtype compared to GBM samples with low HSPA7 expression. NES, normalized enrichment score; FDR, false discovery rate. (M) qPCR assays showed that HSPA7 expression was higher in MES subtype GSCs (GSCs 20 and 267) than in PN subtype GSCs (GSCs 8–11) and neural stem cells (NPCs). (N) qPCR assays verified the knockdown efficiency of HSPA7. (O) Western blot assays showed that HSPA7 promoted the expression of CD44. The statistical significance is shown as: ns, P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.



To further understand the exact role of HSPA7 in determining the TME profile and immunophenotype, we performed unsupervised consensus clustering based on the TME cell populations and immune-related functional gene sets identified by Bindea et al. (24). This analysis identified a TME pattern with two clusters corresponding to a TME immune-low (immune-L) and a TME immune-high (immune-H) phenotype (Supplementary Figure S3B). Patients in the immune-H group (n = 51) exhibited poorer prognosis (Figure 3G) and higher HSPA7 expression levels (Figure 3H) than patients in the immune-L group (n = 102). The PN, CL, and MES subtypes of GBM have been most consistently described in the literature; the PN subtype is related to a more favorable outcome, and the MES subtype is related to poorer survival (23). The association between the MES gene expression signature, characterized by NF1 mutation, with reduced tumor purity, elevated invasion, enhanced migration capacity, and infiltration of immunosuppressive cells (macrophages, microglia, mesenchymal stem cells, or other cells) has been identified as a common theme across cancers (33, 34). Our results showed that most MES GBM samples had high expression of HSPA7 as well as the immune-H phenotype (Figures 3I, J). Moreover, we observed the same results as all GBM samples by analyzing MES glioblastoma alone, in which tumors with high HSPA7 expression exhibited significantly increased infiltration of immunosuppressive cell populations and regulators, such as macrophages, TAM BMDMs, neutrophils, Tregs, and immune checkpoints (Supplementary Figures S5A, B). As MES glioblastomas are strongly associated with higher immunosuppressive cell infiltration, we hypothesized that HSPA7 activated the immune microenvironment by promoting the phenotypic transformation of the GBM MES subtype. As shown in Supplementary Figure S5C, compared to tumors with low HSPA7 expression, tumors with high HSPA7 expression exhibited significantly increased expression levels of genes in the MES phenotype signature genes (33). Furthermore, HSPA7 positively correlated with CD44, a marker of the MES subtype (Figure 3K). GSEA also showed that GBM samples with high HSPA7 expression were enriched in the MES subtype compared to GBM samples with low HSPA7 expression (Figure 3L). In addition, we found that HSPA7 expression was higher in MES GSCs than in PN GSCs (Figure 3M). Moreover, Western blot assays revealed that knockdown of HSPA7 reduced the expression of CD44 (Figures 3N, O). Overall, these results indicated that in GBM, HSPA7 may be a robust indicator of the immunophenotype and be significantly correlated with a poorer immune response.



HSPA7 Is Correlated With Stromal and Carcinogenic Activation Pathways

To explore the differences in biological behaviors among these samples with distinct HSPA7 expression levels, we used the GSVA algorithm to estimate pathway enrichment scores for each sample (see Materials and Methods). Compared to the low HSPA7 expression group, the high HSPA7 expression group exhibited marked enrichment of stromal activation pathways [angiogenesis, epithelial–mesenchymal transition (EMT), VEGF, and TGF-β signaling pathways], oncogenic signaling pathways (hypoxia, apoptosis, PI3K Akt MTOR signaling, glycolysis, KRAS signaling, and other pathways), and immune responses (IL6 Jak stat3 signaling, which exerts immunosuppressive effects on T cell function and mediates ICB resistance in cancers (35), inflammatory response; interferon response; complement; and other pathways). However, the high HSPA7 expression group exhibited lower enrichment in pathways related to DNA replication- and DNA damage response-related functions (Figure 4A). Previous studies demonstrated that activation of stromal cells in the TME can induce T cell suppression and oncogenic signaling pathway activation via complex cellular and biological reconfiguration mechanisms (36, 37), attenuating the tumor response to PD-L1 blockade (28). As shown in Figure 4B, stromal activation pathways were positively correlated with carcinogenic signaling pathways and immune suppression pathways but negatively correlated with DNA damage response and repair pathways in TCGA GBM samples. Further analyses of the activity of stroma-related pathways indicated that high HSPA7 expression was significantly associated with higher stromal activation signatures (Figure 4C), as constructed by Mariathasan et al. (28), positively correlated with fibroblast enrichment (Figure 4D), as calculated by the MCP-counter method (38), and positively correlated with typical stromal cell activation-related pathways (Figure 4E). Furthermore, TGF-β is a pleiotropic cytokine associated with poor prognosis in GBM, playing a protumorigenic role by promoting immunosuppression, angiogenesis, metastasis, mesenchymal transition, and fibroblast activation (28, 39–41), and has been proven to promote the progression of GBM via an autocrine signaling loop (42). In our analysis, a TGF-β ligand (TGFB1) and a TGF-β receptor (TGFBR2), two key regulators in stromal activation and EMT pathways (28), and other genes encoding ECM and matricellular proteins (COLA4A1, COLA4A2, ECM1, and FN1) (8), which form a barrier to lymphocyte infiltration, showed increased expression in the high-HSPA7 group compared to the low-HSPA7 group (Figure 4F). These results suggested that immune cells and stromal cells in the TME can cooperate to synergistically regulate the immunosuppressive microenvironment, thereby promoting tumor immune escape.




Figure 4 | HSPA7 is correlated with stromal and carcinogenic activation pathways. (A) GSVA enrichment analysis showing the activation status of biological pathways in the HSPA7-high and HSPA7-low groups. A heatmap was used to visualize these biological processes. Yellow represents activated pathways, black represents moderately activated pathways, and blue represents inhibited pathways. (B) Correlations between each known gene signature in the TCGA GBM cohort using Pearson correlation analysis. Negative correlations are marked with blue, and positive correlations are marked with orange. (C) Differences in stromal activation-related pathways between the HSPA7-high and HSPA7-low groups. EMT, epithelial–mesenchymal transition; Pan-FTBRS, panfibroblast TGF-β response signature. (D) HSPA7 expression was positively correlated with fibroblast enrichment, as calculated by MCP-counter. (E) HSPA7 expression was positively correlated with stromal activation-related pathways. (F) A heatmap was used to visualize the expression of stromal activation-related genes. Yellow represents high expression, black represents the median expression, and blue represents low expression. The statistical significance is shown as:  **P < 0.01; ****P < 0.0001.



Then, we explored the pathways enriched with genes positively correlated with HSPA7 (Pearson’s r ≥ 0.3, P ≤ 0.05, Table S7) via the Metascape database (see Materials and Methods). These genes were significantly enriched in pathways related to the immune response, including cytokine-mediated signaling pathways, leukocyte migration, differentiation, and other immune-related pathways. Additionally, they were enriched in pathways involving stromal activation such as extracellular structure organization and response to wounding. These enriched pathways interacted with each other to form a protein–protein interaction network (Figure 5A). Furthermore, enrichment analysis in the PaGenBase (43) showed that these genes were almost completely specifically expressed in spleen, blood, bone marrow, and some other tissues with peripheral immune cell aggregation (Figure 5B), suggesting that HSPA7 can indeed promote the infiltration of immune cells into tumor tissues. In addition, enrichment analysis in the TF-target interaction database Transcriptional Regulatory Relationships Unraveled by Sentence-based Text mining (TRRUST) (44) showed that the genes were substantially transcriptionally regulated by NF-κB1 and RELA, two important transcription factors involved in NF-κB signaling pathways (Figure 5C). Further GSEA using the Gene Ontology (GO) and KEGG databases also showed that HSPA7 expression was positively correlated with the immune response and extracellular structure organization (Figure 5D).




Figure 5 | The genes that were positively correlated with HSPA7 were enriched in immune response- and stromal-related pathways. (A) Bar graph of enriched terms, colored by p-values, and corresponding network of enriched terms. (B) Summary of enrichment analysis in PaGenBase and (C) summary of enrichment analysis in TRRUST across HSPA7 positively correlated genes. (D) GSEA analyses displayed key immune-regulated pathways enriched in the high (up) and low (down) HSPA7 groups, both in the GO biological process (left) and KEGG datasets (right), and each line is for one pathway.





Verification of the Functions of HSPA7 in Two CGGA Cohorts

To further validate the function of HSPA7 in GBM, we explored its expression pattern in two CGGA RNA-seq cohorts. The expression of HSPA7 was highest in GBM (WHO IV) among the glioma specimens with three different WHO grades (Supplementary Figures S6A, S7A). Kaplan–Meier survival analysis showed that GBM patients in both cohorts with high HSPA7 expression had poor survival outcomes (Supplementary Figures S6B, S7B). Further GSVA enrichment analysis also showed that HSPA7 expression was correlated with the immunophenotype, stromal activation, and oncogenic pathway activation in GBM samples (Supplementary Figures S6C, S7C). These results confirmed that HSPA7 can be used as an independent prognostic risk biomarker in GBM patients. Moreover, HSPA7 can regulate the TME immune response and stromal activation, promoting malignant progression of GBM tumors.



M6A-Modified HSPA7 Is Potentially Regulated by the Methyltransferase WTAP

To explore the potential molecular mechanism regulating HSPA7 RNA metabolism, we first screened HSPA7-interacting proteins via the NCBI database (Table S8). We verified that WTAP (45), a regulatory subunit of the m6A methyltransferase (46, 47), is required for the localization of the m6A methyltransferase into nuclear speckles as a putative HSPA7-binding regulator. To better map the association between WTAP and HSPA7, we explored the expression pattern in different grades of glioma in the TCGA, CGGA, Gravendeel and Rembrandt datasets. As shown in Supplementary Figure S8A, the expression of WTAP was highest in the WHO IV (GBM) group among glioma samples of three WHO grades and normal brain samples. Furthermore, overexpression of WTAP correlated with poor overall survival of GBM patients in all four datasets (Supplementary Figure S8B). Moreover, the expression of WTAP was positively correlated with the expression of HSPA7 in the TCGA GBM dataset (as calculated via the GEPIA database) and two CGGA GBM datasets (Supplementary Figure S8C). Further GSVA enrichment analysis showed that compared to the WTAP-low group, the WTAP-high group showed increased immune cell infiltration into the TME, stromal activation and oncogenic pathway activation, accompanied by higher immune and stromal scores and lower tumor purity, in the TCGA GBM cohort (Supplementary Figure S8D), CGGA GBM cohort 1 (Supplementary Figure S9A) and CGGA GBM cohort 2 (Supplementary Figure S9B). These patterns were the same as the patterns observed for HSPA7 expression. The above findings indicate that m6A methylation of HSPA7 is regulated by WTAP, although this conclusion and the functional mechanisms need further demonstration. Subsequent pathway and process enrichment analyses of HSPA7-interacting proteins showed that they can mediate many biological behaviors, such as mitotic cell cycle phase transition, neddylation, proteasome-mediated ubiquitin-dependent protein catabolism, HIF1α pathway activity, and other functions (Supplementary Figure S10A, Table S8). Then, we further explored the enriched terms across the RNA-binding proteins (RBPs) detected by crosslinking immunoprecipitation coupled with sequencing (CLIP-seq) from data deposited in the starBase database. These RBPs were enriched mainly in terms such as mRNA processing, nucleic acid transport, and RNA catabolic process (Supplementary Figure S10B and Table S9). However, the exact mechanism by which HSPA7 regulates the GBM TME requires further clarification.



HSPA7 Holds Promise for Predicting the Therapeutic Response to ICB Therapy

We desired to further investigate the capacity of HSPA7 to predict the response to immune checkpoint therapy in GBM. However, few published immunotherapy datasets include GBM patients who received ICB therapy. Thus, we used a cohort of melanoma patients who received anti-CTLA4 therapy (23) and urothelial cancer cohorts of patients who received anti-PD-1 therapy (IMvigor210) to perform a complementary evaluation of the ability of HSPA7 to predict the immunotherapy response. Patients in the anti-CTLA4 cohort with low HSPA7 expression exhibited significant clinical benefits [Figure 6A, anti-CTLA cohort, HR 1.927 (0.8997–4.129)]. Furthermore, compared to the HSPA7-high group, the HSPA7-low group exhibited a significant therapeutic benefit and clinical response to antiCTLA-4 immunotherapy (Figures 6B, C). Similar results were found in the anti-PD-L1 cohort. Kaplan–Meier analysis showed that the patients with the 50 lowest HSPA7 expression levels exhibited markedly prolonged survival compared to the patients with the 50 highest HSPA7 expression levels [Figure 6D, HR 1.670 (1.022–2.792)]. Additionally, the HSPA7-low group exhibited significantly better therapeutic and clinical responses to anti-PD-L1 immunotherapy than the HSPA7-high group (Figures 6E, F).




Figure 6 | HSPA7 holds promise for predicting the therapeutic response to ICB. (A) The Kaplan–Meier survival curves showed that HSPA7 was a prognostic risk factor in the melanoma cohort that received anti-CTLA4 therapy. (B) Expression of HSPA7 in distinct anti-CTLA4 clinical response groups, R, response; NR, no response. (C) The proportion of patients who responded to CTLA4 blockade immunotherapy in the low or high HSPA7 expression groups. (D) The Kaplan–Meier survival curves showed that HSPA7 is a prognostic risk factor in the anti-PD-L1 cohort (IMvigor210). (E) Expression of HSPA7 in distinct anti-PD-L1 clinical response groups, R, response; NR, no response. (F) The proportion of patients who responded to PD-L1 blockade immunotherapy in the low or high HSPA7 expression groups. PD-L1 expression in both ICs (G) and TCs (H) was associated with HSPA7 expression, with the highest PD-L1 expression level in cells showing the highest HSPA7 expression. (ANOVA, p = 0.0001, p = 0.0009, respectively). HSAP7 expression between (I) FBXW7 wild-type (WT) and mutant status and (J) FGFR1 wild-type (WT) and mutant status. (K) The waterfall plot of tumor somatic mutations established by those with high HSPA7 expression (right) and low HSPA7 expression (left). The statistical significance is shown as: ns, P > 0.05; *P < 0.05; ***P < 0.001; ****P < 0.0001.



Further GSVA enrichment analysis showed that compared to the HSPA7-low group, the HSPA7-high group exhibited higher TME immune cell infiltration with higher immune and stromal scores, lower tumor purity (Supplementary Figure S11A), higher stromal activation, higher oncogenic pathway activation, and lower MMR pathway activation (Supplementary Figure S11B), completely consistent with the functional enrichment patterns in GBM (Figures 3A, 4A and Supplementary Figures S5C, S6C). PD-L1 expression in immune cells (ICs) and tumor cells (TCs) was also assessed in the IMvigor210 cohort, and we examined the difference in HSPA7 expression among groups with different PD-L1 expression levels. As indicated in Figures 6G, H, patients with higher PD-L1 expression levels in either immune cells or tumor cells exhibited higher HSPA7 expression levels (ANOVA summary IC: P = 0.0001, TC: P = 0.0009), indicating that HSPA7 can upregulate PD-L1 expression, suppressing immune activation. Moreover, previous studies indicated that F-box and WD repeat domain containing 7 (FBXW7) is a vital tumor suppressor in various cancers, controlling proteasome-mediated degradation of oncoproteins such as cyclin E, c-Myc, Mcl-1, mTOR, Jun, and Notch (48) and that its loss-of-function mutation promotes resistance to anti-PD-1 therapy through downregulation of vital sensing pathways (49). Compared to the FBXW7 wild-type group, HSPA7 expression was obviously decreased in the FBXW7 mutant group (Figure 6I). Fibroblast growth factor receptor 1 (FGFR1) is frequently mutated in various tumors, and inhibitors of FGFR1 have shown promising therapeutic value in several preclinical models (50). Palakurthi S. et al. (51) found that the combination of FGFR inhibition and PD-1 blockade can promote tumor-intrinsic induction of antitumor immunity. We also found that HSPA7 expression was significantly higher in the FGFR mutant group than in the FGFR wild-type group (Figure 6J). Collectively, our work strongly indicates that HSPA7 expression contributes to predicting the response to immune checkpoint therapy.



HSPA7 Facilitated Macrophage Infiltration and Could Be a Potential Immunotherapy Target for GBM Patients

We then analyzed the differences in the distribution of somatic mutations between the low and high HSPA7 expression groups in the TCGA GBM cohort using the “maftools” package and found that the PTEN mutation rate was significantly increased in the HSPA7-high group compared to the HSPA7-low group (Figure 6K; low: 20%, high: 36%). Additionally, the NF1 mutation rate, which often occurs in the MES subtype and drives recruitment and activation of TAMs (33), was also obviously elevated in the HSPA7-high group compared to the HSPA7-low group (Figure 6K; low: 8%, high: 11%). Chen et al. (52) found that PTEN deficiency in GBM increases macrophage infiltration by activating YAP1 signaling, which directly upregulates lysyl oxidase (LOX) expression, an MES subtype marker and a macrophage chemoattractant (33), in turn inducing SPP1 secretion to support GBM survival. We found that YAP1 signaling was significantly upregulated in the HSPA7-high group compared to the HSPA7-low group (Figure 7A). We also confirmed that LOX and YAP1 were higher in MES GSCs than in PN GSCs (Figure 7B). Moreover, LOX and YAP1 expression levels were enhanced upon overexpression of HSPA7 in PN subtype GSCs 8–11 (Figures 7C, D) but decreased significantly upon knockdown of HSPA7 in MES subtype GSCs 267 (Figure 7D), suggesting that HSPA7 may facilitate tumor promoting macrophage infiltration by enhancing LOX expression, which could promote macrophage migration into the GBM TME and enhance angiogenesis by upregulating TAM-derived SPP1 (52). Finally, to further confirm the role of HSPA7 in facilitating macrophage migration by enhancing the YAP1-LOX axis, using the transwell assay, we found that conditioned medium from HSPA7 knockdown GSCs 267 inhibited THP1-differentiated macrophage migration significantly compared to the NC group (Figure 7E). Then, THP1-differentiated macrophages were cultured in conditioned medium collected from GSCs 267 transfected with HSPA7 ASO or NC. As shown in Figure 7F, conditioned medium from HSPA7-knockdown GSCs inhibited SPP1 expression in macrophages compared to the NC group. The immunofluorescent staining of our local clinical tumor tissue section analyses also showed that the expression of YAP1, LOX, CD68 (human macrophage marker), SPP1, and PD-L1 was enhanced in HSPA7-high GBM tissues compared to HSPA7-low tissues (Figure 7G).




Figure 7 | HSPA7 facilitated macrophage infiltration and might be a novel immunotherapy target for GBM patients. (A) The heatmap shows that HSPA7 activated YAP1 signaling. The asterisks indicate a significant statistical p-value calculated using the non-parametric Wilcoxon test (*P < 0.05; **P < 0.01; ***P < 0.001). (B) The protein expression of CD44, YAP1, LOX, and YKL40 in PN subtype GSCs (GSCs 8–11) and MES subtype GSCs (GSCs 20 and 267). (C) qPCR assays verified the overexpression efficiency of HSPA7. (D) Representative Western blot assays showed that HSPA7 promoted the expression of YAP1 and LOX, a macrophage chemoattractant (left), and quantification histogram represented the relative protein expression of LOX and YAP1 (right); data are presented as the mean ± SD, n = 3. *p < 0.05, **p < 0.01, ***p < 0.001. Means were compared with Student’s t-test for two groups and one-way ANOVA for three groups, and the NC group is indicated as the control. (E) Representative transwell migration assays showed that HSPA7 inhibited human THP1-differentiated macrophage migration by exposing them to conditioned medium from GSC 267 cells transfected with NC, HSPA7 ASO1, or ASO2 for 24 h. Original magnification, ×100 (left), and quantification histogram represented relative migration of THP-1 macrophages (right); data are presented as the mean ± SD, n = 3. *p < 0.05, **p < 0.01, ***p < 0.001. Means were compared with one-way ANOVA, and the NC group is indicated as the control. (F) Western blot assays showed that HSPA7 inhibited the expression of SPP1 in THP1-differentiated macrophages by exposing them to conditioned medium from GSC 267 cells transfected with NC, HSPA7 ASO1, or ASO2 for 48 h. (G) IF staining in a human GBM tissue microarray showed that the expression of LOX, YAP1, PD-L1, CD68, and SPP1 was higher in the HSPA7 high group than in the low group. Histogram representing statistical proportion data of positive area; data are presented as the mean ± SD, n = 3. *p < 0.05, **p < 0.01, ***p < 0.001, means were compared with Student’s t-test. (H) GBOs at 2 weeks were cocultured with conditioned medium from GSC 267 cells, transfected with NC, HSPA7 ASO1, or ASO2 at 48 h, and PD1 antibody (5 μM) for 5 days as indicated. IF staining for Ki67 and CD44 in GBO sections showed that knockdown of HSPA7 enhanced the effect of anti-PD1 therapy, original magnification, ×630 (scale bars: 20 μm). Histogram representing statistical proportion data of positive area; data are presented as the mean ± SD, n = 3. *p < 0.05, **p < 0.01, ***p < 0.001. Means were compared with one-way ANOVA, and the NC group is indicated as the control.



Moreover, Robert M. Samstein et al. (53) found that TMB predicted survival after immunotherapy across multiple cancer types (including GBM). Thus, we downloaded the mutation data of 82 GBM samples and then analyzed the differences in the distribution of somatic mutations between the samples with the 30 lowest TMBs and the 30 highest TMBs. The PTEN and NF1 mutation rates were significantly increased in low-TMB samples compared to the high-TMB samples, and the same results were found for the HSPA7 expression level (Supplementary Figure S12A). We further explored the association between the HSPA7 expression level and TMB. As shown in Supplementary Figure S12B, HSPA7 expression was statistically negatively correlated with TMB. In addition, Touat M. et al. (54) recently found that mismatch repair (MMR)-deficient gliomas were characterized by a lack of prominent T cell infiltration, extensive intratumoral heterogeneity, poor patient survival, and a low rate of response to PD-1 blockade therapy. Our data also showed that the high HSPA7 expression group showed reduced activation of MMR-associated pathways (Figure 4A), which was negatively correlated with immunosuppression, stromal activation, and oncogene pathway activation (Figure 4B). Other studies have also shown the same results (28, 55). Furthermore, HSPA7 expression was negatively correlated with the expression of MMR genes such as MLH1, MSH2, MSH6, and PMS2 (Supplementary Figure S12C). Previous studies indicated that GBM patients exhibit resistance to immune checkpoint inhibitors (ICIs) due to the low mutation rate, the PTEN-deficient immunosuppressive microenvironment, infiltration by myeloid-derived suppressor cells (including TAMs, prominent players in brain cancers), and activation of tumor stromal cells (56, 57), indicating that knockdown of HSPA7 may enhance the efficacy of ICIs such as PD1 inhibitors in GBM. To illustrate this function, we generated patient-derived glioblastoma organoids (GBOs), which maintain cell-type heterogeneity (including macrophages, T cells, and vascular cells) and molecular signatures of their respective parental tumors, according to experimental protocols already reported by Jacob F. et al. (31). Immunofluorescence assays of our GBO sections also confirmed the presence of macrophages and vascular cells, as detected by CD68 and CD31 markers, respectively (Supplementary Figure S13A), supporting the use of three-dimensional GBO models for holistic study of the TME of GBM and evaluating the efficacy of PD1 inhibitors. We next applied our GBO model to test treatment responses in vitro. To mimic the postsurgical standard of care treatment, we subjected GBO samples from patient whose GBM tissues expressed high CD68 and SPP1 (Supplementary Figure S13B) to a single exposure conditioned medium from HSPA7-knockdown GSCs or with PD1 inhibitor (5 µM) treatment for 5 days. The therapeutic response was evaluated by quantifying the percentage of cells expressing Ki67 (proliferation index) and CD44 (invasion index). As shown in Figure 7H, knockdown of HSPA7 significantly enhanced the efficacy of the PD1 inhibitor in GBM. In summary, HSPA7 facilitated tumor promoting macrophage migration into the GBM TME by activating the YAP1–LOX axis, and our results indicated that HSPA7 might be a potential immunotherapy target for GBM patients.



Characterization of HSPA7 Across 33 Cancer Types

We investigated whether HSPA7 expression is correlated with prognosis in a pancancer patient cohort. The expression of HSPA7 in tumor tissues and GTEx normal brain tissues was determined in the GEPIA database. As shown in Supplementary Figure S14, the expression of HSPA7 was significantly lower in tumor tissues in the ACC, COAD, DLBC, LAML, LUAD, LUSC, READ, THCA, and THYM cohorts but significantly higher in tumor tissues in the GBM, KIRC, KIRP, and PAAD cohorts than in the corresponding normal tissues. Genetic alterations were also observed in many other tumors, although these alterations were not significant. In addition, Cox regression analysis of survival rates and Kaplan–Meier analysis were conducted using the SangerBox tool. The relationships between HSPA7 expression levels and the prognoses of different tumors are shown in Supplementary Figures S15-S17. Statistically, HSPA7 is a risk factor in most cancers (such as ACC, LDBC, and CESC). However, we found that it is a relatively favorable factor in several cancer types such as SKCM, KIRP, and SARC. We next evaluated the immune score and stromal score across 33 cancers in the TCGA database. HSPA7 expression was significantly positively correlated with the immune score (Supplementary Figure S18) and stromal score (Supplementary Figure S19) in all 33 cancer types. Moreover, HSPA7 was significantly positively correlated with immune checkpoint expression (Supplementary Figure S20A) and the immune response (Supplementary Figure S20B) in most cancer types such as GBM, LGG, OV, and LUAD. However, no relationship was found in other cancers such as SKCM, UVM, TGCT, and PAAD, indicating that HSPA7 may act via a mechanism other than TME regulation in these cancers. Thus, the molecular mechanisms of this gene need further study in specific tumors. Collectively, these data emphasize that HSPA7 may be a key factor in facilitating the acquisition of various immunophenotypes in various cancers and may be considered in the development of more effective immunotherapies for GBM and other immunotherapy-resistant tumors. Because different immune cells may play different roles in different tumors, the functions of HSPA7 in specific tumors must be explored.




Discussion

GBM, one of the most aggressive brain tumors, currently has no effective and sufficient therapies due to its intratumoral heterogeneity and molecular plasticity. ICB therapy is being actively pursued as a promising treatment option for GBM, but very few patients respond to ICB therapy. Thus, identifying markers regulating the brain TME that are prominent players in ICB therapy for cancer could reveal promising new targets for therapeutic intervention. LncRNAs and m6A modifications are emerging as indispensable regulators of the TME. However, the overall TME infiltration characteristics mediated by m6A-modified lncRNAs have not been comprehensively recognized. Therefore, it is worth obtaining comprehensive knowledge of the cellular TME infiltration characteristics mediated by m6A-regulated lncRNAs.

Here, based on our m6A-seq data, we revealed highly distinct lncRNA m6A methylation modification patterns between GBM and normal brain tissues. In addition, we identified immune-stromal-m6A-related HSPA7 as a novel prognostic risk factor in GBM patients; this gene plays a crucial role in immunophenotype determination, stromal activation, and oncogenic pathway activation and has a robust capacity to predict the ICB response. Furthermore, in this study, WTAP, a methyltransferase mediating m6A modification, was identified as a potential regulator of HSPA7 expression. Further analysis showed that WTAP, like HSPA7, can also regulate immunophenotype determination and stromal activation-related pathways (Supplementary Figures S8, S9). This finding again demonstrated that m6A modification is highly important in shaping the TME landscape. Many studies have reported that stromal cell activation in the TME can suppress immune infiltration or facilitate an immunosuppressive response in the TME, mediating therapeutic resistance to ICB (28, 58). Our data also revealed a markedly negative correlation between HSPA7 expression and TMB, a marker of the response to ICB therapy, in a TCGA GBM cohort (Figure 6B). In addition, another study showed that PTEN mutations were associated with immunosuppressive expression signatures in non-responders to anti-PD-1 immunotherapy in GBM (2). Chen et al. (52) found that PTEN deficiency in GBM increases the infiltration of SPP1+ macrophages, which can interact with fibroblasts and vascular endothelial cells, inducing angiogenesis, EMT, and some other stromal activation-related pathways in colon cancer and are characterized by expression of the pattern recognition receptor MARCO (59) via a YAP1–LOX-β1 integrin–PYK2 axis. Intriguingly, antibody-mediated depletion of MARCO inhibits cancer progression and metastasis, enhancing ICB efficacy (60), suggesting that SPP1+ macrophages play a non-negligible role in the immunorepressive response and immunotherapeutic resistance. We then analyzed myeloid cell-derived macrophage-restricted chemokines, which were the main factors that cause immunosuppression in GBM. We found that compared to tumors with low HSPA7 expression, tumors with high HSPA7 expression exhibited significantly increased myeloid cell-derived macrophage-restricted chemokines (8, 25) (Supplementary Figures S4D, E); we also confirmed that HSPA7 could facilitate the macrophage infiltration into the GBM TME via YAP1–LOX axis in vitro, as well as into our local GBM tissue sections (Figures 7A–G). Furthermore, we found that HSPA7 can interact with YAP1 (61), which can induce the secretion of CCL2/CSF1 to recruit monocytes (62), suggesting that HSPA7 may be a target that synergistically regulates SPP1+ macrophages, which then induce stromal activation in the TME. Moreover, we found that HSPA7 and YAP are also contained in GBM extracellular exosomes (63), a fundamental regulator of TME cells. Numerous research reports have indicated that YAP is a hub in the network of signals exchanged within the TME (64), thus regulating the immune response and stromal activation. However, the specific mechanism of HSPA7 needs to be proven by a large number of experiments. We also confirmed the predictive value of HSPA7 in a cohort of melanoma patients who received anti-CTLA4 therapy and an IMvigor210 cohort of patients treated with anti-PD-L1 therapy. A statistically significant difference in HSPA7 expression was found between non-responders and responders. MMR deficiency has recently emerged as a beneficial indicator of the response to PD-1 blockade in patients with cancer (65, 66), whereas we found that HSPA7 was negatively correlated with MMR-related pathway activity (Figure 4A), which in turn was negatively correlated with stromal activation and oncogenic pathway activation (Figure 4B and Supplementary Figure S11). This pattern suggests that MMR deficiency is an unfavorable factor for the response to ICB therapy. Other studies have shown the same results (28, 55). By comprehensive analysis of data for 10,294 samples, a recent study showed that MMR-deficient gliomas are characterized by a lack of prominent T cell infiltration, extensive intratumoral heterogeneity, poor patient survival, and a low rate of response to PD-1 blockade (54), reconfirming the ability of HSPA7 to predict the response to immunotherapy. We also explored the function of HSPA7 in various cancer types. As shown in Figures S13-S19, HSPA7 expression had prognostic significance in most cancers; in addition, it can regulate the expression of immune checkpoint genes and the activity of immune response pathways and was positively correlated with the immune score and stromal score in the majority of tumor types. HSPA7 was found to be a risk factor in the cohort of melanoma patients who received anti-CTLA4 therapy (Figures 6A–C) but was found to be a beneficial prognostic factor in the TCGA SKCM cohort (23) (Supplementary Figures S14, S16), exhibiting no obvious correlation with immune checkpoint expression (Supplementary Figure S20A) or the immune response (Supplementary Figure S20B). The mechanisms underlying this discrepancy need future exploration.

In summary, via integrated analysis of our own m6A-seq data and public clinical data, we found highly distinct lncRNA m6A methylation modification patterns between GBM and normal brain tissues and determined that HSPA7 could be used to evaluate the prognosis of GBM patients, as well as the corresponding cellular TME infiltration and activation characteristics of individual patients, and could predict the clinical efficacy of anti-PD-1/-PD-L1 immunotherapy in patients. More importantly, this study offers several novel insights regarding cancer immunotherapy; for example, targeting m6A regulators to change the m6A modification patterns of key immune-regulating targets may reverse unfavorable cellular TME infiltration characteristics. This study contributes to future exploration of novel drug combination strategies or novel immunotherapeutic agents.
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Glioblastomas (GBM) are the common and aggressive primary brain tumors that are incurable by conventional therapies. Immunotherapy with immune checkpoint inhibitors is not effective in GBM patients due to the highly immunosuppressive tumor microenvironment (TME) restraining the infiltration and activation of cytotoxic T cells. Clinical and experimental studies showed the upregulation of expression of the arginase 1 and 2 (ARG1 and ARG2, respectively) in murine and human GBMs. The elevated arginase activity leads to the depletion of L-arginine, an amino-acid required for the proliferation of T lymphocytes and natural killer cells. Inhibition of ARG1/2 in the TME may unblock T cell proliferation and activate effective antitumor responses. To explore the antitumor potential of ARG1/2 inhibition, we analyzed bulk and single-cell RNA sequencing (scRNA-seq) data from human and murine gliomas. We found the upregulation of ARG1/2 expression in GBMs, both in tumor cells and in tumor infiltrating microglia and monocytes/macrophages. We employed selective arginase inhibitors to evaluate if ARG1/2 inhibition in vitro and in vivo exerts the antitumor effects. A novel, selective ARG1/2 inhibitor - OAT-1746 blocked microglia-dependent invasion of U87-MG and LN18 glioma cells in a Matrigel invasion assay better than reference compounds, without affecting the cell viability. OAT-1746 effectively crossed the blood brain barrier in mice and increased arginine levels in the brains of GL261 glioma bearing mice. We evaluated its antitumor efficacy against GL261 intracranial gliomas as a monotherapy and in combination with the PD-1 inhibition. The oral treatment with OAT-1746 did not affect the immune composition of TME, it induced profound transcriptomic changes in CD11b+ cells immunosorted from tumor-bearing brains as demonstrated by RNA sequencing analyses. Treatment with OAT-1746 modified the TME resulting in reduced glioma growth and increased antitumor effects of the anti-PD-1 antibody. Our findings provide the evidence that inhibition of ARG1/2 activity in tumor cells and myeloid cells in the TME unblocks antitumor responses in myeloid cells and NK cells, and improves the efficacy of the PD-1 inhibition.
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Introduction

Glioblastoma (GBM, WHO grade IV glioma) is the most common and aggressive primary brain tumor in adults. While the available treatments may slow down the progression of GBM and reduce neurological symptoms, the disease remains incurable. The standard treatment for GBM patients is surgical resection followed by radiation and oral chemotherapy with temozolomide (TMZ). Despite improvements in imaging, surgical techniques, radiotherapy and chemotherapy, GBM inevitably recurs and the prognosis of patients with GBM remains poor, with a median overall survival of 15 months (1, 2). The ability of tumors to modify the surrounding microenvironment and evade the immune system is increasingly recognized as an important determinant of cancer progression and patient prognosis (3). GBMs are infiltrated with various myeloid cells which do not activate their proper functions but instead they are tumor supportive and create the immunosuppressive tumor microenvironment (TME), poorly infiltrated with cytotoxic T lymphocytes and natural killer (NK) cells being frequently deficient in their antitumor activity (4).

Immune checkpoint inhibitor-based therapies provided an effective strategy to enhance antitumor immune responses in many solid cancers (5). Programmed cell death 1 (PD-1, CD279), an immune checkpoint surface receptor expressed on lymphocytes, is a mediator of immune suppression in a variety of tumors, including GBM (6). Binding of PD-1 with its ligands B7-H1 (PD-L1) or B7-DC (PD-L2) induces apoptosis or exhaustion of activated immune cells. Blockade of this interaction enhances the antitumor activity of the immune system (7). While first studies of the adjuvant therapy with pembrolizumab (a monoclonal antibody against human PD-1) in GBM patients demonstrated some benefits (8), further studies showed no survival improvement (9, 10). The recent results from a randomized phase III trial CheckMate143 with nivolumab (an anti-PD-1 antibody) did not show the improved survival of patients with recurrent GBMs compared to those treated with bevacizumab, an anti-VEGF-A antibody (11). Genomic and transcriptomic analysis of GBM patients treated with anti-PD-1 antibodies revealed a significant enrichment of the immunosuppressive transcriptomic signature in non-responders, along with differences in T cell clonal diversity and tumor microenvironment profiles (12). Growing evidence suggests that the clinical response to immunotherapies is restricted by various resistance mechanisms, such as a strong immunosuppression induced by the tumor infiltrating myeloid cells (13, 14).

Glioma-associated microglia and macrophages (GAMs) accumulate in malignant gliomas and are key drivers of tumor invasion and immunosuppression. GAMs promote tumor progression and jointly with myeloid-derived suppressor cells (MDSCs) modulate antitumor immune responses in multiple ways (15).

Both malignant cells and tumor-infiltrating myeloid cells in murine and human gliomas upregulate the expression of arginase (16, 17) and the resulting changes in the L-arginine metabolism are one of the most prominent mechanisms contributing to immunosuppression (18). There are two arginase isoforms (ARG1 and ARG2), catalyzing the same biochemical reaction, but differing in subcellular localization, expression, and regulation. ARG1 is a cytosolic protein, while ARG2 is mainly localized in the mitochondria (19). Arginase catalyzes the hydrolysis of L-arginine to urea and L-ornithine, thereby depleting extracellular L-arginine (20). T cells are auxotrophic for L-arginine and require this amino acid for the rapid and successive proliferation that follows T cell receptor activation of effector cells (21). Expression of ARG1 is a defining feature of immunosuppressive myeloid cells that are highly enriched in the TME, and the role of ARG1-expressing MDSCs in altering T-cell responses in cancer patients is well established (22, 23). CB-1158, an arginase 1 inhibitor synthesized at Calithera Biosciences blocked myeloid cell-mediated suppression of T cell proliferation in vitro and reduced tumor growth in several mouse models of non-CNS tumors (CT26, LLC, B16, and 4T1 tumors). The ARG1 inhibitor was effective as a single agent or in combination with checkpoint blockade (anti-PD-L1), adoptive T cell and NK cell transfer, and chemotherapy with gemcitabine. The treatment with CB-1158 increased tumor-infiltrating CD8+ T cells and NK cells, inflammatory cytokines, and expression of several interferon-inducible genes (24). CB-1158 advanced to clinical trials for patients with non-CNS malignancies (NCT02903914).

In the present study, we provide the compelling evidence that OAT-1746, a novel and oral small-molecule inhibitor of ARG1/2, affects glioma-microglia interactions in vitro, accumulates in the brain and modulates the TME of murine intracranial gliomas. We demonstrate that OAT-1746 works synergistically with PD-1 blockade and improves antitumor immune responses against gliomas.



Materials and Methods


Glioma Cell Cultures

Human glioblastoma cell lines LN18, U87-MG (U87) (ATCC, Manassas, VA) were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS) (Gibco, MD, USA) and antibiotics (100 U/mL penicillin, 100 μg/mL streptomycin). GL261 tdTomato+luc+ murine glioma cells were cultured in DMEM with the addition of 10% FBS, antibiotics and 100 μg/mL G418 (Invivogen, San Diego, CA, USA). Cells were cultured in a humidified atmosphere CO2/air (5%/95%) at 37°C (Heraeus, Hanau, Germany).



Microglial Cell Cultures

Mouse immortalized microglial BV2 cells were cultured in Dulbecco’s modified Eagle’s medium GlutaMAX™ (DMEM GlutaMAX™) supplemented with 2% fetal bovine serum (Gibco, MD, USA) and antibiotics (100 U/mL penicillin, 100 μg/mL streptomycin) in a humidified atmosphere CO2/air (5%/95%) at 37°C (Heraeus, Hanau, Germany).

Primary microglial cultures were prepared from cerebral cortices of P0–P2 C57BL/6J mice as described (25). Briefly, after stripping off the meninges and enzymatic brain dissociation the cells were collected and seeded onto the culture flasks. After 48 h, cell cultures were washed three times with phosphate-buffered saline (PBS) to remove debris. Primary cultures were kept in DMEM supplemented with 10% FBS, 2 mM L-glutamine, 100 U/mL penicillin, and 100 µg/mL streptomycin (Gibco, MD, USA). Microglia were isolated by gentle shaking for 1 h at 100 RPM at 37°C. Detached microglia were collected by centrifugation, counted, and checked for viability. Microglia cultures were used for experiments 48 h after seeding to ensure that the cells were quiescent.



Recombinant Arginase Activity Assays

The inhibitory activity towards hARG1 and hARG2 enzymes was assessed using recombinant enzymes biosynthesized using a prokaryotic expression system (E. coli) and purified by fast protein liquid chromatography (FPLC). Briefly, recombinant enzymes were incubated with the tested compounds for 1 h at 37°C in the reaction buffer (100 mM sodium phosphate buffer, 130 mM NaCl, 1 mg/mL BSA, pH 7.4) containing substrate (10 mM L-arginine hydrochloride) and cofactor (200 µM MnCl2). The assay is based on the detection of urea, which is generated during the conversion of L-arginine into L-ornithine catalyzed by arginases. To visualize the product, we adding a mixture of reagent A (4 mM oPA, 50 mM boric acid, 1 M sulfuric acid, 0.03% Brij-35) and reagent B (4 mM NED, 50 mM boric acid, 1 M sulfuric acid, 0.03% Brij-35) in equal proportions. The absorbance was measured at 515 nm. The urea production in the absence of any tested compound was considered as maximal enzyme activity. The absorbance in the absence of arginase (background) was considered as zero activity. Two reference compounds OAT-81 (ABH, no. 222638-65-5) and OAT-90 (2-amino-6-borono-2-(2-(3-(2,4-dichlorophenyl)propyloamino)ethyl) hexanoic acid, and two novel inhibitors OAT-1617 and OAT-1746 (the last three synthesized at OncoArendi Therapeutics) were tested. Normalized values were analyzed using GraphPad Prism 7.0 software and the IC50 values were determined.



Invasion Assays

BV2 cells were plated onto a 24-well plate at the density of 4×104. After 24 h, the invasion assay was performed with tissue culture inserts (6.5 mm Transwell® with 8.0 µm Pore Polycarbonate Membrane Insert, Corning, NY, USA) coated with the Growth Factor Reduced Matrigel™ Matrix (BD Biosciences, San Diego. CA, USA). The Matrigel™ Matrix (50 µL of 1 mg/mL stock solution diluted in fresh DMEM) was dried under sterile conditions (37°C) for 5–6 h. The medium in BV2 cultures was replaced with fresh one 1 h before seeding glioblastoma cells onto the inserts, then LN18 and U87 glioblastoma cells were seeded at 2×104/insert on Matrigel-covered membranes in a serum-reduced medium (2% FBS). Untreated glioblastoma cells co-cultured with or without BV2 cells served as positive and negative controls, respectively. Cells were treated with the arginase-1 inhibitors OAT-90, OAT-1617 and OAT-1746 solved in PBS. The cultures were kept in incubator at 37°C with humidified air containing 5% CO2. After 18 h cells were fixed in ice-cold methanol and cell nuclei stained with DAPI (4′,6-Diamidino-2-Phenylindole; 1 µg/mL, Sigma). The membranes from Transwell® inserts were cut out and images were acquired using a fluorescence microscope (Leica DM4000B, 10x lens) from the 5 independent fields (bottom; top; left; right side and the middle). Numbers of invading cells were counted using the ImageJ software (NIH, Bethesda, MD, USA). All experiments were performed three times, in duplicates.



Viability Assay

Cell viability was assessed using MTT metabolism assay (U87 and BV2 cells) or MTS CellTiter 96® AQueous One Solution Cell Proliferation Assay (Promega) for the primary murine microglia cultures. Cells were cultured either in 96-well plates (U87 at density of 1×104) or 24-well plates (BV2 at density of 4×104 and primary microglia 8×104) with the indicated concentrations of the inhibitor or H2O (vehicle) for 24 h. MTT solution (Sigma Aldrich) was added to each well to a final concentration of 0.5 mg/mL. After 1 h of incubation at 37°C, water-insoluble dark blue formazan crystals were dissolved in DMSO. Optical densities (OD) were measured at 570 and 620 nm using a scanning multiwell spectrophotometer. The MTT assay was performed according to the manufacturer’s protocol. All measurements were carried out on three independent cell passages, in triplicates.



Animals

Male C57BL/6J mice (10-12 weeks at the beginning of the study) were housed with free access to food and water, on a 12h/12h day and night cycle. All efforts have been made to minimize the number of animals and animals suffering. All research protocols conformed to the Guidelines for the Care and Use of Laboratory Animals (European and national regulations 2010/63/UE September 22, 2010 and Dz. Urz. UE L276/20.10.2010, respectively). Animals were decapitated by a qualified researcher. The First Warsaw Local Ethics Committee for Animal Experimentation approved the study (approval no. 562/2018).



Determining Plasma L-Arginine and Drug Concentration

Blood plasma, as well as the brain samples (from control and treated animals), were prepared for liquid chromatography coupled with mass spectrometry (LC-MS) by homogenization in 5% trichloroacetic acid (TCA) and the concentration of L-arginine – the substrate of arginase – was determined. In the urea cycle, arginase cleaves arginine to produce urea and ornithine. Ornithine reacts with carbamoyl phosphate to form citrulline. The brain homogenates prepared for arginine measurements, as well as plasma samples were also analyzed by LC-MS to determine the concentration of the drug, which was administered to animals 2 h before the euthanasia.



Stereotactic Implantation of Glioma Cells

Mice were deeply anesthetized with isoflurane. After identifying the sagittal and coronal sutures on the right side, a hole was drilled at the following coordinates: 1 mm anterior and 1,5 mm lateral from bregma. GL261 tdTomato+luc+ glioma cells (80,000 in 1 μL of DMEM) were stereotactically injected with a Hamilton syringe to the right striatum of the mouse 3 mm deep from the surface of the brain. The skin incision was closed and mice were monitored until they completely recovered from anesthesia. Mice were randomly allocated to the study groups. The animals were weighed weekly and observed daily for clinical symptoms and evidence of toxicity by evaluating their eating, mobility, weight loss, hair loss, and hunched posture. OAT-1746 was administered by oral gavage at 50 mg/kg twice a day from day 1 after implantation. Anti-PD-1 antibody (Biolegend, GoInVivo™ Purified anti-mouse CD279) was injected intraperitoneally (i.p.) at a dose of 2.5 mg/kg on days 8, 10, 12, 14 post-implantation. Control groups received vehicle (saline) twice a day by gavage. Animals were euthanized when they lost more than 20% of body weight compared to day 0.



Bioluminescence Imaging

To monitor tumor growth, mice were injected i.p. with 150 mg/kg body weight luciferin (D-luciferin sodium salt BC218 Synchem) and left for 8 min. Then, the animals were anesthetized with 3% isoflurane and transferred to the X-treme Imaging System (Bruker, Germany). At 10 min after the D-luciferin injection, a photonic emission was imaged. Tumors were visualized at days 14, 21 and 28 after implantation and bioluminescent images were quantified as photon/sec/mm2. We applied the same ROI rectangle to all images (the whole head). Then we exported sum values for all images.



Cytokine Analysis

Measurement of pro- and anti-inflammatory cytokines was performed in blood from control and treated animals. Blood was quickly collected to EDTA containing tubes before perfusion and centrifuged (10,000 × g) for 10 min at room temperature. The plasma was collected and stored at -80°C. The levels of cytokines were measured using the Milliplex Kit (Merk-Millipore, Germany) according to the protocol. Cytokine levels were determined using the MAGPIX Multiplexing Instrument (Luminex, TX, USA) with XPonent software and analyzed with Milliplex Analyst 5.1 software. Results were expressed as pg/mL for each cytokine.



Immunohistochemistry on Brain Slices

The animals were sacrificed on the day 21 after GL261 tdTomato+luc+ cell implantation and perfused with 4% paraformaldehyde in PBS. Brains were removed, post-fixed for 48 h in the same fixative solution and placed in 30% sucrose in PBS at 4°C until the tissue sunk to the bottom of the flask. Tissue was frozen in Tissue Freezing Medium (Jung; Nussloch, Germany) and cut in 12 µm coronal sections using a cryostat. The slides were dried at room temperature for 2 h after being transferred from the -80°C storage. Cryosections were blocked in PBS containing 10% donkey serum and 0.1% Triton X-100 for 2 h and incubated overnight at 4°C with rabbit anti-Iba-1 and goat anti-Arg1 or with rabbit anti-CD8 antibodies. Next, sections were washed in PBS and incubated with corresponding secondary antibodies for 2 h at room temperature. All antibodies were diluted in 0.1% Triton X-100/PBS solution containing 3% donkey serum. Nuclei were counterstained with DAPI (1 µg/mL). Images were obtained using the Olympus microscope (Fluoview, FV10i). For reagent specifications, catalogue numbers, and concentrations, see the Supplementary Table 1. To quantify the tumor size, sections were stained with toluidine blue, and images were acquired using a Leica DM4000B microscope (Leica Microsystems, Wetzlar, Germany). Tumor areas were measured using ImageJ software (NIH, Bethesda, MD, USA) on every sixth brain slice, and tumor volumes were calculated as previously described (26).



Tissue Dissociation, Flow Cytometry and FACS Sorting

On day 28 after GL261 tdTomato+luc+ cell implantation mice were perfused transcardially with cold phosphate-buffered saline (PBS) to clear away blood cells from the brain. The tumor-bearing hemispheres were dissociated enzymatically with a Neural Tissue Dissociation Kit with papain (Miltenyi Biotec) and gentleMACS Octo Dissociator (Miltenyi Biotec), according to the manufacturer’s protocol to obtain a single-cell suspension. Next, the enzymatic reaction was stopped by the addition of Hank’s Balanced Salt Solution with calcium and magnesium (Gibco, Germany). The resulting cell suspension was filtered through 70 μm and 40 μm strainers, and centrifuged at 300 × g, 4°C for 10 min. Next, myelin was removed by centrifugation on a 22% Percoll gradient. Briefly, cells were suspended in 25 mL Percoll solution (18.9 mL gradient buffer containing 5.65 mM NaH2PO4H2O, 20 mM Na2HPO42(H2O), 135 mM NaCl, 5 mM KCl, 10 mM glucose, 7.4 pH; 5.5 mL Percoll (GE Healthcare, Germany); 0.6 mL 1.5 M NaCl), overlayered with 5 mL DPBS (Gibco) and centrifuged for 20 min at 950 × g at 4°C, without acceleration and brakes. Next, cells were collected, washed with PBS and counted using NucleoCounter (Chemometec, Denmark).

Samples were handled on ice or at 4°C without light exposure. Prior to staining with antibodies, samples were incubated with LiveDead Fixable Violet Dead Cell Stain (ThermoFisher) in PBS for 10 min to exclude nonviable cells. Next, samples were incubated for 10 min with rat anti-mouse CD16/CD32 Fc Block™ (BD Pharmingen) in Stain Buffer (BD Pharmingen) to block FcγRIII/II and reduce unspecific antibody binding. Then, cell suspensions were incubated for 30 min with an antibody cocktail in Stain Buffer (BD Pharmingen). For flow cytometry analysis of cell surface antigens the following anti-mouse antibodies were used: CD45 (30-F11), CD11b (M1/70) from BD Pharmingen and CD3 (REA641), NK 1.1 (PK136) from Miltenyi Biotec. For FACS sorting the cells were stained with CD11b (M1/70) antibody labeled with FITC (BD Pharmingen).

All antibodies were titrated prior to staining to establish the amount yielding the best stain index. Data were acquired using a BD LSR Fortessa Analyzer cytometer and analyzed with FlowJo software (v. 10.5.3, FlowJo LLC, BD). Gates were set based on FMO (fluorescence minus one) controls and back-gating analysis. Percentages on cytograms were given as the percentage of a parental gate. CD11b+ cells were FACS sorted using Cell Sorter BD FACSAriaII. All flow cytometry experiments were performed at the Laboratory of Cytometry, Nencki Institute of Experimental Biology. For reagent specifications, catalog numbers and dilutions see the Supplementary Table 1.



RNA Isolation, mRNA Library Preparation and RNA-Sequencing

Immediately after sorting, CD11b+ cells were centrifuged and lysed for further isolation of RNA using the RNeasy Plus Mini Kit (Qiagen, Germany). The integrity and quality of RNA were assessed on an Agilent 2100 Bioanalyzer with an RNA 6000 Pico Kit (Agilent Technologies, CA, USA). A total of 9 strand-specific RNA libraries were prepared for sequencing (2-3 biological replicates/treatment) using a KAPA Stranded mRNA-Seq Kit (Kapa Biosystems, MA, USA). Poly-A mRNAs were purified from 100 ng of total RNA using poly-T-oligo-magnetic beads (Kapa Biosystems, MA, USA). mRNAs were fragmented and a first-strand cDNA was synthesized using reverse transcriptase and random hexamers. A second-strand cDNA synthesis was performed by removing RNA templates and synthesizing replacement strands, incorporating dUTP in place of dTTP to generate double-stranded (ds) cDNA. dsDNA was then subjected to addition of “A” bases to the 3′ ends and ligation of adapters from NEB, followed by uracil digestion by USER enzyme (NEB, MA, USA). Amplification of fragments with adapters ligated on both ends was performed by PCR using primers containing TruSeq barcodes (NEB, Ipswich, MA, USA). Final libraries were analyzed using Bioanalyzer and Agilent DNA High Sensitivity chips (Agilent Technologies, Santa Clara, CA, USA) to confirm fragment sizes (~300 bp). Quantification was performed using a Quantus fluorometer and the QuantiFluor dsDNA System (Promega, Madison, Wisconsin, US). Libraries were loaded onto a rapid run flow cell at a concentration of 8,5 pM onto a rapid run flow cell and sequenced on an Illumina HiSeq 1500 paired-end.



Data Processing and Analysis

Illumina-specific adapters, short reads, and low quality 5’ and 3’ bases were filtered out in the FASTQ format files using Trimmomatic (27) tool (version 0.36). The resulting RNA sequencing reads were aligned to a reference mouse genome sequence (mm10) with STAR aligner (28) (version 2.6.1b) using the two pass Mode Basic option. Duplicate reads were then identified and flagged using Picard Tools (version 2.17.1) [broadinstitute.github.io/picard/]. Quantification of mapped reads and summarization by gene was performed using HTSeq-count (29) (version 0.11.1), with paired mode (-p) and reverse stranded mode (-s reverse) enabled, and only reads with MapQ values of 10 or higher were considered. Low-expressed features were filtered out and an analysis of differentially expressed genes was performed using DESeq2 (version 1.24.0) (30). Only mRNAs encoding protein-coding genes were retained for downstream analysis.

To identify transcriptomic differences between groups, differential expression analysis was performed using DESeq methods, with the control state (CTR) as the reference group and compared with the OAT-1746, anti-PD-1 and combination groups. The variance stabilizing transformation (vst function) was used for visualization. Pathway enrichment analysis was performed by selecting statistically significant genes (adjusted p-values ≤ 0.05) and correcting type I errors in multiple testing using the Bonferroni-Hochberg (BH) method. Gene Ontology Biological Processes (GO: BP) was used to better understand the mechanistic findings of the enriched gene lists. The clusterProfiler (31) and VennDiagram (32) packages were used to visualize the results.




Results


ARG1 Expression Is Highly Upregulated in Human Glioblastoma Samples and in Murine Experimental Gliomas

Using transcriptomic data from The Cancer Genome Atlas (TCGA), we examined ARG1 and ARG2 expression in human gliomas of different WHO grades II, III, IV. The highest mRNA levels of both genes were found in GBM samples (Figure 1A and Supplementary Figure 1A). To determine a cell source of ARG1 and ARG2 expression, we explored the single-cell RNA sequencing (scRNA-seq) data from 10 astrocytoma samples (33) and checked the gene expression in various cell populations from the tumors using the SingleCell data portal (https://singlecell.broadinstitute.org/). High expression of ARG1 and ARG2 was detected in malignant cells and tumor-infiltrating microglia/macrophages (MG/MΦ) (Figure 1B and Supplementary Figure 1B). We took advantage of having in-house sc-RNA-seq data of CD11b+ immunosorted from murine GL261 gliomas, which provided resolution to distinguish resident microglia from CNS-border associated macrophages (BAMs) or monocytes/macrophages (Mo/MΦ) (34). Using these data, we analyzed Arg1 and Arg2 expression in the discrete myeloid subpopulations. There was a low number of microglial cells expressing either Arg1 (< 1%) or Arg2 (< 0.1%) mRNA and both genes were more abundantly expressed in the Mo/MΦ population (11% and 6%, respectively) (Figure 1C and Supplementary Figure 1C). Arg1 expression levels were significantly higher than Arg2 mRNA levels both in microglia and Mo/MΦ immunosorted from tumor-bearing brain (Supplementary Figure 1D). Additionally, we assessed Arg1 levels by flow cytometry in CD11b+ cells isolated from tumor-bearing hemispheres at day 21 post-implantation (Figure 1D). The percentage of Arg1+ cells was higher in Mo/MΦ infiltrating from the periphery (CD11b+CD45high) than in resident microglia (CD11b+CD45low), which corroborated the results from scRNA-seq analysis (Supplementary Figure 1D). Overall, these results confirm high ARG1 and ARG2 expression in human malignant cells and glioma-infiltrating monocytes/macrophages. Arg1 is a predominant isoform expressed in myeloid cells in the brain of tumor-bearing mice.




Figure 1 | ARG1 expression is highly upregulated in human glioblastomas and murine experimental gliomas. (A) ARG1 expression in gliomas of different WHO grades (WHO grades II- IV) in TCGA datasets. Statistical significance was determined by Tukey’s Honest Significant Difference (HSD). ***p < 0.001. (B) Expression of ARG1 in malignant cells and microglia/macrophages (MG/MΦ) in 10 samples of astrocytomas in single-cell RNA-seq datasets (public data) from (33). (C) UMAP plot of CD11b+ cells from GL261 gliomas (n=8). Projection of cells combined from clusters identified as microglia, monocytes/macrophages (Mo/MΦ), and BAMs. Plots depicting Arg1 mRNA which is highly expressed in infiltrating Mo/MΦ. (D) Flow cytometry analysis of Arg1 expressing cells among microglia (CD11b+CD45lo) and Mo/MΦ (CD11b+CD45high) cells sorted from murine gliomas (n=10); Wilcoxon matched-pairs signed rank, two-tailed, **p < 0.01.





The Effect of OAT Inhibitors on Human Arginase 1/2 Activity and Glioma Cell Invasion

We have previously demonstrated that Arg1 mRNA is upregulated in microglia exposed to glioma during reprogramming of microglia into tumor-supportive, immunosuppressive cells (25, 35). Arginase inhibitors OAT-1746 and OAT-1617 were designed and synthesized by OncoArendi Therapeutics, Warsaw. OAT-1746 inhibited ARG1/2 at low nanomolar concentrations, reversed ARG1-inhibited proliferation of human and murine T cells and showed significant antitumor efficacy in various non-CNS tumor models (36).

OAT-1746 and OAT-1617 as well as two reference compounds were tested in biochemical assays for the ability to inhibit arginase activity and in cellular assays for the ability to block tumor cell invasion. OAT-1746 inhibited recombinant human ARG1 activity (IC50=28 nM) and the related enzyme ARG2 (IC50=49 nM) better than two reference compounds (Figures 2A, B). ARG2 catalyzes an identical chemical reaction and exhibits 60% sequence identity with ARG1 (37).




Figure 2 | The effect of OAT inhibitors on human arginase 1/2 activity and microglia-induced glioma invasion. (A, B). The activity of two new and two reference ARG inhibitors was tested towards recombinant human ARG1 and ARG2 (hARG1 and hARG2, respectively) The IC values were determined. (C, D) Graphs represent relative invasion of (C) U87-MG or (D) LN18 cells induced by the co-culture with murine microglial cells (BV2). Tumor invasion was determined using a Matrigel matrix assay. Invasion of glioma cells co-cultured with BV2 cells is set as 100%. Three tested inhibitors (OAT-90, OAT-1617, OAT-1746) were used at 11 µM concentration and all of them effectively reduced glioma invasion. Data are expressed relatively to a basal invasion in the absence of microglial cells. (E) The effects of OAT-90 and the second generation inhibitor OAT-1746 applied at 0.1 and 11 µM concentration on microglia induced invasion of U87-MG cells. Data are presented as means ± S.D and were calculated from three independent biological experiments. Statistical significance was evaluated using one-sample t-test. (F) The representative images of DAPI-stained U87-MG glioma cells on inserts show the nuclei of invading cells in the presence or absence of BV2, and OAT-1746. (G, I) The effect of OAT-1746 on cell viability was determined using MTT metabolism test. Cells were incubated for 24 h with or without OAT-1746 at given concentrations. The influence of OAT-1746 on the viability of (G) U87-MG human glioma cells, (H) BV2 microglial cells and (I) primary murine microglia was determined. Data are presented as means ± S.D (n=3 independent biological experiments). Significance of differences between the treatments was evaluated using one-way ANOVA followed by Dunnett’s post-hoc test, p-Values were considered as significant when ***p < 0.001; **p < 0.01; *p < 0.05.



To evaluate the effects of these novel arginase inhibitors on glioma invasion, we performed a Matrigel invasion assay using two human glioma cell lines: U87-MG (Figure 2C) and LN18 (Figure 2D). Immortalized BV2 microglial cells, similarly to primary microglial cultures, support glioma invasion (38). In co-cultures, glioma invasion was strongly induced in the presence of BV2 microglial cells and all three arginase inhibitors significantly decreased the proportion of invading cells. OAT-1746 at a concentration of 11 µM reduced microglia-induced invasion of glioma cells more efficiently than the reference compound OAT-90 and the older generation inhibitor OAT-1617. The inhibitory effect of OAT-1746 on glioma invasion was concentration-dependent, whereas this dependence was not observed for OAT-90 (Figure 2E). Representative images from Matrigel invasion assays show an increased number of invading glioma cells in co-cultures with BV2 cells and the inhibitory effect of 11 µM OAT-1746 (Figure 2F). These results demonstrate that the inhibition of arginase activity reduced microglia-dependent invasion of human glioma cells.

To assess the potential toxicity of OAT-1746, we determined the effects of increasing drug concentrations on cell viability by performing MTT metabolism assays on human glioma cells (Figure 2G), murine microglial BV2 cells (Figure 2H), and murine primary microglia cultures (Figure 2I). The OAT-1746 inhibitor was not toxic towards the tested cells at concentrations up to 1000 µM; a decrease in the viability of U87-MG cells was observed at the highest concentration, which exceeds by over two folds of magnitude the effective IC50 concentration of the inhibitor. The results provide evidence for the efficacy of the new compound and its safety at therapeutically relevant concentrations.



OAT-1746 Treatment Increases Arginine Levels in the Brain and Plasma but Does Not Show an Antitumor Activity

To study the antitumor activity of the arginase inhibitor OAT-1746, we employed a syngeneic model of GL261 mouse glioma cells implanted into immunocompetent C57BL/6J mice. GL261 glioma cells were stably transfected with constructs allowing the expression of a red fluorophore tdTomato and luciferase to visualize tumor growth using in vivo imaging. Tumor-bearing mice received OAT-1746 (50 mg/kg) or saline twice a day by oral gavage.

First, we determined if the arginase inhibitor crossed the blood-brain-barrier (BBB) by measuring directly the level of the drug as well as the level of L-arginine - a substrate of arginase, in the brains and sera of mice after 14 days of OAT-1746 treatment. The brain and plasma were taken 2 h after the last drug administration. OAT-1746 was detected in the brain extracts, which confirms that it crosses the BBB and accumulates in the brain (Figure 3A). The administration of OAT-1746 resulted in an increase of arginine concentration, both in the brain (Figure 3B) and the blood plasma (Figure 3C).




Figure 3 | Treatment with OAT-1746 increases arginine levels in the brain and plasma but has no antitumor activity against murine GL261 gliomas. (A–C) Tumor-bearing mice were treated with OAT-1746 twice a day and samples were collected 2 h after the last dosing (n = 6 per group). Concentrations of OAT-1746 (A) and L-arginine in tumor-bearing brains (B) and plasma (C) from the same animals were measured by LC/MS at day 14 post-implantation. The results were compared using the non-parametric Mann-Whitney test. **p < 0.01. (D) Mice with implanted GL261 tdTomato+luc+ glioma cells received orally saline CTR (n=12) or OAT-1746 50 mg/kg twice a day for 21 days (n=12). A separate group received anti-PD-1 antibody (2.5 mg/kg, i.p.) at days 8, 10, 12 and 14 (n=5). Representative images of the glioma-bearing brains (at day 21) stained with anti-Iba1 (in red) and anti-Arg1 (in green) antibodies, and co-stained with DAPI are shown. (E) Representative confocal microscopy images of CD8+ T and NK cells within the tumors after OAT-1746 or anti-PD-1 antibody administration. The yellow line separates tumor areas (with glioma cells showing red fluorescence) and the parenchyma border; cell nuclei are counterstained with DAPI (blue); magnification x60. Yellow arrows indicate the accumulation of CD8+ cells (in green) in the responder PD-1 inhibition but not in the non-responder. (F) Quantification of tumor volumes at day 21 post-implantation. Each individual from CTR (n=12), OAT-1746 (n=12) and anti-PD-1 (n=5) groups is shown. In the checkpoint inhibitor treatment group non-responders (n=2) and responders (n=3) are marked in dark and light blue, respectively. Tumor areas were measured using ImageJ in every sixth brain slice, and tumor volumes were calculated; the mean ± SEM, p values were calculated using the Mann–Whitney U-test. (G) Quantification of CD8+ cells related to the total number of cells in the area of interest. The cells were counted using ImageJ software and average values from 5 fields are presented. Significance was calculated with One-Way ANOVA, Bonferroni’s multiple comparison test was used to compute p values (CTR n=6; OAT-1746 n=6, anti-PD-1 n=4); **p < 0.01.



To study the effects of arginase inhibition on the immune cells in the TME and visualize the infiltration of these cells into tumors, we performed immunohistochemical double staining for Arg1 and Iba1 (a marker of microglia/macrophages), and for CD8 (a marker of cytotoxic T cells, present also on NK cells). Mice were treated with OAT-1746 at 50 mg/kg twice a day. In parallel, we evaluated the effect of anti-PD-1 antibody which was injected intraperitoneally on days 8, 10, 12 and 14 post-implantation. The administration of OAT-1746 or anti-PD-1 treatment did not change the accumulation of Iba1+ and Arg1+ cells in experimental gliomas (Figure 3D). CD8+ cells were distinctly located at the invasive tumor margin and more CD8+ cells were detected in animals with smaller tumors (Figure 3E). As tumor cells displayed red fluorescence, evaluation of brain sections allowed quantification of a tumor growth. OAT-1746 treatment did not reduce the tumor growth when compared to the control group. However, among anti-PD-1 treated animals we noticed two groups with different tumor sizes, which is consistent with a division into responders and non-responders observed in patients (Figure 3F). Quantification of CD8+ T cell densities at the invasive tumor margin showed an increased number of CD8+ cells in responders when compared to non-responders (Figure 3G). Non-responders had also a lower density of CD8+ T cell than OAT-1746-treated animals. These findings show that the arginase inhibitor alone is not capable of inhibiting glioma growth and anti-PD-1 treatment induces the response in a half of animals.



Combined OAT-1746 and Anti-PD-1 Treatment Reduces Glioma Growth

Antitumor immunity can be blocked by more than one suppressive mechanism, including the expression of immune checkpoint proteins and the depletion of essential nutrients from TME (39). We assumed that combining OAT-1746 with an immune-modulating agent, such as anti-PD-1 antibody, might improve drug efficacy. Tumor growth was monitored by measuring luminescence signal 14, 21 and 28 days after implantation of GL261 tdTomato+luc+ glioma cells. Representative images of gliomas at different time points are shown (Figure 4A). While OAT-1746 alone did not show any effect on the tumor volume and the anti-PD-1 treated animals were split into responders and non-responders, the combined treatment resulted in significantly reduced glioma growth at day 28. The combination of OAT-1746 with anti-PD-1 delayed, and in some cases abrogated, tumor growth. Effects of treatment and time of tumor progression were calculated with multifactorial ANOVA (Figure 4B). Both the “treatment” effect F3,89 (4.801)=0.004 and the “time after implantation” effect F2,89(4.726)=0.011 were significant. Tukey’s honest significant difference (HDS) post hoc test was used to compare experimental groups and p values were as follows: CTR-OAT-1746 p=0.455, CTR-anti-PD-1 p=0.005, CTRL-COMB p=0.021, COMB-OAT-1746 p=0.46, COMB-anti-PD-1 p=0.96. These results provide evidence that combining arginase inhibition with targeting immune checkpoints could be an effective strategy to reduce glioma growth. Administration of the drug delayed tumor growth. Inhibition of glioma growth was augmented when two agents were combined. At day 14 only 2 out of 8 animals developed tumors in the COMB group, while there were 5 out of 8 mice with tumors in OAT-1746-treated cohort.




Figure 4 | Combined OAT-1746 and anti-PD-1 treatment reduces glioma growth. Mice were implanted with GL261 tdTomato+luc+ glioma cells and received saline (CTR), OAT-1746 (twice a day) alone or anti-PD-1 antibody at day 8, 10, 12 and 14 alone or in combination (COMB). (A) Representative images of tumor bioluminescence with Bruker Xtreme imaging. Color intensity represents a relative luciferase signal. Bioluminescence signals are plotted as photon/sec/mm2 against time at indicated days post-implantation. (B) Tumor size measured using in vivo bioluminescence imaging at various times post-implantation. The effect of treatment and time on tumor progression was assessed with factorial ANOVA; treatment effect F3,89= 4.801, p=0.004, day post-implantation effect F2,89 = 4.726, p=0.011, and Tukey HSD post hoc test: CTRL-OAT padj=0.455, CTRL-CHECK padj=0.005, CTRL-COMB padj=0.021, COMB-OAT-1746 padj=0.46, COMB-anti-PD-1 padj=0.96. (C) At day 28 post-implantation animals were perfused with PBS, control and tumor-bearing brains were removed and processed to isolate myeloid cells by FACS. Percentages of peripheral macrophages (CD11b+CD45hi), microglia (CD11b+CD45lo), CD3+ and NK1.1+ cells were evaluated. Significance of differences between groups was assessed with One-Way ANOVA followed by Bonferroni’s multiple comparison test. p-Values were considered as significant when **p < 0.01; *p < 0.05.



To further investigate the immune cell-mediated mechanism of action of OAT-1746 and anti-PD-1, flow cytometry was performed on cells isolated from tumors, and changes in specific immune cell populations were quantified. Gating strategy is shown in the Supplementary Figure 2. The administration of OAT-1746 or anti-PD-1 treatment did not change the percentage of microglia (CD11b+CD45low) and blood-derived macrophages (CD11b+CD45high) in experimental gliomas. We noticed an increase in NK cells, however it did not reach statistical significance in anti-PD-1-treated animals compared to control group. An increased percentage of CD3+ T cells was observed in the majority of animals in the COMB group (Figure 4C). These results provide evidence that combining arginase inhibition with targeting the immune checkpoint, could be an effective strategy to improve immunotherapy outcome.

To obtain more insights regarding the enhancement of immunotherapy, we determined the levels of pro- and anti-inflammatory cytokines in the blood (plasma) collected 2 h after the last administration of OAT-1746. The levels of CCL5 (C-C Motif Chemokine Ligand 5) were reduced in both OAT-1746 or anti-PD-1 treated animals but the observed decrease was much stronger in animals treated with the combination of two agents (Figure 5). Interestingly, both OAT-1746 and anti-PD-1 treated animals showed higher levels of the cytokine CCL2 and this effect was abrogated in animals receiving the combination (Figure 5). The levels of CCL3 and M-CSF (macrophage colony stimulating factor, Csf1) were not changed by the treatments. C–C motif chemokine ligand 2 (CCL2) and CCL5 are the main chemokines involved in monocyte migration to tumors (40). CCL2 via its receptor CCR2 controls the migration of regulatory T cells (Treg) and myeloid suppressor cells (41), as well as their ability to promote tumor growth (42). The CCL5/CCR5 axis directs infiltration and interactions between monocytes/macrophages and mesenchymal stem cells. CCR5 is highly expressed in glioblastoma, controls glioma invasion and its expression is associated with the poor prognosis of GBM patients (43, 44).




Figure 5 | The effect of treatment on the levels of pro- and anti-inflammatory cytokines. The levels of pro/anti-inflammatory cytokines were determined in blood plasma of the animals from the experimental groups described above using a multiplexed bead-based assay and Luminex technology (MAGPIX). Histograms show the levels of tested cytokines in pg/mL; the results are shown as means ± SEM; significance was assessed with One–Way ANOVA and Bonferroni’s multiple comparison test, ***p < 0.001; **p < 0.01; *p < 0.05.





Transcriptomic Profiles of CD11b+ From OAT-1746 Treated Animals Show Reduced Expression of Tumor Supportive Genes

While OAT-1746 treatment alone showed no antitumor activity, it increased the therapeutic efficacy of PD-1 inhibition in murine gliomas. To gain insights into potential mechanisms of the observed phenomenon, we compared the transcriptomic profiles of glioma-associated CD11b+ cells isolated from control mice (CTR), mice treated with anti-PD-1, OAT-1746 or a combination of both (COMB). CD11b+ cells were sorted from tumor-bearing hemispheres as previously described (34) and the gating strategy is shown in the Supplementary Figure 3. CD11b+ cells immunosorted from GL261 tumor-bearing hemispheres encompass microglia, infiltrating monocytes/macrophages and BAMs, as well as granulocytes, certain subpopulations of dendritic cells and NK cells (34). RNA sequencing of total RNA isolated from CD11b+ cells was followed by computational analyses of differentially expressed genes and detection of altered signaling pathways.

OAT-1746 had the greatest impact on the transcriptome of CD11b+ cells and over 1800 genes were identified as differentially expressed genes (DEG) between the OAT-1746 and CTR groups (padj<0.05) (Figure 6A). To classify the DEGs into functional categories, we performed Gene Ontology (GO) enrichment, in which genes were assigned to biological processes. Pathway enrichment for OAT-1746 showed significant terms which are shown in Figures 6B, C. The number of DEGs between other groups (anti-PD-1 vs. CTR and COMB vs. CTR) was low and no significantly affected processes were identified. Among the differentially up-regulated genes in the OAT-1746 group, we found a significant overrepresentation of genes involved in GTPase-mediated signal transduction, myeloid cell differentiation, NF-κB (nuclear factor kappa B) signaling, and regulation of inflammatory responses. In contrast, the downregulated genes in the OAT-1746 group were related to ribosome biogenesis, the cell cycle and DNA replication, which indicates the decreased proliferative activity of the tumor-associated myeloid cells.




Figure 6 | Transcriptomic profiles of CD11b+ from OAT-1746-treated mice show reduction of the pro-tumor phenotype genes and upregulation of gene expression indicative of antitumor responses. (A–D) Gene expression profiling was performed by RNA-seq of CD11b+ cells from the tumor-bearing hemispheres of mice from the experimental groups at day 21 post-implantation. (A) Venn diagram showing the number of differentially expressed genes (DEG) between OAT-1746, anti-PD-1 and COMB compared to the CTR group (padj<0.05). (B) Functional enrichment analysis with Gene Ontology (GO) biological processes for up- and downregulated genes in OAT-1746 compared to CTR. Enriched GO pathway names are shown, the size of the bars indicates the ratio of genes (a number of genes annotated to the pathway/total number of DEGs with adjusted p-values < 0.05). (C) Graphical representation of selected overrepresented categories among DEGs in the OAT-1746 versus the CTR group (D) Z-score heatmaps for selected genes represent the relative change in gene expression in the CD11b+ cells from OAT-1746, anti-PD-1 or COMB treated animals.



We selected several DEGs which showed statistically significant changes in at least one of these different comparisons (OAT-1746 vs CTR, anti-PD-1 vs CTR or COMB vs CTR) and profiled their expression in CD11b+ cells from the tested groups (Figure 6D). Genes associated with differentiation and cytotoxic activity of NK cells were significantly upregulated under anti-PD-1 treatment and in combination with OAT-1746. This group included genes coding for NK cell surface proteins (Klrb1f, Klre1, Klrc2), cytotoxic granule protein (Nkg7), T-Box transcription factor 21 (Tbx21), which is involved in NK cell differentiation and regulation of IFNγ expression, as well as granzyme A (Gzma) and perforin (Prf1), which are the major cytolytic factors in antitumor response of cytotoxic NK and T cells. In parallel, Serpinb6b and Serpinb9b, which encode serine protease inhibitors, were upregulated, which may protect leukocytes from the cell death mediated by granzyme A and B, respectively. Such a signature indicates an increased intra-tumoral influx of activated cytotoxic NK cells.

Moreover, treatment with OAT-1746 induced the expression of genes related to NF-κB pathways (Nfkbia, Nfkbid, Nfkbiz) and a number of GTPases-encoding genes, including RhoB (Rhob), which was shown to increase NF-κB activity towards IL-1β, IL-6, and TNF-α genes in macrophages (45). In CD11b+ cells from mice treated with OAT-1746, we found high expression of Gpr34, which is upregulated in microglia during inflammation, Tgif2, which encodes a repressor of TGFβ-mediated responses, and Duoxa1, which encodes dual oxidase maturation factor 1 (DUOXA1) involved in pathways generating reactive oxygen species (ROS). Effective upregulation of several genes implicated in the antitumor immune response, such as those encoding for nitric oxide synthase (Nos2), IFNγ (Ifng), Tlr4 (Tlr4), and CD86 (CD86), which provides co-stimulatory signals necessary for T-cell activation, has been demonstrated in the COMB group.

Treatment with OAT-1746 resulted in a reduced expression of genes related to DNA replication and cell cycle progression, including topoisomerase 2a (Top2a), cyclin B1, E1 and E2 (Ccnb1, Ccne1, Ccne2); spindle and kinetochore-associated complex subunit 1, 2 and 3 (Ska1, Ska2, Ska3), as well as mitotic checkpoint kinase Bub1b (Bub1b) and aurora kinase B (Aurkb), which are involved in chromosome segregation during mitosis. This is consistent with the requirement of arginase activity for the production of L-ornithine from arginine, which is required for cell proliferation (46).

Among downregulated genes in the OAT-1746 group, we identified those involved in lymphocyte chemotaxis, i.e. Ccl2, Ccl7 and Ccl17, and genes related to migration and invasion (Cme1, S100a4 and Mmp14). Ccl2 and Ccl7 (also known as monocyte chemoattractant protein 1 and 3, respectively) play a critical role in the recruitment of monocytes and neutrophils to the inflamed or tumor tissue, while Ccl17 attracts regulatory T cells (47). Metalloproteinase 14 (MMP14) participates in MMP2 activation and the degradation of the extracellular matrix (ECM). MMP14 is upregulated in GAMs, and its expression correlates with the increased tumor growth in murine glioma models (48). Clec12a and Clec4a1, encoding inhibitory receptors for dendritic cells, were downregulated in the OAT-1746 group. The expression of genes encoding factors involved in the suppression of immune responses, i.e.: ApoE – a marker of an anti-inflammatory GAMs phenotype (49), CD69 – a negative regulator of immune responses implicated in inducing the exhaustion of tumor-infiltrating T cells (50), and Cxcr4 – a receptor for the immunosuppressive chemokine Cxcl12, were downregulated in the OAT-1746 and COMB groups. The decreased expression of these genes together with the upregulation of genes encoding mediators of the pro-inflammatory response suggests reprogramming of myeloid cells and restoration of the antitumor immunity.




Discussion

Current therapies are not effective in glioblastoma patients as gross resection does not completely remove tumor cells, and the inactivation of tumor suppressors and enhanced DNA repair result in tumor cell resistance to radiotherapy and TMZ. Approximately 40% of patients with GBM do not or poorly respond to therapy and patients frequently experience fast tumor recurrence (51). While immunotherapy has been effective in many solid tumors, the results in GBM are disappointing despite the fact that PD-1 is an important checkpoint inhibitor in GBM (11). The failure of GBM to respond to anti-PD-1 is attributed to the immunosuppressive TME, which as in other “cold” tumors is characterized by a paucity of tumor infiltrating lymphocytes and a predominance of immunosuppressive myeloid cells (52–54). GAMs produce CCL2, a chemokine recruiting CCR4+ Treg and CCR2+Ly-6C+ monocytic MDSCs in murine gliomas (41). The combination of PD-1 blockade and CCR2 inhibition (both genetic and pharmacological with the CCR2 agonist CCX872) improved survival of KR158 glioma-bearing mice, and reduced accumulation of CD11b+/Ly6Chi/PD-L1+ MDSCs in gliomas. The combined treatment resulted in increased TILs infiltration, IFNγ expression and the decreased expression of exhaustion markers in CD4+ and CD8+ T cells (55).

Exploring various public datasets we found the elevated expression of ARG1 and ARG2 in high grade gliomas, in particular in highly aggressive GBMs. Interrogation of single-cell sequencing data from gliomas shows ARG1 and ARG2 expression in both malignant cells and microglia/macrophages in human high grade gliomas. Both arginase isoforms are expressed in myeloid cells in murine experimental gliomas, however Arg1 mRNA levels are significantly higher than Arg2. Moreover, Arg1, a phenotypic marker of immunosuppressive myeloid cells, is expressed mainly in infiltrating monocytes as compared to microglia.

Newly developed ARG1/2 inhibitors showed a comparable inhibitory efficacy towards recombinant proteins in vitro as two reference inhibitors and several compounds described in the literature (56). In microglia-glioma co-cultures, which are used to model microglia-induced glioma invasion, OAT-1746 at micromolar concentrations strongly reduced glioma invasion, and this effect was concentration dependent. The reference compound was less effective and did not show any dose dependency. OAT-1746 up to the concentration of 1 mM was not toxic to two types of microglial cells and glioma cells, only a 20% reduction of the cell viability was detected in U87-MG glioma cells treated with this high dose of the drug. The concentration that showed toxicity exceeds by over two orders of magnitude the effective concentration of the inhibitor. The results provide evidence for the efficacy of a new compound and its safety in therapeutically relevant concentrations. Moreover, in the previous studies OAT-1746 showed no toxicity in experimental animals after multiple oral dosing in mono- or combinatorial therapies in other tumor models (36, 57). The presented data provide a strong rationale for using an ARG1 inhibitor OAT-1746 to block the pro-tumor activity of GAMs. OAT-1746 penetrated BBB and significantly increased the concentration of arginine in the brain and plasma of the receiving mice. While OAT-1746 did not affect the accumulation of microglia/macrophages (Iba1+ cells) and CD8+ cells, it considerably changed the transcriptomic profiles in CD11b+ immunosorted from tumor-bearing brains.

OAT-1746 had the highest impact on the transcriptome of CD11b+ cells in comparison to other treatments. Gene Ontology (GO) term enrichment revealed a significant overrepresentation of genes involved in GTPase-mediated signal transduction, myeloid cell differentiation, NF-κB signaling and the regulation of inflammatory responses, with simultaneous significant downregulation of genes related to ribosome biogenesis, the cell cycle and DNA replication. These changes in transcriptome are consistent with the decreased proliferation of GAMs (Top2a, Ccnb1, Ccne1, Ccne2, Ska1, Ska2, Ska3, Bub1b, Aurkb) and changes in their functions. High expression of inflammation mediators such as genes coding for Gpr34 and Duoxa1 indicates a switch to the pro-inflammatory phenotype. This is consistent with the requirement of the arginase activity for the production of L-ornithine and polyamines for cell proliferation (46).

Moreover, OAT-1746 treatment affects the expression of genes involved in leukocyte chemotaxis (Ccl2, Ccl7, Ccl17) and supporting glioma migration and invasion (Cme1, S100a4 and Mmp14). Ccl2 and Ccl7 control the recruitment of monocytes and neutrophils to the inflamed or tumor tissues, while Ccl17 attracts regulatory T cells (47). MMP14 (MT1MMP) is a metalloproteinase upregulated in GAMs, which activates MMP2 and ECM degradation (48). Clec12a and Clec4a1, which encode dendritic cell inhibitory receptors, were downregulated in the OAT-1746 group.

Ccl2 is released by many cells present in the tumor microenvironment, including stromal cells, leukocytes, endothelial cells, and malignant cells, which results in augmentation of the plasma chemokine levels (58). Despite decreased expression of Ccl2 mRNA in CD11b+ cells immunosorted from the tumor-bearing brains of OAT-1746-treated animals, the other cells in the tumor microenvironment could still be the source of the cytokine and augment Ccl2 plasma levels. In humans and in animal glioma models, increased CCL2 expression has been associated with high number of GAMs infiltrating tumor tissues, increased angiogenesis and tumor invasion, and poor clinical prognosis (59–61). Impact of increased Ccl2 and decreased Ccl5 plasma levels in OAT-1746 treated animals on the outcome of potential treatment requires further investigation. Measuring the levels of cytokines in the brain or tumor tissue would provide additional insights into the mechanism of action of mono- and combined therapies

Interestingly, the transcriptomic analysis showed the upregulation of several genes implicated in antitumor immune responses such as Nos2, Ifng, Tlr4 and CD86 upon the combinatorial therapy. Genes associated with differentiation and cytotoxic activity of NK cells were significantly upregulated upon anti-PD-1 treatment and COMB therapy. The CD11b+ population encompasses NK cells. The upregulation of genes encoding NK surface proteins (Klrb1f, Klre1, Klrc2), cytotoxic granule protein (Nkg7), T-Box transcription factor 21 (Tbx21), granzyme A (Gzma) and perforin (Prf1), along with the upregulation of Serpinb6b and Serpinb9b that protect leukocytes from the granzyme-mediated cell death, suggests the restoration of NK cell functions. Downregulation of genes encoding proteins acting as the suppressors of the immune responses: ApoE, CD69 (50), and Cxcr4 in OAT-1746 and COMB groups indicates the restoration of antitumor functions of CD11b+ cells, which may explain the antitumor effect of the combination therapy. These results indicate how important for the effective immunotherapy is the reprogramming of TME. Altogether, our results demonstrate that combining OAT-1746 with PD-1 inhibition may be a promising strategy for the therapy of GBM patients. The complexity of interactions in the tumor microenvironment, arginase inhibition in different cells and anti-PD-1 inhibition resulting in changes of the immune compartment may explain a low number of differentially expressed genes in the COMB group and a small overlap of OAT-1746 mono and combined treatment Future testing of the drug efficacy on established tumors, alternatively to the currently studied preventive treatment regimen, would provide additional information on a mode of action and a translational potential of OAT-1746. ARG1 expression is substantially elevated in myeloid cells in cancer and mitigates antitumor responses via multiple mechanisms. Arginase production by macrophages not only leads to the inhibition of antitumor response via L-arginine degradation, but also increases the proliferation of tumor cells, which is associated with the production of L-ornithine and then polyamines. Moreover, L-arginine depletion in the tumor microenvironment attenuates nitric oxide (NO) production and reduces its cytotoxic effects on tumor cells (62).

Cytotoxic lymphocytes require exogenous arginine for proliferation (19, 21, 63) and low plasma arginine levels are linked to immunosuppression in cancer patients (64). Arginase 1 expression in malignant cells and myeloid cells in the TME represents a powerful mechanism for tumor immune evasion (65). Dietary supplementation with L-arginine altered the spectrum of TILs and enhanced cytotoxicity in human colorectal and breast cancers (66, 67). Elevation of arginine levels exerted immune-stimulatory effects in various cancers, for example blocking arginase activity with nor-NOHA in leukemic cells induced cell death (68) and treatment with another inhibitor CB-1158 had antitumor effects in several non-CNS cancers in mice (24). Here we demonstrate that a novel, oral ARG1/2 inhibitor, which increases L-arginine levels in the brain and restores the functionality of GAMs and NK cells, sensitizes murine gliomas to the PD-1 inhibition. The combination of OAT-1746 and anti-PD1 leads to the elevation of a number of CD3+ T cells in the majority of tumors. Our results support a rationale of combining compounds targeting TME (such as OAT-1746) with PD-1 inhibition as a potential strategy to treat GBM patients.
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Glioblastomas are heterogeneous and have a poor prognosis. Glioblastoma cells interact with their neighbors to form a tumor-permissive and immunosuppressive microenvironment. Short noncoding RNAs are relevant mediators of the dynamic crosstalk among cancer, stromal, and immune cells in establishing the glioblastoma microenvironment. In addition to the ease of combinatorial strategies that are capable of multimodal modulation for both reversing immune suppression and enhancing antitumor immunity, their small size provides an opportunity to overcome the limitations of blood-brain-barrier (BBB) permeability. To enhance glioblastoma delivery, these RNAs have been conjugated with various molecules or packed within delivery vehicles for enhanced tissue-specific delivery and increased payload. Here, we focus on the role of RNA therapeutics by appraising which types of nucleotides are most effective in immune modulation, lead therapeutic candidates, and clarify how to optimize delivery of the therapeutic RNAs and their conjugates specifically to the glioblastoma microenvironment.
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Introduction

Glioblastoma cells would not survive without close connection and dependence on their adjacent molecular and cellular components. Multilevel and complicated communication between glioblastoma cells and nonmalignant cells promotes a permissive microenvironment for gliomagenesis. The glioblastoma microenvironment can be taken as a local niche comprising glioma cells, immune cells, parenchymal cells, and their associated molecular factors and subcellular vesicles. Microglia, a major type of parenchymal cells, contribute significantly to the brain tumor mass and immunosuppressive microenvironment. In addition, these cells can secrete a number of factors together with glioblastoma cells and nonneoplastic astrocytes that have an effect on glioblastoma progression.

Heterogenous molecular factors contribute to the complexity of the glioblastoma microenvironment and emphasize the importance of local niche influence to the tumor cells. An important contributor to these molecular factors is short noncoding RNAs (ncRNAs) including small noncoding microRNAs (miRNAs) and small interfering RNAs (siRNAs) carried by extracellular vehicles (EVs). miRNAs account for a large portion of the human transcriptome in the glioblastoma cells and their surrounding cells, and these miRNAs regulate numerous hallmarks of glioblastoma such as proliferation, invasion, immune escape and resistance to treatment (1). The development of various RNA agents including siRNA, antisense oligonucleotides (ASO), and aptamers for specific gene targeting and knockdown offers enormous therapeutic potential (2). In this manuscript, we discuss the current state of knowledge of miRNA immune regulatory functions and the impact of immunomodulatory miRNAs on the glioblastoma microenvironment. Next, we will review possible use of miRNAs, their analogue siRNAs, and aptamers as antiglioblastoma therapeutics. Finally, we will discuss potential RNA nucleotide therapeutics targeting immunomodulatory pathways and survey effective strategies for delivery to the glioblastoma microenvironment.



miRNAs in the Glioblastoma Microenvironment


miRNA Roles in Glioblastoma Pathobiology

Our understanding of gene expression modulation evolved upon the discovery of the role of miRNA as an epigenetic regulator. miRNAs at 21–23 nucleotide long can suppress target gene expression by binding to the 3′ untranslated regions (UTRs) of mRNA with partial complementarity base-pairing (3). At present, around 2,500 human miRNAs have been identified that act in this capacity (4). miRNA and mRNA interactions can be complex: a mRNA can be modulated by multiple miRNAs and a miRNA can target many different mRNAs. Thus, it is not surprising that miRNAs play important roles in glioblastoma initiation and progression. miRNAs have been indicated as critical regulators of glioblastoma stem cell maintenance (5), epigenetic regulation (6), tumorigenesis (7), oncogenic pathways, and migration (8, 9). Furthermore, miRNA is involved in regulating radio- and chemotherapy resistance and sensitivity and may serve as biomarkers for diagnosis and outcome (10, 11).



Glioblastoma Cell-Associated miRNAs

Upregulated miRNAs in glioblastoma cells can act as oncogenes (oncomiRs) and silence onco-suppressor genes. A prototypical example and one of the first oncomiRs identified is miR-21 which is involved in malignant processes by targeting genes important for proliferation, cell survival, invasion, and treatment resistance (12). Other upregulated miRNAs such as the miR-17-92 cluster, miR-10b, and miR-15b have been investigated in preclinical studies and shown to be indispensable for tumor initiation. As such, oncomiR blockade in glioma cells could activate numerous tumor suppressor genes (13) and also restore immune surveillance of the glioblastoma (14, 15). Liu et al., for example, demonstrated that miR-340-5p suppression in glioblastoma cell enhanced M2 macrophage polarization and macrophage recruitment to the glioblastoma microenvironment (16), suggesting restoration of miR-340-5p could be a potential strategy to reverse immune suppression mediated by M2 macrophages.

In contrast, some miRNAs may function as tumor suppressors and could be therapeutically reconstituted. For instance, the miR-1, miR-7, miR-34a, miR-124, miR-128, miR-138, and miR-181 family are a group of suppressor miRNAs inhibiting glioblastoma progression when they are overexpressed (8, 17, 18). These miRNAs not only directly target oncogenic/tumor suppressor pathways in glioma cells but also exert broad regulatory effects on the immune system. Our group found that miR-124 inhibited multiple targets in the signal transducer and activator of transcription 3 (STAT3) signaling pathway and reversed immune dysfunction of T cells induced by glioblastoma stem cells (GSCs) (19). We also showed that miR-138 can target multiple immune checkpoint molecules such as CTLA-4 and programmed cell death protein 1 (PD-1) to inhibit tumor-infiltrating Tregs. In vivo administration of miR-138 suppressed tumor development and significantly prolonged survival time of immune-competent glioma-bearing mice, but not immune-deficient mice (20), indicating the pivotal role of miR-138 in immunological tumor surveillance.

One of the key mechanisms for intercellular communication in the tumor microenvironment are exosomes that contain a wide variety of miRNAs (12–16, 21). Exosomal miR-21 has been shown to be an important mediator of immune cell reprogramming by glioblastoma cells to create a niche favorable for cancer progression (14). miR-1246 has been identified as the most enriched miRNA in glioblastoma-derived exosomes and mediates glioblastoma-induced protumorigenic macrophage formation by targeting TERF2IP and subsequently activating the STAT3 pathway (22). miR-214-5p, another glioblastoma-derived exosomal miRNA, mediates proinflammatory responses by targeting CXCR5 in primary microglia upon lipopolysaccharide stimulation (23). Furthermore, exosomal miR-29a and miR-92a from glioblastoma cells promotes the proliferation and immunosuppressive phenotype of glioblastoma-infiltrating macrophages (GIMs) by targeting protein kinase cAMP-dependent type I regulatory subunit alpha and high-mobility group box transcription factor 1 (24). Given this is an emerging area of investigation, it is likely that almost every key pathway and mechanism elucidated for gliomagenesis will have a network of miRNA control.



Glioblastoma-Infiltrating Macrophages Associated miRNAs

Secondary to an immunosuppressive microenvironment, glioblastoma patients are deficient in antitumor immunity leading to malignant progression and resistance to treatment. GIMs, the most frequent infiltrating immune cell subset (25), originate from peripheral blood monocytes in response to tumor-derived chemokines. Upon entry into the glioblastoma, the macrophages adopt a M0/M2 phenotype with the capacity to promote tumor cell invasion and exert immune suppression through factors like tumor growth factor-β (TGFβ) (26, 27). We have shown that miR-142-3p, by modulating the TGFβ signaling, inhibits the M2 phenotype of GIMs, and systemic in vivo administration of miR-142-3p induces antiglioma immune function (28). Ishii et al. reported that exogenous expression of miR-130a and miR-145 in myeloid-derived suppressor cells (MDSCs) decreased tumor metastasis through downregulation of TGFβ receptor II (TβRII) and related immune suppressive cytokines (29). Reciprocally, GIM-derived exosomal miR-22-3p, miR-27a-3p, and miR-221-3p can promote the proneural-to-mesenchymal transition of GSCs by simultaneously targeting CHD7 (30). miR-21 is also enriched in GIM-derived exosomes and mediates temozolomide (TMZ) resistance for which the STAT3 inhibitor pacritinib could overcome this resistance by downregulating miR-21 (31). Moreover, the downregulation of miR-21 promotes M1 macrophage polarization (32). As such, miR-21 deregulation is an operational mechanism in both GIMs and glioblastoma cells that modulates multiple oncogenic molecules, and signaling pathway such as STAT3 and anti-miR-21 strategies could be therapeutically developed.



Astrocyte-Associated miRNAs

In addition to the crosstalk between glioblastoma and immune cells, astrocytes also contribute to tumor growth, invasion, and immune suppression (33). For example, miR-19a is transferred from astrocytes to metastatic cancer cells in the central nervous system (CNS). Zhang et al. have demonstrated that exosomal transfer of miR-19a downregulates PTEN and subsequently promotes cytokine chemokine ligand 2 (CCL2) secretion. CCL2 recruits macrophages that contribute to immune resistance (34). Another astrocyte-associated miRNA, miR-10b, is overexpressed in gliomas and brain metastasis, and this miRNA can induce astrocyte transformation (13). Targeting astrocytes and their associated miRNAs is an emerging strategy for potentially treating CNS tumors.



Oligodendrocyte-Associated miRNAs

Oligodendrocytes have important protecting roles because they produce myelin for neuron protection. Being a major cell population in the glioblastoma microenvironment, oligodendrocytes interact with astrocytes and microglia and participate in the formation of a tumor permissive niche (35, 36). Oligodendrocyte progenitor cells (OPCs) are the largest proliferating population in the CNS, and together with GIMs, are enriched at the infiltrating edge (37). Several miRNAs such as miR-219, miR-129-2, and miR-338 have higher expression at the infiltrating edge and are involved in oligodendrocyte differentiation (38). Negative regulators of oligodendrocyte differentiation such as SOX6, HES5, PDGFRA, and ZFP238 are suppressed by these miRNAs (39). One of the important functions of miR-219 is to mediate OPC differentiation to oligodendrocytes (40). Additionally, miR-219 indirectly promotes receptor tyrosine kinase signaling activity by targeting and inhibiting epidermal growth factor receptor expression. Thus, the evidence points to the involvement of oligodendrocyte-associated miRNAs in the glioblastoma microenvironment and warrants further study to determine their exact targets mediating the crosstalk of the OPCs and tumor cells.



Endothelial Cell-Associated miRNAs

Glioblastoma is highly vascularized, and its invasion and outgrowth rely on a nutrient supply by acquiring new blood vessel formation (41). Endothelial cell proliferation from the tumor is a direct measure of its malignancy. GSC-associated exosomes are capable of inducing angiogenesis of endothelia cells mediated by miR-21 (42). Some endothelial cell-associated miRNAs such as miR-145-5p and miR-5096 can transfer between human microvascular endothelial cells (HMECs) and glioblastoma cells through gap junctions. In the process, miR-145-5p is downregulated in early gliomagenesis and acts as a tumor suppressor when passing from HMECs into glioma cells, whereas miR-5096 is transferred from glioma cells into HMECs and promotes angiogenesis (43). Finally, the miR-221/222 cluster has also been shown to enhance angiogenesis and silencing attenuates angiogenesis by inhibiting the JAK/STAT pathway (44). All these targetable miRNAs associated with the various cell lineages in the glioblastoma microenvironment are depicted in Figure 1.




Figure 1 | Potential miRNAs that can be targeted for immune modulation and therapeutic application in the glioblastoma microenvironment.






Small Interfering RNAs and Antisense Oligonucleotides

In addition to the use of miRNAs, siRNA, which are 21–27 base pair double-stranded oligonucleotides, are another treatment modality for inhibiting protein synthesis at the posttranscriptional level. Although both miRNA and siRNA strategies are capable of BBB penetration, miRNA has the therapeutic advantage of target networks which would be beneficial in complex heterogenous cancers such as glioblastoma. However, miRNA off target effects remains a substantial concern. In contrast, siRNA approaches have much greater specificity that is counterbalanced by tumor plasticity and escape mechanisms.


Potential Candidates of Immune Modulatory siRNAs Targeting the Glioblastoma Microenvironment


Vascular Endothelial Growth Factor

Abnormal vasculature is enriched in glioblastoma as a consequence of upregulated angiogenic factors such as VEGF. Increased VEGF causes new blood vessels to form within the tumor via angiogenesis and the associated proliferation of endothelial cells (45). The resulting vascular networks display increased vessel permeability and enlarged vessel size that results in plasma leakage into the tumor tissue and disruption to the BBB. Together, these abnormalities induce inflammation, cerebral edema, and increased interstitial pressure. Thus, antiangiogenic VEGF treatments have been extensively investigated including monoclonal antibodies such as bevacizumab and small molecules targeting its receptor VEGFR (46). These agents have limitations based on short half-life, limited efficacy in patient overall survival improvement, and systemic toxicity. Some siRNA formulations targeting VEGF have been evaluated in early stage clinical trials, but this have not been advanced further (47, 48).



Programmed Cell Death Protein 1

T cells are present in the glioblastoma microenvironment, although at lower frequencies than GIMs (25). They have a profoundly exhausted phenotype characterized by expression of multiple immune checkpoint ligands (49, 50) likely accounting for their inability to control tumor growth. The lack of effective T-cell response is also highlighted by the ineffectiveness of checkpoint blockade immunotherapy in glioblastoma. Nonetheless, anti-PD-1 therapy achieves potent antiglioma activity in mouse glioma activity possibly through the depletion of PD-1+ macrophages and proinflammatory polarization in the glioblastoma microenvironment (51). A RNAi specific to the PD-1/PD-L1 pathway was delivered by a hemagglutinating virus of Japan-envelope—a nonreplicating viral vector that was capable of inhibiting immune suppression and eliciting antiglioma immune responses (52). Similarly, we showed that miR-138 could downregulate both CTLA-4 and PD-1 to inhibit tumor-infiltrating regulatory T cells (Tregs) and in vivo administration induced tumor reduction and prolonged the survival of immune syngeneic glioma-bearing mice (20).



Neuroligin 3

Neuronal activity is involved in glioblastoma growth and progression (53). In the normal brain microenvironment, neurons are strong mitogenic signalers stimulating the growth of neural and oligodendrocyte precursor cells—an important consideration in the role of stem/progenitor cells in glioblastoma (54). Elegant studies of neuronal activity conducted by Venkatesh et al. in xenograft glioma mouse models show that presynaptic and postsynaptic function is disrupted in the presence of glioma with microenvironmental neurolignin 3 (NLGN3) being hijacked to induce signaling through the PI3K/PTEN/AKT/mTOR pathway (55). Neurons and OPCs produce NLGN3 by cleavage of ADAM10 sheddase, so the inhibition of this enzyme blocks NLGN3 secretion into the tumor microenvironment and suppresses glioma outgrowth in preclinical models. Therefore, siRNAs targeting NLGN3/ADAM10 are promising for treating glioblastoma by modulating the interaction between neuronal cells and tumor cells (56).



Growth Differentiation Factor

Growth differentiation factor (GDF15) is highly expressed in glioblastoma as a secreted cytokine participate in regulating tumor cell proliferation and immunosuppression (57). GDF15 promotes GSC stemness by activating the leukemia inhibitor factor–STAT3 pathway (58). Thus, it represents a potential therapeutic target in glioblastoma treatment by siRNA targeting GDF15 or its cognate receptor GFRAL (the GDNF family receptor alpha like) (59).



O6-Methylguanine-DNA Methyltransferase

Temozolomide (TMZ) is the standard-of-care for glioblastoma and the other brain tumors, but many patients show limited response due to unmethylated O6-methylguanine-DNA methyltransferase (MGMT). Efforts to inhibit MGMT activity by systemic delivery of a siRNA have been made to silence the TMZ resistance gene MGMT. Wang et al. developed a MGMT siRNA nanoparticle that when combined with TMZ was found to reduce tumor growth and significantly extending survival in a GSC xenograft model relative to TMZ monotherapy (60). Like MGMT, other DNA damage response mediators such as ataxia-telangiectasia-mutated, ataxia-terlangiectasia-Rad3-related, DNA-dependent protein kinase, and poly-ADP-ribose polymerase could also be targeted with a siRNAs, which represent novel strategies for overcoming chemotherapy resistance (61–64).



c-MET

The immunosuppressive potency of the glioblastoma microenvironment may be a function of tumor invasiveness and epithelial-mesenchymal transition (EMT), in which c-MET plays a key role. c-MET was recently shown to mediate EMT via activation of Wnt/β-catenin signaling (65). MiR-128-3p targeting c-MET inhibited glioblastoma migration and invasion and enhanced TMZ therapeutic efficacy in vivo (66). Other miRNAs such as miR-34a, miR-144-3p, and miR-562 have been reported to exert activity against glioblastoma proliferation and invasion by also targeting c-MET (66–68). Hence, these therapeutic miRNAs and c-MET siRNAs could be used to treat glioblastoma by means of suppressing tumor invasion and EMT.



Chitinase-3-Like-1

GIM mediate immunosuppression is mediated by the chitinase-3-like-1 (CHI3L1)/Gal3-PI3K/ATK/mTOR axis. Chen et al. showed that inhibiting CHI3L1 complexes reversed GIM immunosuppression and delayed tumor progression (69). In other cancer models, genetic ablation of CHI3L1 in vivo reduced macrophage recruitment and increased effector T-cell infiltration in the tumor (70). Thus, siRNA targeting CHI3L1 is another potential therapy that could be beneficial to glioblastoma patients.



TGFβ

Overactivation of TGFβ signaling plays a critical role in reprogramming the glioblastoma to be immune suppressive and mediates immune escape and treatment resistance. In the glioblastoma microenvironment, a variety of dysfunctional cellular components and their interaction such as tumor, T, myeloid and NK cells are governed by the TGFβ signaling pathway. Consequently, the anti-TGFβ latency-associated peptide antibody can enhance antitumor immune responses in murine glioblastoma models (71); miR-142-3p targeting the TGFβR1 on M2 macrophages results in glioblastoma growth inhibition (28), and targeting the TGFβ-integrin axis improves NK cell antiglioblastoma activity (72). Anti-TGFβ RNA therapeutic represents a promising treatment avenue to be investigated in glioblastoma patients. A recent study showed that antisense oligonucleotides specifically targeting TGFβ1 and TGFβ2 exerts strong antiglioblastoma activity in vitro and in vivo (73).



S100A

S100A gene family members can modulate EMT, GSC stemness, and immune cell infiltration and are candidate therapeutic targets for glioblastoma patients (74). S100A4 is the most studied as a central player controlling EMT, stemness, and neutrophil infiltration. Its depletion downregulates the glioblastoma progression and treatment resistance (75, 76). Several microRNAs such as miR-124 (77), miR-149-3p (78), and miR-520c (79) have been identified as targeting S100A4, and their mimics resulted in antiglioblastoma activity in vivo. Therefore, these suppressor miRNAs and siRNAs targeting S100A4 could also be explored for therapeutic activity in glioblastoma patients.





Targeting Strategies


Antisense Oligonucleotides (ASOs)

Antisense oligonucleotides (ASOs) bind sequences specifically by Watson-Crick base pairing to the target RNA and regulate protein expression through RNase H mediated degradation and ribosome blockage by steric hindrance (80, 81). Significant advancement of oligonucleotide chemistry and numerous delivery platforms enhance ASO development and clinical application. Recently, the FDA has approved a few nucleic acid-based drugs, which stimulates greater interest in ASO therapeutic development. Currently, a variety of ASO drugs are being tested in clinical trials to treat cancer, infectious, and neurodegenerative diseases (82). Some ASO drugs target oncomiRs that promote tumorigenesis and metastasis. For example, RG-012, an anti-miR-21 ASO for Alport syndrome is being evaluated to ascertain if it decreases the rate of progression of renal fibrosis (83). Cobomarsen (MRG-106) is a miR-155 inhibitory ASO presently in phase II trials treating T cell leukemia and lymphoma (84). The anti-miR-21 and anti-miR-155 ASO strategy have been tested in preclinical models and showed potent anti-glioma efficacy (85, 86). Therefore, these anti–oncomiR ASOs can potentially be applied for the treatment of glioblastoma patients that have miR–21 and miR–155 dysregulation.



Aptamers

Aptamers are short oligonucleotides that possess a 3–D distinct structure for their target recognition and binding. Systematic Evolution of Ligands by EXponential enrichment (SELEX) is the most used screening approach to identify specific aptamers binding a target with high affinity and selectivity. Their relatively small molecular weight (one–tenth that of monoclonal antibody) makes them more accessible to the glioblastoma microenvironment (87). In addition, aptamers are called chemical antibodies since they can be derived completely using chemical synthesis. Moreover, the low immunogenicity and long shelf life are advantageous features of aptamers for clinical application. Oligonucleotide aptamers are synthesized and assembled with cell–free automation enabling rapid and cost–effective production with minimal variation between batches. However, for clinical utility, they require further chemical modification for improving their in vivo half–life because of fast renal excretion and nuclease degradation. These modifications should have minimal effect on the affinity and specificity of the aptamers, and simultaneously improve their stability. Some promising modifications include inverted thymidine capping on the terminals, two hydroxyl group modifications in the ribose ring, the phosphodiester bond replacement and PEGylation (88). De La Fuente et al. identified several human and mouse specific RNA aptamers using tumor–associated myeloid cells as the targets via SELEX. These aptamers were specific to tumor–associated MDSCs in several cancer lineages including glioblastoma and had high binding affinity—highlighting their application as therapeutics targeting to the tumor microenvironment (89). Conjugating these MDSC–specific aptamers to a tumoricidal agent could significantly improve their potency.



Conjugates of Aptamer and siRNA

Nucleotide aptamers and siRNAs share the same nucleic acid units, so base pair annealing, or covalent linkage can create an aptamer–siRNA chimera. These chimeras have great advantages over protein and cellular products: single component simplicity, small size, and easy manufacturing (90, 91). They also have less immunogenicity because the human immune system does not recognize nucleic acids as foreign molecules (92). Additionally, the siRNA portion in the chimeras can still be recognized and processed by Dicer with no compromised efficacy, resulting in their target mRNA degradation and protein depletion (93). The first aptamer–siRNA chimera designated PSMA aptamer–Plk1 siRNA was constructed in 2006. Since then, a number of aptamer–siRNA chimeras have been made with improved stability, targetting specificity and in vivo efficacy (94). A list of the examples for targeted RNAi potentially applicable to the glioblastoma and its associated microenvironment are presented in Table 1.


Table 1 | Summary of aptamer–siRNA chimeras potentially applicable to the glioblastoma.





Aptamer–siRNA Therapeutic Overcoming Resistance to Immune Checkpoint Blockade

In spite of significant successes of immune checkpoint blockade (ICB) in treating cancer patients, thus far, this immunotherapy approach has minimal efficacy for the vast majority of glioblastoma patients secondary to a wide variety of mechanisms such as mutations in the antigen presentation pathway and the IFN–γ signaling pathway (106). Protein tyrosine phosphatase (PTPN2) has been identified by in vivo CRISPR screening as a new target–mediating resistance to ICB immunotherapy. Knockdown of PTPN2 results in enhanced ICB therapeutic efficacy by promoting antigen presentation and IFN–γ signaling in tumor cells (107). PTPN2 is overexpressed in glioblastoma and its expression associates with IDH wild–type expression and the mesenchymal subtype that indicates a worse prognosis. Furthermore, there is an inverse relationship between PTPN2 and an inflammatory response in glioblastoma (108). Thus, we believe that a PTPN2 siRNA–tumor–specific aptamer therapeutic may provide an important strategy to overcome ICB resistance of glioblastoma patients.

Another target mediating ICB resistance is A–to–I editing of interferon–inducible RNA species (ADAR1) that encodes an adenosine deaminase that inhibits the sensing of endogenous double–stranded RNAs (dsRNAs), and subsequently hinders antitumor immunity. Thus, ADAR1 inhibition can improve patient responses when combined with PD–1 blockade by overcoming the resistance mechanism of nonresponding to endogenous dsRNAs (109). ADAR1 is found highly active in glioma tissues and cells and essential for the maintenance of gliomagenesis (110), so we propose that ADAR1 can be a potential target inhibited by tumor cell specific aptamer–ADAR1 siRNA conjugates.



Neoantigen Induction in Glioma Cells by Aptamer–siRNA

One of the major challenges in developing effective cancer immunotherapy is to identify tumor–specific and immunogenic neoantigens to stimulate a robust and durable immune response. There are several approaches to induce neoantigens in tumor cells in situ by aptamer–siRNAs specific to unique pathways that trigger the expression of neoantigens. The first pathway is nonsense–mediated messenger RNA decay (NMD), which is a highly conserved surveillance mechanism in mammal cells that prevents the translation of mRNAs with a premature stopping codon. NMD inhibition using tumor–specific oligonucleotide aptamer–targeted delivery of siRNAs to NMD–associated molecules such as SMG1 and UPF2 results in the expression of de novo antigens encoded by the premature stopping codon–containing mRNAs and their immune–mediated tumor rejection in metastatic and subcutaneous tumor models (111). This strategy is readily applicable to human glioblastoma as NMD pathway is important for gliomagenesis detection (112) and SMG1 mRNA expression is present in glioma cells (TCGA_GBM data). The second one is to target the transporter associated with antigen processing (TAP). Genetic ablation results in drastically enhanced presentation of new MHC class I–restricted epitopes independent of TAP. These induced new antigen epitopes form MHC–peptide complexes for engaging and activating CD8+ T cells capable of killing TAP–deficient tumor cells. Administration of TAP siRNAs conjugated to a tumor–targeting nucleolin aptamer (AS1411) has been shown to exert antitumor activity in multiple mouse tumor models (113). Both TAP and nucleolin are expressed in gliomas, making AS1411 and TAP siRNA conjugates an appealing candidate of the RNA–based immune therapy for treating glioblastoma patients with preclinical efforts underway by our group.



Aptamer–siRNA Targeting STAT3 Signaling in the Tumor Microenvironment

STAT3 has been shown to be a signaling hub in tumor cells as well as tumor–associated immune cells (114, 115). In the glioblastoma microenvironment, STAT3 is persistently activated in glioma cells, myeloid, and T cells and promotes tumor cell survival, proliferation, invasion, and immunosuppression (26, 116, 117). Due to CTLA4 upregulation on tumor–infiltrating CD8+ T cells, a CTLA4‐targeting aptamer STAT3 siRNA chimera was created that triggers CD8+ T cell reactivation in the tumor microenvironment. Additionally, this chimera inhibits tumor–infiltrating Tregs and shows significant antitumor efficacy in multiple primary and metastatic tumor models (95). The Yu group has generated a DNA aptamer CpG1668–STAT3 siRNA chimera linked by a C3 carbon chain, which preserved the immunostimulatory properties of CpG1668 and at the same time does not interfere with Dicer processing of siRNA, thereby contributing to synergistic antitumor effects (118). Other aptamers have been tested including: (1) a STAT3 siRNA that successfully induces antitumor effects in glioblastoma when conjugated with a PDR3 aptamer against PDGFRα (104), and (2) a PDGFRβ–specific aptamer–siRNA chimera designated Gin4.T–STAT3 that could efficiently antagonize STAT3 in PDGFRβ+ GBM xenografts (103, 119).



Aptamer–siRNAs Targeting Highly Enriched Chemokines and Cytokines in the Glioblastoma Microenvironment

Two major cell components in the glioblastoma microenvironment responsible for tumor escape from immune surveillance include GSCs and GIMs (26, 116, 120). Osteopontin (OPN), a key molecule–mediating immune suppression in this setting, is highly expressed in both GSCs and GIMs. It is a secreted phosphoprotein chemokine that also operates intracellularly with both forms playing important roles in tumor growth and metastasis (121). Our data indicate that highly expressed OPN in the glioblastoma microenvironment is indispensable for macrophage infiltration. We have further shown that both tumor–derived OPN and nontumor–derived OPN are essential for glioblastoma development. A deficiency of OPN in either glioblastoma cells or immune cells results in a marked reduction in numbers of immune suppressive M2 macrophages and enhanced T–cell effector function (87). As such, OPN is an attractive therapeutic target specific to the glioblastoma microenvironment. Interestingly, periostin sharing the same RGD functional motif with OPN is secreted from GSCs and correlates with GIM infiltration in human glioblastoma. Periostin depletion diminishes the tumor supportive M2 type of GIMs in xenografts (122). CCL2, another chemokine highly enriched in the glioma microenvironment, is important for attracting both CCR2+Ly–6C+ monocytic MDSCs and CCR4+ Tregs. CD163+ GIMs are a major source producing CCL2 in the glioblastoma microenvironment (123). GIM–derived CCL8 contributes to the stemness maintenance and invasion of glioblastoma cells through ERK1/2 pathway and its blockade significantly decreases invasion of glioma cells (124). Boeck et al. have also shown that IL–33 is another important chemokine–mediating GIM infiltration since its expression correlates with GIM density in human and mouse glioma tissues. Furthermore, both intracellular and secreted isoforms of IL–33 upregulate other chemokines that collectively recruit and transform peripheral innate immune cells to create an immunosuppressive environment (125). Bispecific aptamer siRNA conjugates to the aforementioned chemokines are plausible strategies and could be developed.



Bispecific Aptamers to Elicit Antitumor Immunity

Bispecific aptamers, composed of two aptamers, exhibit concurrent binding to two different entities such as antigens. Absence of costimulatory signal in the tumor microenvironment results T–cell energy (126). Accordingly, an aptamer specific to 4–1BB receptor has been developed to target and activate tumor–infiltrating T cells (127). Pastor et al. generated the first bispecific aptamers consisting of a bivalent 4–1BB aptamer and a tumor–specific PSMA aptamer, enhancing the conjugate delivery to the tumor niche and activation of costimulatory responses. Profound antitumor activity of a 4–1BB–PSMA aptamer chimera has been observed in multiple immune competent mouse models including colon cancer and melanoma lung metastasis when administered systemically (128). A similar strategy could be considered for glioblastoma but would require the selection of a subset of patients that express a given tumor antigen. Other bispecific aptamers have been engineered to specifically target CD28–expressing T cells in multidrug resistance–associated protein 1 melanoma that triggered prolonged survival of tumor–bearing mice. The associated immune mechanism included reactivation of tumor–infiltrating T cells via CD28 costimulation by CD28 aptamer binding and crosslinking (95). Schrand et al. synthesized another bivalent aptamer by fusing an agonistic 4–1BB aptamer with an aptamer specific to VEGF and showed effective targeting of the stroma in the tumor microenvironment. This 4–1BB–VEGF aptamer was capable of inducing the activation and expansion of CD8+ effector T cells and promoting T memory cell differentiation that prevented tumor recurrence across cancer lineages (129). Since VEGF expression is a common feature of glioblastoma, a strategy in which T cells are activated and expanded may induce glioma cell–specific killing (130), but this will require preclinical testing. A list of the examples for bispecific aptamers potentially applicable to the glioblastoma and its associated microenvironment is presented in Table 2.


Table 2 | Summary of bispecific aptamers applicable to the glioblastoma treatment.





RNA Nanocarrier Delivery Systems

Aptamer–siRNA chimeras and bispecific aptamers are one of the most efficient strategies for target delivery modules because of their high specificity and binding affinity, fully automated synthesis, and great potential for clinical application. Nonetheless, a major obstacle needs to be overcome for delivery of siRNAs into the cytoplasm of the targeted tumor and/or immune cells. One hurdle for the efficient delivery of aptamer–siRNA chimeras to the cytoplasm is the negative charge of nucleotides and endosomal degradation. A strategy that could overcome this limitation is to embed the cell–specific aptamers into siRNA encapsulating nanoparticles, which improve the delivery efficacy of naked siRNAs passing through the cellular barriers.



Natural Nanocarriers

Many cell types in the glioblastoma microenvironment interact with each other through microvesicles and exosomes (137). As a natural system of miRNA delivery, these vesicles can be secreted from genetically engineered miRNA overexpressing cells or generated from exosomes transfected with miRNAs (138, 139). Glioblastoma cells or stem cells, for example, could be genetically modified to express exogenous tumor suppressor miRNAs and the elaborated exosomes with the tumor–suppressor miRNA used as a therapeutic product. Proof–of–principal preclinical studies using this type of strategy have been shown to reduce the tumor burden and have potential clinical utility (140). Although there are other contents in the exosomes such as other RNA and protein molecules, this composition can be altered by the cell status and signaling stimuli (141). As such, these natural vesicles may be an excellent RNAi carrier system (142). Continuing efforts are warranted to improve capacity of these exosome nanocarriers for passing the BBB and efficient delivery of their siRNA cargo to the glioblastoma microenvironment.

Other types of natural modifications include conjugation to chitosan, a natural polysaccharide composed of repeating N–acetyl–glucosamine and glucosamine units. The cationic charge of chitosan can rapidly form complexes with negatively charged nucleic acids. Furthermore, highly reactive amino and hydroxyl groups of chitosan allow for chemical modification and linkage of cognate ligands (143). Noh et al. demonstrated that systemic administration of EGFL6 siRNA—chitosan nanoparticles were delivered to endothelial ovarian cancer cells and markedly inhibited tumor progression (144).

For effective glioblastoma therapy, nanoparticles that are delivered systemically must have tumor and/or immune specificity with little measurable side effects. More recently, RNA nanocarriers have gained attention as a versatile natural platform of nanoassembly and construction. The three–strand packaging RNA complex in the polyhedra bacteriophage phi29 is self–assembled and highly dynamic. This unique feature is utilized to generate a variety of RNA nanoparticles with a wide range of specific sizes and shapes. The pRNA–3WJ motif is a three–RNA–strand scaffold that is capable of targeting intracranial gliomas in mice (145).



Synthetic Nanocarriers

Lipid–formulated nanoparticles have intensively been utilized in laboratory studies and clinical trials for RNA therapeutics delivery because of the ease of manufacturing and high biocompatibility (146). Sun et al. developed a novel liposome system simultaneously delivering survivin siRNA and paclitaxel to the glioblastoma. Specifically, a CD133–specific RNA aptamer and a low–density lipoprotein receptor–related protein were integrated into the exterior membrane of the liposomes, resulting in dual targeting ability to bind glioblastoma cells and endothelial cells in the tumor microenvironment. This lipid nanoformulation could enrich in the tumor niche via efficiently binding to the low–density lipoprotein receptor expressing endothelial cells, and selectively induce apoptosis of CD133+ GSCs as well as endothelial stroma cells (147). Another similar liposome siRNA delivery carrier has been developed to treat breast cancer by means of CD44 aptamer targeting. These liposomes were found to efficiently inhibit CD44+ tumor outgrowth in vivo (148). CD44 is also found overexpressed in glioma cells and a common GSC surface marker (149). As such, an anti–CD44 aptamer–equipped siRNA liposome delivery system may be applicable to glioblastoma.

A critical determinant of successful delivery of RNA is the prevention of nuclease degradation. Polymeric nanocarriers have been extensively utilized for the protection of miRNAs and siRNAs due to their positive charge (150). Recently, cationic polymers were broadly used to form stable complexes with negatively charged RNA. Among them, polyethyleneimine is the most commonly used for nucleic acid delivery, but its clinical application is hampered by its inherent toxicity. One alternative approach is to use hybrid polymers such as PEI–chitosan hybrid nanocarriers that show an improved safety profile (151). Another strategy is to link polyethyleneimine polyplexes with brain–targeting rabies virus glycoprotein. These nanoparticles have shown both effective brain tumor targeting and low toxicity (152).




Conclusion and Future Perspective

Despite enormous and continuous efforts for developing new and combinational treatment strategies for glioblastoma, there has been minimal improvement in survival. The brain tumor microenvironment is a key driver that promotes and regulates tumor initiation and progress and mediates the treatment resistance in both primary and metastatic brain malignancies. Molecular dissection into the protumorigenic functions of single elements of the brain tumor microenvironment has resulted in the discovery of a number of promising noncoding RNA therapeutic targets. These RNA therapeutics include miRNAs, siRNAs, and aptamers and are emerging as a novel avenue to treat brain cancer patients. Since miRNAs can act upon multiple targets and pathways regulating immune suppression and chemoresistance, they may be more effective in treating the malignancies such as glioblastoma that are highly heterogeneous. Nonetheless, one major challenge remains for clinical application for treating glioblastoma is the ability of an agent to cross the BBB. This issue is alleviated by their small molecular weight and compact size, which can be further enhanced with nanocarrier–specific targeted delivery. Increasingly sophisticated nanoparticle systems, also relying on targeting moieties for BBB penetration and/or improved target cell transfection efficacy, may provide an avenue toward clinical application. On the other hand, it should be noted that too complicated systems based on multiple components may prohibit drug approval and transition into the clinic.

The unique characteristics of aptamers make them highly attractive for targeted therapy of glioblastoma and the other malignancies. A given aptamer can be conjugated to another aptamer, siRNA or miRNA, which leads to the production of multimodal chimeric therapeutics with novel functions enabling simultaneous targeting of numerous molecules and cell subsets in the glioblastoma microenvironment. Their small size and simple structure may have key advantages superior for passing through the BBB and gaining access to the brain tumor when administered systemically.
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Tumor heterogeneity is a key reason for therapeutic failure and tumor recurrence in glioblastoma (GBM). Our chimeric antigen receptor (CAR) T cell (2173 CAR T cells) clinical trial (NCT02209376) against epidermal growth factor receptor (EGFR) variant III (EGFRvIII) demonstrated successful trafficking of T cells across the blood–brain barrier into GBM active tumor sites. However, CAR T cell infiltration was associated only with a selective loss of EGFRvIII+ tumor, demonstrating little to no effect on EGFRvIII- tumor cells. Post-CAR T-treated tumor specimens showed continued presence of EGFR amplification and oncogenic EGFR extracellular domain (ECD) missense mutations, despite loss of EGFRvIII. To address tumor escape, we generated an EGFR-specific CAR by fusing monoclonal antibody (mAb) 806 to a 4-1BB co-stimulatory domain. The resulting construct was compared to 2173 CAR T cells in GBM, using in vitro and in vivo models. 806 CAR T cells specifically lysed tumor cells and secreted cytokines in response to amplified EGFR, EGFRvIII, and EGFR-ECD mutations in U87MG cells, GBM neurosphere-derived cell lines, and patient-derived GBM organoids. 806 CAR T cells did not lyse fetal brain astrocytes or primary keratinocytes to a significant degree. They also exhibited superior antitumor activity in vivo when compared to 2173 CAR T cells. The broad specificity of 806 CAR T cells to EGFR alterations gives us the potential to target multiple clones within a tumor and reduce opportunities for tumor escape via antigen loss.
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Introduction

Chimeric antigen receptor (CAR) cells targeting pediatric B cell malignancies have shown unprecedented responses and were the first CAR T cell therapies to receive FDA approval, in 2017 (1–3). The successful application of this therapeutic technology in the treatment of solid tumors, including glioblastoma (GBM), remains a significant challenge; chief among them are tumor heterogeneity, immunosuppressive tumor microenvironment, and antigen escape (4, 5). Successful strategies for overcoming these obstacles are required to advance CAR T therapy in solid tumors.

Epidermal growth factor receptor (EGFR) was one of the first oncogenes identified in GBM and presents an attractive therapeutic target, given its extracellular nature and frequent alterations in GBM. Approximately 60% of GBM specimens contain a mutation, rearrangement, splicing alteration, and/or amplification of EGFR (6). EGFR overexpression, mediated through focal amplification of the EGFR locus as double minute chromosomes, has long been recognized as the most common EGFR alteration, present in 60% of GBM patients (7, 8). Tumor-specific EGFR variant III (EGFRvIII), resulting from deletion of exon 2–7 of wild-type EGFR (wtEGFR), is present in 30% of GBM patients (9). In addition, oncogenic missense mutations EGFRA289D/T/V, EGFRR108G/K, and EGFRG598V have been identified in 12%–13% of cases in the extracellular domain (ECD) of EGFR, independent of EGFRvIII. Missense mutations and EGFRvIII often co-occur with EGFR amplification and activate EGFR receptor independent of its ligand (10). Several of the missense mutations have been shown to have a negative effect on patient survival, driving tumor proliferation and invasion (11).

Our first-in-man CAR T clinical trial (NCT02209376) against EGFRvIII in recurrent GBM demonstrated the safety of a peripheral infusion of CAR T cells and resulted in successful trafficking of the CAR T cells to active tumor sites, across the blood–brain barrier (12). After treatment, CAR T cells infiltrated the GBM tumors rapidly, proliferated in situ, and persisted over a prolonged period of time. However, CAR T cell infiltration was associated only with a selective loss of EGFRvIII+ GBM cells. Importantly, post-CAR T-treated tumor specimens showed the continued presence of EGFR amplification and missense mutations, despite the decrease in EGFRvIII target antigen. Persistence of EGFR amplification and ECD missense mutations in the context of loss of EGFRvIII expression suggested that tumor heterogeneity played an essential role for tumor recurrence and continued regrowth.

mAb806, originally raised against EGFRvIII, recognizes a conformationally exposed epitope of wtEGFR when it is overexpressed on tumor cells. The same epitope is not exposed in EGFR expressed on normal non-overexpressing cells (13, 14). ABT-414, an antibody–drug conjugate composed of a humanized mAb806 (ABT-806), showed early efficacy in phase I/II clinical trials with no apparent skin toxicity in treated GBM patients (15). However, a recent Phase III trial was terminated when an interim analysis failed to demonstrate a survival benefit over placebo (16). mAb806 showed an increased binding affinity for not only EGFRvIII but also EGFR ECD mutations and a low affinity for wtEGFR (11). These findings suggest that mAb806 is a viable therapeutic option for tumors harboring EGFR alterations in addition to EGFRvIII.

In the present study, we have developed EGFR-specific CAR T cells derived from the single-chain fragment variable region (scFv) of 806 mAb, using our standard 4-1BB-ζ construct (17). We then compared 806 CAR T activity with EGFRvIII-specific CAR T cells (2173 CAR T), currently in clinic, for specificity against oncogenic EGFR alterations, including amplified EGFR, EGFRvIII, and extracellular mutations in vitro and in vivo.



Materials and Methods


CAR Constructs

806 scFvs were swapped with scFv of our standard CD19-BB-ζ lentiviral vector described previously to generate 806-BB-ζ CAR (17, 18). Briefly, the nucleotide coding sequences of 806 or C225 scFv with the huCD8 leader were synthesized by GeneArt (Thermo Fisher Scientific, Waltham, MA) with 5′ Xba1 and 3′Nhe1 and ligated to Xba1 and Nhe1 sites of CD19-BB-ζ car construct. The C225-BB-ζ CAR was obtained from Dr. Avery Posey’s lab at the University of Pennsylvania. The 2173-BB-ζ CAR T construct was obtained from Dr. Laura Johnson’s Lab at the University of Pennsylvania (19, 20).



Transduction and Expansion of Primary Human T Lymphocytes

Human primary total T cells (CD4 and CD8) were isolated from normal healthy donors following leukapheresis by negative selection using RosetteSep kits (STEMCELL Technologies, Vancouver, CA, Canada). All specimens were collected with protocol approved by the University Review Board, and written informed consent was obtained from each donor. T cells were cultured in RPMI 1640 (Thermo Fisher Scientific) supplemented with 10% fetal bovine serum (FBS) (VWR, Radnor, PA, USA), 10 mM HEPES (Thermo Fisher Scientific), 100 U/mL penicillin (Thermo Fisher Scientific), and 100 g/ml streptomycin sulfate (Thermo Fisher Scientific) and stimulated with magnetic beads coated with anti-CD3/anti-CD28 (Thermo Fisher Scientific) at the 1:3 T cell-to-bead ratio. Approximately 24 h after activation, T cells were transduced with lentiviral vectors encoding the CAR transgene at an MOI of 3 to 6. On day 5, beads were removed and thereafter cells were counted and fed every 2 days, supplemented with IL 2 150 U/ml until they were either used for functional assays or cryopreserved for future use.



Cell Lines and Cell Culture

The human cell line U87MG was purchased from the American Type Culture Collection (ATCC) and maintained in MEM (Richter’s modification) (Thermo Fisher Scientific) with components GlutaMAX-1 (Thermo Fisher Scientific), HEPES pyruvate, and penicillin/streptomycin supplemented with 10% FBS. Primary human keratinocytes were purchased from the Dermatology Core Facility at the University of Pennsylvania. K562 cells were purchased from ATCC and maintained in RPMI media (Invitrogen, Carlsbad, CA, USA) supplemented with 10% FBS, 20 mM HEPES, and 1% penicillin/streptomycin. Primary astrocytes were purchased (ScienCell Research Laboratories, Carlsbad, CA, USA) and cultured according to the manufacturer’s instructions. The cells from early passages were used for cytotoxicity and cytokine experiments. GSC cell lines were cultured in DMEM F-12 media (Sigma-Aldrich, St. Louis, MO, USA) supplemented with 2% B27 without vitamin A (Thermo Fisher Scientific), 20 mM HEPES, and penicillin/streptomycin.



EGFR-Mutant Cell Lines

To produce the overexpressing EGFR cell line (designated as U87MG-EGFR), the lentivirus co-expressing wtEGFR and Cyan Fluorescent Protein (CFP) under the control of the EF-1α promoter was transduced into the U87MG cell line. On post-transduction day 4, cells were sorted on an Influx cell sorter (BD, Franklin Lakes, NJ, USA) on the basis of high EGFR expression and subsequently expanded. The lentivirus co-expressing CFP and EGFR mutants EGFRR108K/G, EGFRA289D/T/V, or EGFRvIII was transduced into U87MG-EGFR, GSC5077 neurosphere cells (21), and K562 cell lines. CFP-positive cells were sorted by fluorescence-activated cell sorting (FACS). For luciferase killing assays and in vivo tracking studies, U87MG and U87MG-EGFR mutant cell lines were transduced with lentivirus click beetle green (CBG) luciferase and green fluorescent protein (GFP). Anti-GFP-positive cells were sorted by FACS.



Cytokine Analysis

CAR T cells and K562 targets expressing EGFR and its variants were cocultured in 1:2 ratio in the R10 medium in a 96-well plate, in triplicate. Plates were incubated at 37°C with 5% CO2. After 48 h, supernatants were collected and cytokine levels were assessed by ELISA kit (R&D Systems, Minneapolis, MN, USA) for IFN-γ, TNF-α, and IL2 production, according to the manufacturer’s instructions.



Chromium Release Assay

The cytolytic efficacy of CAR T cells against K562 cells was evaluated by 4-h chromium release assays using E:T ratios of 5:1, 2.5:1, and 1:1. 51Cr-labeled target cells were incubated with CAR T cells in complete medium or 0.1% Triton X-100, to determine spontaneous and maximum 51Cr release respectively, in a V-bottomed 96-well plate. The mean percentage of specific cytolysis of triplicate wells was calculated from the release of 51Cr using a TopCount NXT (Perkin-Elmer Life and Analytical Sciences, Inc., Waltham, MA) as:

	

Data was reported as mean ± SD.



Luciferase-Based Cytotoxic Assay

CBG+ target cell lines (U87 variants and GSC5077 variants) were cocultured with CAR T cells at E:T ratios of 10:1, 5:1, and 2.5:1, for 24 h at 37°C. One hundred microliters of the mixture was transferred to a 96-well black luminometer plate, 100 μl of 66 μg/ml D-luciferin (GoldBio, St. Louis, MO, USA) was added, and the luminescence was immediately determined. Results were reported as percent killing based on luciferase activity in wells with tumor cells alone.



CD107a Degranulation

To assess CD107a degranulation, we plated 1 × 105 T cells and 5 × 105 stimulator target cells per well in round-bottom 96-well plates, to a final volume of 200 μl in complete R10 medium, in triplicates. The CD107a-PE antibody (BD) was added into each well and incubated at 37°C for 4 h, along with surface staining for CD8 (BioLegend, San Diego, CA, USA) and CD3 and then analyzed by flow cytometry.



Flow Cytometry

For CAR detection, cells were stained with biotinylated protein L (GenScript, Piscataway, NJ, USA), goat anti-mouse IgG, and anti-human IgG (Jackson ImmunoResearch Laboratories, West Grove, PA), followed by streptavidin-conjugated allophycocyanin (APC) (BD). The surface expression of EGFR and its mutants was detected by CFP and APC-conjugated cetuximab antibody (Novus Biologicals, Centennial, CO, USA). EGFRvIII expression was detected by anti-EGFRvIII antibody, clone DH8.3 (Santa Cruz Biotechnology, Dallas, TX, USA). Flow analysis done by LSRFortessa (BD) and data were analyzed by FlowJo software (BD).



Animal Experiments

All mouse experiments were conducted according to Institutional Animal Care and Use Committee (IACUC)–approved protocols. NSG mice were injected with 2.5 × 105 U87MG-EGFR/EGFRvIII/Luc+ tumors subcutaneously in 100 μl of PBS on day 0, seven animals per cohort. Tumor progression was evaluated by luminescence emission on an IVIS Lumina III In Vivo Imaging System (Caliper Life Sciences, Hopkinton, MA, USA) after intraperitoneal D-luciferin injection according to the manufacturer’s instructions (GoldBio). Tumor size was measured by calipers in two dimensions and approximated to volume using the following calculation:

	

Seven days after tumor implantation, mice were treated with 3 × 106 CAR T cells intravenously via the tail vein, in 100 μl of PBS. Survival was followed over time until predetermined IACUC-approved endpoints were reached.



GBM Organoids

GBM organoids (GBOs) were established from primary patient tissue, under a University of Pennsylvania Institutional Review Board-approved protocol and with patient written informed consent, and cocultured with CAR T cells as described previously (22, 23). GBOs were fixed and stained after coculture, using anti-CD3 (BioLegend), anti-cleaved caspase 3 (Cell Signaling Technology, Danvers, MA), anti-EGFR (Thermo Fisher Scientific), anti-EGFRvIII (Cell Signaling Technology), and DAPI (Sigma). To control for tumor heterogeneity, four GBOs per condition were used. Mutational data and variant allele fractions (VAF) were obtained from the Center for Personalized Diagnostics at the University of Pennsylvania, as described previously (24).



Statistical Analysis

All in vitro experiments were performed at least in triplicate. GraphPad Prism 6 software (GraphPad Software, San Diego, CA, USA) was used for statistical analyses. Data were presented as mean ± standard deviation. The differences between means were tested by appropriate tests. For the mouse experiments, changes in tumor radiance from baseline at each time point were calculated and compared between groups using the t-test or Wilcoxon rank-sum test, as appropriate. Survival determined from the time of T cell injection was analyzed by the Kaplan–Meier method, and differences in survival between groups were compared by the log-rank Mantel–Cox test.




Results


Generation of 806 CARs and Cell Lines Expressing EGFR-Mutated Proteins

In the present study, we have generated CARs that target EGFR and EGFR mutants by fusing the scFv derived from mAb806 to a second-generation CAR construct containing 4-1BB-CD3ζ signaling 806 CAR, the design of which is shown schematically in Figure 1A. The EGFRvIII-specific 4-1BB-CD3ζ-based 2173 CAR used in our clinical trials (NCT02209376 and NCT03726515) was generated for comparative evaluation with 806 CAR. 4-1BB-based cetuximab (C225) and CD19 CARs were used as positive and negative controls. Lentiviral vectors encoding CARs were transduced into a mixture of CD4 and CD8 T cells, and surface expression was confirmed by flow cytometry (Figure 1B). We next turned to generating target-positive tumor cell lines, expressing the mutations EGFRR108K/G, EGFRA289D/T/V, EGFRG598V, and EGFRvIII, for testing of our CAR constructs (Figure 1C). In order to more faithfully model the EGFR mutations, which are almost always co-expressed with amplified wtEGFR, we transduced the GBM cell line U87MG and patient-derived glioma stem cell line GSC5077 (21), both of which express low levels of wtEGFR, with a lentiviral vector encoding wtEGFR (Figure 1D) (resultant lines referred to as U87MG-EGFR and GSC5077-EGFR), as well as K562 chronic myelogenous leukemia (CML) cells that lack endogenous expression of EGFR, with wtEGFR (Figure 1E). U87MG-EGFR, GSC5077-EGFR, and K562 cells were also transduced with EGFRvIII lentivirus and expression was then analyzed by an EGFRvIII-specific antibody (Figure 1F). A lentiviral vector co-expressing CFP and the targeted EGFR extracellular mutants (Figure 1D) was transduced into U87MG-EGFR, GSC5077-EGFR, and K562 cells. The resulting CFP-positive cells were sorted by fluorescence-activated cell sorting to obtain a positively transduced cell population (Figure 1G).




Figure 1 | Construction and expression of 806 CAR and EGFR mutant cell lines. (A) Schematic diagram of vector map of 806 CAR containing the 4-1BB co-stimulatory domain. (B) CAR surface expression in primary human CD4+ and CD8+ T cells. Human T cells were simulated for 24 h with anti-CD3/anti-CD28 T-cell activating beads and transduced with CAR transgenes, and CAR expression was analyzed by flow cytometry using biotinylated goat-anti-mouse (806, C225, and CD19 CARs) and goat-anti human F(ab)2 fragment-specific antibodies (2173 CARs) followed by secondary staining with streptavidin-APC. (C) Schematic showing targeted missense mutations in the extracellular domain of EGFR, EGFRR108K/G, EGFRA289D/T/V, EGFRG598V, and splice variant EGFRvIII. (D) Schematic of lentiviral vector co-expressing CFP and wtEGFR or EGFR mutant. (E) Flow-based analysis of endogenous and ectopically expressed EGFR in U87MG, GSC5077, and K562 cell lines using the cetuximab antibody. (F) U87MG, U87MG-EGFR, and GSC5077-EGFR expression of EGFRvIII. (G) U87MG-EGFR, GSC5077-EGFR, and K562 cell lines were transduced with a lentiviral vector co-expressing CFP and indicated EGFR missense mutations and sorted by CFP expression using fluorescent-activated cell sorting.





In Vitro Characterization of 806 CAR T Cells

To determine the specificity of the 806 and 2173 CARs for overexpressed wtEGFR, EGFRvIII, and the EGFR-ECD mutants, 2173 and 806 EGFR BB-ζ CAR T cells were cocultured with U87MG-EGFR and GSC5077-EGFR cell lines expressing EGFRvIII and extracellular mutants EGFRR108K/G, EGFRA289D/T/V, and EGFRG598V, in 24-h bioluminescence-luciferase based killing assays (Figures 2A, B). While 2173 CAR T cells demonstrated specificity for EGFRvIII alone, 806 CAR T cells efficiently lysed all targets and exhibited similar cytolytic potential as C225 CAR T (Figures 2A, B). Notably, 806 CAR T cells were able to kill U87MG cells, despite expressing only low levels of wtEGFR, at an equal level when compared to overexpressed wtEGFR and EGFRvIII. Since U87MG-EGFR mutants expressed endogenous and ectopic EGFR, we could not distinguish if the 806 scFv-binding specificity was restricted to the mutant or wtEGFR. To test the exclusive specificity to the mutants, we cocultured 806 and 2173 CAR T cells with the CML cell line K562, transduced to express wtEGFR, EGFRvIII, or EGFR mutants, as K562 does not have any endogenous EGFR (Figure 2B). 806 CAR T cells did not lyse untransduced K562 cells, confirming the lack of EGFR on the parental line. The 806 CAR T cells selectively targeted K562 cells expressing EGFR, EGFRvIII, or EGFR-ECD mutants and demonstrated similar efficacy as C225 CAR T cells. 2173 CAR T cells lysed K562-EGFRvIII cells but did not show any activity against either wtEGFR or the ECD mutants, as expected (Figure 2B). T cell activation was assessed by induction of surface CD107a expression after coculture of CAR T cells with target-expressing cells (Figure 2C). Antigen-specific effector cytokine production was assessed by coculturing K562 target cells transduced with EGFR and its variants with CAR T cells. The resulting supernatants were analyzed for IFN-γ, TNF-α, and IL2 production (Figure 2D). Untransduced K562 and Nalm6 cells were used as negative controls. 806 and C225 CAR T cells produced similar levels of CD107 degranulation (Figure 2C) and IFN-γ, TNF-α, and IL2 (Figure 2D) in response to EGFRvIII, EGFR-ECD mutants, and EGFR overexpressing cells, while 2173 CAR T cells responded to EGFRvIII alone.




Figure 2 | In vitro characterization of 806 EGFR CAR T cells. Antigen-specific cytolytic activity of 806 and 2173 CAR T cells against cell lines expressing EGFR and its variants. (A) U87MG-EGFR and GSC5077-EGFR cell lines expressing EGFRvIII, EGFRR108K/G, EGFRA289D/T/V, and EGFRG598V mutant variants were stably transduced with Click Beetle Green (CBG) and cocultured with CAR T cells at indicated effector-to-target ratios for 24 h. One representative experiment from three normal donors is shown. Samples were performed in triplicates in three replicative experiments. C225-BB-ζ CAR, and CD19-BB-ζ CAR were used as positive and negative controls, respectively. (B) Antigen-specific cytolytic activity of 806 and 2173 CAR T cells in EGFR and its variants expressed in K562 cells in a 4-h chromium release assay at indicated effector-to-target ratios. (C) K562 cells expressing wtEGFR, EGFRvIII, or EGFR-mutants were cocultured with 806 CART cells for 48 h. IFN-γ, TNF-α, and IL2 secretion was measured in the supernatant by ELISA. Bar charts represent results from a single experiment, and values represent the average ± SD of triplicates. (D) CD107a upregulation on CAR T cells stimulated with K562 cells expressing wtEGFR, EGFRvIII, or EGFR-mutants for 4 h. The percentage of CD107a expression was quantified on CD3 cells (values represent the average of ± SD of two repeated experiments).





806 CAR T Cells Exhibit Low or No Affinity for EGFR Expressed on Primary Astrocytes and Keratinocytes

Having confirmed the function of the 806 CARs, we next sought to compare the reactivity of 806 and 2173 CAR T cells in response to endogenous levels of EGFR in normal cells, in vitro. We cultured primary human keratinocytes and astrocytes, as those cell types express wtEGFR (Figure 3A) and used them to stimulate CAR T cells. We observed production of IFN-γ by C225 CAR T cells, in response to EGFR presented by either astrocytes or keratinocytes, as well as U87MG-EGFR (Figure 3B). In contrast, 2173 CAR T cells produced IFN-γ in response to EGFRvIII antigen alone. 806 CAR T cells exhibited low or no cytotoxicity when cocultured with astrocytes or keratinocytes (Figure 3C), with corresponding low IFN-γ production (Figure 3B).




Figure 3 | Antitumor efficacy of 806 CAR T cells in primary astrocytes and keratinocytes. (A) Surface expression of EGFR assessed by flow cytometry on human primary astrocytes and keratinocytes using EGFR-specific cetuximab antibody. (B) Primary astrocytes and keratinocytes were cocultured with 806 CAR T cells at indicated ratios in a 4-h chromium assay, and results are representative of a single experiment showing the average ± SD of triplicates. (C) Levels of IFN-γ measured in supernatants by ELISA 24 h after coculturing 806 and 2173 CAR T cells with primary astrocytes and keratinocytes at an effector-to-target ratio of 1:1. Results are representative of a single experiment with the average ± SD of triplicates.





Antitumor Activity of 806 CAR T Cells In Vivo

Having compared the antigen-specific effector function of 806 CAR with 2173 CARs, we next sought to confirm its in vivo antitumor effects, using immunodeficient NSG mice bearing human GBM tumors (Figure 4A). On Day 0, U87MG-EGFR/EGFRvIII tumors were implanted subcutaneously, and on Day 5, tumor engraftment was confirmed by bioluminescence imaging (BLI). On Day 7, a single dose of 3 × 106 CAR-positive T cells were infused intravenously (n = 7 per cohort). Total bioluminescence (Figure 4B) and individual bioluminescence (Figure 4C) were assessed in 806 and 2173 CAR T cell-treated groups. Animals in the negative control cohort, receiving CD19 CAR T cells, demonstrated rapid tumor growth, with all mice reaching a predetermined humane experimental endpoint by 42 days after initial tumor engraftment. To be noted, all mice in the CD19, 2173, and 806 groups reached experimental endpoint by day 42, 63, and 91, respectively (Figure 4A).




Figure 4 | In vivo antitumor effect of 806 CAR T cells in NSG mice bearing U87MG-EGFR/EGFRvIII+ xenografts. Seven days after 250,000 U87MG-EGFR/EGFRvIII cells were subcutaneously implanted into mice, 3 × 106 T cells were injected intravenously with indicated CAR constructs. (A) Survival based on time to endpoint was plotted using a Kaplan–Meier curve and statistically significant differences between CAR groups were determined using the log-rank Mantel-Cox test. Tumor burden was assessed by bioluminescent imaging. Bars indicate means ± SD (n = 7 mice per group). Tumor burden was quantified as total flux (B) and in individual mice (C) in units of photons/second. Bars indicate means± SD (n = 7 mice). P = photons. ns, p > 0.05; *p ≤ 0.05; **p ≤ 0.01.





High-Fidelity GBM Organoids Demonstrate Cross-Reactivity of 806 CAR

Given the ability of the 806 CAR to target EGFR alterations beyond EGFRvIII, we turned to patient-derived GBM organoids (GBOs) to demonstrate activity in a heterogeneous model previously characterized to be of high fidelity to human tumors (22, 23). GBOs retain the originating tumor heterogeneity to a high degree out beyond 12 weeks of culturing and maintain the expression of endogenous EGFR and its alterations, providing a valuable model platform for testing therapies aimed at addressing tumor escape. The GBOs selected for coculture experiments contained multiple EGFR mutations (Figure 5A). GBO 9057 had EGFR copy number gain, EGFRvIII, and two missense mutations, EGFRG598V and EGFRC595Y. The missense mutation was found to have a VAF of 24%, while EGFRvIII was identified in less than 10% of the reads, based on next-generation sequencing (NGS). GBO 9066 had EGFR copy number gain, EGFRA289V, and EGFRG598V. Both EGFRA289V and EGFRG598V had a VAF of less than 15%, making determination of co-occurrence impossible through NGS.




Figure 5 | 806 CAR T activity in heterogeneous GBOs highlights cross-reactivity of 806 binder against oncogenic EGFRs. CAR T coculture with GBOs was used to demonstrate anti-EGFR activity. (A) EGFR alterations identified in each GBO line. (B) Immunofluorescence images of CAR T cells engrafted GBOs, for four organoids per condition, 9057 (left) and 9066 (right). Blue = DAPI; red = CD3+; white = cleaved caspase 3+ (CC3+), scale bar = 100 µm. (C) Quantification of CD3+ cells (left) and CC3+ cells (right) showing antitumor activity from the 806 CAR T cells. (D) Immunofluorescence images of CAR T cell targets in GBOs, for 9057 (left) and 9066 (right). Blue = DAPI; red = EGFR+; white = EGFRvIII+, scale bar = 100 µm. (E) Quantification of EGFR+ (left) and EGFRvIII+ signals (right) showing antitumor activity from the 806 CAR T cells. Error bars are ± standard error. ns, p > 0.05.



GBOs were cocultured with 806, 2173, and CD19 CAR T cells, at a 1:10 E:T ratio, for 72 h before fixation and evaluation. CAR T cell infiltration, as quantified by CD3 staining, was more significant in the 806 CAR T cell population than either the 2173 or CD19 CAR T cell population (Figure 5B). Cleaved caspase 3 (CC3) was used as a measure of cell death and antitumor activity. As with the CD3+ cell infiltration, the 806 CAR coculture resulted in higher CC3 levels than either the 2173 or CD19 CAR cocultures (Figure 5C). These results highlighted the broad cross-reactivity of the 806 CAR in a heterogeneous, high-fidelity GBM model. wtEGFR staining in both GBO lines provided additional evidence of the cross-reactive nature of the 806 CAR (Figure 5D). Staining intensity, normalized to CD19 CAR-treated GBOs, showed consistent decreases in 806 CAR-treated GBOs, to a greater degree than the 2173 CAR-treated GBOs (Figure 5E).




Discussion

We have shown broad cross-reactivity of 806 CAR T cells to EGFR mutant proteins resulting in enhanced anti-GBM tumor killing, along with a low on-target, off-tumor effect against both astrocytes and keratinocytes that express wild-type EGFR. Importantly, 806 CAR T cells are able to more effectively control tumor growth in a wtEGFR/EGFRvIII model. 806 CAR T cells also demonstrate greater killing in GBOs with heterogeneity of endogenous EGFR and EGFR mutants, confirming its potential to more effectively treat GBM tumors by limiting the impact of tumor escape due to antigen loss.

With regard to the CAR T trial in recurrent GBM (12), the demonstrated tumor recurrence was likely due to the exclusive specificity of the scFv employed in the trial. The 2173 construct was chosen for its selective binding to a novel glycine residue formed at the exon 2–7 deletion in EGFRvIII and for a lack of cross-reactivity to wtEGFR (20). However, the binding affinity and target repertoire were of secondary importance. Given the co-occurrence of amplified wtEGFR with EGFRvIII and most ECD missense mutations (11), there is a clinically relevant rationale for targeting multiple EGFR alterations in the GBM population (25). Dual targeting of EGFR and EGFRvIII by CAR T and NK cells has been demonstrated in recent studies using scFvs specific for both antigens (26–29). Our work expands on that, as 806 CAR T cells were able to lyse GBM (U87MG, GSC5077) and non-GBM (K562) cell lines modified to express not only wtEGFR and EGFRvIII but also EGFR extracellular mutations. In comparison, 2173 CAR T cells exhibited specificity for EGFRvIII alone (12, 20). While 806 CAR treated animals did eventually reach experimental endpoints, their loss of weight, patchy hair, and red eyes were suggestive of the development of graft-vs-host disease and not tumor growth. This hypothesis was supported by a lack of palpable or visible tumor at autopsy.

GBM tumors are significantly heterogeneous, both intratumorally (30, 31) and intertumorally (6). Intratumorally, there are mixed cytological subtypes, exhibiting regional differences in gene expression, key genetic mutations, and chromosomal alterations. This polyclonal nature contributes to therapeutic resistance and tumor escape (32). To address intratumoral heterogeneity, relevant targeted therapies would ideally be able to target larger tumor cell populations within the entire tumor bulk. Given the co-occurrence of wtEGFR amplification seen with EGFR mutations and splice variants (24), the cross-reactive EGFR-targeting 806 scFv should provide greater tumor cell coverage, resulting in better tumor control. The potential for broader tumor control was demonstrated through the high-fidelity, heterogeneous GBO model (22). GBOs have retained the originating tumor heterogeneity to a high degree, as assessed by both mRNA and protein levels. These “mini-tumors” provided the opportunity to test 806 CAR T cells against a target-heterogeneous tumor and showcase its ability to exert antitumor activity against a greater portion of the tumor than the compared 2173 CAR and CD19 CAR T cells. While the VAFs associated with the originating tumors of the GBOS allow for hypothesizing of independent EGFR mutant tumor populations, one caveat is that the NGS methods used do not allow for concrete determination of subpopulations. The data were subject to bias from tumor viability and number of reads of the sample. Additionally, the heterogeneity of the EGFR variants on amplified alleles is complicated by the mechanisms of amplification of EGFR. GBMs frequently harbor double minutes, extrachromosomal sequences of DNA that are acentric and lead to asymmetric distribution to daughter cells (33). This causes increased cell-to-cell heterogeneity of EGFR alterations in GBM.

Intertumoral variation, from patient to patient, reduces the applicable population for targeted therapies. However, there are gene families frequently found altered across GBM (6). In particular, EGFR amplification is found in up to 60% of GBMs. Concurrently with amplification, 30%–40% of GBM tumors express the constitutively active mutant variant, EGFRvIII (34). Combined with the intratumoral expression of EGFR variants, these data suggest that targeting the EGFR family of tumor-specific alterations may successfully address both inter- and intratumoral heterogeneity.

Several EGFRvIII-targeted agents are currently in development or in clinical trials for the treatment of GBM. Although the preclinical data from experimental studies evaluating these therapies have been promising, their efficacy in the clinic has yet to be conclusively demonstrated (35–37). In a vaccination approach to target the EGFRvIII in GBM patients, a phase III trial for newly diagnosed glioblastoma failed to show overall efficacy despite 60%–80% of recurrent tumors showing complete loss of EGFRvIII positive cells (38). Additional trials targeting EGFRvIII demonstrated similar loss of EGFRvIII concurrent with tumor recurrence (12, 39, 40). Similarly, the EGFRvIII-targeting CAR T trial illustrated the continued presence of EGFR amplification and oncogenic EGFR ECD missense mutations despite EGFRvIII antigen loss in posttreatment tumor specimens (12). These results confirm the need to target multiple EGFR alterations simultaneously.

Despite preclinical efficacy, the success of wtEGFR targeting mAbs cetuximab and panitumumab has been associated with on-target, off-tumor toxicity in other tumor types, due to their significant binding to EGFR expressed on normal tissues (41, 42). Their clinical activity in GBM has yet to be successfully demonstrated in large-scale studies. Coculture of 806 CAR T cells with basal physiologic EGFR-expressing normal tissue cell lines did not lead to significant cell killing in our work. Previous work has suggested that the 806 epitope is exposed on both mutated EGFR (EGFRvIII, EGFRR108G/K, EGFRA289D/T/V) as well as amplified wtEGFR found on tumors, but not accessible on wtEGFR found on normal tissue (43). The wtEGFR differences have been proposed to be due to different posttranslational mannose modifications and kinetics of EGFR trafficking in tumors compared to normal tissue (44). Multiple clinical trials with humanized mAb 806 conjugated to a microtubule inhibitor (ABT-414) have demonstrated only low levels of cutaneous toxicity (45–47). The therapeutic window of CAR T cells for tumor-associated antigens relies on the quantitative difference between antigen-overexpressing tumor and antigen-low normal tissue. Preclinical studies targeting EGFR and erbB2 with affinity-lowered CAR T cells have demonstrated potent antitumor effects against high antigen density while sparing low antigen density normal tissue (48–50). The demonstrated cross-reactivity of 806 CAR T cells for EGFR alterations, including amplified wtEGFR, EGFRvIII, and ECD missense mutations, suggests that 806 CAR T cells may be a more efficacious therapeutic strategy to achieve tumor control and prevent tumor escape via target antigen loss.
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TCGA dataset CGGA dataset

Total 508 575
Gender

male 282 334

female 226 241
Event

alive 382 245

dead 126 330
Age

age < 41 265 323

age >41 243 252
Grade

WHO Il 247 271

WHO Il 261 304
Radiotherapy

yes 286 430

no 176 128

unknown 46 17
Chemotherapy (TMZ)

yes = 359

no = 200

unknown - 16
Corticosteroids

non-treatment 211 -

treatment 149 =

unknown 148 -
IDH status

wild type 34 130

mutation 91 411

unknown 383 34
1p19q status

non-codeletion . 366

codeletion = 175

unknown - 34
MGMTp status

methylated = 279

un-methylated - 194

unknown - 102
KPS

KPS=90 196 -

70<KPS<90 81 =

KPS<70 22 -

unknown 209

KPS, Kamofsky performance score; TMZ, temozolomide; MGMTp, MGMT promoter.
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Datasets

TCGA

CGGA

Characteristic

Age

Gender

Grade
Radiotherapy
Corticosteroids
IDH status
SERPINE1
Age

Gender

Grade
Radiotherapy
Chemotherapy
IDH status
1p19q status
MGMT status
SERPINE1

Univariate Multivariate

HR 95%Cl P.value HR 95%Cl P.value
3.311 2.245-4.883 <0.001 3.110 2.090-4.627 0.009
0.901 0.632-1.284 0.565 = = =
3.434 2.328-5.076 <0.001 1.265 0.199-8.030 0.803
2.001 1.289-3.131 0.002 14.639 0.821-261.099 0.068
1.622 1.046-2.516 0.031 80.121 4.702-136.525 0.002
0.181 0.067-0.484 <0.001 0.067 0.008-0.516 0.009
1.010 1.006-1.014 <0.001 1.009 1.002-1.016 0.029
1.189 0.943-1.500 0.143 - - £
1.112 0.881-1.404 0.372 = = =
2.878 2231-3.714 <0.001 3177 2.418-4.175 <0.001
1.011 0.756-1.351 0.943 = = =
1.275 0.990-1.643 0.060 = = .
0.435 0.338-0.560 <0.001 0.694 0.525-0.917 0.001
0.275 0.199-0.378 <0.001 0.319 0.226-0.449 <0.001
0.795 0.618-1.024 0.075 = = =
1.008 1.006-1.011 <0.001 1.004 1.001-1.007 0.023
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Clinical trials investigating the use of ICIs for treatment of GBM

Drug Target

Name

Year

Clinical
Phase

Arms

PD-1  Nivolumab

Pembrolizumab

Neoantigen-based personalized Vaccine
Combined with Immune Checkpoint Blockade
Therapy in Patients with Newly Diagnosed,
Unmethylated GBM

GMCI, Nivolumab, and Radiation Therapy in
Treating Patients with Newly Diagnosed High-
grade Gliomas

Translational Study of Nivolumab in
Combination with Bevacizumab for Recurrent
Glioblastoma

Combination Adenovirus + Pembrolizumab to
Trigger Immune Virus Effects (CAPTIVE)

Laser Interstitial Thermotherapy (LTTI)
Combined with Checkpoint Inhibitor for
Recurrent GBM

PVSRIPO and Pembrolizumab in Patients With
Recurrent Glioblastoma

Actual Study |
Start Date:
October 31,
2018

Actual Primary
Completion Date:
May 25, 2020
Estimated Study
Completion Date:
February 26,
2021

Actual Study |
Start Date:
February 27,
2018

Estimated
Primary
Completion Date:
February 28,
2021

Estimated Study
Completion Date:
February 28,
2021

Actual Study 1]
Start Date:
October 1, 2018
Estimated
Primary
Completion Date:
February 1, 2022
Estimated Study
Completion Date:
August 1, 2022
Study Start Date: I
June 2016
Estimated
Primary
Completion Date:
December 2020
Estimated Study
Completion Date:
June 2021

Actual Study i
Start Date:
November 29,
2017

Estimated
Primary
Completion Date:
December 2020
Estimated Study
Completion Date:
January 2021
Estimated Study |
Start Date:
September 2020
Estimated
Primary
Completion Date:
March 2023
Estimated Study
Completion Date:
March 2023

Arm A: NeoVax + Nivolumab (at progression)
Arm B: NeoVax + Nivolumab (at Cycle 2)
Arm C: NeoVax + Nivolumab (at Cycle 1)

Arm A: MGMT Unmethylated patients; AdV-TK injection into
resection cavity, valaciclovir 14 days, radiation after 8 days,
TMZ after valaciclovir, Nivolumab every 2 weeks to 52 weeks
Arm B: MGMT Methylated and undetermined patients; AdV-TK
injection into resection cavity, valaciclovir 14 days, radiation
after 8 days, TMZ after valaciclovir, Nivolumab every 2 weeks
to 52 weeks

Arm A: Nivolumab + Bevacizumab in patients not undergoing
salvage surgery
Arm B: Nivolumab + Bevacizumab in patients not undergoing
salvage surgery

Intratumoral DNX-2401 (a genetically modified oncolytic
adenovirus) followed by IV Pembrolizumab

Arm A: IV Pembrolizumab 7 days pre-surgery with LITT
Arm B: IV Pembrolizumab 14 days post-surgery with LITT
Arm C: IV Pembrolizumab 35 days post-surgery with LITT

Single Arm: PVSRIPO intratumoral infusion followed by
intravenous Pembrolizumab 14 to 28 days later, and every 3
weeks, thereafter
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Clinical trials investigating the use of ICIs for treatment of GBM

Target Drug Clinical trial Name Year Clinical Arms
D Phase
PD-L1  Avelumab NCT03047473 Avelumab in Patients with Actual Study Start Date: March 10, 2017 Estimated Primary 1} Addition of Avelumab to
Newly Diagnosed Completion Date: September 2022 Estimated Study standard therapy of TMZ

Glioblastoma Multiforme Completion Date: September 2022 and radiotherapy
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EV associated molecules Biological source Method of detection Reference
RNAs

miRNA-21 CSF gPCR array (29, 79)
RNUB-1 (small noncoding RNA) serum qPCR and PCR array (12)
miR-320 serum qPCR and PCR array (12, 80)
HOTAIR (long noncoding RNA) serum gPCR (81)
EGFRvIIl mRNA serum qPCR (13)
miRNA signature serum qRT-PCR and arrays (82)
(10 miRNAs)

DNA

PD-L1 serum and plasma droplet PCR (66)
Proteins

protein signature (five proteins) Cavitron Ultrasonic Surgical Aspirator (CUSA) MS (83)
PTRF (Polymerase | and transcript release factor) serum Western blot (84)
TrkB (Tropomyosin receptor kinase B) plasma Western blot (85)
Semaphorin3A serum Electron microscopy Flow cytometry (86)
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Ciinical Trial Number Target antigen Platform  Vehicle Adjuvant Reference

NCTO2287428 Personalzed neoanigen Popid PoyI0LC e
NCTO2149225 Personalzed neoanigen Pepide POY-CLOGM-CSF @)
NCT02287428 Personaized neoanigen Pepide Pomboizumab e
NCT03422094 Personaized neoanigen Pepide PO ICLC Nvclumab Ipimumal o
NCTO1480479 EGFRvl Pepido Keyhole impet hemocyarin GM-CSF
NGTO1498328 EGFRvil Pepide Bevaciaumals ©@
NCT0G299300 P85 OV Pepido Tetanus-Gpiitheria toxod Montanide ISA 51 9
NCTOI280818 TeRT Pepido Montanide ISA 51 @)
NCTO2454634 IDHI Rid2H Popide Montanide Imiquimod 1,49
NCTO2193347 IDHI R132H Pepide Tetanus-Gphthera toxod @
NCTO2456567 Sunivin Pepide Keyhalo impot hemocyarin Montando ISA 51 GM-CSE (45
wri Pepide Montanide 154 51 @
NCTO2498665 WT1 0597688 Pepide )
NGTO2750891 W1 0597888 Pepide 1)
NCTO3149003 W1 DSP7888 Popido Bovacizumab 2
NCTO1130077 Suriin IL-13 recoplor apha 2 EpnAZ  Popide PoyICLC )
NCTO1222221 950 Popido GM-CSF 9
NCTO1920101 oS0 Popido PoyI0LC I
NCTOa865545 ASs0 Pepide POl ICLC Pembrolzumab 12
NCTOR491683 WT1 PSMA TERT onA 1L+12 Comipimab (62-64)
NCTO4015700 Personaizod nooantgen oA (=5 ©
NOTO4573140 Tumor mANA poBS OV ANA o)
EaFRvI Pepids  OCs  Keyhol kmpet hemocyanin ]
WI1 Tumor ysate Pepids  OCs  OK4@2 ]
NCTOZ649582 wri R 0Cs )
NCT02049489 cotas Pepids DCs. 1]
L-13 recoptor apha 2 Pepids DCs. ]
NCT00839639 POB5 IV RNA  DOs  GMOSF o
NCT00639639 PO65 V. ANA  DGs  Tetanwsdiphihoia toxod COL3. 1)
NCT02465268 P9B5 OV ANA  DOs  GM-CSF Totanus-dphinosa toxod €
NOT02529072 PPB5 MV RNA  DCs  Nvoumab ©1)
NOTO1280552 oT-107 Pepids OCs. €
NOTO2546102 ioT-107 Pepids s 61
NCTO0045963 Tumorysate Pepide  OCs ©)
200901507927 EuckaCT)  Tumor ysate Pepids  OCs ®)
200600268120 EuckaCT)  Tumor ysate Pepido D3 )
NCTO0323115. Tumorysato Pepido DCs )
NCTO1006044. Tumor ysato Pepide  OCs ©n
200800503515 EkaCT)  Tumorysato Pepide  OCs €
Tumor sate Pepide  OCs €
NCTO1808820 Tumorisate Pepide  OCs  imiquimod @)
NOTOG879512 Tumor sate Pepids  OCs  Oycophosphamide Nvolumab Ipimumat ©1)
NGTO4201873 Tumorysate Pepide  OCs  Pembroizumab Poy10LC @)
NCTO0BA6456 Gloma stom cefs RA Do 0
NCTO1667202 Gloma stom cefs Pepids s
NCTO2010606 Gloma stom cefs Pepide s
NCT02820584 Gloma stom cats Pepide  DCs
NCTO0293423 Tumorysato Popido HSPs 10a)
NCT0G018288 Tumorsato Popide  HSPs  Pombroizumab (109
NCT02366728 P65 OV RNA 0Cs  Telanus-dphthera toxoid Basibimab (106)
NCT0a927222 P65 OV RNA OG5 GM-CSF Tetanus-dphihora oxod (101
NCTO1204684 Tumor sate Pepide  OCs  Imiquimod/Resiquimod Poy-1CLC (108)
NOTOG638178 P65 MV RNA DOs  Varlumab Totansdphihera i
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