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Background

CD86 has great potential to be a new target of immunotherapy by regulating cancer immune response. However, it remains unclear whether CD86 is a friend or foe in lower-grade glioma (LGG).



Methods

The prognostic value of CD86 expression in pan-cancer was analyzed using Cox regression and Kaplan-Meier analysis with data from the cancer genome atlas (TCGA). Cancer types where CD86 showed prognostic value in overall survival and disease-specific survival were identified for further analyses. The Chinese Glioma Genome Atlas (CGGA) dataset were utilized for external validation. Quantitative real-time PCR (qRT-PCR), Western blot (WB), and Immunohistochemistry (IHC) were conducted for further validation using surgical samples from Jiangsu Province hospital. The correlations between CD86 expression and tumor immunity were analyzed using the Estimation of Stromal and Immune cells in Malignant Tumours using Expression data (ESTIMATE) algorithm, Tumor IMmune Estimation Resource (TIMER) database, and expressions of immune checkpoint molecules. Gene Set Enrichment Analysis (GSEA) was performed using clusterprofiler r package to reveal potential pathways.



Results

Pan-cancer survival analysis established CD86 expression as an unfavorable prognostic factor in tumor progression and survival for LGG. CD86 expression between Grade-II and Grade-III LGG was validated using qRT-PCR and WB. Additionally, CD86 expression in LGG with unmethylated O(6)-methylguanine-DNA-methyltransferase (MGMT) promoter was significantly higher than those with methylated MGMT (P<0.05), while in LGG with codeletion of 1p/19q it was significantly downregulated as opposed to those with non-codeletion (P<2.2*10-16). IHC staining validated that CD86 expression was correlated with MGMT status and X1p/19q subtypes, which was independent of tumor grade. Multivariate regression validated that CD86 expression acts as an unfavorable prognostic factor independent of clinicopathological factors in overall survival of LGG patients. Analysis of tumor immunity and GSEA revealed pivotal role of CD86 in immune response for LGG.



Conclusions

Integrated analysis shows that CD86 is an unfavorable prognostic biomarker in LGG patients. Targeting CD86 may become a novel approach for immunotherapy of LGG.
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Introduction

Cancer cells escape surveillance of human immune system partly by activating immune checkpoint pathways, which leads to suppressed anti-cancer immune responses of the host (1, 2). To reactivate immune response against cancers, immune checkpoint inhibitors (ICIs) were developed and rose to be a revolution for cancer treatment (3). ICIs reinvigorate anti-cancer response by reactivating immune cells, and as a result enable clearance of cancer cells (4, 5). But well-established ICIs, including blockades targeting CTLA-4 and PD-1/PDL-1, only apply to a subset of cancer patients due to heterogeneous gene expressions and microenvironment across various cancer types (6), and as such novel therapeutic targets need to be considered (7, 8).

CD86 (B7–2), an immunoglobulin-like protein on antigen presenting cells (APCs), works in parallel with the CD80 (B7–1) as a natural ligand for CD28 and CTLA‐4 (9). CD86 promotes T-cell proliferation, function and survival by interacting with CD28 as a co-stimulator, while in activated T cells it interacts with CTLA-4 and acts as a suppressor (10, 11). In this bidirectional way, the interplay of CD86 with CD28 and CTLA‐4 are of great importance for immune responses against autoimmunity (12) and cancers (13). Notably, CD86 has shown higher affinity for binding to CTLA‐4 than that to CD28 (14), indicating the significance of CD86 in immunotherapeutic strategies based on CTLA-4 blockades, which have shown promising effects in treating solid tumors like melanoma (15) and mesothelioma (16) in clinical trials. Besides, CD86 expression was observed to be associated with unfavorable prognosis in myeloma (17) and leukemia (18). Due to the fact that CD86 may serve as a key regulator in cancer immune response via T-cell-mediated mechanisms, it has great potential to be a new target of immunotherapy. However, it remains unclear whether CD86 is a friend or foe in pan-cancer given its dual-edge role in regulating immune response.

In this study, we comprehensively analyzed the prognostic value of CD86 expression in pan-cancer, and found that CD86 acts as an unfavorable factor in the progression and prognosis of lower-grade glioma (LGG). External validation was conducted using surgical samples in our hospital and data from the Chinese Glioma Genome Atlas (CGGA) dataset. To predict survival probability of individual patient with CD86 expression and clinical features, a nomogram was developed and validated in both the cancer genome atlas (TCGA) and the CGGA datasets. Further, we explored the correlations between CD86 expression and tumor immunity of LGG samples, and Gene Set Enrichment Analysis (GSEA) was performed to reveal potential pathways.



Materials and Methods


Acquisition of Data and Ethics Approval

Normalized RNA Sequencing data with Fragments Per Kilobase of transcript per Million mapped reads (FPKM) in 33 different cancer types were downloaded from UCSC Xena (https://xena.ucsc.edu/), while clinical information was accessed using TCGAbiolinks R package on July 1st, 2020. Data for the validation cohort was accessed from the CGGA database (http://www.cgga.org.cn/), which was updated on June 14, 2020. Experimental validation was conducted using surgical samples from department of neurosurgery, the first affiliated hospital of Nanjing Medical University, also known as Jiangsu Province people’s hospital (JSPH). The web-lab validation was approved by the Institutional Review Board and the Ethics Committee of JSPH (No: 2020-SRFA-167), and all patients provided informed consent.



Statistical Analysis

Survival analysis was performed using Cox regression analysis and Kaplan-Meier method, where Cox P-values and log-rank P-values were calculated. Between-group comparisons were conducted using Wilcoxon test (comparison between 2 groups) or Kruskal-Wallis test (comparison among 3 or more groups) (19). Spearman correlation was applied to determine significant correlations. Data were analyzed and visualized using R software 3.6.2, and P-value<0.05 was considered as statistically significant.



Survival Analysis of CD86 Expression in Pan-Cancer

Survival analysis was conducted to estimate the prognostic value of CD86 expression on overall survival (OS) and disease-specific survival (DSS) in pan-cancer. In Cox regression analysis, Cox P-values and hazard ratios (HRs) with 95% confidence intervals (CI) were calculated; whereas, log-rank P-values and HRs with 95%CI were calculated in Kaplan-Meier method. Cancer types where CD86 expression showed prognostic value in OS and DSS were identified for further analyses.



Correlations Between CD86 Expression and Tumor Progression

In the identified cancer types, the correlations between CD86 expression and tumor grade or stage were analyzed to explore the role of CD86 in tumor progression. The comparison of CD86 expression levels among different tumor stages/grades were explored. To investigate whether CD86 expression has independent prognostic value in overall survival, multivariate Cox regression was conducted to adjust the effect of demographic variables and tumor grade/stage. Exploration of cancer types for which CD86 expression showed prognostic value in tumor progression as well as in OS lead to the identification of LGG. CD86 expression profiles among different histological and molecular subtypes stratified by tumor grade of LGG were investigated.



MRNA Extraction and qRT-PCR in JSPH LGG Samples

To further validate the results, 24 surgical samples of LGG (12 grade-II and 12 grade-III) were collected from JSPH and stored in liquid nitrogen. Total RNA was isolated from LGG samples using TRIzol reagent (Invitrogen, USA) according to the manufacturer’s instructions. Subsequently, quantitative real-time PCR (qRT-PCR) was employed to detect the expression levels of CD86 mRNA (forward: 5’-CTTTGCTTCTCTGCTGCTGT-3’ and reverse: 5’-GGCCATCACAAAGAGAATGTTAC-3’) with an ABI StepOnePlus system (Applied Biosystems) and TaqMan-based qRT-PCR assays. The primers for CD86 mRNA PCR were purchased from Guangzhou RiboBio (Guangzhou, China). β-Actin mRNA (forward: 5’-CACCCGCGAGTACAACCTTC-3’ and reverse: 5’-CCCATACCCACCATCACACC-3’) levels were measured for normalization. Data were analyzed using the 2-ΔΔCt method with each test performed in triplicate.



Immunohistochemical Analysis

The tissues for immunohistochemical analysis were fixed by formalin and embedded in paraffin. After being dewaxed in xylene and antigen retrieval, slides were incubated with Anti-CD86 antibody (ab243887, 1:200, Abcam, USA) overnight at 4°C, and then incubated with a Goat Anti-Rabbit IgG H&L antibody (1:50, Beyotime, China) at room temperature for 1 h, followed by incubation with ABC-peroxidase reagent for 1h, washed with PBS, stained with 3, 3-diaminobenzidine (30 mg dissolved in 100 mL Tris-buffer containing 0.03% H2O2) for 5 min, and rinsed in water before counterstained with hematoxylin. Each stained slide was individually reviewed and scored by two independent neuropathologists. Negative controls without primary antibody were included in all experiments to ensure the quality of the staining.



Western Blot (WB) Analysis

Total protein was extracted from tissues using RIPA buffer (KenGEN, China), where protein concentrations were quantified with a BCA Protein Assay Kit (KenGEN, China). Protein was subjected to 10% SDS-PAGE and transferred to PVDF membranes (Millipore, USA). After being blocked with 5% non-fat milk for 2 h, the membranes were incubated overnight at 4°C with primary antibodies against CD86 (ab243887, 1:1000, Abcam, USA), followed by incubation with an HRP-conjugated secondary antibody (1: 3000, YIFEIXUE BIO TECH, China). β-Actin was used as the control (1:1,000, Beyotime, China).



Validation of Prognostic Value of CD86 Expression in CGGA

The prognostic value of CD86 expression in the identified cancer was then validated in the CGGA LGG cohort (n=420). The Kaplan-Meier method was conducted to evaluate the prognostic value of CD86, which was further examined using univariate and multivariate Cox regression. Demographic information (age and gender), cancer type (primary/recurrent), tumor grade, and CD86 expression were incorporated in the regression analyses. If P values were unanimously less than 0.05 in both univariate and multivariate regressions, then CD86 expression was considered as an independent prognostic factor in overall survival of LGG.



Development and Validation of a Nomogram

Using TCGA dataset, CD86 expression and clinical information, including gender, age, tumor grade, cancer type (primary or recurrent), chemotherapy (Yes or No), radiotherapy (Yes or No), and molecular subtypes was employed in univariate and multivariate Cox regressions to identify independent prognostic factors. Subsequently, a nomogram with independent prognostic factors was formulated and validated using the receiver operator characteristic (ROC) analysis and calibration at multiple time-points (20). Validation the nomogram was carried out in both TCGA and the CGGA datasets. Area under curves (AUCs) were calculated to evaluate the discrimination of the nomogram with AUC>0.7 being acceptable and AUC>0.8 being excellent (21, 22). Calibration was performed to compare the predicted probability and the actual observation, indicating the predicative accuracy of the nomogram.



Exploration of CD86-Related Tumor Immunity and Gene Set Enrichment Analysis

Correlation analyses were conducted between CD86 expression and tumor immunity evaluated by tumor purity, immune cells, and immune checkpoint molecules to explore the potential mechanisms whereby CD86 affects prognosis. Tumor purity was measured by stromal score (SS) and immune score (IS), as calculated with the Estimation of Stromal and Immune cells in Malignant Tumours using Expression data (ESTIMATE) algorithm (23). The relationships between CD86 expression and immune cells were analyzed using Tumor IMmune Estimation Resource (TIMER) database (https://cistrome.shinyapps.io/timer/), an online web server that extracted data from gene expression profiles and calculated the abundance of tumor-infiltrating immune cells (24, 25), which was correlated to CD86 expression level with the purity-corrected partial Spearman method (25). Additionally, the association between CD86 expression and immune checkpoint molecules were delineated using Spearman correlation analysis. Correlation coefficients >0.7 were considered as strong correlation, while those falls in the range from 0.4 to 0.7 were interpretated as moderate correlation and values less than 0.4 as weak correlation (26). GSEA was performed using clusterProfiler r package (27) to identify the enriched terms in Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG).




Results


Pan-Cancer Survival Analysis of CD86 Expression Identified Three Cancer Types

The schematic workflow of the study is presented in Figure 1, where the body image was downloaded from Gene Expression Profiling Interactive Analysis (GEPIA) (http://gepia.cancer-pku.cn/) (28). Survival Analysis of CD86 expression in pan-cancer was conducted to identify relevant cancer types. In Cox regression analysis, the results revealed that CD86 expression was significantly associated with survival rates in five cancer types, i.e., cervical squamous cell carcinoma and endocervical adenocarcinoma (CESC), LGG, skin cutaneous melanoma (SKCM), thymoma (THYM) and uveal melanoma (UVM) (Figure 2). Survival analysis on OS showed protective effects of CD86 expression in CESC (HR = 0.702, 95%CI [0.527, 0.935], Cox P = 0.016) and SKCM (HR= 0.710, 95%CI [0.623, 0.809], Cox P < 0.001), while unfavorable effects were demonstrated in LGG (HR= 1.490, 95%CI [1.227,1.810], Cox P < 0.001), THYM (HR = 3.099, 95%CI [1.400, 6.861], Cox P = 0.005) and UVM (HR = 2.318, 95%CI [1.313, 4.092], Cox P = 0.004) (Figure 2A). The results on DSS were in line with the OS analysis, showing similar effect of CD86 expression in the five cancer types: CESC (HR = 0.611, 95%CI [0.436, 0.856], Cox P = 0.004), LGG (HR = 1.555, 95%CI [1.261, 1.917], Cox P < 0.001), SKCM (HR = 0.696, 95%CI [0.604, 0.803], Cox P < 0.001), THYM (HR = 3.603, 95%CI [1.082, 11.993], Cox P = 0.037) and UVM (HR = 2.112, 95%CI [1.160, 3.845], Cox P = 0.014) (Figure 2B).




Figure 1 | Schematic flowchart of the study process. The top left panel indicates that CD86 expression level of the brain is 11.86 [expression= Log2(TPM + 1)].






Figure 2 | Forest plots of cox regression analysis with CD86 expressions in different cancer types. (A) Overall survival (OS). (B) Disease-specific survival (DSS). Cancer types with statistically significant prognostic value of CD86 in both OS and DSS are highlighted in red.



Using Kaplan-Meier method, we also conducted pan-cancer survival analysis of CD86 expression. CD86 was observed to be prognostic in four cancer types (Figure 3A), i.e., LGG (HR = 1.5, 95%CI [1.2, 1.8], log-rank P < 0.001) (Figure 3B), SKCM (HR = 0.71, 95%CI [0.62, 0.81], log-rank P < 0.001) (Figure 3C), UVM (HR = 2.3, 95%CI [1.3, 4.1], log-rank P < 0.001) (Figure 3D) and Testicular Germ Cell Tumor (TGCT; HR = 3.9, 95%CI [1, 15], log-rank P = 0.022) (Figure 3E). Similarly, CD86 expression demonstrated to be prognostic on DSS in four cancer types: LGG (HR = 2.3, 95%CI [1.3, 4.1], log-rank P < 0.001) (Figure 3F), SKCM (HR = 2.3, 95%CI [1.3, 4.1], log-rank P < 0.001) (Figure 3G), UVM (HR = 2.3, 95%CI [1.3, 4.1], log-rank P < 0.001) (Figure 3H), and CESC (HR = 2.3, 95%CI [1.3, 4.1], log-rank P = 0.013) (Figure 3I). The intersection of survival analysis with OS and DSS highlighted three cancer types (LGG, SKCM, and UVM), which indicated that CD86 expression has prognostic value in these three cancer types.




Figure 3 | Kaplan-Meier analysis with CD86 expressions in different cancer types. (A) The Venn diagram of the identified cancer types in cox regression analysis and Kaplan-Meier method. (B–E) Kaplan-Meier survival curve showing the prognostic value of CD86 on OS in LGG (B), SKCM (C), UVM (D), TGCT (E). (F–I) Kaplan-Meier survival curve showing the prognostic value of CD86 on DSS in LGG (F), SKCM (G), UVM (H), CESC (I).





CD86 Expression Was Correlated With Tumor Progression and Worse OS in LGG

We investigated the correlations between CD86 expression and tumor progression in the identified cancer types: SKCM, UVM and LGG. Although CD86 expression was significantly altered among different tumor stages in SKCM (Figure 4A), no independent prognostic value in OS was observed (Figure 4B). In contrast, there was no significant correlation between CD86 expression and tumor stage of UVM (Figure 4C), neither was independent prognostic value of CD86 for UVM (Figure 4D). Higher CD86 expression was present in Grade-III LGG as compared to Grade-II (p=0.025), indicating a carcinogenetic effect of CD86 in LGG (Figure 4E). The multivariate regression analysis showed an independent prognostic value of CD86 in LGG on OS (HR = 1.678, 95%CI [1.308, 2.152], Cox P < 0.001) after variables including age, gender, and tumor grade were adjusted (Figure 4F). Consistent with bioinformatic analysis, in vitro experiments with 24 surgical samples of LGG using qRT-PCR (Figure 4G) and WB analysis (Figure 4H) indicated that CD86 expression in Grade-III LGG was significantly higher than that in Grade-II. Thus, CD86 was observed to be an unfavorable prognostic factor in tumor progression, OS, and DSS for LGG.




Figure 4 | Correlations between CD86 expression and tumor progression. CD86 expression in different stages of SKCM (A) and UVM (C). Multivariate regression analysis of CD86 expression, age, gender, and tumor stage for OS in SKCM (B) and UVM (D). (E) CD86 expression between different grades of LGG. (F) Multivariate regression analysis of CD86 expression, age, gender, and tumor grade for OS in LGG. (G) CD86 mRNA expression evaluated by qRT-PCR in different grades of LGG. (H) CD86 protein expression evaluated by WB in different grades of LGG.





CD86 Expression Was Correlated With Histological and Molecular Subtypes of LGG

CD86 expression profiles among histological and molecular subtypes stratified by tumor grade in LGG were examined. Significantly higher expression of CD86 was observed in Grade-III astrocytoma as compared with oligoastrocytoma and oligodendroglioma of the same grade, while oligodendroglioma presented lower CD86 expression as opposed to oligoastrocytoma (P<1.4*10-14) (Figure 5A). Grade-II glioma showed the same trend between histological types, with no statistical difference detected in CD86 expressions between astrocytoma and oligoastrocytoma (Figure 5A). Besides, CD86 expression in MGMT-unmethylated LGG (Grade-II & Grade-III) was significantly higher than those with methylated MGMT (P<0.05) (Figure 5B). As shown in Figure 5C, markedly higher CD86 expressions were demonstrated in Grade-III glioma with wild-type (WT) isocitrate dehydrogenase (IDH) compared with IDH mutant (P<0.001), while no between-group significance was observed in Grade-II glioma. CD86 in LGG with codeletion of 1p/19q was significantly downregulated as opposed to those with non-codeletion (P<2.2*10-16) (Figure 5D). Immunohistochemistry (IHC) staining validated that CD86 expression was correlated with MGMT status and X1p/19q subtypes (Figure 5E), which is independent of tumor grade. IHC staining for 24 cases with LGG can be accessed in Supplementary File S1.




Figure 5 | Comparisons of CD86 expression with different histological/molecular subtypes of LGG stratified by tumor grade. (A) CD86 expression in astrocytoma, oligoastrocytoma and oligodendroglioma. (B) CD86 expression in IDH mutant and WT of LGG. (C) CD86 expression in MGMT-methylated LGG versus unmethylated type. (D) CD86 expression in LGG with X1p/19q codeletion versus non-codeletion. (E) IHC staining of CD86 among different molecular subtypes regarding status on MGMT methylation and X1p/19q codeletion. *p<0.05 **p<0.01, ***p<0.001, ****p<0.0001, ns: not significant.





CD86 Was an Unfavorable Prognostic Factor in CGGA LGG Patients

The prognostic performance of CD86 expression in LGG was validated in CGGA to determine whether the prognostic value of CD86 was independent of datasets. Kaplan-Meier analysis showed that CD86 expression was significantly correlated with survival rates in LGG (HR = 1.1, 95%CI [1, 1.1], log-rank P = 0.011) (Figure 6A), primary LGG (HR = 1.1, 95%CI [1, 1.2], log-rank P < 0.001) (Figure 6B), and recurrent LGG (HR = 1, 95%CI [0.96, 1.1], log-rank P = 0.05) (Figure 6C). The results of univariate and multivariate regression validated that CD86 acts as an unfavorable prognostic factor independent of clinicodemographic factors in overall survival of LGG patients (Figures 6D, E).




Figure 6 | Validation of the prognostic value of CD86 for LGG in CGGA. (A) Kaplan-Meier analysis of CD86 expression and OS in all LGG. (B) Kaplan-Meier analysis of CD86 expression and OS in primary LGG. (C) Kaplan-Meier analysis of CD86 expression and OS in recurrent LGG. (D) Univariate Cox regression of CD86 expression, LGG cancer type (primary or recurrent), grade, gender and age. (E) Multivariate Cox regression using the same variables.





Development and Validation of a Nomogram

Univariate Cox regression revealed prognostic values of CD86 expression, age, tumor grade, as well as molecular subtypes including IDH mutation status, X1p/19q codeletion, and MGMT methylation (Figure 7A); whereas, multivariate Cox regression showed independent prognostic roles of CD86 expression, age, tumor grade, and IDH mutation status in overall survival of LGG (Figure 7B). A nomogram with these independent factors was formulated to predict an individualized probability of survival (Figure 7C). The ROC curve analysis of the nomogram in TCGA dataset showed acceptable to excellent accuracy in classification with 1-year AUC of 0.904, 3-year AUC of 0.801, 5-year AUC of 0.794 (Figure 7D). Additionally, ROC analysis in the CGGA dataset validated the classification performance with 1-year AUC of 0.665, 3-year AUC of 0.726, 5-year AUC of 0.728 (Figure 7E). Moreover, calibration revealed adequate prediction accuracy of the nomogram at multiple timepoints in TCGA (Figure 7F) and CGGA (Figure 7G).




Figure 7 | Development and validation of a Nomogram. Univariate Cox regression (A) and Multivariate Cox regression (B) with CD86 expression, demographic and clinicopathological factors; Red dots represent risk factor (HRs>1), while green dots represent protective factor (HRs<1). *P<0.05, **P<0.01, ***P<0.001. (C) Nomogram with independent prognostic factors. ROC curve analysis at 1 year, 3years, and 5 years using TCGA dataset (D) and the CGGA dataset (E). Calibration plot at 1 year, 3years, and 5 years in TCGA (F) and the CGGA (G).





CD86 Expression Was Correlated With Tumor Immunity and Implicated in Immune-Related Pathways

As shown in Figures 8A, B, SS and IS were both significantly correlated with CD86 expression (r>0.7, P<2.2*10-16), indicating CD86 could serve as a biomarker in tumor purity. Spearman correlation analysis demonstrated strong correlations of CD86 expression with CD4+ cells (Figure 8E), macrophage (Figure 8F), neutrophil (Figure 8G), as well as with dendritic cells (Figure 8H) using TIMER (r>0.7, P<0.0001). Moderate correlation was also observed between CD86 expression and B cells  (Figure 8C), and there was weak correlation between CD86 expression and CD8+ cells (Figure 8D). Meanwhile, we found that CD86 expression correlated with multiple immune checkpoint molecules, including VSIR, HAVCR2, and PDCD1LG2 (PD-L2) (r>0.7, P<0.0001) (Figure 8I). Additionally, CD86 levels was associated with BTLA, CTLA4, CD274 (PD-L1), and PDCD1 (PD1) with moderate correlation (r>0.4, P<0.001) (Figure 8I).




Figure 8 | Exploration of CD86-related tumor immunity and GSEA. (A) Correlations between CD86 expression and Stromal Score. (B) Correlations between CD86 expression and Immune Score. Correlations between CD86 expression and different immune cells: B cell (C), CD8 T cell (D), CD4 T cell (E), macrophage (F), neutrophil (G), and dendritic cell (H). (I) Correlations between CD86 expression and different immune checkpoint molecules. (J) GSEA of GO terms. (K) GSEA in KEGG pathway. **p<0.01, ***p<0.001.



Subsequently, GSEA was conducted to explore the underlying mechanisms whereby CD86 expression may alter prognosis in LGG. The results of GO analysis showed that CD86 was significantly enriched in adaptive immune response based on somatic recombination of immune receptors, coagulation, leukocyte cell-cell adhesion, and lymphocyte mediated immunity (Figure 8J). In KEGG analysis, CD86 was significantly enriched in antigen processing and presentation, chemokine signaling pathway, and cytokine-cytokine receptor interaction (Figure 8K).




Discussion

In the present study, pan-cancer survival analyses revealed prognostic values of CD86 expression in three cancer types, i.e., LGG, SKCM and UVM. CD86 demonstrated to be an unfavorable factor independent of clinicodemographic variables in tumor progression and prognosis for LGG, which was validated by qRT-PCR and WB in LGG samples, as well as a real-world cohort in CGGA. Additionally, data from TCGA showed CD86 expression was associated with aggressive molecular subtypes of LGG, and IHC staining of surgical samples confirmed these associations. To predict an individualized probability of survival, a nomogram was developed with TCGA dataset, showing adequate classification performance and predictive accuracy in TCGA as well as the CGGA dataset. To explore potential mechanisms by which CD86 acts as an unfavorable prognostic factor in LGG, analysis of tumor immunity and GSEA revealed pivotal role of CD86 in immune response for LGG.

Although CD86 has been reported to be associated with poor prognosis in chronic lymphocytic leukemia (9), myeloma (29), and overall glioma (30), there was no report of its prognostic value in LGG and melanoma. As shown in the present study, CD86 expression level was significantly correlated with worse survival and it was upregulated as the tumor grade increases in LGG. Besides, univariate and multivariate Cox regression validated the independent prognostic value of CD86. Further, analysis of the correlations between CD86 expression and molecular subtypes of LGG indicated that CD86 expression was significantly higher in MGMT-unmethylated type and LGG with non-codeletion of 1p/19q. Low MGMT unmethylation has been established to be associated with poor survival of glioma according to previous studies (31–33), while IDH mutant with 1p/19q codeletion has been observed to have better therapeutic response and clinical outcomes compared to those with non-codeletion (34–36). Therefore, CD86 may alter the malignant processes of LGG by interacting with pathways related to MGMT status and 1p/19q codeletion, which could be relevant to treatment decisions for LGG patients.

Further, we formulated a nomogram to guide clinical practice in an individualized manner, and its predictive performance was validated across different datasets. Although many previous studies have adopted nomogram models in predicting overall survival of LGG patients, most of them (37–39) suffered from a lack of external validation. Our study, on the other hand, offered solid external validation with ROC analysis and calibration plot and the nomogram demonstrated to be clinically relevant, discriminant and accurate in predicting survival outcomes.

To further investigate on the mechanisms, the correlations between CD86 expression and immunity were comprehensively explored. The results indicated that CD86 expression was significantly associated with TME, which has been identified as a key factor in tumor progression and therapeutic response (40, 41). Specifically, we found strong correlations of CD86 expression with immune infiltration of CD4+ cells, macrophage, neutrophil and dendritic cells. These results were consistent with previous studies (38, 42) indicating higher levels of immune cell infiltration may contribute to worse prognosis of LGG. Additionally, CD86 levels demonstrated strong correlations with multiple immune checkpoint molecules, including VSIR, HAVCR2, and PDCD1LG2 (PD-L2). Although there was no report of VSIR and HAVCR2 in LGG, PD-L2 was observed to be an unfavorable prognosticator in tumor progression and prognosis for LGG patients (43). Likewise, CD86 could be a prognostic biomarker and serves as a potential therapeutic target for LGG patients.

To our best knowledge, this article presents the first report on the prognostic value of CD86 expression in pan-cancer. CD86 expression demonstrated to be an unfavorable prognostic factor in survival and tumor progression for LGG patients, thereby serving as potential target of immunotherapy. However, a cause-effect relationship of CD86 expression with prognosis could not be established in the present study. Further investigations about downstream mechanisms arewfi 2 needed, while potential pathways shown in GSEA suggested possible directions.



Conclusion

In summary, CD86 expression is associated with tumor progression and prognosis for LGG patients, where its prognostic value was observed to be independent of clinical features. Besides, CD86 expression was correlated with levels of tumor-infiltrated immune cells and expressions of immune checkpoint molecules. CD86 could be a novel biomarker in the prognosis and treatment of LGG.
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Background

The glioma-associated stromal cell (GASC) is a recently identified type of cell in the glioma microenvironment and may be a prognostic marker for glioma. However, the potential mechanisms of GASCs in the glioma microenvironment remain largely unknown. In this work, we aimed to explore the mechanisms of GASCs in gliomas, particularly in high-grade gliomas (HGG).



Methods

We used glioma datasets from The Cancer Genome Atlas (TCGA) and the Chinese Glioma Genome Atlas (CGGA). We utilized the Single-sample Gene Set Enrichment Analysis (ssGSEA) algorithm to discriminate between patients with high or low GASC composition. The xCELL and CIBERSORT algorithms were used to analyze the composition of stromal cells and immune cells. Risk score and a nomogram model were constructed for prognostic prediction of glioma.



Results

We observed for the first time that the levels of M2 macrophages and immune checkpoints (PD-1, PD-L1, PD-L2, TIM3, Galectin-9, CTLA-4, CD80, CD86, CD155, and CIITA) were significantly higher in the high GASC group and showed positive correlation with the GASC score in all glioma population and the HGG population. Copy number variations of DR3 and CIITA were higher in the high-GASC group. THY1, one of the GASC markers, exhibited lower methylation in the high GASC group. The constructed risk score was an independent predictor of glioma prognostics. Finally, a credible nomogram based on the risk score was established.



Conclusions

GASCs stimulate glioma malignancy through the M2 macrophage, and are associated with the level of immune checkpoints in the glioma microenvironment. The methylation of THY1 could be used as prognostic indicator and treatment target for glioma. However, further studies are required to verify these findings.





Keywords: glioma, glioma-associated stromal cell, immune check points, M2 macrophages, tumor microenvironment



Introduction

Glioma is the most common primary malignant tumor of the central nervous system, and it generally has a poor prognosis. The World Health Organization (WHO) classified gliomas into grades I-IV, with grades III and IV indicating high-grade gliomas (HGG) (1). The current treatments for HGG involve tumor resection, radiotherapy (RT), and temozolomide (TMZ), but this strategy has not yielded optimal effects (2).

Immunotherapy has been extensively studied for human malignant tumors in the past few years (3). However, due to the “immune-cold” phenotype and inner complexity of glioma (4), only a minority of glioma patients benefit from immune checkpoint (ICP) inhibitors (5). Researchers are deepening our understanding of the complex interactions between glioma and the immune system and trying to maximize the effectiveness of immunotherapy for glioma (6).

The glioma-associated stromal cell (GASC) is a recently identified important stromal cell in the glioma microenvironment, with potential value for prognostic prediction and therapeutic perspectives (7). The available evidence indicates that GASCs facilitate angiogenesis, invasion, and tumor growth (7). However, the potential mechanisms of GASCs remain largely unknown.

We aimed to identify the underlying mechanisms of GASCs in a glioma microenvironment, particularly in HGG. Figure 1 illustrates the workflow of the study.




Figure 1 | Flow diagram of this investigation. HGG, high-grade glioma; DEGs, differentially expressed genes; 4 scores, stemness, mesenchymal-EMT, tumorigenic cytokine, and angiogenic activity scores; SM, somatic mutations; CNV, copy number variations; ICPs, immune checkpoints.





Materials and Methods


Glioma Datasets

The Cancer Genome Atlas (TCGA, https://portal.gdc.cancer.gov/) and Chinese Glioma Genome Atlas (CGGA, www.cgga.org.cn/) are public databases. The mRNA sequencing data and clinical information data for 702 glioma samples from TCGA and 693 glioma samples from CGGA were downloaded. Among these samples, 393 samples from TCGA and 504 samples from CGGA were high-grade glioma (HGG). The somatic mutation data for 666 glioma samples from TCGA were downloaded. The copy number variation data for 692 samples from TCGA were downloaded from the UCSC Xena Project database (http://xena.ucsc.edu/). For methylation analysis, the methylation data for 34 samples from CGGA and mRNA sequencing data for 325 samples were downloaded from CGGA.



ssGSEA Analysis

A gene set of GASC markers (Table S1) was obtained from Clavreul et al. (7). Enrichment scores for GASCs were separately calculated for each sample with the Single-sample Gene Set Enrichment Analysis (ssGSEA) algorithm. We also used the ssGSEA algorithm to calculate the stemness score (8), mesenchymal-epithelial-to-mesenchymal transition (EMT) score (9), tumorigenic cytokine score (10) and angiogenic activity score (11) based on the corresponding gene sets (Table S1). The “GSVA” R package (version 1.34.0) was applied to conduct an ssGSEA analysis.



Principle Component Analysis (PCA)

PCA was used to show the differentiation of high- and low-GASC groups and was visualized with the “ggfortify” R package (version 0.4.11).



Differential Analysis of Expressed Gene

We used Morpheus (https://software.broadinstitute.org/morpheus) to identify significantly differentially expressed genes (DEGs) between the high- and low-GASC groups. P < 0.05 and |log2 FC (fold-change)| ≥ 1 were selected as the cutoff values for statistically significant DEGs. A heatmap of DEG expression was produced by the “pheatmap” R package (version 1.0.12).



Functional Annotation

To reveal the probable biofunctions and signaling pathways that were correlated with the DEGs, we performed Gene Ontology (GO) annotations enrichment analysis, Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis and enrichment analysis, and Gene Set Enrichment Analysis (GSEA) using the “clusterProfiler” (12) package (version 3.14.3) in R. Adjusted p < 0.05 was selected as the cutoff criterion.



xCELL Analysis and Cell Type Identification by Estimating Relative Subsets of RNA Transcripts (CIBERSORT) Analysis

xCell is an R package (version 1.1.0) that estimates the comprehensive levels of 64 cell types, which include 14 stromal cells. CIBERSORT can accurately quantify the abundance scores of 22 types of immune cells for each sample. We applied xCELL and CIBERSORT to separately calculate the abundance scores for stromal cells and immune cells in glioma samples.



Analysis of Somatic Mutations and Copy Number Variations

The somatic mutations of glioma samples from TCGA were calculated and visualized by the “Maftools” R package (version 2.2.10) (13). The copy number variations were visualized by the “ComplexHeatmap” R package (version 2.2.0).



Prediction of the Immunotherapy Response

The Tumor Immune Dysfunction and Exclusion (TIDE) algorithm (14) was employed to predict the clinical response of immune checkpoint inhibitors for each glioma sample.



Construction of Prognostic Model

The glioma datasets from TCGA and CGGA were used separately as a training dataset and validation dataset during the construction of the prognostic model. In the filtering process, least absolute shrinkage and selection operator (LASSO) regression analysis was applied to filter input parameters with p < 0.05. The input parameters included GASC score, GASC markers, immune checkpoints, stemness score, mesenchymal-EMT score, tumorigenic cytokine score, angiogenic activity score, stromal cell scores, and immune cell scores. Then, multivariate Cox regression analysis was conducted, and the risk score for glioma was computed via this formula: risk = score   indicates the input parameter of multivariate regression analysis, and βi represents the coefficient of Xi. Risk score and clinicopathological features were used to construct a prognostic model with uni- and multivariate Cox regression analysis. A nomogram was built to show the prognostic model. Receiver operating characteristic (ROC) curve analysis was conducted to evaluate the effect of the prognostic model in the training and validation datasets. “glmnet” (version 4.1), “rms” (version 6.1.0), and “timeROC” (version 0.4) R packages were used for the construction of prognostic model.



Statistical Analysis

All statistical analyses were performed utilizing R software (version 3.5.1), and statistical significance was set at p < 0.05. Comparisons between 2 continuous variables were evaluated by Student’s t-test and one-way ANOVA with ≥ 3 variables. Boxplots and bar charts were utilized to display these comparisons using the “ggplot” R package (version 3.3.3). The chi-square test or Fisher’s exact test were used for comparisons of categorized variables. The Kaplan-Meier approach was conducted for survival analysis, and the log-rank test was used to compare the overall survival (OS). Spearman correlation analysis was applied to evaluate two continuous variables, and the data were visualized with “ggplot” and “corrgram” (version 1.13) R packages. Univariate Cox regression was applied to identify potential predictors of survival, and the data were displayed with “forestplot” (version 1.10.1) R package.




Results


Identification of High- and Low-GASC Groups With ssGSEA

To analyze the potential mechanisms of GASCs in the glioma microenvironment, we obtained mRNA sequencing data for 702 samples from TCGA and 693 samples from CGGA, and then calculated the GASC score for each sample using the ssGSEA algorithm (Figure 1). Samples from TCGA and CGGA were classified separately into high- or low-GASC groups according to the median of the GASC score. Information for the high- and low-GASC groups is shown in Figures 2A, B and Table 1. Separate classification was also performed for 393 HGG samples from TCGA and 504 HGG from CGGA into high- and low-GASC groups using the same method. K-M curves were drawn, and the results revealed that a higher GASC score was associated with worse OS in all glioma population and the HGG population (p < 0.0001; Figures 2C–F). PCA showed robust differences in the expression portraits of the GASC markers between the high- and low-GASC groups (Figures 2G–J).




Figure 2 | Identification of high- and low-GASC groups. (A, B) Heatmap of GASC markers in all glioma population (A for TCGA and B for CGGA). (C–F) Kaplan-Meier overall survival (OS) curves for samples in high- and low-GASC groups from all glioma population (C for TCGA and D for CGGA) and high-grade glioma population (E for TCGA and F for CGGA). (G–J) Principal component analysis of high- and low-GASC groups from all glioma population (G for TCGA and H for CGGA) and high-grade glioma population (I for TCGA and J for CGGA).




Table 1 | Correlations between GASC groups and clinical characteristics in glioma patients.





Enrichment Analysis of DEGs Between the High- and Low-GASC Groups

DEGs between the high- and low-GASC groups were identified with the Morpheus webtool (Figure S1). Functional enrichment revealed a significant association between DEGs and immune-related terms. Biological process (BP) terms enriched in the GO analysis included “lymphocyte chemotaxis” and “neutrophil activation” in all glioma population (Figures 3A, D and Table S2) and the HGG population (Figures 4A, D and Table S2). The “JAK-STAT signaling pathway” and “IL-17 signaling pathway” were enriched in the KEGG analysis in all glioma population (Figures 3B, E and Table S3) and the HGG population (Figures 4B, E and Table S3). GSEA analysis revealed immune-related terms such as “Antigen processing and presentation” and “PD-L1 expression and PD-1 checkpoint pathway” in all glioma population (Figures 3C, F and 
Table S6
) and the HGG population (Figures 4C, F and Table S6).




Figure 3 | Functional annotation of upregulated DEGs between the high- and low-GASC groups from all glioma population. (A, B) GO analysis (A) and KEGG pathway analysis (B) of up-regulated DEGs from TCGA data. (C) GSEA analysis of genes from TCGA data. (D, E) GO analysis (D) and KEGG pathway analysis (E) of up-regulated DEGs from CGGA data. (F) GSEA analysis of genes from CGGA data.






Figure 4 | Functional annotation of upregulated DEGs between the high- and low-GASC groups from the high-grade glioma population. (A, B) GO analysis (A) and KEGG pathway analysis (B) of up-regulated DEGs from TCGA data. (C) GSEA analysis of genes from TCGA data. (D, E) GO analysis (D) and KEGG pathway analysis (E) of up-regulated DEGs from CGGA data. (F) GSEA analysis of genes from CGGA data.





Correlation of Stemness, Mesenchymal-EMT, Tumorigenic Cytokine, and Angiogenic Activity Scores With GASCs

To explore the potential mechanisms of GASCs in glioma, we also calculated stemness, mesenchymal-EMT, tumorigenic cytokine, and angiogenic activity scores for each glioma sample using the ssGSEA algorithm (Table S1). The results showed that mesenchymal-EMT, tumorigenic cytokine, and angiogenic activity scores were significantly higher in the high-GASC group (Figure 5A), and were positively correlated with the GASC score in all glioma population (Figures 5B, C) and the HGG population (Figures 5D, E).




Figure 5 | Correlations between GASCs and Stemness, Mesenchymal-EMT, Tumorigenic cytokine, and Angiogenic activity scores. (A) Correlations between GASC groups and stemness, mesenchymal-EMT, tumorigenic cytokine and angiogenic activity scores. (B–E) Scatterplot of GASC score and 4 scores in all glioma population (B for TCGA and C for CGGA) and high-grade glioma population (D for TCGA and E for CGGA). *Statistical significance.





Associations Between GASCs and Stromal Cells

To discover the relationship between GASCs and other stromal cells, we computed the levels of 14 stromal cells using the xCELL algorithm. Bar charts showed that endothelial cells, lymphatic endothelial cells, and microvascular endothelial cells were higher in the high-GASC group in all glioma population from the TCGA (Figure 6A) and CGGA (Figure 6D) databases. Univariate Cox regression revealed that the level of mesenchymal stem cells is a protective factor for glioma (Figures 6B, E). A coefficient matrix showed that the GASC score was positively correlated with the levels of endothelial cells, lymphatic endothelial cells, and microvascular endothelial cells (Figures 6C, F). Similar results were found in the HGG population (Figure S3).




Figure 6 | Associations between GASCs and stromal cells in all glioma population. (A, D) Bar charts illustrating the differences of xCELL scores between high- and low-GASC groups (A for TCGA and D for CGGA). ns: p > 0.05, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001. (B, E) Forest plots of univariate Cox regression analysis of stromal cells (B for TCGA and E for CGGA). (C, F) Correlograms of GASC score and stromal cells intercorrelation (C for TCGA and F for CGGA).





Immune Landscape of the High- and Low-GASC Groups

Because some immune-related terms were enriched in the functional annotation analysis, we explored the relationship between GASCs and the immune microenvironment. The CIBERSORT algorithm computed the relative abundance of 22 types of immune cells, which are shown in Figure 7. Overall, the adaptive immunity was at a relatively lower level in the high-GASC group compared with that in the low-GASC group. Notably, the level of M2 macrophages was significantly higher in the high-GASC group (Figures 8A, C) and was positively correlated with GASC score (Figure 9A) in all glioma population. Univariate Cox regression also revealed that the level of M2 macrophages is a risk factor for glioma (Figures 8B, D). Similar results were found in the HGG population (Figures 8E–H, 9B).




Figure 7 | The relative abundances of the 22 types of immune cells. (A) Results from TCAG data. (B) Results from CGGA data.






Figure 8 | Associations between GASCs and immune cells. (A, C, E, G) Bar charts illustrating the differences in CIBERSORT scores between high- and low-GASC groups in all glioma population (A for TCGA and C for CGGA) and high-grade glioma population (E for TCGA and G for CGGA). (B, D, F, H) Forest plots of univariate Cox regression analysis of immune cells in all glioma population (B for TCGA and D for CGGA) and high-grade glioma population (F for TCGA and H for CGGA). ns: p ≥ 0.05, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.



We also analyzed the correlation of GASCs and 14 important ICPs. As shown in Figure 10, the expression levels of most ICPs were statistically higher in the high-GASC group. The univariate Cox regression showed that the expression levels of PD-L2, TIM3, CD80, CD86, CD155, and CIITA were risk factors for glioma in all glioma population and the HGG population. Correlation analysis indicated strong positive correlations within ICPs. The GASC score was positively correlated with PD-1, PD-L1, PD-L2, TL1A, TIM3, Galactin-9, CTLA-4, CD80, CD86, CD155, LAG3, and CIITA in all glioma population and the HGG population (Figure 9).




Figure 9 | Correlogram of GASC score, immune cells, and expression of ICP intercorrelation. (A) Correlogram of data in all glioma population. (B) Correlogram of data in high-grade glioma population.






Figure 10 | Associations between GASCs and expression of ICPs. (A, C, E, G) Bar charts illustrating the differences of ICP’ expressions between high- and low-GASC groups in all glioma population (A for TCGA and C for CGGA) and high-grade glioma population (E for TCGA and G for CGGA). (B, D, F, H) Forest plots of univariate Cox regression analysis of ICP’ expressions in all glioma population (B for TCGA and D for CGGA) and high-grade glioma population (F for TCGA and H for CGGA). ns: p > 0.05, *p ≤ 0.05, ***p ≤ 0.001, ****p ≤ 0.0001.





Copy Number Variations (CNVs) in DR3 and CIITA Indicated Worse OS

We also downloaded the somatic mutation and CNV data for glioma to analyze the difference in genomic alterations between the high- and low-GASC groups in all glioma population. The 20 genes with the greatest amounts of somatic mutations and CNVs are shown in Figure S4. We also compared the somatic mutations and CNVs of GASC markers between the high- and low-GASC groups (Figure S5), but found no significant difference in genomic alterations. However, in the comparison of somatic mutations and CNVs of ICPs between the high- and low-GASC groups (Figure S6), the results showed that the CNVs of DR3 and CIITA were significantly higher in the high-GASC group (Figure S6E). Survival analysis indicated that the CNVs of DR3 and CIITA significantly decreased the OS of glioma patients (Figures S6F, G).



Higher THY1 and CD80 Methylation Indicated Better OS

In the search for a possible treatment target for glioma, we conducted methylation analysis of GASC markers and ICPs. Because there was not a satisfactory match between samples with methylation data in the CGGA database and samples in the CGGA_693 mRNA dataset, we also downloaded the CGGA_325 mRNA dataset and separated these samples into high- and low-GASC groups with the previously mentioned method. Overall, 26 glioma samples (6 in the high-GASC group and 20 in the low-GASC group) and 8 normal samples with methylation data were included.

The GASC markers indicated that the methylation levels of THY1, CD9, CD14, CD44, ITGAM, and ACTA1 were significantly different among the high-GASC, low-GASC, and normal groups (Figure 11A and Figure S7). Then, we divided the glioma samples into high- and low-methylation groups according to the median of the gene methylation level. Survival analysis indicated that statistical difference was only observed between high- and low-THY1 methylation groups (p = 0.018; Figure 11B). High THY1 methylation suggested greater patient OS. In the methylation analysis of ICPs, significant differences were detected in Galactin-9, CD80, CD155, and LAG3 (Figure 11C and Figure S8). However, only high- and low-CD80 methylation groups showed statistical difference in the survival analysis (p = 0.031; Figure 11D), and high CD80 methylation indicated better OS.




Figure 11 | Methylation analysis of GASC markers and ICPs. (A) Box plots illustrating the differences in THY1, CD9, CD14, CD44, ITGAM and ACTA1 methylation levels across high-GASC, low-GASC and normal groups. (B) Kaplan-Meier overall survival (OS) curves for samples in high- and low-methylation groups of THY1, CD9, CD14, CD44, ITGAM and ACTA1. (C) Box plots illustrating the differences in Galectin-9, CD80, CD155 and LAG3 methylation levels across high-GASC, low-GASC and normal groups. (D) Kaplan-Meier OS curves for samples in high- and low-methylation groups of Galectin-9, CD80, CD155 and LAG3.





Predicted Potential Immunotherapy Responses Between the High- and Low-GASC Groups

The TIDE webtool was applied to predict the likelihood of immune response for each sample. The results showed that in all glioma population, the low-GASC group (56%, 197/351 in TCGA; 40%, 138/347 in CGGA) was more likely to respond to immunotherapy than the high-GASC group (40%, 141/351 in TCGA; 29%, 102/346 in CGGA). However, in the HGG population, difference was found only in the TCGA dataset (high-GASC vs. low-GASC: 31% vs. 44%; Figures S9A–E).

In order to further analyze the immune infiltration between the responder and no responder groups, we compared the levels of immune cells between these two groups. The results showed that in all glioma population, the responder group had lower “T cells CD8” and “Macrophages M0” and higher “Mast cells activated” (Figures S9F, G). For the HGG population, “T cells CD8” was lower in the responder group, and “Mast cells activated” was higher in the responder group (Figures S9H, I).



Construction of a Risk Score System and Establishment and Validation of a Nomogram Survival Model

The mRNA sequencing data from TCGA (702 samples) was used as training dataset, and the data from CGGA (693 samples) was set as an independent validation dataset. For the training dataset, GASC score, GASC markers, immune checkpoints, stemness score, mesenchymal-EMT score, tumorigenic cytokine score, angiogenic activity score, stromal cell scores, and immune cell scores were filtered using LASSO regression with the “glmnet” R package. The change in trajectory of each variable was plotted in Figure 12A. We utilized 10-fold cross-validation to construct the model, and Figure 12B shows the confidence interval under each lambda. When lambda equaled 0.03431609, the model reached the optimal value, and 19 variables were selected for the next analysis. In the multivariable Cox regression analysis, the number of variables was reduced to 9, and the final 9-variable signature formula was: Risk score = 0.20 × CSPG4 – 0.30 × ALCAM + 35.16 × Adipocytes – 11.11 × Osteoblast – 7.05 × Pericytes – 2.50 × Plasma cells + 0.22 × CD274 + 0.16 × CD80 + 13.45 × angiogenesis. The risk score was calculated for each sample in the training and validation datasets. Thus, we divided samples into high- and low-risk groups according to the median risk score. Survival analysis revealed that in the training dataset, glioma patients in high-risk group have worse OS (p < 0.0001; Figure 12C), which was also confirmed in the validation dataset (p < 0.0001; Figure 12D).




Figure 12 | Construction of the risk score system and establishment and validation of the nomogram survival model. (A, B) LASSO Cox regression analysis of training dataset. (C, D) Kaplan-Meier overall survival (OS) curves for samples in high- and low-risk score groups (C for training dataset and D for validation dataset). (E) Uni- and multi-variate Cox regression analysis for prognostic model. *Statistical significance. (F) The nomogram for predicting 1-, 3‐, or 5‐year OS. (G, H) Time-dependent ROC curves of the nomogram prediction on the 1-, 3-, and 5-year survival rates (G for training dataset and H for validation dataset). (I, J) Time-dependent ROC curves of the IDH mutation status prediction on the 1-, 3-, and 5-year survival rates (I for training dataset and J for validation dataset).



Then, we constructed a nomogram model to predict the prognosis of glioma, which included the risk score and clinicopathologic features. The uni- and multivariate Cox regression analysis (Figure 12E) indicated that risk score was an independent predictor for glioma prognostics. We finally included four features (age, WHO grade, isocitrate dehydrogenase (IDH) mutation status, and risk score) in the nomogram model (Figure 12F). Time-dependent ROC analysis further indicated that the area under the curve (AUC) for 1-, 3-, and 5-year OS were 0.902, 0.948, and 0.911, respectively, in the training dataset (Figure 12G). These AUCs were better compared with IDH mutation status, which is a traditional indicator, and were 0.842, 0.862, and 0.813 at the 1-, 3-, and 5-year marks (Figure 12I). Similar results were obtained in the validation datasets (Figures 12H, J).




Discussion

The GASC is a recently identified particular type of cell in the glioma microenvironment, with various names, e.g., glioma-associated human MSCs (GA-hMSCs) (7). The phenotypic and functional properties of GASCs are similar to those of cancer-associated fibroblasts and mesenchymal stem cells. The mechanism of GASCs in the glioma microenvironment is still largely unknown. In this work, we explored the potential mechanisms of GASCs in the glioma microenvironment, and discovered that GASCs may upregulate the level of M2 macrophages and ICPs. We also found that the CNVs of DR3 and CIITA were higher in the high-GASC group, and the methylation level of THY1 was lower in the high-GASC group, which could be a potential treatment target for glioma, particularly in HGG.

The tumor microenvironment determines the invasiveness of glioma. The EMT regulates this invasive state of glioma, particularly in HGG (9). Studies reported that GASCs drive cell invasion through HA synthase-2 (HAS2) induction (15), the UCA1/miR-182/PFKFB2 axis (16), the C5a/p38/ZEB1 axis (17) and CCL2/JAK1/MLC2 signaling (18). In the current work, we also discovered that the GASC score was positively correlated with the mesenchymal-EMT score in all glioma population and the HGG population (Figure 5). Terms from functional annotation include adhesion-related terms (Tables S2, S6), e.g., “Cell adhesion molecules”.

In the current study, we found a strong correlation between the GASC score and tumorigenic cytokine score, indicating the tumor-supporting function of GASCs. Studies reported that GASCs have tumor-promoting effects in vitro and in vivo (19–21). Additionally, Figueroa et al. also suggested that the tumor-supporting role of GASCs is mediated by the exosomal delivery of specific oncogenic miRNAs (21).

Although GASCs infiltrate into the glioma stroma, they are predominantly located around blood vessels (22), particularly abnormal vessels (23). Previous studies indicated that GASCs increase the angiogenesis of glioma (24, 25). Zhang et al. suggested that CD90low (THY1) GASCs stimulate angiogenesis via vascular endothelial cells (25). In the current work, we detected a high correlation between the GASC score and the angiogenesis score (Figure 5) in all glioma population and the HGG population. We also found that in addition to endothelial cells, the GASC score also was positively correlated with microvascular endothelial cells (Figures 6 and Figure S3). The levels of endothelial cells and microvascular endothelial cells were higher in the high-GASC group (Figures 6 and Figure S3). These results indicated that GASCs may promote angiogenesis of glioma by stimulating the growth of both blood vessels and microvessels, which requires further verification.

Tumor-associated macrophages (TAMs) play an emerging role in glioma progression and are found in high proportions in the immune landscape of malignant glioma (26, 27). There are continuous phenotypes in the activation state of TAMs, in which M1 and M2 represent two extreme phenotypes (28). M2 has an anti-inflammatory phenotype, which leads to downregulation of immune responses, and thus prevents tissue damage and supports healing processes (27). In this work, our results suggest for the first time that GASCs are highly correlated with M2 macrophages in the glioma microenvironment. Based on our results, the level of M2 macrophages in the high-GASC group is statistically higher than that in the low-GASC group in all glioma population and the HGG population (p ≤ 0.0001; Figure 8). We also found high correlation coefficients between GASC scores and M2 macrophages in all glioma population (R = 0.46 (TCGA); R = 0.30 (CGGA); Figure 9A) and the HGG population (R = 0.44 (TCGA); R = 0.26 (CGGA); Figure 9B). These results indicated that TAMs may be phenotypically polarized to M2 macrophages by GASCs, which may further depress the immunity of the microenvironment and stimulate malignant progression of glioma. Conversely, the M2 macrophages may also upregulate the level of GASCs and further increase the malignant properties of glioma, e.g., invasion and angiogenesis.

Immune checkpoint blockade is the most developed immunotherapy in clinical use (4), but its efficiency still remains doubtful. We analyzed the expression levels of 14 important ICPs and found that the expression levels of most ICPs were higher in the high-GASC group. Although this result suggested that the high-GASC group may have a more optimal immunotherapy response, the results from the TIDE prediction were puzzling because they showed a contrary tendency (Figure S9). These contradictory results reflect the inner complexity of glioma, and in response to this, further high-quality studies of immunotherapy in glioma are required.

McDonald et al. reported that deletion of DR3 (Tumor Necrosis Factor Receptor Superfamily Members 25, TNFRSF25) was found in oligodendroglioma (29). The results from Qian et al.’s work suggested that suppression of CIITA (class II transactivator) downregulates the expression of MHC class II molecules in glioma (30). In the current study, we discovered that the CNVs of DR3 (P < 0.001) and CIITA (p = 0.015) were significantly higher in the high-GASC group (Figure S6E). The glioma patients with amplified/deleted DR3 or amplified CIITA had worse OS compared with wild-type glioma patients (Figures S6F, G). These results indicate that the CNVs of DR3 and CIITA may be potential prognostic indicators for glioma, and further studies are expected to verify their efficiency.

THY1 (CD90) is a surrogate marker for a variety of stem cells, including glioblastoma stem cells (GSC) (31) and GASC (7). Svensson et al. detected CD90- and CD90+ GASC subpopulations by cell sorting and discovered that the CD90- subpopulation exhibited greater tumor vascularization and immunosuppression activity than the CD90+ subpopulation (32). Zhang et al. further investigated these two subpopulations. They found that CD90high GASCs drove glioma progression via increasing proliferation, migration, and adhesion. However, CD90low GASCs contributed to glioma progression through the stimulation of vascular formation via vascular endothelial cells (25). In the current work, we discovered that the methylation levels were different among high-GASC, low-GASC, and normal groups (Figure 11A), and the high THY1 methylation group had better OS compared with the low THY1 methylation group (p = 0.018; Figure 11B). These results suggested for the first time that the methylation of THY1 could be a potential prognostic indicator of glioma as well as a treatment target.

To create a comprehensive risk score, we included the following features, produced from mRNA sequencing data, in the filtering process: GASC score, stemness score, mesenchymal-EMT score, tumorigenic cytokine score, angiogenic activity score, stromal cell scores, and immune cell scores. The results showed that the risk score could be used to differentiate patients with high or low risk (Figures 12C, D), and the risk score was an independent prognostic indicator for glioma (Figure 12E). The validation results from the CGGA validation dataset verified the robustness of our nomogram model (Figure 12H). We also compared the efficiency of the nomogram model with a traditional prognostic indicator, IDH mutation status. The AUCs for the nomogram model were better than those for IDH mutation status in the training dataset (Figures 12G, I) and the validation dataset (Figures 12H, J). To verify the credibility of this nomogram model, further high-quality clinical studies are required.

There are limitations in our study. First, because of a lack of public mRNA resources with proportions of GASCs, stromal cells, and immune cells, we selected the ssGEAS algorithm to compute these data, because it has been widely used with proven reliability. Second, because this is a retrospective study, the efficiency of our risk score and nomogram model needs to be verified in further high-quality prospective cohorts. In addition, our predicted results for immunotherapy response were contradictory with the expression level of ICPs. Glioma, particularly HGG, is characterized by remarkably high tumor heterogeneity and an “immune-cold” phenotype, denoting an immunosuppressive microenvironment. The GASC is an important cell type in the microenvironment and might influence immunotherapy responses. Based on previous research, the overexpression of some ICPs on malignant cells may increase the anti-tumor immune responses (33). Nevertheless, although our data suggested that higher ICP expression occurs in the high-GASC group, TIME prediction revealed worse immunotherapy responses in the high-GASC group. This contradiction may result from the inner complexity of the glioma microenvironment. Further prospective clinical trials to test immunotherapy for glioma with the GASC proportion data are required to produce a reliable conclusion regarding the relationship between GASCs and immunotherapy responses.



Conclusion

We found potential mechanisms of GASCs in the glioma microenvironment, particularly HGG, and we also discovered that GASCs are positively correlated with the level of M2 macrophages and ICPs. The methylation of THY1 decreased in the high-GASC group, which could be a prognostic indicator and treatment target for glioma. We also developed a prognostic nomogram for glioma. Further studies to verify these findings and the performance of our model with large prospective cohorts are warranted.
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Supplementary Figure 1 | Differential analysis of expressed genes. (A, B) Heatmap of DEGs in all glioma population (A for TCGA and B for CGGA). 	(C, D) Heatmap of DEGs in high-grade glioma population (C for TCGA and D for CGGA).

Supplementary Figure 2 | Functional annotation of downregulated DEGs between the high- and low-GASC groups. (A, B) GO analysis (A) and KEGG pathway analysis (B) of down-regulated DEGs in all glioma population from TCGA data. (C, D) GO analysis (C) and KEGG pathway analysis (D) of down-regulated DEGs in all glioma population from CGGA data. (E, F) GO analysis (E) and KEGG pathway analysis (F) of down-regulated DEGs in high-grade glioma population from TCGA data. (G, H) GO analysis (G) and KEGG pathway analysis (H) of down-regulated DEGs in high-grade glioma population from CGGA data.

Supplementary Figure 3 | Associations between GASCs and stromal cells in the high-grade glioma population. (A, D) Bar chart illustrating the differences in xCELL scores between high- and low-GASC groups (A for TCGA and D for CGGA). ns: p > 0.05, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001. (B,E) Forest plot of univariate Cox regression analysis of stromal cells (B for TCGA and E for CGGA). 	(C,F) Correlogram of GASC score and stromal cells intercorrelation (C for TCGA and F for CGGA).

Supplementary Figure 4 | Comparison of genomic alterations between the high- and low-GASC groups in the TCGA dataset. (A, B) Differential copy number variation analysis between high- (A) and low- (B) GASC groups. (C, D) Differential somatic mutation analysis between high- (C) and low- (D) GASC groups.

Supplementary Figure 5 | Comparison of genomic alterations of GASC markers between the high- and low-GASC groups in the TCGA dataset. (A, B) Differential copy number variation analysis between high- (A) and low- (B) GASC groups.	(C, D) Differential somatic mutation analysis between high- (C) and low- (D) GASC groups. (E) Correlations between GASC groups and somatic mutation of GASC markers.

Supplementary Figure 6 | Comparison of genomic alterations of ICPs between the high- and low-GASC groups in the TCGA dataset. (A, B) Differential copy number variation analysis between high- (A) and low- (B) GASC groups. 	(C, D) Differential somatic mutation analysis between high- (C) and low- (D) GASC groups. (E) Correlations between GASC groups and somatic mutation of ICPs. 	(F,G) Kaplan-Meier overall survival (OS) curves for samples of amplified, deleted and wildtype DR3 groups (F) and CIITA groups (G).

Supplementary Figure 7 | Methylation analysis of GASC markers. (A) Box plots illustrating the differences in CD34, ALCAM, CSPG4, ENG, GFAP, S100A4, NT5E, PDGFRB, PECAM1 and PTPRC methylation levels across high-GASC, low-GASC and normal groups.

Supplementary Figure 8 | Methylation analysis of immune checkpoints. (A) Box plots illustrating the differences in PD-1, PD-L1, PD-L2, DR3, TL1A, CTLA-4, CD86, TIM3 and CIITA methylation levels across high-GASC, low-GASC and normal groups.

Supplementary Figure 9 | Predicted potential immunotherapy responses between the high- and low-GASC groups. (A–D) Predicted potential immunotherapy responses of samples from all glioma population (A for TCGA and B for CGGA) and high-grade glioma population (C for TCGA and D for CGGA).	(E) Correlation of GASC and Predicted immunotherapy responses. (F–I) Bar chart illustrating the differences in immune cell scores between responder and no responder groups in all glioma population (F for TCGA and G for CGGA) and high-grade glioma population (H for TCGA and I for CGGA).
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MicroRNAs are a group of endogenous small non-coding RNAs commonly dysregulated in tumorigenesis, including glioblastoma (GBM), the most malignant brain tumor with rapid proliferation, diffuse invasion, and therapeutic resistance. Accumulating evidence has manifested that miR-1258 exerts an inhibitory role in many human cancers. However, the expression pattern of miR-1258 and its potential function in GBM tumorigenesis remain unclear. In this study, we reported that miR-1258 expression decreased with the ascending pathological grade of glioma, which indicated an unfavorable prognosis of patients. Functional assays revealed an inhibitory effect of miR-1258 on malignant proliferation, therapeutic resistance, migration, and invasion of GBM in vitro. Moreover, xenograft models also suggested a repression effect of miR-1258 on gliomagenesis. Mechanistically, miR-1258 directly targeted E2F1 in 3’-untranslated regions and attenuated E2F1-mediated downstream gene PCNA and MMP2 transcriptions. Furthermore, restoration of E2F1 expression in GBM cells effectively rescued the tumor-suppressive effect of miR-1258. Our studies illustrated that miR-1258 functioned as a tumor suppressor in GBM by directly targeting E2F1, subsequently inhibiting PCNA and MMP2 transcriptions, which contributed to new potential targets for GBM therapy and other E2F1-driven cancers.
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Introduction

Glioblastoma (GBM) is the most common and lethal form of glioma with high aggressiveness and low survival rate. Currently, the treatment of GBM typically consists of surgical resection, postsurgical radiotherapy, and chemotherapy. Despite those advanced therapeutic strategies, the median survival time of GBM patients is only 12–16 months, and the 5-year survival rate is less than 5% (1). Therefore, there is an urgent need to understand the molecular mechanisms and pathogenesis underlying GBM progression, which is essential to improve current therapeutic strategies for GBM.

MicroRNAs (miRNAs) are endogenous small non-coding RNAs with 20~24 nucleotides, regulating various biological processes, including cell proliferation, apoptosis, and invasion. miRNAs bind to the complementary sites in 3’-untranslated regions (3’-UTRs) of the target mRNA sequences to inhibit their translations (2). Emerging evidence has revealed that miRNAs’ aberrant expression is associated with the carcinogenesis and progression of GBM (3). In recent years, some attention has been paid to the roles of miR-1258 in human cancers. miR-1258 exerts an inhibitory role in hepatocellular carcinoma metastasis via targeting Smad2/3 (4). miR-1258 was reported to inhibit osteosarcoma cell proliferation by targeting AKT3 (5). Besides, miR-1258 directly targets E2F8 to regulate cell cycles and inhibit cell proliferation in colorectal cancer (6). However, its clinical relevance and molecular mechanisms in GBM are unknown.

In this study, we identified that miR-1258 expression decreased obviously in glioma patient tissue samples, comparing with normal brain tissue. Its aberrant low expression negatively correlated with the grade of glioma and indicated an unfavorable prognosis of GBM patients. Inversely, the upregulation of miR-1258 inhibited gliomagenesis in vitro and in vivo. Mechanistically, miR-1258 played a suppressive role in GBM cells by directly targeting E2F1 mRNA 3’-UTR sequence to inhibit the E2F1-mediated downstream transcriptions of PCNA and MMP2. Our study suggested that miR-1258 might represent a promising therapeutic target in GBM.



Materials and Methods


Cell Lines and Primary GBM Cells Culture

Human GBM U87, U251, A172, normal human astrocytes (NHA), and 293T cell lines were obtained from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). Cell lines were authenticated using short tandem repeat profiling. The GBM cell lines and 293T cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Gibco, USA) with 10% fetal bovine serum (FBS). NHA cells were cultured in DMEM/F-12 medium (Gibco, USA) with L-glutamine and 5% FBS. Patient-derived primary GBM cells GBM666 were freshly isolated from a surgical-resected GBM specimen. Briefly, tissues mechanically minced in prechilled DMEM/F-12 medium and digested with 2 U/mL of Dispase II (Thermofisher, USA), 0.5 mg/mL of Collagenase IV (Sigma, USA), and 10 U/mL of DNase I (Yeasen, Shanghai, China) at 37°C for 60 min. Ammonium–chloride–potassium lysing buffer was used to lyse red blood cells. After being digested, the cells were washed and passed through a 100 μm cell strainer. Finally, cells were cultured in DMEM/F-12 medium with L-glutamine, 20 ng/mL of basic fibroblast growth factor (bFGF; Thermofisher, USA), 20 ng/mL of Epidermal growth factor (EGF; Thermofisher, USA), and 15% FBS. All cells were cultured at 37°C in a humidified atmosphere with 5% CO2.



Patients and Specimens

Five low-grade glioma (LGG), 28 GBM, and 5 normal brain tissue (NBT) samples between 2016 and 2020 were obtained from the Department of Neurosurgery, First Affiliated Hospital of Nanjing Medical University. Written informed consent for using the samples for this study was obtained from the patients or their family members. This research was approved by the Ethics Committee of China Pharmaceutical University.



Public Datasets Collection

Gliomas with microarray miRNA expression data were downloaded from the Chinese Glioma Genome Atlas (CGGA) microarray database. Glioma gene expression data were downloaded from The Cancer Genome Atlas (TCGA) microarray databases. Data for miRNA-target interaction prediction were obtained from TargetScan, miRTP, miRDB, miRmap, and RNA22 databases. JASPAR and PROMO databases were used to analyze the possible promoter region and identify putative transcription factor binding sites. Data for immunohistochemical analysis were downloaded from the Human Protein Atlas database.



Cell Transfection

miR-1258 mimic (miR-1258) and human miRNA negative control (miR-NC) were purchased from GenePharma (Shanghai, China). The E2F1 overexpression vector pEnter-E2F1 (E2F1) and pEnter empty vector (EV) were purchased from Vigenebio (Shandong, China). Cells were transfected with miRNAs or vectors using Lipofectamine 2000 (Invitrogen, USA) according to the manufacturer’s protocols.

For establishing stable miR-1258 expressing U251 cell line, the full-length coding region and miRNA flanking sequence of miR-1258 were cloned from human genomic DNA by PCR. The PCR product was transferred into the pLVX-Puro vector and packaged in 293T cells. U251 cells were transfected with the miR-NC and miR-1258 lentiviruses, and stable cell lines were selected using puromycin at 2.5 μg/mL for 7 days.



Cell Proliferation Assays

Cell proliferation assays were performed using the CCK-8 assays (Dojindo, Japan). After transfection, cells were plated in 96-well plates at a density of 2 × 103 cells per well. For drug response screening assay, transfected GBM cells were treated with different concentrations of temozolomide (TMZ, TCI, Japan) or carmustine (BCNU, Aladdin, China) for 48 h. At the indicated time points, the activity of cells was measured at OD 450 nm using SpectraMax 190 plate reader (Molecular Devices, USA).



Colony Formation Assays

After transfection, cells were seeded in a 6-well plate at a density of 2 × 103 cells per well and cultured for 7 days. The resulting colonies were washed three times with PBS and fixed with 4% formaldehyde for 15 min, finally stained with 0.5% crystal violet (Sigma, USA) for 20 min.



Flow Cytometry Analysis

For detecting cell apoptosis, a total of 1 × 105 transfected cells were seeded in a 6-well plate and treated with 500 μM TMZ for 48 h. Then pretreated cells were harvested, washed three times with prechilled PBS solution, and resuspended in a single cell suspension. The cell apoptosis analysis was performed with the Annexin V-FITC and PI Apoptosis Detection Kit (Miltenyi, Germany) according to the manufacturer’s instructions. Flow cytometric analysis was performed using MACSQuant Analyzer 10 (Miltenyi, Germany) and analyzed by Flowjo (Tree Star, USA).



Morphological Analysis

Transfected cells were treated with 500 μM TMZ for 72 h. Then cells were viewed under an inverted microscope (Leica, Germany) at 200× magnification for morphological comparison.



Cell Migration and Invasion Experiments

For the wound healing scratch assays, a uniform wound was made by scratching with a 200 µL pipette tip when the transfected cells reached 90% confluence in 12-well plates. Cells were maintained in a serum-free culture medium after being washed three times with PBS. After 24 h, each well was photographed under an inverted microscope (Leica, Germany) at 100× magnification. The cells protruding from the border of the scratches were counted to calculate the wound recovery rate.

For the Transwell assays, Transwell inserts (Corning, USA) were pre-coated with 20 μg/μL of Matrigel (BD Biosciences, USA), then placed in a 24-well plate. Transfected cells were resuspended at a density of 3 × 104/ml in serum-free culture medium and transferred to the upper chambers. In parallel, culture medium containing 10% FBS was added to the lower chamber of each well. After incubation for 24 h, cells on the inner membrane of the upper chamber were removed with cotton swabs. Invading cells were fixed with 4% paraformaldehyde for 15 min and then stained with 0.5% crystal violet for 20 min. Three fields of invading cells in each well were captured randomly and counted under an inverted microscope (Leica, Germany) at 100× magnification.



Protein Preparation and Western Blot

Total proteins were prepared using prechilled RIPA buffer (Thermo Fisher, USA) with proteinase inhibitor cocktail (Thermo Fisher, USA). For separating nuclear and cytoplasmic proteins, cells were harvested and lysed in nuclear and cytoplasmic extraction reagents (Keygentec, China) according to the manufacturer’s protocols. The proteins were subjected to western blot using antibodies against E2F1 (1:1000, Cell Signaling, USA), N-cadherin (1:1000, Proteintech, USA), MMP2 (1:1000, Proteintech, USA), MMP9 (1:1000, Proteintech, USA), Snail1 (1:1000, ABclonal, China), GAPDH (1:5000, Proteintech, USA), Lamin A/C (1:1000, Proteintech, USA). Relative expression levels were normalized to endogenous loading control using ImageJ software (National Institutes of Health, USA).



RNA Extraction and Polymerase Chain Reaction (PCR)

The total RNA of cells and clinical tissues was extracted using TRIzol (Invitrogen, USA) according to the manufacturer’s instructions. One microgram of total RNA was used as a template for cDNA synthesis using a HiScript III 1st Strand cDNA Synthesis Kit (Vazyme, China). Quantitative real-time polymerase chain reaction (qRT-PCR) was performed on triplicate samples in a reaction mix of SYBR Green (Vazyme, China) with a QuantStudio 3 Real-Time PCR System (Applied Biosystems, USA). Quantification of the miR-1258 was performed with a stem-loop real-time PCR miRNA kit (Vazyme, China). The levels of mRNA were normalized to GAPDH. The levels of miR-1258 were normalized to U6 small nuclear RNA. The expressions of the indicated genes were normalized to the endogenous reference control by using the 2−ΔΔCt method. Sequences of the primers used for qRT-PCR in this study are listed in Supplementary Table S1.



Immunofluorescence

For immunofluorescence staining, transfected cells were fixed with 4% formaldehyde, permeabilized with 0.3% Triton X-100, and then blocked with 3% BSA for 1 hour at room temperature. After the incubation, cells were probed with E2F1 primary antibody (1:400, Cell Signaling, USA). For γ-H2A.X immunofluorescence staining, transfected cells were treated with 500 μM TMZ for 4 h, followed by fixed with 4% formaldehyde, permeabilized with 0.3% Triton X-100, and then blocked with 3% BSA for 1 hour at room temperature. After the incubation, cells were probed with Phospho-Histone H2A.X (Ser139) primary antibody (1:400, Cell Signaling, USA). After overnight incubation at 4°C, the cells were washed three times with PBS and incubated with Alexa Fluor 488-labeled Goat Anti-Rabbit IgG H&L antibodies (1:500, Abcam, USA) for 1 h at room temperature. The nuclei were stained with DAPI (Keygentec, China) and visualized with a Zeiss LSM 800 laser scanning confocal microscope (ZEISS, Germany). The γ-H2A.X foci were determined using ImageJ software (National Institutes of Health, USA).



Dual-Luciferase Reporter Assays

Wild-type (Wt) or mutant (Mut) 3’-UTR segments of the E2F1 gene were cloned into pmirGLO Dual-Luciferase miRNA Target Expression Vector (Promega, USA) (pmirGLO-E2F1). U251 and GBM666 cells were co-transfected with either Wt or Mut pmirGLO-E2F1 and miR-1258 or miR-NC overnight and incubated in fresh complete medium for an additional 36 h after transfection. Next, cells were harvested, and luciferase activity was measured using the Dual-Luciferase Reporter Assay Kit (Promega, USA) and normalized to Renilla luciferase activity.

Wt or Mut promoter sequences of PCNA and MMP2 gene were cloned into pGL3-basic Luciferase Reporter Vector (Promega, USA) (pGL3-PCNA and pGL3-MMP2). U251 and GBM666 cells were co-transfected with either Wt or Mut pGL3-PCNA or pGL3-MMP2 plasmid, and pEnter-E2F1 or empty pEnter vector, together with pRL-TK Vector (Promega, USA) overnight, and incubated in fresh complete medium for an additional 36 h after transfection. Next, cells were harvested, and luciferase activity was measured using the Dual-Luciferase Reporter Assay Kit (Promega, USA) and normalized to Renilla luciferase activity.



Immunohistochemistry

For immunohistochemical analysis, sections were deparaffinized and rehydrated through a descending alcohol series, followed by antigens retrieval, and endogenous peroxidase activity blocking. The sections were then incubated with primary antibodies against E2F1 (1:200, Cell Signaling, USA), PCNA (1:1000 Proteintech, USA), and MMP2 (1:400 Proteintech, USA) following by visualized with a two-step process and a DAB staining kit (ZSGB-BIO, China). Finally, slides were counterstained with hematoxylin, dehydrated, and mounted. The quantification of Immunohistochemistry staining was measured by positive-stained tumor cells. The proportion of positive-stained tumor cells was graded as follows: 1, 0%–25% positive tumor cells; 2, 25%–50% positive tumor cells; 3, 50%–75% positive tumor cells; and 4, 75% or greater positive tumor cells.



Chromatin Immunoprecipitation (ChIP)

ChIP assays were performed with a ChIP kit (Beyotime, China) according to the manufacturer’s instructions. In brief, U251 and GBM666 cells were fixed, lysed, and sonicated. The cell lysates were clarified and precleared with Protein A/G agarose beads and salmon sperm DNA and incubated with the anti-E2F1 antibody (1:100, Cell Signaling, USA) or control rabbit IgG (1:100, Bioss, China). The immunocomplexes were sequentially washed with low-salt wash buffer, high salt wash buffer, TE buffer, and elution buffer. The eluted DNA–protein complexes were decrosslinked, purified with a DNA purification kit (Tiangen, China) according to the manufacturer’s instructions, and then subjected to PCR analysis with 3% agarose gel electrophoresis. Primer sequences are shown in Supplementary Table S2.



Subcutaneous Xenograft Model

Six-week-old female athymic BALB/c nude mice were purchased from Cavans Laboratory Animals Ltd. (Changzhou, China). U251 cells stably expressing miR-1258 or miR-NC were subdivided into the miR-1258 group and miR-NC group. For establishing the subcutaneous GBM model, a total of 2 × 106 U251 cells were implanted bilaterally in the axillary, respectively, per mouse. After 7 days of subcutaneous implantation, tumor volumes were measured by the formula (V= 0.5 × width2 × length, mm3) every 2 days until the tumor volume reached 1200 mm3. The mice were sacrificed, and subcutaneous xenografts were removed, photographed, embedded in paraffin, and sectioned for immunohistochemistry assays. All procedures were approved by the Committee on the Ethics of Animal Experiments of China Pharmaceutical University.



Statistical Analysis

Each experiment was repeated at least three times to ensure the reliability of the results. All data were represented by mean ± standard deviation. Significant differences between the groups were estimated by Student’s t-test or one-way analysis of variance. The Kaplan-Meier curves were used to describe the survival, and the log-rank test was applied for assessing statistical significance between groups. The relationships between miR-1258 or E2F1 expression and the clinicopathological characteristics were analyzed by using the χ2 test. Pearson’s correlation analysis was used to assess correlations between two variables. A value of p < 0.05 was considered statistically significant. All statistical analyses were performed using GraphPad 8.0 (GraphPad Software, USA).




Results


miR-1258 Expression Decreases With Ascending Pathological Grade of Glioma and Correlates With Poor Prognosis in GBM

To investigate the role of miR-1258 in the progression of GBM, we first analyzed clinical glioma data derived from the CGGA database. Kaplan-Meier’s survival analysis revealed that patients with high miR-1258 expression had a much better overall survival rate than those with low miR-1258 expression levels in all glioma patients (p = 0.0199, n=171, Figure 1A). Moreover, the expression profiles in glioma tissues illustrated that miR-1258 expression was significantly lower in the IV grade glioma than that in the II grade and III grade gliomas (p < 0.01, Figure 1B). Besides, the analysis of correlations between miR-1258 expression level and clinicopathological characteristics revealed that low miR-1258 expression was notably associated with WHO grade (p < 0.001), histology (p < 0.001), and IDH status (p = 0.008) (Supplementary Table S3). qRT-PCR was carried out to evaluate the miR-1258 expressions in 5 LGG, 28 GBM, and 5 NBT clinical samples. miR-1258 levels in NBT were significantly higher than those in glioma specimens (p < 0.001). Its expression decreased with the ascending pathological grade of glioma (p < 0.05, Figure 1C). Furthermore, we found that miR-1258 expressions were downregulated in GBM cell lines and patient-derived GBM cells compared to NHAs by qRT-PCR, which is highly consistent with our above clinical sample analysis data (p < 0.05, Figure 1D). These results suggested that low expressions of miR-1258 proposed an unfavorable prognosis in glioma patients, and miR-1258 played an essential role in the progression of GBM.




Figure 1 | Low expressions of miR-1258 propose an unfavorable prognosis in glioma patients. (A) The Kaplan–Meier curve of overall survival with log‐rank test stratified by the miR-1258 level (high and low expression divided by the median expression level) in all grades of gliomas in the CGGA database; *p < 0.05 between indicated groups. (B) Relative miR-1258 expressions in WHO II, WHO III and WHO IV glioma patients were calculated using the CGGA database; **p < 0.01, n.s., no significance between indicated groups. (C) The expressions of miR-1258 in 5 NBT, 5 LGG, and 28 GBM tissues were analyzed by qRT-PCR, *p < 0.05, ***p < 0.001 between indicated groups. (D) miR-1258 expressions were detected in normal human astrocytes (NHA), three GBM cell lines (U251, A172, U87), and GBM666 primary GBM cells by qRT-PCR, *p < 0.05 when compared to NHA.





Upregulation of miR-1258 Expression Attenuates the Malignant Biological Behavior of GBM Cells

Since miR-1258 played a vital role in the progression of GBM, we next investigated the effects of miR-1258 on GBM cell proliferation, therapeutic resistance, migration, and invasion. U251 and GBM666 cells were transfected with miR-NC or miR-1258, and transfection efficiency was determined by qRT-PCR. The results confirmed that miR-1258 expressions were significantly increased in the miR-1258 group after 48 h of transfection compared to that in the miR-NC group (p < 0.001, Supplementary Figure S1A). Next, CCK-8 and colony formation assays showed that the upregulation of miR-1258 attenuated the proliferation of GBM cells (p < 0.001, Figures 2A, B). Interestingly, the upregulation of miR-1258 did not affect the apoptotic ratios of GBM cells without chemical treatment (p > 0.05, Supplementary Figure S1B). Considering that TMZ is the first-line chemotherapy regent for GBM (7), the role of miR-1258 on TMZ sensitivity of GBM cells was further investigated. Exposed to 500μM TMZ for 48 h, the flow cytometry analysis showed that miR-1258 overexpression made GBM cells more sensitive to TMZ therapy (p < 0.001, Figure 2C). The half-maximal inhibitory concentration (IC50) of TMZ in U251 and GBM666 cells for 48 h also indicated that miR-1258 made GBM cells become more sensitive (Supplementary Figure S1C). TMZ can induce DNA double-strand breaks which phosphorylate histone H2A.X at serine139 site, producing γ-H2A.X foci those are a hallmark of DNA double-strand breaks and are markedly enhanced in apoptotic cells (8). Exposed to 500μM for 4 h, the immunofluorescent analysis of γ-H2A.X foci results also illustrated that miR-1258 significantly enhanced γ-H2A.X foci formation in GBM cells induced by TMZ (p < 0.001, Supplementary Figure S1D). Finally, the results of the morphological assays showed that the cellular morphology of 500 μM TMZ-treated miR-1258 overexpressing GBM cells were damaged as compared with the miR-NC transfected GBM cells (Supplementary Figure S1E) at 72h. BCNU is another FDA-approved alkylating agent for the treatment of brain tumors (9). We also investigated miR-1258 on BCNU sensitivity of GBM cells, and the IC50 for 48 h results showed that miR-1258 overexpression also made GBM cells more sensitized to BCNU (Supplementary Figure S1C).




Figure 2 | miR-1258 overexpression attenuates GBM cell tumorigenesis in vitro. (A) CCK‐8 assays detected reduced proliferation rates of U251 and GBM666 cells transfected with miR-1258 mimic after 24, 48, and 72 h; ***p < 0.001 at indicated time points, when compared to miR-NC group. (B) Colony formation detected reduced long-term cell viability of miR-1258 transfected GBM cells. ***p < 0.001 when compared to miR-NC group. (C) GBM cells were transfected with miR-1258 or miR-NC for 24 h, followed by treatment with 500 μM TMZ for 48 h, and increased apoptosis ratios were determined in miR-1258 group by flow cytometry; ***p < 0.001 when compared to miR-NC group. (D) Decreased migration abilities of miR-1258 transfected GBM cells were detected by wound healing scratch assays; ***p < 0.001 when compared to miR-NC group. Scale bar = 100 μm. (E) Matrigel invasion assays revealed the inhibitory role of miR-1258 overexpression on GBM cell invasion; ***p < 0.001 when compared to miR-NC group. Scale bar = 100 μm. (F) Expressions of major migration and invasion proteins were downregulated in miR-1258 transfected GBM cells detected by western blot assays; *p < 0.05, **p < 0.01, ***p < 0.001 when compared to miR-NC group. Representative images were shown and analyzed as mean ± SD from three independent experiments.



Subsequently, wound healing scratch assays identified that the migratory abilities of miR-1258 overexpressing GBM cells were significantly inhibited (p < 0.001, Figure 2D). Transwell assays also revealed that miR-1258 upregulation notably blocked the invasive abilities of GBM cells (p < 0.001, Figure 2E). Meanwhile, western blot results showed that the expressions of major migration and invasion proteins (N-cadherin, MMP2, MMP9, and Snail1) were significantly downregulated by miR-1258 in both U251 and GBM666 cells (p < 0.05, Figure 2F). In conclusion, these data indicated that miR-1258 attenuated the proliferation, migration, and invasion of GBM cells and potentiates the validity of TMZ and BCNU on GBM cells in vitro.



miR-1258 Directly Targets E2F1 mRNA in 3’-UTR

As mentioned previously, miRNAs are endogenous non-coding RNAs composed of 20-24 nucleotides and exert their functions by binding to the 3’-UTRs of downstream target genes. To uncover the molecular mechanisms of miR‐1258 mediating anti-gliomagenesis effects, we intersected five prediction databases, including TargetScan, miRTP, miRDB, RNA22, and miRmap, and focused that E2F1 could be one of the potential target genes of miR-1258 (Figure 3A and Supplementary Table S4).




Figure 3 | miR-1258 directly targets E2F1 in 3’-UTR and negatively regulates its expression. (A) The Venn diagram demonstrated that miR-1258 targeted E2F1 mRNA intersecting five prediction databases: TargetScan, miRTP, miRDB, RNA22, and miRmap. (B) The decreased expressions of E2F1 protein were detected by western blot in U251 and GBM666 cells transfected with miR-1258; ***p < 0.001 when compared to miR-NC group. (C) Algorithms predicted two miR-1258 target sequences in the E2F1 mRNA 3’-UTR. (D) The schematic diagram illustrated the construction of WT and Mut 3’-UTR sequences in pmirGLO Dual-Luciferase miRNA target expression vector. (E) Dual-Luciferase reporter assays were used to assess GBM cells transfected with luciferase vectors carrying WT or Mut 3’-UTR of E2F1, in response to miR-1258 or miR-NC; *p < 0.05, **p < 0.01, ***p < 0.001, n.s., no significance between miR-1258 and miR-NC group. (F) E2F1 expressions were detected by western blot in normal human astrocytes (NHA), three GBM cell lines (U251, A172, U87), and GBM666 primary GBM cells; *p < 0.05 when compared to NHA. (G) Relative expression data of E2F1 in 226 WHO II cases, 244 WHO III cases, and 150 WHO IV cases were analyzed using the TCGA database; ***p < 0.001 between indicated groups. (H) E2F1 protein expressions were determined by immunohistochemistry in NBT, LGG and GBM samples; Scale bar = 50 μm. The expressions of E2F1 were also analyzed using the Human Protein Atlas database. (I) The correlations between E2F1 protein expression levels and relative miR-1258 expression levels in 20 GBM samples were analyzed by Pearson’s correlation analysis; r = -0.4581, p = 0.0422.



E2F1 is a critical activator of the E2 promoter binding factor family, which controls protein expression at G1/S transition by activating related genes such as EZH2, MYC, CDK4 (10, 11). Abnormal activation of E2F1 has been studied in various tumor types in recent years. It is widely accepted that E2F1 is an important transcription factor, which regulates cell proliferation, migration, and invasion (12–15). Meanwhile, next-generation sequencing and bioinformatics analysis have demonstrated that E2F1 is highly expressed in GBM (16). In Figure 3B, western blot experiments revealed that miR-1258 overexpression significantly reduced E2F1 expression in GBM cells (p < 0.01).

Next, Dual-Luciferase reporter assays were executed to confirm the miR-1258-binding sites in the 3’-UTR of E2F1 mRNA. The 3’-UTR of E2F1 exists two putative miR-1258 binding sites (position 1 995-1002, position 2 1207-1213) (Figure 3C). So, pmirGLO vectors containing wild-type or mutant E2F1 3’-UTR segments were constructed. We mutated these two binding sites individually (Mut1 and Mut2) as well as combined (Mut1+2) (Figure 3D). As shown in Figure 3E, miR-1258 significantly reduced the luciferase activity of wild-type (Wt) E2F1 3’-UTR in GBM cells (p < 0.01). The luciferase activity was also reduced in Mut2 E2F1 3’-UTR (p < 0.05), but no significant change in Mut1 and Mut1+2 (p > 0.05). Our results suggested that miR-1258 mainly target E2F1 3’-UTR in position 1 (995–1002).

Next, we measured the expression of E2F1 in different GBM cell lines by western blot. The results consistently illustrated that E2F1 expressions were higher in GBM cells than that in normal cells (p < 0.05, Figure 3F). The TCGA microarray databases illustrated that the expression levels of E2F1 increased with ascending pathological grade of glioma (p < 0.001, Figure 3G). Besides, the immunohistochemistry results of clinical GBM samples and the Human Protein Atlas database showed that E2F1 expression levels were much higher than those in NBT and LGG samples (Figure 3H).

We also tested the E2F1 protein expression in clinical GBM samples using western blot; same as the results of immunohistochemistry, we noticed that the expression of E2F1 was significantly higher in the glioma when compared to NBT, and increased with ascending pathological grade of glioma (p < 0.05, Supplementary Figure S2A). In addition, the analysis of correlations between E2F1 expression level and clinicopathological characteristics revealed high E2F1 expression was notably associated with age (p < 0.001), WHO grade (p < 0.001), histology (p < 0.001), IDH status (p < 0.001), 1p/19q codeletion (p = 0.004), MGMT Promoter Methylation (p < 0.001) and transcriptome subtype (p < 0.001) (Supplementary Table S5).

Finally, we analyzed the correlation between miR-1258 and E2F1 in the GBM samples. Pearson’s correlation analysis of our clinical GBM samples suggested that E2F1 protein expression levels were significantly negatively correlated with corresponding miR-1258 levels (n=20, r = -0.4581, p = 0.0422, Figure 3I). Taken together, we suggested that miR-1258 downregulated E2F1 level by directly targeting its 3’-UTR in GBM cells.



E2F1 Is One of the Functional Targets of miR-1258 in GBM

It was concluded that E2F1 was a direct target of miR-1258, and overexpression of miR-1258 minimized various malignant biological behaviors of GBM cells above. We further verified whether E2F1 is a functional target of miR-1258. E2F1 expression vector or empty vector with either miR-1258 or miR-NC were co-transfected into U251 and GBM666 cells. Both CCK-8 and colony formation assays demonstrated that the restoration of E2F1 expression partly antagonized the anti-proliferation effects of miR-1258 (miR-1258+E2F1 vs. miR-1258+EV p < 0.001, Figures 4A, B). Flow cytometry analysis also showed that the restoration of E2F1 expression antagonized the efficacy of TMZ and reduced the pro-apoptosis effect of miR-1258 (miR-1258+E2F1 vs. miR-1258+EV p < 0.001, Figure 4C). Simultaneously, the IC50 of TMZ in U251 and GBM666 cells indicated that E2F1 made GBM cells become less sensitive and effectively rescued the inhibitory effect of miR-1258 (Supplementary Figure S3A). In the immunofluorescent analysis of γ-H2A.X foci, E2F1 enhancement modulated the TMZ-induced γ-H2A.X foci formation, which was elicited by the overexpression of miR-1258 in GBM cells (miR-1258+E2F1 vs. miR-1258+EV p < 0.01, Supplementary Figure S3B). In line with our previous results, with the distinct cellular morphology change, the restoration of E2F1 reduced the efficacy of TMZ and counteracted the inhibitory effect of miR-1258 (Supplementary Figure S3C).




Figure 4 | Restoration of E2F1 abrogates the inhibitory effects of miR-1258 on GBM cell proliferation, therapeutic resistance, migration, and invasion. (A) The viability of miR-1258 transfected U251 and GBM666 cells were rescued by E2F1 assessed by the CCK-8 assay; ***p < 0.001 versus the miR-NC+EV group. ###p < 0.001, versus the miR-1258+EV group. (B) Colony formation assays demonstrated the long-term cell viability of miR-1258 transfected GBM cells were rescued by E2F1; ***p < 0.001 versus the miR-NC+EV group. ###p < 0.001, versus the miR-1258+EV group. (C) After 24 h co-transfection, GBM cells were treated with 500 μM TMZ for 48 h, and then counteracted apoptosis ratios were determined in miR-1258+E2F1 group by flow cytometry; ***p < 0.001 versus the miR-NC+EV group. ###p < 0.001, versus the miR-1258+EV group. (D) The migration abilities of miR-1258 transfected GBM cells were rescued by E2F1 assessed by wound healing scratch assays; **p < 0.01, ***p < 0.001 versus the miR-NC+EV group. ##p < 0.01, ###p < 0.001 versus the miR-1258+EV group. Scale bar = 100 μm. (E) Matrigel invasion assays revealed the rescue impact of restoration of E2F1 on GBM cells invasion; *p < 0.05, **p < 0.01 and ***p < 0.001 versus the miR-NC+EV group. ###p < 0.001 versus the miR-1258+EV group. Scale bar = 100 μm. (F) Expressions of migration and invasion proteins were restored by E2F1 detected by western blot in GBM cells after co-transfection; *p < 0.05, **p < 0.01 and ***p < 0.001 versus the miR-NC+EV group. #p < 0.05, ##p < 0.01 and ###p < 0.001 versus the miR-1258+EV group.



Meanwhile, we also found that the restoration of E2F1 expression significantly promoted the migration and invasion abilities of miR-1258-expression GBM cells (miR-1258+E2F1 vs. miR-1258+EV p < 0.05, Figures 4D-F). These results showed that overexpression of E2F1 partly attenuated the anti-tumorgenesis effects of miR-1258 on malignant biological behaviors of GBM cells, indicating that E2F1 was a crucial functional target of miR-1258.



miR-1258 Attenuates E2F1-Mediated Gliomagenesis by Downregulating Transcription of PCNA and MMP2

All results above suggested that miR-1258 might exert inhibitory effects via E2F1 transcriptional regulation. Western blot results showed that miR-1258 overexpression significantly inhibited E2F1 expressions in both cytoplasm and nuclear in U251 and GBM666 cells (p < 0.05, Figure 5A). Moreover, immunofluorescence assays also demonstrated a similar tendency (Figure 5B).




Figure 5 | miR-1258 exerts inhibitory effects via transcriptional regulation of PCNA and MMP2 by E2F1. (A) The decreased expressions of E2F1 in U251 and GBM66 cells transfected with miR-1258 in cytoplasmic and nuclear fraction were detected by western blot; *p < 0.05, ***p < 0.001 when compared to miR-NC group. (B) Immunofluorescence assays were applied to analyze GBM cells transfected with miR-1258 or miR-NC. Cell nuclei were stained by DAPI. Red arrows showed the nuclear expression of E2F1. Scale bar = 20 μm. In magnification, Scale bar = 5 μm. (C) The correlations between E2F1 gene expression and PCNA, MMP2 levels in the TCGA database were analyzed by Pearson’s correlation analysis; r = 0.5488, p < 0.0001 in E2F1-PCNA, r = 0.1722, p < 0.0001 in E2F1-MMP2. (D) The mRNA expressions of PCNA and MMP2 in miR-1258 transfected GBM cells were restored by E2F1 using the qRT-PCR assay; *p < 0.05, **p < 0.01, ***p < 0.001 versus the miR-NC+EV group. #p < 0.05, ##p < 0.01, versus the miR-1258+EV group. (E) The schematic diagram illustrated the construction of PCNA and MMP2 WT and Mut promoter sequences in the pGL3-Basic vector. (F) Dual-Luciferase reporter assays were used to assess GBM cells transfected with luciferase vectors carrying WT or Mut promoter sequences of PCNA and MMP2 upon transfection of an E2F1 expression vector or EV; *p < 0.05, ***p < 0.001, n.s., no significance between E2F1 and EV group. (G) ChIP assays were used to analyze the enrichment of E2F1 on the PCNA and MMP2 promoter region in GBM cells.



It is widely recognized that PCNA and MMP2 widely participate in gliomagenesis (17–20). Spearman’s rank correlation analysis of the TCGA GBM database also revealed positive correlations between E2F1 and PCNA or MMP2 mRNA transcript levels (n=669, r =0.5488, p < 0.001 in E2F1-PCNA, n = 156, r = 0.1722, p < 0.001 in E2F1-MMP2, Figure 5C). qRT-PCR assays showed that exogenously expressed miR-1258 significantly reduced PCNA and MMP2 mRNA expression in GBM cells, and the restoration of E2F1 effectively rescued the inhibitory effect of miR-1258 (miR-1258+E2F1 vs. miR-1258+EV p < 0.05, Figure 5D).

We next analyzed the promoter regions of PCNA and MMP2 using JASPAR and PROMO databases and identified E2F1 binding sequences. To further support our findings, Dual-Luciferase reporter assays were executed to confirm the E2F1 binding sites in the promoter regions of PCNA and MMP2 genes. pGL3-Basic vectors containing wild-type or mutant PCNA and MMP2 promoter sequences were constructed (Figure 5E). E2F1 significantly upregulated the luciferase activities of wild-type (Wt) PCNA and MMP2 promoter sequences in GBM cells (p < 0.05). However, there was no significant change in luciferase activity in mutation vectors (p > 0.05, Figure 5F). We confirmed that E2F1 was mainly binding to the PCNA promoter at position -1956~-1945 and binding to the MMP2 promoter at position -1033~-1026, respectively. Finally, ChIP assays further showed E2F1 enriched in both PCNA and MMP2 promoter regions (Figure 5G). These results identified that miR-1258 could partly eliminate E2F1-mediated malignant biological behaviors in GBM via transcriptional regulation of its downstream effectors PCNA and MMP2.



miR-1258 Overexpression Attenuates GBM Tumorigenesis and Invasion Phenotype In Vivo

Considering the significant inhibitory effects of miR-1258 on GBM cells in vitro, we further investigate the anti-tumorgenesis effects of miR-1258 in a subcutaneous xenograft GBM model. Results manifested that the growth of subcutaneous tumors was significantly inhibited by miR-1258 overexpression (p < 0.01, Figures 6A–C). Moreover, immunohistochemistry suggested that the miR-1258 overexpressing group had lower expressions of E2F1, PCNA, and MMP2 (Figure 6D), consistent with our results in vitro. The animal experiment results confirmed that miR-1258 exerted an inhibitory effect on gliomagenesis by repressing E2F1 expression.




Figure 6 | miR-1258 decreases tumorigenicity and invasion characteristics in xenograft model. (A) Stable‐transfected U251 cells with miR-1258 mimic or miR-NC were implanted bilaterally in the axillary, respectively, per mouse. The volumes of subcutaneous xenografts were measured from day 7 to day 25 every 2 days (V=0.5×width2×length, units: mm3, n=5); **p < 0.01, ***p < 0.001 at indicated time points, when compared to miR-NC group. (B) Respective images of subcutaneous xenografts were shown. (C) The tumor weights were decreased in miR-1258 group; ***p < 0.001 between indicated groups. (D) The expressions of E2F1, PCNA, and MMP2 significantly diminished in miR-1258 group detected by immunohistochemical analysis. Representative images were shown; Scale bar, 100 μm. (E) The mechanistic scheme illustrated that miR-1258 attenuates tumorigenesis through targeting E2F1 to inhibit PCNA and MMP2 transcription in glioblastoma.






Discussion

The existing therapeutic approach to GBM consists of surgical resection followed by concurrent radiotherapy and chemotherapy. Though those approach has improved survival, almost GBM patients still succumb. Effective treatment options for GBM are not well established (21). Elucidating the molecular basis of GBM progression could contribute to novel therapies to block GBM progression.

Accumulating evidence has indicated that abnormal expression of miRNAs is closely associated with the tumorigenesis of human cancers (22–24), which can serve as molecular biomarkers for diagnosis, prognosis, and treatment for GBM (25). Similarly, our results first reported that miR‐1258 expression decreased with the ascending pathological grade of glioma in both the CGGA database and clinical samples. Notably, patients with high miR-1258 expression had much better overall survival, which suggested miR-1258 function as a potential diagnostic and prognostic biomarker for glioma patients, especially the GBM patients. In previous studies, miR-1258 has been demonstrated an inhibitory role in many cancer types (4, 5, 26). Here, we also noticed that miR-1258 acted as a tumor‐suppressive miRNA on GBM proliferation, therapeutic resistance, migration, and invasion in vitro and in vivo by functional experiments. The expression of miRNAs in serum is stable (27), and peripheral blood is easy to collect from patients. miR-1258 may therefore be a potential tumor marker and help the development of valuable tools for early diagnosis of gliomas in clinical practice for neuro-oncologists and pathologists. Interestingly, we found that miR-1258 affected the apoptotic rate of GBM cells when TMZ existed. As listed in Supplementary Table S4, we also found that PARP3, ABCG1 and BCL2 were potential targets of miR-1258, whose expression could be downregulated by miR-1258. Recently studies have revealed that combining PARP3 inhibitors with TMZ can potentiate the validity of TMZ in SW620 cell subcutaneous xenograft models (28). ABCG1 has been demonstrated highly expressed in GBM (29, 30). As a member of the ATP-binding cassette transporters, ABCG1 induces drug resistance in many cancers, including hepatocellular carcinoma and osteosarcoma (31, 32), so we speculated that ABCG1 may also participate in TMZ resistance in GBM. BCL-2, one of the most common anti-apoptotic proteins, encoded by the BCL2 gene, has been widely reported to involve in TMZ resistance (33, 34). Hence, further study on the participation and the effect of miR-1258 on TMZ sensitivity is warranted.

E2F1, as a member of the E2F family, is an essential transcription factor, which involves in the regulation of multiple biological processes of cancers, including cell cycle, programmed cell death, DNA damage, and self-renew of cells (35, 36). Activation of E2F1 can also initiate the target genes transcription to maintain the progression of the cell cycles and induce the progression of anti-apoptosis and cell invasion in cancers (15, 37). Abnormal overexpression of E2F1 has also been reported in glioma (16, 38). Interestingly, there has been increasing attention that miRNAs post-transcriptionally regulate E2F1 expression, including miR-205-5p, miR-342-3p, miR-93, and miR-598 (39–41). To better comprehend the tumor‐suppressive function of miR-1258 mechanistically, we identified E2F1 as one of the direct and functional targets for miR-1258 in GBM. Dual-Luciferase reporter assays demonstrated miR-1258 directly binding to E2F1 3’-UTR, thereby inhibiting E2F1 expression, consistent with our results that E2F1 expressed highly in GBM tissues as well as GBM cell lines. By contrast, the restoration of E2F1 reversed GBM cell proliferation inhibition, therapeutic resistance, migration, and invasion mediated by enhanced expression of miR-1258. Our study results indicated that the miR‐1258/E2F1 axis represented a critical regulation mechanism underlying the molecular pathogenesis of GBM. Very recently, Peng X et al. has reported that miR-1258 overexpression inhibits cell proliferation, invasion and migration by targeting the E2F1 and altering AKT and P53 signal pathway in cervical cancer (42), which also highlights a wide regulatory network of miR‐1258/E2F1 axis in cancers.

PCNA, which encodes proliferating cell nuclear antigen, is an essential factor in DNA replication and many other cancer cell processes, especially in cell proliferation (43). Matrix metalloproteinase 2, an enzyme encoded by the MMP2 gene, is involved in degrading type IV collagen. It is widely recognized that matrix metalloproteinase-2 mediated basement membrane degradation is positively linked with the migration, invasion, and metastasis of cancers (44). Only a few studies have reported that E2F1 stimulates transcription of the PCNA and MMP2 (45, 46). However, the transcriptional regulations of E2F1 on PCNA and MMP2 genes in GBM remain unclear. In this study, we demonstrated that E2F1 directly bound to the promoter regions of PCNA and MMP2 to regulate their transcriptional activity, facilitating the expression of these gliomagenesis genes, finally attenuating the inhibitory effects of miR-1258 on cell proliferation, therapeutic resistance, migration, and invasion in GBM cells. These findings also indicated that E2F1 exerted a crucial role in the malignant behavior of GBM and could serve as a potential diagnostic marker and therapeutic target in GBM. However, it is still unclear whether E2F1 participates in the regulation of other downstream effectors in gliomagenesis. Hence, this issue deserves to be clarified.

Our findings collectively highlighted the novel evidence of a crucial link between miR-1258 and the tumorigenesis of human GBM. miR-1258 played an inhibitory role in the progression of GBM and functioned as a tumor suppressor by down-regulating E2F1 expression and attenuated E2F1-mediated downstream gene PCNA and MMP2 transcriptions (Figure 6E). To date, miRNA-based therapies are still in the initial stages (25). Our novel findings establish the role of miR-1258 as a potential diagnostic marker and a therapeutic target in GBM.
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Glioblastoma (GBM) is the most lethal and frequent type of brain tumor, leading patients to death in approximately 14 months after diagnosis. GBM treatment consists in surgical removal followed by radio and chemotherapy. However, tumors commonly relapse and the treatment promotes only a slight increase in patient survival. Thus, uncovering the cellular mechanisms involved in GBM resistance is of utmost interest, and the use of cell lines has been shown to be an extremely important tool. In this work, the exploration of RNAseq data from different GBM cell lines revealed different expression signatures, distinctly correlated with the behavior of GBM cell lines regarding proliferation indexes and radio-resistance. U87MG and U138MG cells, which presented expressively reduced proliferation and increased radio-resistance, showed a particular expression signature encompassing enrichment in many extracellular matrix (ECM) and receptor genes. Contrasting, U251MG and T98G cells, that presented higher proliferation and sensibility to radiation, exhibited distinct signatures revealing consistent enrichments for DNA repair processes and although several genes from the ECM-receptor pathway showed up-regulation, enrichments for this pathway were not detected. The ECM-receptor is a master regulatory pathway that is known to impact several cellular processes including: survival, proliferation, migration, invasion, and DNA damage signaling and repair, corroborating the associations we found. Furthermore, searches to The Cancer Genome Atlas (TCGA) repository revealed prognostic correlations with glioma patients for the majority of genes highlighted in the signatures and led to the identification of 31 ECM-receptor genes individually correlated with radiation responsiveness. Interestingly, we observed an association between the number of upregulated genes and survivability greater than 5 years after diagnosis, where almost all the patients that presented 21 or more upregulated genes were deceased before 5 years. Altogether our findings suggest the clinical relevance of ECM-receptor genes signature found here for radiotherapy decision and as biomarkers of glioma prognosis.




Keywords: glioblastoma, GBM cell lines, expression profiling, extracellular matrix, ECM-receptors, radioresistance



Introduction

Glioblastoma (GBM) is the most common and aggressive primary brain tumor in adults. The current protocols for treating GBM involve surgical resection followed by chemotherapy and radiotherapy, but the rate of patient survival is only 14 months (1). The poor prognosis accrues mainly from the resistance of GBM cells against chemical and radiotherapeutic agents, along with the abrupt increase in proliferation acquired during tumor progression. The extensive interaction of tumor cells with the extracellular matrix (ECM) favors invasiveness and brain infiltration, preventing the cure even after extensive surgical resection (2). In face of this scenario, standard treatment does not restrain recurrences and about 80% of relapses are located at the resection margin, which is the site predominantly affected by higher doses of radiation (3). Also, GBM resistance is notably correlated with the high percentage of cancer stem cells (CSC) population usually found in these tumors (4). CSC responds to genotoxic agents in an adaptive manner and usually survives inside the therapeutic environment, quickly regenerating the tumor after treatment cessation and supporting relapses in a few months (5). Thus, a better understanding of tumor cells’ response to irradiation is crucial for the comprehension of GBM aggressiveness.

The accelerated proliferation of GBM cells also drives the pronounced complexity of these tumors that typically encompasses a huge genetic diversity along with a heterogeneous microenvironment. The presence of hypoxic and hyper-perfused regions, redox gradients and different pro-inflammatory cytokines sustain a dynamic environment, promoting both the proliferative and infiltrative phenotypes (6). Also, a diversity of ECM proteins interacts with tumor and stromal cells and plays a central role in cellular communication, supplying growth factor production, migration and invasion (7, 8). The ECM is usually remodeled in tumor tissues and promotes desmoplasia, which is characterized by an increase in total levels of fibrillar collagen, fibronectin, proteoglycans, and tenascin C. These changes have been associated with tumor stiffening, which is a more rigid and resistant state that acquires at least 1.5-fold higher resistance to mechanical stress than the surrounding normal tissue. The stiffening state can promote epithelial to mesenchymal transition (EMT) that is also correlated with drug resistance and it is hypothesized to contribute to transformation of cancer cells in CSC (9).

Irradiation, the major therapeutic approach used to handle GBM, also produces important changes in the tumor microenvironment that may support resistance, proliferation and recurrence, such as: increased oxidative stress, hypoxia, neuroinflammation, altered expression of adhesion molecules, senescence induction and neo-angiogenesis. The high levels of radiation-induced reactive oxygen species (ROS) promote the remodeling of collagen and proteoglycans, activation of cellular proteases and changes in the cytoskeleton, contributing to development of senescent phenotypes (6). Metabolic changes also occur in tumor microenvironments in response to radiation-induced oxidative stress, such as increased production of antioxidant peptides and hypoxia generation. Radiation-induced stabilization/activation of HIF-1 (Hypoxia Inducible Factor 1) triggers protective processes by regulating downstream target genes that can stimulate immunosuppressive and anti-apoptotic responses (10). Another important aspect is the radiation-induced bystander effect, such as mitochondrial dysfunction, production of persistent or irreparable DNA damage, DDR (DNA damage response) activation, irreversible cell cycle arrest, and also the cellular senescence (6). Furthermore, GBM cells were reported to be able to constitutively activate senescence by blocking cyclin-dependent kinase inhibitors, for example p16 and p21 (11), which favors the release of pro-inflammatory signaling molecules and proteolytic enzymes (12).

Thus, the exposure of GBM to radiation can affect the composition of the ECM, altering the tumor proliferation and infiltration capabilities. These phenotypes are supported by the overexpression of diverse ECM proteins, including structural components (brevican, vitronectin, tenascin C, hyaluronin, lysyl oxidase), degradation enzymes (Matrix metalloproteinases) (13) and glioma-matrix interactors (ICAM-1, DDR-1, Integrins) (14, 15). Altogether, these data disclose that the relationship between tumor cells and the ECM supports the particularly infiltrative phenotype of GBM that is strongly correlated with radioresistance (16). As radiotherapy remains a primary treatment modality for gliomas, it is of great interest to better understand the acquisition of radioresistance of glioma cells and the targets to modify their tolerance to radiation. Different GBM cell lineages, such as U87MG, T98G, U251MG, are frequently used in studies of radioresistance (17–20). From clonogenic survival assays, the T98G cell line showed higher radioresistance when compared to the U87MG lineage, consistent with the lower levels of ATM kinase in U87MG cells (18). Differently, another study showed that U87MG presents higher resistance against irradiation (IR) than T98G cells and, in both cell lines, the radioresistance profile was correlated with mTOR/AKT activity, which is an important pathway not only for cell survival but also for the maintenance of astrocytic characteristics (20). It was also demonstrated that U87MG cells are more radioresistant than the U251MG lineage. This behavior was associated with the cell cycle dynamics, which was prevalent in G1/S phases for U87MG and in G2/M for U251MG cells, and with the expression of the APE1 (Human Apurinic Endonuclease 1), an enzyme involved in base excision repair (19). Thus, although several studies have investigated radioresistance of GBM cell lines, the literature is divergent and a comprehensive analysis of gene expression profiling associated with cells’ response to IR is still missing. These data would be of great importance since they will permit a wider understanding of the genetic heterogeneity of these cell lines and the molecular basis of the resistant phenotype of GBM cells.

In this work we have explored gene expression profiles of different GBM cell lines that present distinct phenotypes regarding radiation sensibility, aiming the identification of genetic characteristics correlated with radiation responsiveness. Using RNAseq data from five different GBM cell lines, we identified distinct profiles of deregulated genes in radioresistant versus sensitive cells. The ECM-cell interaction pathway was predominantly altered in irradiation-resistant cells (U87MG and U138MG), while the DNA damage response/DNA repair pathways were preferentially altered in irradiation-sensitive cells (T98G and U251MG). Consistently, T98G and U251MG cell lines presented the highest proliferation ratios, which is associated with replicative stress and is known to promote constitutive activation of DNA damage signaling. Among the genes positive or negatively associated with radioresistance, integrins were noteworthy. Furthermore, two integrins remarkably overexpressed in IR-resistant cells, integrin-α5 (ITGA5) and integrin-β1 (ITGB1), were validated by western blot and were also induced after IR treatment, confirming their enrollment in IR responsiveness. Importantly, we have also found 31 genes of the ECM-receptor interaction pathway, out of 83, correlated with poor responsiveness of patients to radiation treatment. Altogether, these data provide additional support to the enrollment of ECM-deregulation in the acquisition of IR-resistance and endorse the suitability of these cell lines for studies aiming the characterization of the genetic basis of radioresistant and/or proliferative phenotypes of GBM cells.



Methods


Cell lines, Culture Conditions, and Treatment With Ionizing Radiation

The U87MG, U138MG, U251MG, and T98G cell lines were obtained from the American Type Culture Collection in 2010. U343MG cells were obtained from the laboratory of Prof. Carlos Gilberto Carlotti Junior, FMRP-USP, also in 2010. The ACBRI-371 non-tumor astrocytes were obtained from Cell Systems and gently provided by professor Elza Tiemi Sakamoto Hojo (FFCLRP-USP). Cells were grown in Dulbecco’s Modified Eagle Medium (DMEM, Thermo Fisher Scientific) supplemented with 10% fetal bovine serum (Thermo Fisher Scientific) and incubated at 37°C and 5% CO2. The cells were analyzed monthly by immunofluorescence after DNA staining for Mycoplasma detection. Cell line authentication was performed using STR profiling with the GenePrint® 10 System (Promega) following fabricant’s instructions. Authentication was done and validated the identity of U87MG and T98G cell lines in 2017, and the majority of experiments were conducted in the following 6 months. Cells were treated with ionizing radiation at a dose exposure rate of 10 Gy (X-ray irradiator RS-2000, Rad Source) three times every 48 hours for cytotoxicity assay and at a single dose of 10 Gy for apoptosis/cell death and western blot analysis. To choose the radiation regimen, we carried out several previous experiments (data not shown) using the MTT essay to identify a radiation dose that was able to increase cell death ratios and was not excessively toxic for the cell lines studied here.



Cytotoxicity Assay, Cell Death Analysis, and Growth Curve

The cytotoxicity assay was carried out using the MTT (3- (4,5-dimethylthiazol-2-yl) -2,5-diphenyltetrazolium bromide) method. 500 cells were seeded in 96-well plates, grown for 24 hours and then irradiated three times every 48 hours. The MTT assay was performed 48 hours after the third irradiation treatment. The medium was removed and exchanged for 100 µL of fresh culture medium to cytotoxicity evaluation. Then, 10 µl of 12 mM MTT (3- (4,5-dimethylthiazol-2-yl) -2,5-diphenyltetrazolium bromide) was added over 3 hours at 37°C and 5% CO2. After incubation, the crystals were diluted with isopropanol and read on plate reader at 570 nm. The data were analyzed by One-way ANOVA test. Differences were considered significant when p < 0.05. Apoptosis and effective cell death were measured using annexin V and propidium iodide staining. 8x104 cells were seeded in 12 well plates, grown for 24 hours and irradiated. 48 hours after IR treatment, the cells were harvested, incubated with annexin V for 15 minutes and propidium iodide was added to a final concentration of 2 ng/µL. The cell suspension was immediately analyzed in a flow cytometer (FACSCanto, BD Biosciences). The data showed the average of three independent experiments. The results were analyzed by Kruskal–Wallis test (analysis of variance, ANOVA). Differences were considered significant when p < 0.05. For the growth curve, 1x103 cells were seeded in 96 well plates and DNA content evaluated every 24 hours for 6 days. At each analysis point, the culture medium from each well was withdrawn, washed with PBS 1x, and fixed with 70% ethanol for 10 minutes. After, the DNA of the cells was stained with 0.05% crystal violet solution for 15 minutes. Next, the cells were washed and 10% acetic acid solution was added for 30 minutes to read on plate reader at 570 nm. The data were analyzed by Two-way ANOVA test. Differences were considered significant when p < 0.05. The statistical significance was represented by *p<0.05, **p<0.001 and ***p<0.0001. Graphs were plotted with GraphPad Prism 4.0 software.



RNA Extraction and Quantitative RT-PCR

RNA extraction was performed with RNeasy RNA extraction Kit (Qiagen) following the manufacturer’s instructions. RNA concentration and purity were determined in the spectrophotometer at 260–280 nm. The RNA was treated with DNAse I (Invitrogen) in the presence of an RNAse inhibitor (RNAseOUT; Invitrogen). Then, cDNA synthesis was performed using the High Capacity Kit (Applied Biosystems), also following the manufacturer’s instructions. qPCR reactions were performed in the 7500 RealTime PCR System (Applied Biosystems) using Power SYBR Green PCR Master Mix (Applied Biosystems), according to manufacturer’s recommendations. As previously described, HPRT was used as the control of constitutive expression. The calculations of relative expression were based on the 2−ΔΔCT equation (21). Statistical analyzes were performed with the One-way ANOVA test, using the GraphPad Prism 4.0 software.



SDS-Polyacrylamide Gel Electrophoresis and Western Blot

Protein samples were separated by electrophoresis in SDS-polyacrylamide gel (6%) and transferred to nitrocellulose membrane. The membrane was blocked with a TBST buffer (1X TBS, 0.25% Tween-20) containing 5% skimmed milk at room temperature for 60 minutes under stirring. The primary antibodies used were: anti-ITGA5 (Cell Signaling, #98204) at dilution 1:1000, anti-ITGB1 (Cell Signaling, #4706) at dilution 1:1000, anti-tubulin (ABCAM, ab7291) at dilution 1:10000, anti-phospho-AKT (Cell Signaling, #4060) at dilution 1:2000, anti-AKT (Cell Signaling, #4691) at dilution 1:1000 and anti-GAPDH (Cell Signaling, #5174) at dilution 1:1000. Images were captured by ChemiDoc™ Imaging System from Bio-Rad.



Pathway Enrichment and Patient Survival Curves

In order to identify cellular pathways enriched in treatment-resistant versus to sensitive GBM cells, we analyzed RNA sequencing data from different GBM cell lines that was previously generated in our laboratory (PRJNA631805). Genes presenting padj ≤ 0,0001 and log fold change > 2 in U87MG and/or U138MG cells (radio-resistant) compared to T98G and/or U251MG cells (radio-sensitive) were considered as differentially expressed. The list obtained for each comparison (Supplementary Table 1) was subjected to pathway analysis by KEGG through the website www.webgestalt.org (Supplementary Table 2). Pathway enrichment graphs were plotted with GraphPad Prism 4.0 software. For a refined understanding of expression variations among the genes included in enriched pathways, gene expression fold-changes of each GBM cell line relative to non-tumor astrocytes (ACBRI-371) were calculated and illustrated as heatmaps. Thus, gene expression levels in the different GBM cells were estimated considering ACBRI-371 cells as a reference.

We used the data available in The Cancer Genome Atlas (TCGA) database (https://www.synapse.org/#!Synapse:syn2812961) for survival analysis (Supplementary Table 3). To access the differences in survival based on ECM genes expression, we choose the best cutoff in expression value of each gene by calculating receiver operating characteristic (ROC) (22) curves for death incidence by time. Survival curves were plotted by the Kaplan-Meier method and compared by the log-rank test. Differences were considered significant when p < 0.05. Graphs were plotted with GraphPad Prism 4.0 software.




Results


IR-Resistant GBM Cell Lines Show Higher Expression of ECM Genes and the Interacting Receptors

Here we profiled the sensitivity of different GBM cells to ionizing radiation (IR) in order to search for correlations between cell behavior and global gene expression patterns. The panel of cell lines analyzed included U87MG, U138MG, U251MG, U343MG and T98G, which show distinct proliferation indexes. U343MG and T98G cell lines proliferated significantly faster when compared to U87MG or U138MG, showing nearly 3.5 and 5-fold increment in cell number after six days of growing. U251MG exhibited intermediate proliferation rates, significantly differing only from T98G cells that showed 2-fold increment after six days of growing (Figure 1A). Cell viability was initially evaluated after three rounds of IR exposure, at a dose of 10 Gy in intervals of 48 hours. Two days after the last treatment, U251MG and T98G cultures showed only 5% and 15% of viable cells respectively, while U87MG and U138MG revealed approximately 40% of viability (Figure 1B). These data suggested that U87MG and U138MG cells present higher resistance against IR. However, this experiment does not inform if IR was causing cytotoxicity or a cytostatic disturb in the affected cells. To investigate each of these options were occurring, we evaluated apoptosis and cell death indexes after one round of IR exposure. Again, U87MG and U138MG cells did not exhibit any significant increment in apoptosis or cell death, while T98G and U251MG cultures presented increase only in effective cell death levels, showing 30% and 40% of dead cells, respectively (Figure 1C).




Figure 1 | Proliferation and ionizing radiation resistance analysis in GBM cell lines. (A) Proliferation assay of T98G, U343MG, U251MG, U87MG, and U138MG. (B) Cytotoxicity assay of GBM cells after radiation treatment. (C) Quantification of apoptosis and cell death of GBM cells after irradiation are shown in the upper graphics and representative images of flow cytometry experiments are presented in the lower panel. Error bars represent the SEM of 3 independent experiments. Graphs were plotted with GraphPad Prism 4.0 software. *p < 0.05, **p < 0.001, and ***p < 0.0001.



To better understand the molecular mechanisms underlying the competence of these cells in handling genotoxic insults and replicative stress, we further examined global transcriptional profiles available in our laboratory (23). RNAseq analysis revealed a collection of genes differentially expressed in each cell line analyzed when comparing resistant versus sensitive cells (Supplementary Table 1). Interestingly, IR-resistant cells presented higher expression levels of several ECM components and their related receptors (Figure 2 and Supplementary Table 2). These pathways did not appear enriched when we evaluate the genes increased in radiation sensitive cell lines (Supplementary Figure 1). Figure 3A shows the relative expression levels of the ECM-receptor interaction genes that significantly varied among GBM cell lines, using non-tumor astrocytes as a reference. Although each cell line revealed a particular set of altered genes, we also observed that the resistant cells (U87MG+U138MG) share several overexpressed genes belonging to the ECM-receptor pathway, indicating promising radio-resistance biomarkers (Supplementary Table 2). Additionally, resistant cells usually show overexpression of both, receptors and their ligands simultaneously, while in sensitive cells the overexpression is found only in either receptor or ligand (Supplementary Table 4 and Supplementary Figure 2). These data suggested that the downstream PI3K signaling pathway would not be effectively activated in IR-sensitive cells. Alterations observed in the heatmap of Figure 3A were validated by qPCR for a set of five genes arbitrarily selected, namely: ITGA3, ITGA5, ITGA8, LAMB1 and LAMA2. The expression levels of ITGA3 and ITGA5 were significantly higher in U87MG and U138MG cells, ITGA8 and LAMB1 were increased in T98G, and U138MG showed higher levels of LAMA2 (Supplementary Figure 3), confirming RNAseq analysis consistency. Two genes presenting increased levels in the resistant cells, ITGA5 and ITGB1, were also examined by western blot (Figure 3B) and protein overexpression was confirmed. Since ITGB1 and ITGA5 have been previously described as key players in the acquisition of radioresistance by GBM cells (24–27), we can presume a strength confidence in the correlation between the set of genes identified in our study with IR resistance. Once ITGA5/ITGB1 were also described as responsive to IR, we evaluated their expression levels after IR-treatment. Figure 3C shows that both analyzed receptors presented increased protein amounts between 24 and 48 hours after treatment, confirming the requirement of these proteins for radiation responsiveness. Therefore, the endogenous high levels observed in resistant cells and the additional induction promoted by IR, corroborate they indeed play an important role in cellular response to IR, and support that all genes identified here are potentially enrolled in radioresistance acquisition by GBM cells.




Figure 2 | The enriched KEGG pathways in treatment-resistant cells in comparison to sensitive cells. All genes with padj ≤ 0,0001 and log fold change > 2 in U87MG and/or U138MG cells compared to T98G and/or U251MG cells were subjected to pathway analysis by KEGG. The pathways related to cell-extracellular matrix interaction were highlighted in red. A False Discovery Rate (FDR) ≤ 0.05 was used as a threshold to select significant pathways. Graphs were plotted with GraphPad Prism 4.0 software.






Figure 3 | Expression profile of the ECM-receptor interaction genes in GBM cell lines. (A) Heatmap of the relative expression of genes enriched in the ECM-receptor interaction pathway, estimated expression in each GBM cell line relative to non-tumor astrocytes (ACBRI-371) are shown. (B) Western blot validating ITGA5 and ITGB1 expression in U87MG, U138MG, T98G, and U251MG cell lines. (C) Protein samples were collected 0, 6, 12, 18, 24, 30, 36, 42, and 48h after irradiation treatment with 10 Gy and the ITGA5 and ITGB1 protein levels assessed by western blot. The two bands detected for these integrins correspond to the precursor (upper band) and mature (lower band) forms of the protein, and variations are commonly observed depending on the cell line analyzed.



Several ECM genes are able to activate the PI3K signaling pathway as a survival mechanism. Thus, we evaluated whether AKT inhibition would sensitize U87MG and U138MG cells to radiation. We observed that AKT levels did not vary between the evaluated cell lines (Supplementary Figures 4A, B), however, U87MG and U251MG cells showed higher ratios of AKT phosphorylation at the position S473 (Supplementary Figure 4B). Thus, to assess the effects of AKT inhibition in IR resistance, cells were treated with the potent pan-AKT kinase inhibitor GSK690693, for 4 hours followed by irradiation with a dose of 10 Gy. After 48 hours, we observed that the AKT inhibitor was able to increase IR-sensibility of T98G cells at all concentrations evaluated, of U251MG cells at 20 and 30 µM and of U138MG cells only at 30 µM. Although T98G and U251MG showed higher amounts of dead cells when receiving radiation combined with the inhibitor, we did not see any increase in cell death levels for U87MG and a only slight increase for U138MG in the highest concentration of the inhibitor. This result suggested that AKT is not essential for the elevated resistance presented by U87MG and U138MG cell lines. Once other kinases, such as AMPK and DAPK3, might also be affected by the pan-inhibitor we utilized, we could speculate that these kinases, likewise, do not favor sensitization of the resistant GBM cell lines. However, the effect of the combined treatment was shown to be more effective in U251MG cells, indicating that cell lines with reduced amount of upregulated ECM genes are more dependent on the PI3K pathway. Altogether, these data suggest that the set of 31 ECM-receptor genes we found overexpressed in the resistant cell lines activates an extensive pro-survival signaling network that work collectively to sustain IR-resistance in GBM cells.



Alterations in DNA Repair Pathways Are Enriched in the GBM Cell Lines Presenting Higher Proliferation

We also investigated if alterations in the expression of DNA repair genes exhibit any association with resistance to ionizing radiation. Actually, we did not observe correlations between variations in the expression of DNA repair genes and IR resistance among the different cell lines analyzed. Also, we observed that these pathways, mainly the Mismatch Repair (MMR) and the Homologous Recombination (HR) pathways, are enriched in cells that showed higher proliferative potential (Figure 4 and Supplementary Figure 5). To confirm the association between DNA repair genes expression and proliferation activity in GBM samples, we searched for correlations between the expression of MKI67, and MMR and HR genes, using the TCGA (The Cancer Genome Atlas) data. We observed that 64.7% and 46.8% of the genes from the MMR and HR pathways show a meaningful Spearman correlation with MKI67 (>0.5), which is comparable with the correlation exhibited by 75.8% of the genes belonging to the DNA replication machinery. Although we did not observe enrichment for genes of the Nucleotide Excision Repair (NER), Base Excision Repair (BER), and Non-Homologous End-Joining (NHEJ) repair pathways in the more proliferative cell lines, these pathways also showed association with MKI67, but at lesser extent, of 37.5%, 29.4% and 21.4%, respectively (Supplementary Table 5). These data indicated a tougher association of DNA repair alterations with the proliferative activity than with the radio-resistance.




Figure 4 | Homologous Recombination and Mismatch Repair pathways are enriched in proliferative GBM cell lines. Heatmaps representative of the expression of genes from the Homologous Recombination and Mismatch Repair pathways were generated with the data from each GBM cell line relative to non-tumor astrocytes (ACBRI-371).





ECM-Receptor Signature Derived From IR-Resistant Cells Correlate With Radiation Responsiveness of LGG Patients

Next, we seek to understand if the high levels of the ECM-receptor genes were correlated with IR response of lower-grade glioma (LGG) patients from the TCGA database, for which RNAseq data and clinical information were publicly accessible. We have chosen the LGG cohort due to availability of gene expression data and treatment protocols for the majority of samples characterized, whereas for the GBM cohort, treatment regimens are missing for many cases. For this analysis, we separated the patients into 4 groups: i) untreated patients whose tumors expressed low-levels of the analyzed gene; ii) untreated patients whose tumors expressed high-levels of the analyzed gene; iii) irradiated patients whose tumors expressed low-levels of the analyzed gene; iv) irradiated patients whose tumors expressed high-levels of the analyzed gene. Initially, the ROC (Receiver Operating Characteristic) curve was constructed to define the threshold between low and high levels of expression for each target gene (Supplementary Table 6). Then, the survival of patients with low or high expression was evaluated. We observed that the increased expression of 31 ECM-receptor genes was correlated with worse prognosis in irradiated patients (Figure 5). Importantly, patients selected for radiation treatment show an intrinsic poorer survival prognosis than patients not selected for treatment (Supplementary Figure 6), but inside the group of irradiated patients we indeed detected significant differences. In addition, we did not observe changes in survival among non-irradiated patients. These data revealed that individuals with low expression of ECM-receptor genes presented improved response to IR, showing significantly increased survival when compared to patients with high expression of the ECM-receptor signature. We also found 7 genes for which augmented expression is associated with patients’ prognosis, regardless they were treated or not with IR (Supplementary Figure 7).




Figure 5 | High levels of 31 ECM-receptor interaction transcripts are correlated with poor survival prognosis of radiation-treated patients. Kaplan Meier survival curves for LGG patients according to expression levels of the ECM-receptor interaction genes in the tumors. Patients were divided into four groups: i) untreated patients whose tumors expressed low levels of the analyzed gene; ii) untreated patients whose tumors expressed high levels of the analyzed gene; iii) irradiated patients whose tumors expressed low levels of the analyzed gene; iv) irradiated patients whose tumors expressed high levels of the analyzed gene. *p < 0.05, **p < 0.001, and ***p < 0.0001. The P-values were obtained from a log-rank test. Graphs were plotted with GraphPad Prism 4.0 software.



Finally, we evaluated if the progressive accumulation of up-regulated genes would impact the resistance of tumors to irradiation. For this, we defined six categories with an increasing number of altered genes, from up to 5 until 30, and evaluated the survival of patients, submitted to IR treatment, belonging to each class. We observed that among patients who survived for more than 5 years after diagnosis, 54% showed up to 10 overexpressed genes from the signature identified, 43% had up to 20, and only 2% exhibited more than 21 overexpressed genes (Figure 6A). However, among patients who died before 5 years of diagnosis, 5% showed up to 10 overexpressed genes, 52% revealed up to 20 up-regulated genes and 41% exhibited from 21 to 30 increased genes (Figure 6A). Kaplan-meier curves illustrate the survival of patients included in each category (Figure 6B). These data revealed that the number of genes from the ECM-receptor signature is a strong predictor of the response to radiotherapy, and suggests that patients displaying more than 20 overexpressed genes do not benefit from treatment.




Figure 6 | The progressive accumulation of up-regulated ECM-receptor interaction genes impacts the resistance of tumors to irradiation. (A) The number of genes with expression above the threshold defined by the ROC curve was evaluated in each patient submitted to IR treatment and six categories, with an increasing number of altered genes, were defined. The percentage of alive or deceased patients included in each category is indicated. (B) Kaplan Meier survival curves for LGG patients according to the categories described in (A). Graphs were plotted with GraphPad Prism 4.0 software.






Discussion

Although radiotherapy is the main choice among the available treatments for GBM, it is known that this type of therapy induces high levels of genomic instability and considerable alterations in tumor microenvironment. An important consequence of RT is the remodeling of the extracellular matrix, promoting upregulation of several ECM proteins, such as: structural components, ligand-receptors, proteases and regulators of tumor cells adaptation. Altogether, these alterations culminate in increased survival, proliferation, migration, invasion and angiogenesis, supporting the prominent aggressiveness and the frequent recurrences of GBM (6). In this study, we evaluated irradiation-induced cell death levels and observed that the GBM cells with lower proliferation levels, U87MG and U138MG, are more resistant to ionizing radiation (IR) and present many overexpressed genes associated with the ECM-receptor interaction pathway. According to our observations, it has been shown that GBM cells are able to remodel the associated ECM by promoting coordinated alterations in cell adhesion, which were mediated mainly by molecules such as integrins and cadherins, and cell detachment, caused by ECM degrading proteases (28). On the other hand, cells with higher proliferation ratios, such as T98G and U251MG, were more sensitive to IR and presented upregulation of several genes involved in DNA damage response, whose expression was also positively correlated with MKI67. The phenotype observed in the radiosensitive cell lines might be explained by the elevated cellular proliferation, which leads to replicative stress and induces genomic instability, promoting constitutive activation of the DNA damage signaling (29). Thus, the additional stress exogenously promoted by irradiation could potentiate the intrinsic replicative stress of these cells, intensifying cell death ratios. Among the cell lines utilized in our work, U87MG and U251MG were widely used in former studies for intracranial xenograft implants and showed the capability of inducing highly invasive tumors, containing nuclear atypia, hypercellularity, pleomorphism, and angiogenesis (30). However, cell proliferation indexes from tumors generated by these two cell lines were not evaluated in a comparable manner. It was also demonstrated that transcriptional profiles are drastically modified when in vivo models are used (31). This phenomenon implicates that cell behavior and the associated expression patterns might be divergent from that observed in the 2D culture model explored here. However, the clinical relevance of the genes identified in our study as biomarkers of IR-responsiveness was corroborated by the correlation between their expression levels and the response of glioma patients to radiotherapy.

Within the ECM-receptor interaction pathway, integrins are noteworthy. Integrins have been shown to play important roles in tumor microenvironment, being involved in the control of cell survival, proliferation, migration and invasion, since they activate pathways like FAK (focal adhesion kinase) and PI3K/AKT (phosphoinositide 3-kinase/protein kinase B) (7). According to our data, deregulation in integrin signaling were formerly associated with cancer (32). Several integrin subunits are overexpressed during astrocytoma progression and showed competence to promote invasion, angiogenesis, and radioresistance (33). Among the molecular subtypes of GBM, mesenchymal tumors are considered the most invasive and angiogenic (34, 35). Coincidentally, this subtype demonstrated global overexpression of integrins compared to others (33), highlighting integrins as attractive therapeutic targets for mesenchymal GBMs.

Curiously, distinct integrins were altered in either sensitive or resistant cell lines, such as ITGA6, ITGA8, ITGAV, ITGB4 and ITGB8 overexpressed in the sensitive cells, and ITGA3, ITGA5, ITGA10, ITGA11, ITGB1 and ITGB7 increased in the resistant cell lines. Considering the set of integrins upregulated in radioresistant cell lines, ITGB1, ITGA5 and ITGA3 were previously reported as associated with IR resistance. ITGB1 stabilizes RAD51 thus, favoring DNA double strand breaks repair by homologous recombination. This is enabled by the reduction of proteasome-mediated RAD51 degradation via RING-1 (24). Additionally, ITGB1 physically interacts with EGFR and increases in vitro resistance of GBM cells to IR in an AKT phosphorylation dependent manner, and has been related to worse prognosis of GBM patients (25). When dimerized with ITGA5, ITGB1 also promotes greater resistance of GBM cells by regulating the levels of the anti-apoptotic proteins Survivin and PEA-15 (26). Here we also demonstrated that ITGB1 and ITGA5 protein levels were gradually upregulated when we treated GBM cell lines with ionizing radiation, indicating that these proteins are IR-responsive. Accordingly, it has been shown that GBM cells present ITGB1 upregulation after irradiation, as well as radiosensitization when ITGB1 was silenced (27). In addition, radiation-induced upregulation of ITGB1 has been demonstrated in vitro and in vivo in prostate cancer cells (36), as well as upregulation of ITGA5 on colorectal tumor cells after X-ray irradiation (37). Furthermore, the mRNA expression of the genes comprising the CD151-ITGA3-ITGB1 complex is correlated to lower survival rates in GBM patients probably as a consequence of the synergistic effect with the EGF/EGFR pathway, which gives GBM cells greater motility and invasion (38). Since several ECM components activate the PI3K/AKT pathway, we also decided to investigate whether radioresistance is a consequence of this activation. However, after inhibiting AKT and simultaneously irradiating the resistant cell lines, we did not observe considerable sensitization, thus indicating that the ECM-receptor genes found as overexpressed do not depend solely on AKT signaling to promote radioresistance in the cell lines here studied and that other pathways might be involved. Regarding the integrins upregulated in sensitive cells, we observed higher amounts of ITGA6, which is able to regulate CHK1 and cdc25 levels in primary cultures of GBM neurospheres and is therefore important for the ATR signaling (39). In addition, ITGA6 was reported to induce the expression of the ZEB1 transcription factor and, consequently, the FGFR1 proliferation inducer (target of the ZEB1/YAP1 complex) (39). Thus, it could be suggested that ITGA6 might have a role in reducing the replicative stress of highly proliferative cells.

Additionally, we have also found that 31 genes of the ECM-receptor interaction pathway, out of 83, correlated with poor responsiveness of patients to radiation treatment. Supporting our findings, some of the genes contained in this signature were previously described as correlated to radioresistance. COL1A1, ITGB4 and VTN have been associated with radioresistance in different types of cancer, such as nasopharyngeal carcinoma, esophageal squamous cell carcinoma and head and neck cancer (40–42). Furthermore, although not correlating to response to irradiation, recent studies have shown that COL1A1, ITGA7, ITGB3, ITGB4, HMMR and IBSP upregulation confer low survival rate to glioma patients (43–48). Importantly, we have shown that the majority of patients with up to 10 simultaneously upregulated genes survive more than 5 years, while for most of the patients with more than 10 upregulated genes the prognosis is remarkably worse, with an overall survival lower than 5 years. It is also relevant to emphasize that radioresistant cells usually presented receptors and the respective ligands simultaneously upregulated, differently from the sensitive cell lines that eventually showed upregulation of either the receptor or the corresponding ligand. Thus, our results indicated that the upregulation of at least 21 ECM-receptor interaction genes is important for the acquisition of a radioresistant phenotype, mostly when both receptor and ligand are included.

In conclusion, our results corroborate with recent studies that have shown the ECM-receptor interaction pathway as an important driver of glioma radioresistance. More importantly, we identified for the first time, new markers of the ECM pathway correlated with GBM IR-resistance, namely: ITGA2B, ITGA7, ITGB4, ITGB7, COL1A1, COL6A1, COL6A2, COL6A6, COL9A1, CD36, CHAD, COMP, GP1BA, GP5, GP6, HMMR, IBSP, LAMA1, LAMA3, LAMA4, LAMC2, LAMC3, SV2C, TNC, TNN, TNXB, VTN and VWF. Notably, the genes identified as correlated with IR responsiveness in individual cell lines were validated in clinical data as biomarkers of patient response to radiotherapy. Additionally, the cell lines studied here proved to be useful models for functional experiments involving mechanistic investigations regarding IR resistance and proliferation capacity, once they can be explored as representative of different adaptive states of tumor cells. This group of genes could also be explored for screening patients who would benefit from radiotherapy and, moreover, represent promising targets for the development of adjuvant therapies that will possibly improve the outcome of patients with highly radioresistant gliomas.
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Supplementary Figure 1 | The enriched KEGG pathways in treatment-sensitive cells in comparison to resistant cells. All genes with padj ≤ 0,0001 and log fold change > 2 in T98G and/or U251MG cells compared to U87MG and/or U138MG cells were subjected to pathway analysis by KEGG. The pathways related to cell-extracellular matrix interaction were highlighted in red. A False Discovery Rate (FDR) ≤ 0.05 was used as a threshold to select significant pathways. Graphs were plotted with GraphPad Prism 4.0 software.

Supplementary Figure 2 | Interaction map of de-regulated genes from the ECM-receptor pathway according to KEGG analysis. Genes shown in red are upregulated in each indicated cell line, whereas genes shown in black did not present expression alteration. The figure was adapted from KEGG analysis result.

Supplementary Figure 3 | qPCR validation of the RNAseq data. The expression of the ITGA3, ITGA5, ITGA8, LAMB1 and LAMA2 genes was evaluated in U87MG, U138MG, T98G and U251MG cells by qPCR. The relative expression of target mRNAs was normalized by HPRT. The non-tumor astrocytes ACBRI371 cells were used as reference for relative expression calculations. Graphs were plotted with GraphPad Prism 4.0 software. *p < 0.05, **p < 0.001, and ***p < 0.0001.

Supplementary Figure 4 | AKT inhibition sensitizes U251MG cells to ionizing radiation. (A) The RNAseq data was used to obtain the number of reads per AKT1, AKT2 and AKT3 transcripts in U87MG, U138MG, T98G and U251MG cells. (B) AKT expression level and its phosphorylation ratio in U87MG, U138MG, T98G and U251MG cells. (C) Analysis of cell death after AKT inhibition and treatment with ionizing radiation. U87MG, U138MG, T98G and U251MG cells were treated with GSK690693 for 4 hours and irradiated with 10 Gy. Graphs were plotted with GraphPad Prism 4.0 software. **p < 0.001, and ***p < 0.0001.

Supplementary Figure 5 | Nucleotide Excision Repair, Base Excision Repair and Non-homologous End-joining pathways in GBM cell lines. Heatmap of Nucleotide Excision Repair, Base Excision Repair and Non-homologous End-joining genes in U87MG, U138MG, T98G, U251MG and U343MG cells.

Supplementary Figure 6 | Patients selected for treatment with ionizing radiation have worse survival prognosis. Kaplan Meier survival curves for LGG patients treated or not treated with ionizing radiation. **p < 0.001. The P-value was obtained from a log-rank test. Graphs were plotted with GraphPad Prism 4.0 software.

Supplementary Figure 7 | High levels of 7 ECM-receptor interaction transcripts are correlated with poor survival prognosis in radiation-treated and non-treated patients. Kaplan Meier survival curves for LGG patients according to the ECM-receptor interaction genes expression levels in the tumors. Patients were divided into four groups: i) untreated patients whose tumors expressed low levels of the analyzed gene; ii) untreated patients whose tumors expressed high levels of the analyzed gene; iii) irradiated patients whose tumors expressed low levels of the analyzed gene; iv) irradiated patients whose tumors expressed high levels of the analyzed gene. *P < 0.05, **p < 0.001, and ***p < 0.0001. The P-values were obtained from a log-rank test. Graphs were plotted with GraphPad Prism 4.0 software.

Supplementary Table 1 | Genes identified as differentially expressed in the comparisons between IR-resistant and sensitive cells. All genes with padj ≤ 0.0001 and log fold change > 2 were selected as differentially expressed in each indicated comparison.

Supplementary Table 2 | Enriched KEGG pathways in each comparison of IR-resistant versus sensitive cells. All genes with padj ≤ 0.0001 and log fold change > 2 or < -2 of each comparison were subjected to pathway analysis by KEGG.

Supplementary Table 3 | Clinical and expression data of LGG patients used in survival analysis. The clinical data of patients from the lower-grade glioma cohort and expression levels of the selected ECM-receptor interaction genes were downloaded from The Cancer Genome Atlas (TCGA) database (https://www.synapse.org/#!Synapse:syn2812961) and used for survival analysis.

Supplementary Table 4 | Number of receptors, ligands and pair of ligand-receptors upregulated in each GBM cell line. The receptors and ligands were considered upregulated when padj ≤ 0.0001 and log fold change > 2.

Supplementary Table 5 | Correlation between de-regulated genes from different categories and MKI67 expression. Data were obtained from the cbioportal.org website. Spearman’s Correlation > 0.5 was used as a threshold.

Supplementary Table 6 | Values of expression threshold determined as adequate to define high and low expression of each gene utilized in the survival analysis. The receiver-operating characteristic (ROC) curves for death incidence by time were used to determine the expression cutoff.
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Glioblastoma is the most common and lethal brain cancer globally. Clinically, this cancer has heterogenous molecular and clinical characteristics. Studies have shown that UBE2S is highly expressed in many cancers. But its expression profile in glioma, and the correlation with clinical outcomes is unknown. RNA sequencing data of glioma samples was downloaded from the Chinese Glioma Genome Atlas and The Cancer Genome Atlas. A total of 114 cases of glioma tissue samples (WHO grades II-IV) were used to conduct protein expression assays. The molecular and biological characteristics of UBE2S, and its prognostic value were analyzed. The results showed that high UBE2S expression was associated with a higher grade of glioma and PTEN mutations. In addition, UBE2S affected the degree of malignancy of glioma and the development of chemo-radiotherapy resistance. It was also found to be an independent predictor of worse survival of LGG patients. Furthermore, we identified five UBE2S ubiquitination sites and found that UBE2S was associated with Akt phosphorylation in malignant glioblastoma. The results also revealed that UBE2S expression was negatively correlated with 1p19q loss and IDH1 mutation; positively correlated with epidermal growth factor receptor amplification and PTEN mutation. This study demonstrates that UBE2S expression strongly correlates with glioma malignancy and resistance to chemo-radiotherapy. It is also a crucial biomarker of poor prognosis.
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Introduction

GBM is the most common primary malignant brain tumor in adults (1). Despite advances in comprehensive therapy, such as development of neurosurgical resection, adjuvant radiotherapy, and alkylating agent temozolomide (TMZ) chemotherapy, GBM patients are characterized by poor prognosis and the 5-year survival rate is below 10%. The median overall survival is 12 to 15 months following primary diagnosis (2, 3), due to aggressiveness of the tumor, resistance to treatments, and recurrence over time (4). Advances in gene technology have enabled identification of molecular signatures for classification of glioma in recent years. Previous studies report that a complicated molecular network of signaling pathways is implicated in mediating malignancy of glioma (5). Therefore, exploring such therapeutic targets that are capable of regulating multiple molecules or signaling pathways in progression of glioma and TMZ resistance are beneficial for improving glioma treatment. Recent studies explored the role of genetic mutations in glioma, however, it is not clear which mutation is significantly associated with specific characteristics of glioma. Classification based only on histopathology does not effectively describe all the malignant features of GBMs, mainly their responses to treatments. For example, some GBMs are mainly sensitive to radio-chemotherapy whereas others are resistant to radiotherapy and chemotherapy. Notably, GBMs are aggressive and are characterized by early recurrence, whereas others progress slowly for prolonged period (6, 7). Molecular parameters are now considered for GBMs classification due to these limitations in traditional classification methods.

UBE2S, a 24 kDa ubiquitin-conjugating enzyme, is highly expressed in most human cancers, including breast cancer, colon tumors, and ovarian cancer (8–11), compared with normal tissues, implying that it is involved in oncogenesis. Moreover, UBE2S is highly expressed in hepatocellular carcinoma (HCC), where it interacts with TRIM28 and enhances ubiquitination of p27, thus promoting HCC progression (12). UBE2S associates with and targets pVHL for ubiquitin-mediated proteolysis, thus stabilizing HIF-1α. Furthermore, overexpression of UBE2S promotes proliferation, invasion and metastasis through pVHL-HIF pathway (9). UBE2S knockdown results in reduction in FAK phosphorylation at Tyr397, thus inhibiting signal level for cell migration and invasion (13). Akt1 phosphorylates UBE2S and enhances its stability, and knockdown of UBE2S expression inhibits NHEJ-mediated DNA repair, however, this activity has not been validated using clinical data.

Large scale meta-analysis of cancer microarray data show that UBE2S is a commonly activated gene in multiple cancers. However, its expression in glioma tissues and the potential correlation between UBE2S and clinical outcome in patients with glioma have not been explored. The aim of this study was to explore expression levels of UBE2S in glioma, and to explore the relationship between UBE2S expression and prognosis of glioma, and chemo-radiotherapy resistance.



Materials and Methods


Clinical Data and Tumor Specimen Selection

A retrospective cohort of 114 glioma patients was included in the present study. Glioma samples were obtained from open-craniotomy surgery performed at the First Affiliated Hospital of Harbin Medical University. Inclusion criteria were as follows: primary diagnosis of glioma between 2008 and 2016 and no previous diagnosis of carcinoma. Patients who had received neoadjuvant treatment before primary surgery were excluded. Normal brain specimens (n = 5) were obtained from patients with severe brain injury who underwent partial normal brain resection and decompression. Histopathological analysis (according to the WHO classification) were performed by two independent neuropathologists, and a consensus was reached in all cases. Ethical approval for carrying out this study was obtained from the Committees for the Ethical Review of Research at the First Affiliated Hospital of Harbin Medical University, Harbin, China. Informed consent was obtained from each participant before participation in this study. mRNA expression microarray data and related clinical information for glioma samples were retrieved from The Cancer Genome Atlas and Chinese Glioma Genome Atlas databases.



Cell lines, Antibodies, and Reagents

Glioma cell lines were obtained from Helen Diller Cancer Center of the University of California, San Francisco (UCSF). UBE2S-specific shRNA (5’-GGGCTCTCTTCCTCCTTCCAC-3’) and control shRNA (5’-TTCTCCGAACGTGTCACGT-3’) oligonucleotides were established. Knockdown of endogenous UBE2S expressions in U87 and U251 cells was performed using lentivirus-expressing shRNA as described previously (14). Rabbit anti-GAPDH and anti-Ki67 polyclonal antibodies were purchased from Proteintech Group (Proteintech Group, Chicago, IL). Rabbit anti-HA and anti-Flag polyclonal antibodies were purchased from Sigma-Aldrich (St. Louis, MO). Rabbit anti-pAkt S473, and anti-PTEN polyclonal antibodies were purchased from Abcam (Cambridge, MA, USA). Anti-Flag M2 magnetic Beads were purchased from Sigma-Aldrich (St. Louis, MO), whereas MK-2206 was purchased from Selleck Chemicals (Houston, TX, USA).



Immunohistochemistry

Paraffin-embedded sections (4μm) of excised specimens were immunostained for determination of UBE2S protein level. Staining was performed using the streptavidin-biotin peroxidase complex method, following the manufacturer’s instructions (Dako, Denmark). Negative and positive controls were included in the immunohistochemistry procedure. Immunohistochemical staining score standard: positive rate of UBE2S staining more than 10% was considered as positive group. UBE2S staining of glioma was divided into positive group and negative group based on this criterion (15). All immunostained sections were reviewed by two investigators who were blinded to the treatments and the immunostained images were acquired using an Olympus inverted microscope.



Immunoprecipitation and Immunoblotting

Tissue were harvested for total protein extraction. Protein concentration was determined using Bradford method. For immunoprecipitation, lysates were incubated with anti-Flag M2 magnetic beads overnight at 4°C. Immunoprecipitants were then subjected to electrophoresis. For western blot analysis, equal amounts of protein were loaded and separated by SDS-PAGE. Gels were equilibrated in transfer buffer (50 mM Tris, 40 mM glycine, 0.375% SDS and 20% methanol) and transferred to a PVDF membrane (Millipore, USA) through electrophoresis. The membrane was blocked with 5% skim milk in TBST buffer (20 mM Tris-HCl, pH 7.4, 150 mM NaCl and 0.1% Tween20) and incubated over night at 4°C with specific primary antibodies. The membrane was then washed with TBST, and incubated with horseradish peroxidase conjugated secondary antibodies (Invitrogen, USA) for 1 h (16).



Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) Analysis

To identify the biological processes and KEGG signaling pathways related to UBE2S expression in glioma, GO enrichment analysis and KEGG pathway analysis were performed using clusterProfler to explore the biological significance and key pathways associated with UBE2S of differentially expressed genes (DEGs) (criteria: p-value < 0.05, significantly enriched). Fisher’s exact test was used to identify significant GO terms and pathways.



Apoptosis Assays by Annexin V-FITC/PI Double Staining

U87 or U251 cells were seeded in 6-well plates at a density of 1×105 cells/well. After treatment with 6MV X-Ray (10Gy), cells were collected and stained using an Annexin V-FITC/PI Apoptosis Detection kit according to the manufacturer’s instructions (no. C1062, Beyotime, Nanjing, China). Cells were then analyzed using a flow cytometer (Beckhman Coulter Inc, Brea, CA, USA).



Statistical Analysis

Overall survival analysis was performed using Log-rank test. Cox regression analysis was performed using the survival package in R software. Statistical differences among groups were determined by one-way analysis of variance (ANOVA) followed by Newman-Keuls test for multiple comparisons. In those experiments where experimental values were normalized to controls, statistical difference compared with the controls was calculated using Kruskal-Wallis test or Wilcoxon test. Correlations between UBE2S expression and various clinicopathological characteristics were assessed by χ2-tests. SPSS 17.0, Prism5 and R software (version 3.3.2) were used for statistical analysis. p<0.05 was considered as statistically significant. Significance was set at *p<0.05, **p<0.01 or ***p<0.001.




Results


UBE2S Expression Is Associated With Glioma Grades

Expression pattern of UBE2S across grades and subtypes defined by expression clusters by the TCGA work-group were explored (17). In the TCGA cohort, UBE2S expression increased with increasing grade of glioma with the highest expression level in WHO Grade IV (p < 0.0001, Figure 1A). Similar findings were obtained with the CGGA cohort (Figure 1B) which showed that UBE2S expression was highly correlated with the malignancy of glioma. Analysis based on the TCGA subtype classification system showed that the Proneural subtype had the highest UBE2S expression level whereas the mesenchymal subtype had the lowest UBE2S expression in TCGA cohort (Figure 1C). In the CGGA cohort, UBE2S expression was up-regulated in Classical subtypes (Figure 1D).




Figure 1 | UBE2S was significantly upregulated in glioblastoma. (A, B) UBE2S expression level was significantly high in glioblastoma (WHO IV) samples in TCGA and CGGA data set. (C, D) UBE2S expression pattern in different molecular subtypes in TCGA and CGGA data set. P is based on Kruskal-Wallis test.





UBE2S-Related Genomic Alterations and Biological Processes

IDH1 mutation status is a clinically effective molecular marker in glioma (18). Glioma patients were divided into IDH1 mutation group and IDH1 wild-type group and the association between UBE2S expression level and the IDH1 status was determined. In the TCGA cohort, UBE2S expression level was significantly higher in the IDH1 wild-type group compared with expression level in the IDH1 mutation group of LGG patients (Figure 2A). However, no statistical significance was detected between the two groups of GBM patients. Further analysis of the relationship between UBE2S expression level and PTEN status showed that UBE2S expression level was significantly higher in PTEN mutation group compared with the expression level in the PTEN wild-type group of LGG patients (Figure 2B). However, no statistical significance was observed between the two groups of GBM patients (Figure 2B). Glioma patients were grouped into TP53 wild-type group and TP53 mutation group, and analysis showed no significant difference in UBE2S expression between the two groups (Figure 2C). Analysis of the relationship between UBE2S expression level and EGFR status, showed that UBE2S expression was significantly higher in EGFR mutation group compared with the level in EGFR wild-type group of LGG patients (Figure 2D). However, no statistical significance was observed between the two groups in GBM patients (Figure 2D). These findings show that UBE2S has a PTEN mutant, EGFR mutant and IDH1 wild-type preference in LGG patients.




Figure 2 | Expression of UBE2S in glioma of different mutation types. (A) UBE2S was significantly upregulated in IDH1 wild-type LGG glioma in TCGA data set compared with the mutants. (B) UBE2S was significantly upregulated in PTEN mutation LGG glioma in TCGA data set compared with the wild-type. (C) UBE2S expression was not significantly different between TP53 mutation and TP53 wild-type LGG/GBM glioma in TCGA data set. (D) UBE2S was significantly upregulated in EGFR mutation LGG glioma in TCGA data set. Wilcoxon test was used to determine statistical difference. ***P < 0.001, **P < 0.01, NS represents non-significant.



To explore the biological features of glioma associated with different UBE2S expression, Pearson correlation analyses were performed to determine the correlation between UBE2S expression and other genes in CGGA sequencing dataset. A total of 283 genes were correlated with UBE2S mRNA expression in the CGGA RNAseq dataset (|R| ≥ 0.6, p ≤ 0.01, Figure 3A). Further analysis on the oncogenic features of UBE2S showed that the genomic or transcriptional alterations associated with the origin or progression of glioma correlated with degrees of UBE2S expression level (Figures 3A, B). Selected glioma genes with high and low UBE2S expression level were separately derived from the TCGA RNA-sequencing database and a heatmap for enrichment scores was generated using the “pheatmap” package in R. IDH1-mutant lower grade glioma had significantly lower levels of UBE2S expression compared with the wild-type (Figure 3A). Co-deletion of 1p19q, which is an indicator of optimistic outcome, was mainly observed in glioma with lower UBE2S expression level. The incidence of malignant factor, EGFR amplification and PTEN mutation, was significantly higher in glioma samples with higher expression levels of UBE2S compared with those with low expression levels. On the other hand, TP53 mutation showed no association with UBE2S expression. Similar findings were observed in the TCGA cohort (Figure 3B) whereby UBE2S expression was significantly correlated with the key molecular characteristics of glioma.




Figure 3 | Correlations between UBE2S expression level with the classical genomic or transcriptional alterations in glioma. (A) Correlations between UBE2S expression level and the classical genomic or transcriptional alterations in whole grade glioma in CGGA data set. (B) Correlations of UBE2S expression level and the classical genomic or transcriptional alterations in whole grade glioma in TCGA data set. Pearson correlation analyses were used.



The correlated genes were used for functional annotation analysis and were ranked by p value in increasing order. Analysis showed that UBE2S related genes were mainly involved in normal biological processes, such as ATPase activity, microtubule binding, tubulin binding, catalytic activity, acting on DNA, helicase activity in molecular function (Figure S1A); organelle fission, nuclear division, chromosome segregation, mitotic nuclear division, nuclear chromosome segregation in biological processes term (Figure S1B); chromosomal region, spindle, condensed chromosome, chromosome centromeric region in cell component (Figure S1C). Furthermore, KEGG pathways analyses were performed for comprehensive analysis of critical pathways related to UBE2S (Figure S1D). The most vital pathways of UBE2S included cell cycle, spliceosome, DNA replication, progesterone-mediated oocyte maturation, oocyte meiosis, cellular senescence, mismatch repair, nucleotide excision repair, base excision repair and fanconi anemia pathway (Figure S1D).



Correlation Between UBE2S, Glioma Malignancy, and Chemo-Radiotherapy Resistance

To validate the RNA-based results, protein levels of UBE2S were determined by IHC in an independent cohort of human glioma (n = 114) and normal brain tissue (n = 5) from The First Affiliated Hospital of Harbin Medical University (Harbin, China). We found that UBE2S expression level was higher in grades III-IV glioma tumors (malignant glioma) compared with non-glioma brain tissue specimens or in grade II glioma tumors (Figure 4). These findings show that UBE2S protein expression was positively correlated with malignancy of glioma.




Figure 4 | UBE2S was highly expressed in glioma tissue specimens. Representative images of hematoxylin/eosin (HE) staining showing UBE2S and Ki-67 immunoreactivity from the tissue. Tumor xenograft obtained from U87 cells was stained with anti-UBE2S monoclonal antibody and used as positive control (PC). Normal tissue and tumor xenograft from UBE2S-silenced U87 cells were stained with anti-UBE2S monoclonal antibody and used as negative control (NC) (×400). Scale bar: 50 μm.



Baseline clinical characteristics of patients included in this study are shown in Table 1. Out of 114 glioma specimens 58 (51%) showed significant UBE2S expression. In addition, 61 out of the 114 patients (54%) responded poorly to neoadjuvant radio- or chemotherapy. Notably, samples from 53 out of the 61 poor responders (87%) showed positive staining for UBE2S. Further analysis showed that patients with positive staining for UBE2S were significantly associated with resistance to neoadjuvant therapy (p < 0.001). Subsequently, the correlation between UBE2S expression and chemo-radiotherapy sensitivity was determined using a Cox proportional hazards regression model. Univariate analysis showed a statistically significant correlation between chemo-radiotherapy sensitivity and expression levels of UBE2S (p < 0.001; hazard ratio HR = 0.016) (Table S1). Multivariate analysis further showed that expression level of UBE2S was an independent and significant predictor of chemo-radiotherapy sensitivity (p < 0.001; hazard ratio HR = 0.012) (Table S1).


Table 1 | Clinicopathological characteristics of glioma patients for immunohistochemical investigation.



In summary, these findings show that UBE2S is highly expressed in grades III-IV glioma and the high expression level of UBE2S is correlated with glioma malignancy and chemo-radiotherapy resistance.



UBE2S Is Associated With Worse Survival for Glioma Patients

Kaplan Meier survival curve was used to determine the prognostic value of UBE2S expression in the overall survival (OS) of glioma. In the TCGA cohort (n = 691), High UBE2S expression (> median value) was associated with poor prognosis whereas a low expression level of UBE2S was associated with good prognosis in LGG patients (p < 0.001, Figures S2A, B). However, UBE2S expression level was not associated with prognosis of GBM patients (p = 0.9157) in the TCGA cohort. In the CGGA cohort, high UBE2S expression level (> median value) was significantly associated with worse prognosis compared with low expression of UBE2S in LGG patients (p < 0.001), whereas this association was not observed in GBM patients (n = 325, p = 0.3924, Figures S2C, D). These findings show that high UBE2S expression was statistically correlated with shorter OS in LGG patients.



UBE2S Acts Synergistically With Akt Phosphorylation in Promoting Glioblastoma Malignancy

Abnormal expression of UBE2S in glioma prompted us to explore the clinical relevance of PI3K/Akt/UBE2S oncogenic synergy. Akt1 physically interacts with UBE2S and phosphorylates UBE2S at Thr152 in glioma cells, which is important for stabilization of UBE2S (14). To further validate this finding using clinical data, phosphorylation of Akt1 (S473, named pAkt) and UBE2S expression in 114 specimens were determined by immunohistochemistry (IHC) (Figure 5A). Percentage of UBE2S-expressing tumors (i.e., UBE2S+ pAkt- and UBE2S+ pAkt+) in grade III-IV tumors was significantly higher compared with that in grade II tumors (83.34% versus 9.26%; Figure 5B and Table 2). Significantly higher Akt phosphorylation positive specimens (UBE2S- pAkt+ and UBE2S+ pAkt+) were observed in grade III-IV group compared with grade II group (78.34% versus 16.67% in Grade II). Notably, a significant correlation was observed between UBE2S and phosphorylation of Akt1 (i.e. UBE2S+ pAkt+) and a worse pathological grade in Grade III-IV group compared with grade II group (Grade III-IV, 66.67%; Grade II, 5.56%; p < 0.001).


Table 2 | Association of UBE2S and pAkt immunoreactivity with glioma.






Figure 5 | Association of UBE2S expression and activation of Akt pathway in glioma clinical samples. (A) Representative IHC staining for UBE2S, pAkt and PTEN on adjacent sections of formalin-fixed paraffin-embedded human glioma specimens. Scale bar: 50 μm. (B) Summary of the IHC assessment of UBE2S expression and Akt phosphorylation (pAkt) status in 114 human glioma patients. ***P < 0.001, based on χ2-test.



In summary, these findings show that high UBE2S expression and active Akt1 are associated with adverse tumor characteristics. Therefore, PTEN-Akt1 pathways may positively regulate UBE2S function in glioma tissue by enhancing its stability.



Mapping of Critical Lysine Residues for UBE2S Function

UBE2S is an unstable protein, and its degradation is dependent on a proteasome pathway, however, ubiquitination sites on this protein have not been explored. To explore UBE2S ubiquitination sites, U87 cells were transfected with Flag-UBE2S and the immunoprecipitated Flag-UBE2S was analyzed by mass spectrometry. Analysis showed that five lysine residues at position 18, 82, 117, 197 and 198 were ubiquitinated (Figure 6A). We hypothesized that these lysine ubiquitination sites may be required for UBE2S degradation in the nascent protein. The lysine residues were mutated to individually to arginine residues (K18R, K82R, K117R, K197R, and K198R), or as a group (named as UBE2S-5KR). The mutants were co-transfected with HA-Ubiquitin (HA-Ub) in U87 cells and ubiquitination of the mutants was analyzed by Western blot. UBE2S-5KR was less ubiquitinated compared with other individually mutants (Figure 6B). UBE2S-5KR was more stable in cycloheximide (CHX) treated cells compared with wild type UBE2S in U87 cells (Figure 6C).




Figure 6 | Validation of ubiquitination sites of UBE2S. (A) Identification of ubiquitination sites of UBE2S by Mass Spectrometry. (B) U87 cells were transfected with indicated plasmids and treated with 100 nM CHX for four hours before harvest. Representative pictures of whole-cell lysates and immunoprecipitants as analyzed by Western blotting using the indicated antibodies. Experiments were performed in triplicates. (C) U87 cells were transfected with indicated plasmids and treated with 100 nM CHX at different times as indicated. Representative pictures of UBE2S protein levels as analyzed by Western blotting. Experiments were performed in triplicates.





Knockdown of UBE2S Expression Increases GBM Sensitivity to Radiotherapy

To explore the biological significance of UBE2S in radiotherapy resistance in glioma, U87 and U251 cells were exposed to 6MV X-ray and then the apoptosis rate was determined by flow cytometry. Knockdown of UBE2S expression increased sensitivity of U87 and U251 cells to IR-mediated apoptosis (Figures 7A–D). To explore the role of UBE2S in radiotherapy resistance, UBE2S expression was rescued in UBE2S knockdown cells. Cells transfected with Flag-tagged UBE2S showed significant decrease in apoptosis rate compared with the rate in the UBE2S knockdown group. Akt1 inhibitor MK-2206 reduces expression of UBE2S by reducing ubiquitination of UBE2S (14). To further explore the role of UBE2S in radiotherapy resistance, radiotherapy sensitivity of MK-2206 pre-treated glioma cells was determined by assaying apoptosis rate. MK-2206 pre-treated glioma cells were more sensitivity to IR compared with the control glioma cells (Figures S3A–S3D). In addition, MK-2206 pre-treated cells transfected with a plasmid expressing UBE2S-5KR effectively rescued apoptosis in these cells (Figures S3B, 3D). This finding shows that UBE2S overexpression is associated with radiotherapy resistance.




Figure 7 | Knockdown of UBE2S expression increases sensitivity of U87 and U251 cells to IR-induced apoptosis. (A) Indicated cells were treated with IR, and apoptotic cells were analyzed using FACS. (B) The upper panel shows the graphical representation of FACS analysis in (A). Results are derived from three independent experiments and presented as mean ± SEM. ***P < 0.001, **P < 0.01. The lower panel shows the protein expression levels as indicated. (C) Indicated cells were treated with IR, and apoptotic cells were analyzed using FACS. (D) The upper panel shows the graphical representation of the FACS analysis in (C). Means represent three independent experiments. Error bars indicate SEM. ***P < 0.001, **P < 0.01. The lower panel shows the protein expression levels as indicated. Statistical differences were determined by ANOVA.






Discussion

Glioma is the most common and most malignant intracranial tumor. It is characterized by high relapse rate and high mortality in adults. Despite advances in standard-of-care treatment, including surgical resection followed by radiotherapy and chemotherapy, the median overall survival of glioma patients has not significantly improved. Therefore, new therapeutic approaches are urgently needed.

UBE2S expression has been reported in various human cancers (8, 11, 15, 19), however its role in glioma is not known. In this work, 2 large datasets of glioma patients from the TCGA and the CGGA databases, as well as the clinical data from 114 glioma patients were used to perform a comprehensive analysis on the role of UBE2S on glioma. Analysis showed that UBE2S expression level was significantly up-regulated with increase in tumor grade in both TCGA and CGGA data set. The difference in UBE2S expression in molecular subtypes between TCGA and CGGA data set can be attributed to the different composition of patients in the two datasets. These results were further validated by IHC analysis, which showed high expression levels of protein in the GBM tissue compared with the level in the nonmalignant tissue. In this study, the expression level was positively correlated with the clinical stage of glioma, which is consistent with previous findings on correlation of UBE2S expression level with tumor grades in other types of tumors. These findings show that UBE2S expression level was significantly correlated with malignancy.

To explore the mechanism of action of UBE2S in participation of the above signaling pathways in glioma, association between UBE2S and the molecular genetic features of glioma in different grades was determined. Analysis showed that UBE2S expression was positively associated with PTEN-mutation and EGFR amplification and negatively associated to IDH1-mutation and co-deletion of 1p19q in whole grade glioma (Figure 3). In addition, UBE2S expression was positively correlated with PTEN-mutation and EGFR amplification, but negatively correlated with IDH1-mutation in LGG samples retrieved from TCGA dataset (Figure 2). However, no significant correlation was observed for GBM, which can be attributed to the heterogeneity of high-grade glioma. The positively correlated PTEN-mutation was also identified by IHC analysis, and its monoallelic mutations are mainly detected in glioblastoma (20). The mutation rate of PTEN was 30% - 40% in GBM, and these findings have had a significant impact on management of PTEN mutant subtypes of glioma. Moreover, studies report that EGFR amplification promotes invasion, proliferation and resistance to radiotherapy and chemotherapy in GBM (21–23). The negatively related IDH1-mutation in LGG and co-deletion of 1p19q in whole grade glioma, have been previously associated with prolonged PFS and OS in patients after treatment (24). Similarly, the findings of this study show that higher UBE2S expression level is correlated with a significantly poor overall survival in LGG. Uni- and multi-variate cox regression analysis showed that UBE2S was an independent prognostic marker for clinical outcome. Therefore, UBE2S is a vital biomarker for predicting prognosis of glioma.

UBE2S is involved in multiple processes and mediates development and progression of malignant tumors. Previous studies report that, UBE2S stabilizes hypoxia-inducible factor 1α (HIF-1α) by mediating proteosomal degradation of von Hippel-Lindau (VHL), and affects expression of Vascular Endothelial Growth Factor (VEGF) and induction of Epithelial Mesenchymal Transition (EMT) thus promoting cell proliferation, invasion and metastasis through pVHL-HIF pathway (9, 25, 26). Moreover, UBE2S knockdown reduces Tyr397 phosphorylation of Focal Adhesion Kinase (FAK) thus suppressing multiple signals for cell proliferation, migration, and invasion (13).

Pathway enrichment analyses showed that UBE2S is implicated in multiple biological processes, including G1/S transition of mitotic cell cycle, DNA replication, cell proliferation and DNA repair. These results established the critical character of UBE2S in tumor development. and Notably, these findings are consistent with existing findings on the major physiological function of UBE2S in elongation of K11 ubiquitin chains initiated by Anaphase-Promoting Complex (APC/C) and by promotion of degradation of APC/C substrates during mitosis and promoting mitotic exit (27).

In addition to contribution to tumor proliferation, UBE2S plays important roles in DNA repair. Radiotherapy with latest proton and carbon ion irradiation and chemotherapy with TMZ for GBM are associated with single and double-strand DNA breaks (28, 29). Therefore, key factors participating in DNA damage repair mechanism may be associated with chemo-radiotherapy resistance. Previous studies report that UBE2S knockdown increases sensitivity of cervical cancer HeLa cells to etoposide and doxorubicin. In addition, UBE2S knockdown increased chemosensitivity to topotecan, however, the mechanism is not known (8, 30). Furthermore, overexpression of UBE2S is significantly associated with poor response to neoadjuvant Computerized Controlled Radiation Therapy (CCRT) (30). In our previous study, UBE2S was associated with NHEJ-mediated DNA damage repair (14). Knockdown of UBE2S increases sensitivity of glioma cells to IR. Notably, rescue of UBE2S expression did not completely restore apoptosis inhibited by UBE2S knockdown, implying that additional molecular mechanisms are involved. Therefore, further studies should explore the mechanisms by which UBE2S promotes the apoptosis phenotype of glioma.

The unstable characteristic of UBE2S provide a basis for further exploration of its role in different tumors. Our previous study reported that increased stabilization of UBE2S occurs after phosphorylation by Akt1. Therefore, MK-2206, an Akt1 inhibitor, was used to explore the role of UBE2S in radiotherapy resistance. MK-2206 pre-treated glioma cells, which exhibited low UBE2S expression levels, were more sensitive to IR. However, re-expressed UBE2S-5KR, a stable mutant of UBE2S, effectively rescued apoptosis. Therefore, UBE2S is an effective predictor of chemo-radiotherapy sensitivity and MK-2206 may be used to reverse radiotherapy resistance by targeting UBE2S.



Conclusions

In summary, the findings of this study show that higher levels of UBE2S are associated with a greater tumor burden, poor response to neoadjuvant therapy, and worse overall survival for LGG patients. This study shows the potential significance of UBE2S expression in diagnosis and prognosis of glioma and further explored the function of this protein in glioma. However, further studies are needed to confirm these results. The underlying mechanism provides a basis for UBE2S as a new molecular target for prevention and treatment of glioma. UBE2S is therefore a potential novel biomarker and therapeutic target for the treatment of human glioma.
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We have only recently begun to understand how cancer metabolism affects antitumor responses and immunotherapy outcomes. Certain immunometabolic targets have been actively pursued in other tumor types, however, glioblastoma research has been slow to exploit the therapeutic vulnerabilities of immunometabolism. In this review, we highlight the pathways that are most relevant to glioblastoma and focus on how these immunometabolic pathways influence tumor growth and immune suppression. We discuss hypoxia, glycolysis, tryptophan metabolism, arginine metabolism, 2-Hydroxyglutarate (2HG) metabolism, adenosine metabolism, and altered phospholipid metabolism, in order to provide an analysis and overview of the field of glioblastoma immunometabolism.
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Introduction

Advances in immunotherapies have revolutionized cancer care, yet unfortunately, they have been largely unsuccessful in managing glioblastoma. One of the primary obstacles in treating glioblastoma with immunotherapy has been overcoming the heterogeneous and immunosuppressive tumor microenvironment (TME) that is, at least in part, regulated by tumor metabolism. Since 1927, when Otto Warburg et al. first described tumor’s preferential use of glycolysis to generate adenosine triphosphate (ATP) (1), there has been a burgeoning interest in understanding tumor metabolism and how it influences tumor growth. However, it is only recently that our understanding of tumor metabolism has extended beyond the confines of the tumor cell membrane and that we have begun to understand how tumor metabolism affects noncancerous cells such as tumor-infiltrating immune cells.

While glioblastoma cells are metabolically distinct from noncancerous tissue in the brain, certain metabolic similarities exist between glioblastoma and proliferating immune cells. These similarities include an upregulation of glucose utilization, glycolysis, fatty acid oxidization, amino acid metabolism, and nucleotide synthesis. As such, glioblastoma cells can induce immunosuppression by outcompeting immune cells for critical nutrients. In addition to contending with immune cells for metabolites, certain glioblastoma cells can also avail distinctive metabolic pathways to produce unique metabolites such as 2-Hydroxyglutarate (2HG) and extracellular adenosine, which can directly suppress the immune system. While there are multiple mechanisms by which tumors can alter their metabolism and influence the immune system, we have utilized large-scale omics analysis to selectively highlight pathways that are critical to glioblastoma pathogenesis (2–5).

In this review, we outline how altered metabolic pathways in glioblastoma contribute to immunosuppression and discuss approaches to target these phenomena, in order to improve future immunotherapy outcomes.



Hypoxia

Hypoxia is a key feature of tumor growth and describes a condition in which the oxygen demand within an organism, cell, or tissue exceeds the available supply, typically described as < 10 mmHg O2 (6). Hypoxia is frequently found in solid tumors, including glioblastoma, due to rapid tumor growth, ultimately outstripping vascular supply and therefore, preventing O2 diffusion (6, 7). In gliomas, these hypoxic changes can be visualized on MR imaging, with high grade lesions displaying prominent ring-shaped contrast-enhancement with a hypointense center. Histological analysis of these regions often reveals highly anaplastic cells surrounding a necrotic tumor core, termed pseudopalisading necrosis (7, 8). The most important transcription factors in the cellular response to low pO2 are the hypoxia-inducible factors (HIFs). HIF-mediated signaling plays a role in vasculogenesis, tumor and cancer stem-like cell proliferation, and immunosuppression within the tumor microenvironment (TME). This family consists of a constitutively expressed β subunit (HIF1β), and at least three tightly regulated α subunits, HIF1α, HIF2α, and HIF3α. In normoxic conditions, the heterodimeric protein’s α subunit is rapidly degraded by the proteasome. Hypoxic conditions stabilize the α subunit and allow it to translocate to the nucleus, dimerize with the β subunit and induce transcription of hypoxia response genes (6, 7). In glioblastoma, it has been demonstrated that cells in the perivascular niche and necrotic areas upregulate the expression of HIF2α, and that this expression colocalizes with the stem cell markers CD133 and Olig2 (9, 10). Hypoxia increases growth and proliferation of glioma cells and glioma stem-cells, and strongly induces HIF2α, as well as stem genes. Ectopic expression of non-degradable HIF2α induced a stem-like phenotype in glioma cells and enhanced tumorigenicity in vivo (11). Hypoxia induced by the antibody bevacizumab that targets the vascular endothelial growth factor (VEGF), has also been shown to induce autophagy-related genes, resulting in a resistance mechanism to anti-VEGF therapy that could be abrogated by autophagy inhibition (12). In the past two decades, many basic investigations focusing on targeting hypoxia to increase the efficacy of VEGF inhibition were initiated, including inhibiting autophagy with chloroquine, or attempting to prevent HIF1α synthesis with mTOR inhibitors such as temsirolimus and everolimus (13).

Hypoxic changes in the glioma microenvironment may also modulate key immune effector molecules (Figure 1). Hypoxia has been further shown to induce T cell exhaustion through mitochondrial fragmentation and decreased oxidative phosphorylation, among other mechanisms (14). Furthermore, under hypoxic conditions, glioma cells secrete interleukins IL-6 and IL-8, which serve as autocrine proliferative signals and localize to perinecrotic regions with many pseudopalisading glioblastoma cells (15, 16). IL-6 signaling also plays a role in maintaining the tumor stem cell niche and stimulating angiogenesis (15, 17). Finally, IL-6 has been shown to induce upregulation of the programmed death-ligand 1 (PD-L1) on tumor-infiltrating and circulating myeloid cells (18). Additionally, glioma cells and proliferating endothelial cells in the hypoxic perivascular niche respond to HIF1α and VEGF signaling by upregulation of the chemokine receptor CXCR4, allowing for increased migration (19).




Figure 1 | Hypoxia promotes glioblastoma and glioblastoma stem-cell proliferation, migration, angiogenesis, PD-L1 expression, and resistance to anti-VEGF therapy.



A small-molecule HIF2α inhibitor PT2385, which was later improved to the second-generation inhibitor PT2977 (now known as ‘MK-6482’), has also been shown to block the transcription of HIF2α-responsive genes, including VEGFA, CCND1 and the glucose transporter–encoding gene SLC2A1, and both molecules demonstrated on-target antitumor activity in mouse xenograft models of renal cell cancer (20). PT2385 showed promising preliminary promising activity in early phase development. This is also studied in glioblastoma and in a combination study with nivolumab (21). MK-6482 is nearly identical to PT2385, but with a more favourable pharmacokinetic profile and is also undergoing evaluation in early phase trials (20).



Glycolysis

Glycolysis is the primary metabolic pathway that provides energy and involves the breakdown of glucose to form the high energy molecules ATP and NADH. The brain is an energy demanding organ with about 25% of the body’s glucose consumption being devoted to brain function (22). Despite the brain’s high energy demand, it has relatively low levels of glucose when compared to plasma (23). Glucose transporter 1 (GLUT1) is responsible for shuttling glucose into the brain, as well as driving it into cells (24). Neurons, oligodendrocytes, astrocytes, and tumor cells are especially dependent on glucose for survival and energy production (25, 26). Neurons additionally express Glucose transporter 3 (GLUT3), which is five-fold more efficient at transporting glucose than GLUT1 (24). The PI3k-Akt-mTOR pathway is primarily responsible for fulfilling the energy demands of transformed cells, neurons, and glia (27, 28).

Aerobic glycolysis (Warburg’s effect) is a hallmark of cancer and is a process through which cancer cells produce lactate after undergoing glucose-mediated oxidative phosphorylation (29). Like other tumors, glioblastoma highly expresses GLUT1 and its energy demands are greater than that of normal brain cells (30, 31). Transformed, neuronal, and glial cells have high energy demands in a low glucose environment, and act as a sink that depletes glucose which limits immune cell anti-tumor effector functions. Gliomas can further recruit and maintain immunosuppressive immune populations such as pro-tumor mononuclear phagocytes which also undergo glycolysis and deplete available glucose, among other nutrients including L-arginine and L-cysteine, from the tumor microenvironment (32, 33). Blockage of the Akt-mTOR pathway via administration of Akt inhibitors in low glucose environments has been shown to inhibit growth of glioma cells (34). Additionally, high expression of a glycolysis related gene signature was associated with cancer progression, adhesion, proliferation, angiogenesis, and drug resistance, further demonstrating the important role of glycolysis in glioblastoma (35).

Immune cells, and in particular effector T cells, are dependent on glycolysis to support their proliferation and effector functions (36) (Figure 2). TCR signaling in T cells results in PI3k-Akt-mTOR signaling, which further increases glucose requirements (37). Low glucose availability is a known driver of the exhaustion phenotype in T cells (38). Recent research suggests that exhausted T cells exist on a continuum from a precursor exhausted state, that are responsive to checkpoint blockade, to a terminally exhausted state, which are refractory to checkpoint blockade therapy (39). Precursor exhausted T cells have been shown to have reduced expression of glycolysis related genes in relation to naïve and effector T cells (40). Interestingly the PD1/PDL1 receptor ligand pair has divergent functions in T cells and the tumor. Ligation of PD1 on T cells reduces glucose uptake, where increased expression of PDL1 on tumor cells improves tumor glycolysis (41–43). Reinforcing exhaustion in T cells via inhibitory signals and reducing glucose uptake is a synergistic way that the tumor cells maintain the immunosuppressive microenvironment. Furthermore, lactate accumulation in the glioblastoma TME is in of itself a potent immunosuppressive agent. Lactate has been shown to polarize macrophages towards an M2 phenotype, impair lymphocyte proliferation, activation, and degranulation (44). Broad pharmaceutical inhibition of glycolysis may not result in a net anti-tumor effect, as it has pro-tumor effects in glioma cells, but is also important for anti-tumor effects in T cells. Drugs that disrupt glycolysis preferentially in the tumor or bolster glucose uptake specifically in T cells would be attractive methods of leveraging metabolism to provide an anti-tumor effect.




Figure 2 | Glioblastoma glycolysis drives tumor progression while inhibiting T cell glycolysis, activation, proliferation and degranulation.





Tryptophan Metabolism

The tryptophan catabolism is among the most characterized immunometabolic pathways in glioblastoma since it contributes to both tumor progression and immune evasion. Tryptophan, the least abundant amino acid, can be incorporated into proteins, modified to produce serotonin, or metabolized to produce kynurenines (Kyn). Briefly, tryptophan is metabolized by indoleamine 2,3-dioxygenase (IDO)1/2 and tryptophan 2,3-dioxygenase (TDO), another important enzyme of the kynurenine pathway, to produce N‐formyl kynurenine, which is converted to kynurenine by arylformamidase (AFMID). Kynurenine is further metabolized through various pathways to produce metabolites including kynurenic acid, anthranilic acid, 3‐hydroxykynurenine, xanthurenic acid, quinolinic acid, picolinic acid, and nicotinamide‐adenine‐mononucleotide (45). Although difficult to control each of these metabolites’ pathways individually, it has been possible to inhibit their production through upstream IDO1/2 and TDO inhibition. IDO1/2 expression are typically found in peripheral tissues, while TDO expression is associated with hepatic tryptophan metabolism. Although recent evidence suggests that there may be value in specifically targeting TDO in the context of glioblastoma, tryptophan metabolism in glioblastoma has primarily been explored in the setting of IDO1/2.

Kynurenines and quinolinic acid have been previously described to be able to drive neoplastic proliferation through Wnt/β‐catenin signaling (46). Kynurenines further influence tumorigenesis in glioblastoma by modulating DNA repair enzyme, polymerase kappa, thereby preventing DNA damage and allowing genomic instability to propagate leading to tumor heterogeneity (47). Kynurenines and quinolinic acid may also promote cell proliferation in a fibroblast growth factor‐1 (FGF‐1) dependent manner (48). Lastly, nicotinamide‐adenine‐mononucleotide can be converted to NAD+, which confers tumor cells’ resistance to oxidative stress. Although the mechanism remains largely unclear, IDO expression may play a role in tumor angiogenesis and metastasis through control of IFNg and IL-6 (49). Mondal et al. found that in vivo IDO inhibition reduced metastasis and neovascularization (50). In patients with glioblastoma, IDO expression was strongly associated with shortened overall survival (51).

IDO1/2 mediated depletion of tryptophan was initially thought of as an ancient innate immune mechanism to prevent the growth of microorganisms while reducing inflammation and autoimmunity in areas such as the brain (52). In fact, IDO1/2 expression is significantly increased in inflammatory tissues due to IFNg, TGF-β, and PGE2 signaling to potently inhibit active inflammation (Figure 3). Wainwright et al. were among the first to demonstrate that glioblastoma cells significantly upregulated the expression of IDO1 and suggested that IDO1 may also contribute to tumor progression by promoting an immunosuppressive phenotype (53).




Figure 3 | The IDO1/2 and TDO pathway allow the production of various tryptophan metabolites, which suppress anti-glioblastoma lymphocyte responses while promoting tumor growth.



In both clinical studies and preclinical murine glioma models, tumors with high expression levels of IDO1 were infiltrated with more FoxP3+ regulatory T cells (53). It has been suggested that tryptophan metabolism can induce Treg differentiation based on the kynurenines’ ability to bind to cytosolic ligand-activated transcription factor AhR (54). Kynurenine-driven AhR activation also induces the production of CCL22 to recruit Tregs into the glioblastoma TME (55). In addition to inducing suppressive T cell populations, tryptophan metabolism may blunt antitumor CD4 and CD8 responses through various mechanisms. Opitz et al. found that TDO derived kynurenines reduced the proliferation of both CD4+ and CD8+ T cells and reduced LCA+ CD8+ T cell infiltration in human gliomas with high TDO expression (56). Furthermore, depletion of tryptophan in the TME leads to an accumulation of unbound tryptophan–tRNA in T cells which activates the GCN2 mediated stress response and inhibits RNA transcription and protein synthesis in T cells leading to cell cycle arrest and apoptosis (57). Although currently contested, some evidence suggests that tryptophan deprivation may also inhibit the mTOR pathway in T cells to inhibit effector T cell functions. Additionally, metabolites like quinolinic acid, 3-hydoxyanthranilic acid, and 3‐hydroxykynurenine have been shown to induce apoptosis in Th1 helper cells, CD8+ Effector T cells, B cells, while sparing immunosuppressive Th2 helper cells.

IDO inhibitors such as 1-L-MT, IDO-IN-2, Navoximod (GDC-0919), IDO-IN-1, Linrodostat, coptisine chloride, PF-06840003, and TDO inhibitors such as 680C91 have recently been developed (58). While IDO inhibitors such as navoximod did not improve antitumor responses in preclinical glioblastoma models, Kesarwani et al. found that navoximod synergistically improved antitumor responses when combined with RT and immune checkpoint blockade (59). Hanihara et al. and Li et al. similarly found that while 1-L-MT did not improve antitumor immunity on its own, 1-L-MT significantly synergized with temozolomide administration and radiation therapy (60, 61). Wainwright et al. found that IDO inhibitors particularly synergized with PD1 and CTLA4 blockade in the mice (62, 63). Interestingly, advanced age is associated with an increase of brain IDO expression and this is not reversed by IDO enzyme inhibitor treatment (64). It remains to be seen if targeting IDO will translate into clinical benefit in cancer and in gliomas.



Arginine Metabolism

Arginine is yet another amino acid substrate that is actively metabolized by tumor cell to promote tumor progression and immunosuppression. L-arginine is critical in the urea cycle and is a modulator of immune function and tumor metabolism. L-arginine is utilized as a substrate for both Arginase 1 (ARG1) and cytokine inducible nitric oxide synthase (iNOS). ARG1 converts L-arginine to urea and ornithine, which is further utilized in the urea cycle. iNOS converts L-arginine to citrulline and nitric oxide (NO), which is important for directing anti-tumor functions in immune cells (65).

Depletion of arginine has been identified as a successful treatment strategy in cancers that are deficient in aspects of arginine metabolism and are reliant on exogenous sources (Figure 4). This approach has been successful in Leukemia, where transformed cells were found to be deficient in asparagine synthase and were not capable of producing asparagine. This left the tumors vulnerable to treatment with L-asparaginase which depleted asparagine (66). Similarly the function arginosuccinate synthase 1 (ASS1) is defective in some tumors, which makes them dependent on exogenous arginine (66). In glioblastoma, there seems to be an abundance of arginine transporters, which is evidenced by a notable accumulation of byproducts of arginine metabolism (67, 68). This suggests that arginine metabolism is functional, and may be sensitive to targeted depletion. A recent study that utilized a pegylated recombinant human ARG1, depleted arginine, and induced cytotoxicity in glioma cells (69). Similarly, selective iNOS inhibitors 1400W and S-MIU have recently been shown to reduce tumor growth in a EGFRvIII mutant overexpressing U87 glioblastoma model (70). How arginine fosters immunosuppression in the TME is also an area of research that seeks to elucidate the tumor promoting effects of arginine metabolism.




Figure 4 | Glioblastoma arginine metabolism via iNOS or Arg1 polarizes the tumor associated macrophages towards anti-tumor tumor or pro-tumor phenotypes, respectively.



Macrophages are a large component of the TME, constituting up to 30% of the tumor by weight (71, 72), and the divergent functions of arginine metabolism are best appreciated in this immune cell subset. Macrophages are a highly plastic cell type, which can adopt either pro- or anti-tumor function depending on their environmental cues. Macrophage polarization has traditionally been thought of to exist on a continuum from M1 to M2 phenotypes which confer inflammatory/anti-tumor phenotypes and repair/pro-tumor phenotypes, respectively. Recent research suggests that the M1-M2 dichotomy is likely an oversimplification (73), which is underscored by the numerous reports that tumor associated macrophages (TAMs) in glioblastoma express a mixture of M1 and M2 related genes (74, 75). TAMs which primarily metabolize arginine via iNOS are considered more anti-tumor. iNOS dependent anti-tumor TAMs skew the TME towards cytotoxicity through stimulating Th1 responses via secretion of CXCL9 and CXCL10, inducing cytotoxic CD8s through TNFα and IL1β, and direct killing of tumor cells through nitric oxide (NO) and Reactive Oxygen Species (ROS). Conversely TAMs which metabolize arginine primarily through ARG1 are thought to have more pro-tumor activity. ARG1 dependent pro-tumor TAMs stimulate angiogenesis through VEGF and IL6, promote invasion and proliferation via TGFβ and STAT3, and support immunosuppression through IL-10 and TGFβ (65). TAMs in glioblastoma are considered to be pro-tumor overall, and their accumulation correlates with worse prognostic outcomes (76). Due to the highly plastic nature of TAMs and their abundance in the glioblastoma TME, they are an attractive target for repolarization from a pro-tumor to an anti-tumor phenotype. Finding ways to selectively shift arginine metabolism in TAMs towards iNOS presents an interesting treatment modality that could potentially skew a large portion of the TME to an overall anti-tumor effect.



2-Hydroxyglutarate Metabolism

2HG production represents a unique immune-metabolomic pathway found in many cancer cells, including low-grade gliomas and secondary glioblastoma. Within low-grade gliomas and secondary glioblastoma, 2HG is often produced due to mutations in the catalytic domains of isocitrate dehydrogenase isoform 1 (IDH1) and isocitrate dehydrogenase isoform 2 (IDH2). The most common mutations in IDH1 include R132H, R132C, R132L, R132S, and R100Q, while the most common mutations in IDH2 include R140Q, R140G, R140W, R140L, R172K, R172G, R172M, R172Q, R172T, R172S (77). While IDH1 is found in the cytoplasm of cells, IDH2 is found in the mitochondrial matrix. Despite their differences in cellular sub-localization, both wildtype IDH1 and wildtype IDH2 catalyze the decarboxylation of isocitrate using NADP+ and Mg2+ as cofactors and produce α-Ketoglutaric acid and CO2 (78). Wildtype IDH1 and wildtype IDH2 are normally also able to catalyze the reverse reaction by reducing α-Ketoglutaric acid into isocitrate using NADPH as a cofactor. α-Ketoglutaric acid also acts as a substrate for an alternative reduction reaction that incompletely reduces α-Ketoglutaric acid into 2-Hydroxyglutarate instead of isocitrate in an NADPH driven manner. Somatic missense mutations of arginine in IDH1 and IDH2 lead to impaired oxidative carboxylation and favor the incomplete reduction of α-Ketoglutaric acid into 2-Hydroxyglutarate (79). While 2HG is produced by other enzymes including hydroxyacid-oxoacid transhydrogenase (80), human phosphoglycerate dehydrogenase (81), lactate dehydrogenase (82), and l-malate dehydrogenase (83), it is believed that IDH1/2 mutations are almost exclusively what drive 2HG overaccumulation in low-grade glioma and secondary glioblastoma. In grade II/III gliomas carrying IDH1/2 mutations, 2HG concentrations have been found between 1 and ∼30 mM (77). The overaccumulation of 2HG can both promote gliomagenesis while inhibiting anti-tumor immunity.

The oncogenic process can be mediated through epigenetic regulation, 2HG, inhibition of DNA repair enzymes, promotion of autophagy, and promotion of invasiveness. 2HG exerts control over cellular epigenetics by favoring the hypermethylation of various genes by inhibiting α-Ketoglutaric acid-dependent dioxygenases such as Tet methylcytosine dioxygenases (TETs) (84). Koivunen et al. demonstrated that TET2, in particular, was inhibited by 2HG (85). TET2 inhibition was demonstrated to decrease tumor cell differentiation and promote tumorigenesis in the setting of glioblastoma by Garcia et al. (86) Perhaps most notably, 2HG was shown to increase methylation of histone lysines and c-Myc binding at the promoter of the telomerase reverse transcriptase (TERT) gene encouraging tumor transformation and immortalization (87). 2HG was also shown by Chen et al. to inhibit the AlkB family of DNA repair enzymes such as ALKBH2 and ALKBH3 (88). 2HG further promotes autophagy and cell survival by indirectly controlling mTORC1 and mTORC2 signaling. 2HG does this by activity inhibiting KDM4A, which allows DEPTOR to activate the mTORC1/2 pathway (78). 2HG may also have a role in destabilizing the basement membrane of glioblastoma cells through the inhibition of collagen stabilizing enzymes such as PLOD1, PLOD3, P4HA1, and PHA3 (79). In addition to IDH1/2 mutations helping produce 2HG, these mutations also favor the consumption of NADPH instead of their production. The depletion of NADPH helps induce cellular dysregulation and impairs cellular defense against reactive oxygen species (77).

While 2HG has been shown to influence tumor growth, 2HG has also been demonstrated to modulate anti-tumor immunity (Figure 5). Bunse et al. demonstrated that 2HG produced by tumors can be transported into immune cells via SLC13A3, which generally impairs immune function (89). Within T cells, 2HG was shown to inhibit T cell activity by inhibiting enzymes such as ornithine decarboxylase, transcription factors such as NF-κB p65, and the NFAT pathway through NFATC1 (89). It was demonstrated that T-cells treated with 2HG producing astrocytes demonstrated decreased production of IFN-γ and IL-2 upon activation (89). 2HG also directly inhibits T cell activation by inhibiting the steps that lead to calcium influx, such as early ATP-dependent TCR signaling events, c-Jun N-terminal kinase (JNK), and PLC-γ1(Y783) phosphorylation (89). Of note, the effect of 2HG on the suppression of T-cell activation was most prominent in CD4+ T cells. 2HG was also found by Kohanbasch et al. to reduce the expression of STAT1 in DC cells, thereby inhibiting the secretion of CXCL10 in the glioblastoma TME (90). This represents yet another mechanism by which 2HG may suppress T cell activity. Interestingly, IDH1/2 mutant tumors are generally infiltrated by T cells expressing less PD-1 than those T cells found in IDH1/2 wildtype tumors (89). This may be due to 2HG inhibiting NFAT translocation, which is necessary for inducing PD-1 expression. IDH1/2 mutant tumors are also generally infiltrated by less immunosuppressive M2 Macrophages (91). Amankulor et al. suggest that the decreased immunosuppressive cell infiltration in IDH1/2 mutant tumors may play a role in controlling the growth of secondary glioblastoma (92).




Figure 5 | 2 HG produced by IDH1/2 mutant secondary glioblastoma promotes tumor survival while impairing T cell activation and degranulation.



Given the immunometabolic importance of IDH1/2 mutations, IDH mutation-specific inhibitors have been developed. IDH1 mutations have been targeted through molecules such as Ivosidenib, BAY-1436032, and AG-5198 (93). IDH2 mutations have been targeted through molecules such as Enasidenib, AGI-6780, and GI-6780 (93). IDH1 and IDH2 mutations have been co-targeted though molecules such as AG-881, which is currently being evaluated in the phase 3 INDIGO trial (NCT04164901) in patients with residual or recurrent Grade 2 glioma with an IDH1 or IDH2 mutation (93). Since IDH mutations may help anti-tumor immunity by decreasing PD1 expression and decreasing immunosuppressive cell infiltration, there may rationale to combine IDH mutation inhibitors with other immunostimulatory therapies such as checkpoint blockade. Bunse et al. demonstrated that BAY1436032 and PD-1 therapy increased overall survival in a murine IDH1 R132H model (89). Similarly, Kadiyala et al. found that 2HG inhibition, IR treatment, temozolomide, and anti-PDL1 administration led to complete tumor regression in 60% of mice bearing IDH1 mutant gliomas (94). In addition to small molecule inhibition, Platten et al. recently demonstrated that the IDH1 R132H mutant pathway could also be targeted by a peptide vaccine approach in newly diagnosed gliomas (95). While IDH inhibitors and vaccines represent one of the remarkable success stories in low grade IDH mutated gliomas, they are unfortunately not a therapeutic option in IDH wild type glioblastoma.



Adenosine Metabolism

In normal physiology, adenosine and ATP are found in the cytosol of tissues, while these metabolites’ extracellular levels are rarely observable (96). In certain pathologies such as gliomagenesis, intracellular adenosine can be secreted via bidirectional equilibrating nucleoside transporters (97), and ATP is released extracellularly via plasma membrane disruption or ATP efflux induced by hypoxia or inflammation and mediated by ABC transporters, anion channels, connexins, pannexins, and receptors like P2X7R (98). Once in the extracellular environment, ATP is degraded by enzymes such as CD73 and CD39 to produce adenosine. While the CD73 and CD39 mediated pathway of adenosine production are the most relevant to glioblastoma, extracellular adenosine may also be generated via ecto-phosphodiesterase/pyrophosphatase family proteins, nicotinamide adenine dinucleotide glycohydrolases, prostatic acid phosphatase, and alkaline phosphatase (99, 100). Extracellular adenosine is regulated either by cellular uptake or extracellular adenosine deaminase enzymes. The extracellular adenosine that remains can signal through high-affinity A2a and low-affinity A2b receptors expressed on tumors, tumor-associated cells, and immune cells. Blocking this adenosine signaling represents an intriguing target to modulating anti-tumor responses.

The adenosine metabolism pathway is of particular importance in glioblastoma and low-grade gliomas. Ott et al. recently found that in patients with gliomas, the A2aR/CD73/CD39 pathway was most frequently expressed (101). In the hypoxic glioblastoma TME setting, there is an increased expression of HIF1a in tumor tissue leading to increased expression of CD39 and CD73 on tumor cells, immune cells, stromal cells, and endothelial cell, leading to increased extracellular adenosine. This extracellular adenosine can signal through adenosine receptors to improve tumor survival, stimulate tumor cell proliferation, and induce tumor cell invasion and angiogenesis. Adenosine can improve tumor cell survival through the AKT and ERK pathways, inhibiting caspase pathway activation, upregulation of Bcl2 family antiapoptotic genes and downregulation of P53 (102, 103). Adenosine has been shown to induce tumor cell proliferation through various pathways including but not limited to AKT, ERK, JNK, and P38, ERa, and upregulation of cyclin proteins (104–106). Adenosine has been shown to increase the expression of matrix metalloproteases (MMPs) and FXYD5, which disrupt the tumor’s ECM and drive invasiveness by reducing cell adhesion, respectively (107). Lastly, adenosine signaling can help drive angiogenesis by inducing increased VEGF, IL8, angiopoietin 2, and erythropoietin (100).

In addition to regulating tumor growth, adenosine signaling has a multifaceted role in controlling anti-tumor immunity (Figure 6). While extracellular ATP functions as danger associated molecular pattern (DAMP) that can stimulate both innate and adaptive immunity, extracellular adenosine serves to dampen the immune system (108). Within T cells, adenosine signaling through receptors such as A2aR inhibits MAP kinase, protein kinase C, NFkB, and NFAT pathways and inhibit proximal TCR signaling (109, 110). T cells treated with adenosine demonstrated decreased IL-2, TNFa, and INFg production, decreased CD28 expression, and increased expression of PD1, CTLA4, and LAG3 (108, 111, 112). Adenosine signaling was also shown to help generate Tregs by increasing the expression of FoxP3 in CD4 T cells (113). These Tregs were found to upregulate CD39 and CD73, creating a positive feedback loop in the TME (113). Adenosine signaling similarly blunted NK cell target cell killing, proliferation, and the production of IFNg and TNFa (114–116). DC cells treated with adenosine exhibited decreased expression of TNFa and IL12 while increasing their expression of immunosuppressive factors including IL-5, IL-6, IL-10, TGFβ, arginase, and IDO, and PD-L2 (117, 118). In macrophages, adenosine signaling via A2aR and A2bR were shown to induce M2 polarization (119) and blunted the secretion of neutrophil chemoattractants (111). Adenosine signaling also directly impaired neutrophil function finding their ability to adhere, degranulate, phagocytose, and produce TNFa and superoxide (120).




Figure 6 | Glioblastoma cells control the amount of extracellular adenosine in the glioblastoma immune microenvironment and use adenosine to decrease T cell degranulation and increase T cell exhaustion.



Sitkovsky et al. were one of the first to demonstrate enhanced anti-tumor immunity in A2aR knockout mice and demonstrated that A2aR could be inhibited using pharmacologic blockade (121, 122). In preclinical models, the immunosuppressive effect of adenosine signaling has been blunted using anti-CD73 and anti-CD39 blockade (123). In multiple murine tumor models, A2aR inhibition synergized with anti-PD1, anti-TIM3, and anti-CTLA4 antibodies to improve survival and reduce tumor metastasis (124–126). Inhibitors of this pathway such as Istradefylline, SCH-442416, Preladenant, BAY-545, Ciforadenant (CPI-444), Imaradenant (AZD4635), SCH58261, AB928 and AB680 have emerged and many of them are in clinical development (123). Targeting the adenosine signaling pathway in glioblastoma remains an active area of research.



Altered Phospholipid Metabolism

Sphingolipids are important structural components of the cell membrane that play a role in membrane fluidity and integrity. Many sphingolipids are also highly bioactive and play roles in a variety of cellular processes. Sphingosine, the first discovered sphingolipid, is induced by cellular stressors, including chemotherapy and radiation, and functions in cytoskeletal reorganization, cell cycle regulation, senescence and apoptosis. Since then, many other sphingomyelins have been identified, including ceramide, a molecule involved in regulation of apoptosis and is believed to be the central hub of sphingolipid metabolism, as well as sphingosine-1-phosphate, or S1P, which has roles in promoting survival, migration, and inflammation (127, 128).

Sphingolipid synthesis occurs de novo via condensation of serine and palmitate to 3-keto-dyhydrosphingosine, which via several intermediate steps involving ceramide synthases (CERS1-6) is converted to ceramide, a molecule well-identified as a pro-apoptotic signal (128, 129). Ceramide consists of an 18-carbon sphingosine long-chain base that contains an amide-linkage to a fatty acyl chain of variable carbon number; synthesis by CERS1-6 is the rate-limiting step of de novo ceramide synthesis and each enzyme is responsible for ceramides of specific fatty acyl chain length. Ceramides can also be synthesized via salvage following breakdown of complex sphingolipids such as sphingomyelins, via the subcellularly-localized sphingomyelinases (acid, neutral, and alkaline SMases), and cerebrosides, via glucosylceramidase and galactosylceramidase. Ceramide breakdown via ceramidases leads to sphingosine formation, which may be recycled or phosphorylated by the sphingosine kinases SK1 and Sk2 to form S1P. S1P is a ligand for the five G-protein coupled receptors S1PR1-5 and is normally rapidly metabolized via S1P phosphatase (SGPP) and S1P lyase 1 (SPL). Activation of S1PRs results in cellular proliferation and further production of S1P to promote cell motility and survival. This tight linkage of interconnected pathways for the rapid synthesis and breakdown of ceramide (pro-apoptotic) and S1P (pro-survival) has given rise to the “sphingolipid rheostat” model, in which the balance of these two biomolecules plays an important and potentially targetable role in normal cellular function and oncogenesis (127–131).

Derangement of the sphingolipid rheostat is implicated in the pathogenesis of glioblastoma (Figure 7). Analysis of human glioma tissue revealed significantly lower ceramide levels in high grade tumors relative lower grade tumors, and relative to peritumoral brain tissue (132). This difference was most dramatic for the C18 ceramide. Likewise, S1P levels in glioma tissues were higher than in normal gray matter; glioma stem-like cells have also been shown to secrete S1P as an autocrine, resulting in proliferation and increased expression stemness markers (132, 133). Taken together, this S1P/ceramide shift represents a common, targetable feature of malignancy even with regard for the heterogeneity displayed within and between glioblastomas. In gliomas, this shift is likely due to multiple alterations in sphingolipid synthesis, including increased expression of SK1 (134–136), deletion of chromosomal regions containing SPL (137), and downregulation of S1P phosphatase 2 (138), resulting in increased S1P levels; as well as inhibition of ceramide synthase (139) and increased expression of ceramidases (134). The activity of SMases in glioblastoma is still being elucidated, but it has been shown that acid SMase may sensitize glioma cells to chemotherapy and radiation by increasing metabolism of sphingomyelin to ceramide and consequent apoptosis in the context of p53-deficiency; conversely, neutral SMase may be involved in increasing ceramide production in p53-wildtype cells (129). Increased understanding of the proapoptotic role of SMases in glioblastoma may yield new therapeutic targets.




Figure 7 | Glioblastoma cells use altered phospholipid metabolism to induce tumor proliferation, invasiveness, and angiogenesis while sequestering T cell populations away from the tumor microenvironment.



Interactions of glioblastoma with surrounding neuronal, glial, and immune cells in the TME are continuing to be appreciated. As discussed above, S1P plays an autocrine role in gliomas, and has been shown to be constitutively secreted in rodent glioma cells and human glioblastoma cell lines, likely due to SK1 activity (134, 140, 141). Increased SK1 activity, in turn, has been shown to be induced by microenvironmental IL-1 and HIF-2α activity (142, 143). S1P is also capable of acting as a chemoattractant for innate and adaptive immune cells (144, 145). Increased glioblastoma-derived S1P may thus promote formation of TAMs. TAMs, in turn, may also contribute S1P to the TME and increase SK1 activity (130). TAMs also produce NO, which has been shown to decrease acid SMase activity in glioma cells, resulting in therapeutic resistance (146). Despite the breakdown of the blood-brain barrier (BBB) in glioblastoma, there is often a paucity of T-cells in the TME or within the tumor (so-called tumor-infiltrating lymphocytes, or TILs). Those cells that are present are often the CD4+ CD25+ FoxP3+ population of immunosuppressive regulatory T-cells, termed Tregs (147). In addition to their role in apoptosis, global alterations of SMase expression modulate differentiation of T cell populations, with acid SMase activation linked to increased numbers of CD4+ Th1 and Th17 cells, while mice deficient in acid SMase exhibit increased Tregs (148, 149). Recently, it has been shown that glioblastomas may cause sequestration of T cells in bone marrow via T-cell internalization of S1PR1, and enforced expression of S1PR1 in combination with T-cell activation via 4-1BB agonism can increase survival in vivo (144). 4-1BB agonism has also been shown to rescue the poor efficacy of PD-1 blockade in glioblastoma in vivo; translation of these results to clinical trials is greatly anticipated (150). Blockade of S1PR1 is commonly employed using the sphingosine analog fingolimod to reduce immune trafficking in multiple sclerosis; fingolimod may also inhibit ceramide synthases, SK1, and SPL and was proposed as a possible therapeutic for glioblastoma (144, 151). A small trial of fingolimod was initiated with the aim of assessing whether sequestration of lymphocytes via S1PR1 antagonism could reduce post-chemoradiation lymphopenia in glioblastoma patients, but results have not yet been published (NCT02490930). Interestingly, Baeyens et al. recently found that monocytes in the lymph node may also produce S1P and influence T cell differentiation and T cell residence time in the lymph node (152). Their work suggests an alternative mechanism by which drugs that target S1P signaling can influence the glioblastoma TME and immune populations.

Additionally, an emerging mediator of aberrant phospholipid metabolism in glioblastoma is polymerase I and transcript release factor (PTRF), also known as Cavin1. PTRF was originally discovered to be involved in dissociation of RNA polymerase I-rRNA-DNA ternary complexes during transcription (153, 154). Through its colocalization with caveolin1 (Cav1) on the plasma membrane, it has been subsequently identified as essential for the formation of caveolae, cell-membrane infoldings that are 50-100 nm in diameter and function in cell signaling, lipid metabolism, and endocytosis (155, 156). Indeed, mutations in PTRF cause congenital generalized lipodystrophies in humans, providing further evidence for its role in lipid metabolism (157, 158). PTRF has also been shown to play a role in oncogenesis, as reduced PTRF expression in prostate and lung cancer is associated with progressive disease (45).

There is increasing evidence of a role for PTRF in the growth and progression of glioblastoma. PTRF has been shown to be upregulated in chemoresistant glioma cells and in human tumor tissues, with increasing PTRF expression correlating glioma grade and with tumor recurrence (155, 159). Huang et al. showed that EGFRvIII, an EGFR mutant with constitutively active tyrosine kinase activity present in ~25% of glioblastoma patients, drove PTRF upregulation (159). Blockade of PI3K and AKT reduced PTRF expression, showing a role for PTRF in EGFR-driven gliomagenesis even in the absence of the EGFRvIII mutation. This overexpression of PTRF in gliomas results in increased secretion of exosomes, cell growth, and aberrant methylation (159).

Interestingly, in silico analyses have suggested that PTRF expression is negatively correlated with the presence of cytotoxic lymphocytes intratumorally (160). Yi et al. recently showed that overexpression of PTRF in primary glioblastoma cells results in accumulation of lysophosphatidylcholine (LPC) species and decreased phosphatidylcholine (PC), resulting in increased membrane fluidity, endocytosis, and levels of the protein cytoplasmic phospholipase A2 (cPLA2), which provides fatty acids for mitochondrial fatty acid oxidation. In vivo, PTRF overexpression resulted in increased tumor growth and shorter survival. The authors found that intratumoral interferon gamma (IFN-γ) and granzyme B (GzmB) were decreased, with decreased numbers of CD8+ TILs, providing evidence for the role of abnormal phospholipid synthesis in glioblastoma immunosuppression. Strikingly, inhibition of cPLA2 restored IFN-γ and GzmB levels and resulted in increased TIL accumulation (161). Future investigations of cPLA2 in combination with existing immune activating therapies such as checkpoint blockade or CAR-T cells are warranted.



Discussion

Several metabolic pathways are implicated in maintaining immunosuppression and glioblastoma outgrowth in the TME. These aspects have the potential to be exploited therapeutically but also for the development of diagnostic tools, including imaging tools such as MR spectroscopy for 2HG (162), hyperpolarized [1-13C] lactate (163), intratumoral acidity using pH-weighted amine chemical exchange saturation transfer (CEST) MRI (164) and amino acid PET tracers like 18F-fluoroethyltyrosine (FET) (165).

Targeting metabolic pathways has potential for conditioning the TME to become more responsive to frontline immunotherapies that have succeeded in more immunogenic cancers, as well as providing the opportunity to expand the limited treatment modalities that are currently approved. As experimental tools mature, our ability to better appreciate the heterogeneity between and within tumors advances. Many of the pathways mentioned have attracted study in more immunogenic cancers while preclinical data is sparse for glioblastoma models.

While there are a number of ongoing clinical trials exploring glioblastoma immunotherapies from the perspective of checkpoint blockade, there are relatively fewer trials pursuing immunometabolism modulation. For example, despite the extensive characterization of pathways like adenosine metabolism, glioblastoma research has yet to pursue A2aR inhibitors in the clinic. While the tryptophan metabolism pathway is by far the most clinically explored in IDH1 wildtype glioblastoma with 2 studies completed (NCT02052648, NCT02502708) and two studies recruiting (NCT04047706, NCT04049669), other pathways have unfortunately been less pursued. With the exception of one study pursuing arginine metabolism (NCT04587830) many of the other pathways analyzed in this review have not yet been explored in the clinic.

Metabolic mechanisms in glioma, and their interactions with the TME, and immune cells are helpful to develop precision medicine approaches. The presence of infiltrating immune cells in the TME presents a challenge but also a potential for therapeutic targets. Effector CD8+ T-cells express high levels of co-stimulatory and co-inhibitory molecules with a preferential accumulation of regulatory T cells (Tregs) in CNS tumors (166). The immunosuppressive environment of brain tumors has been highlighted in gliomas and other CNS tumors (144). Tregs play an essential role in ameliorating auto-immunity, but in the setting of brain TME, their anti-inflammatory activity creates a more permissive environment for tumor progression (167).

While targeting the IDH metabolic pathway with IDH inhibitors, and also more recently the IDH antigen, has demonstrated encouraging preliminary results in IDH mutated gliomas (95), glioblastoma or IDH wild type gliomas lack a uniformly expressed tumor specific antigen and are highly heterogenous. Research focus on targeting the metabolism in IDH wildtype glioblastoma, investigation of the role of metabolic pathways in glioblastoma, developing an appreciation for their differing activities across tumor types, and an increased willingness to explore these pathways in glioblastoma without first waiting for exploration in other tumors, should allow for selective and targeted treatment options and should inspire hope to treat patients with glioblastoma with immunotherapy.



Conclusions

The field of immunometabolism represents a unique opportunity with emerging data supporting further research to fully understand mechanisms of resistance and to find potential synergy between immunometabolic pathways as well as other immunotherapy modalities. In addition to the pathways outlined, there remain other unknown metabolic aspects to discover to improve available therapies for patients with glioblastoma.
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Purpose

Atypical teratoid/rhabdoid tumor (AT/RT) is arising typically in young children and is associated with a dismal prognosis which there is currently no curative chemotherapeutic regimen. Based on previous studies showing high histone deacetylase 1 (HDAC1) expression in AT/RT, the HDAC1 inhibitor CI-994 was used as a novel treatment strategy in this study. We assessed the anticancer effects of CI-994 and conventional drugs (etoposide, cisplatin or 4-HC) in AT/RT cells.



Methods

AT/RT patient-derived primary cultured cells and cell lines were prepared. HDAC1 was estimated by real-time quantitative polymerase chain reaction (RT-qPCR). The interaction of the drugs was analyzed using isobologram analysis. Cell viability, apoptosis, HDAC enzyme activity and western blot assays were carried out.



Results

HDAC1 was overexpressed in AT/RT compared to medulloblastoma. The combination index (CI) of CI-994 with etoposide revealed a synergistic effect in all AT/RT cells, but no synergistic effect was observed between CI-994 and cisplatin or 4-HC. CI-994 effectively reduced not only Class I HDAC gene expression but also HDAC enzyme activity. The combination treatment of CI-994 with etoposide significantly increased apoptosis compared to the single treatment. The enhanced effect of apoptosis by this combination treatment is related to a signaling pathway which decreases topoisomerase (Topo) II and increases histone H3 acetylation (Ac-H3).



Conclusion

We demonstrate that the combination treatment of CI-994 with etoposide exerts a synergistic anticancer effect against AT/RT by significantly inducing apoptosis through Topo II and Ac-H3 regulation.



Clinical Relevance

This combination treatment might be considered a viable therapeutic strategy for AT/RT patients.





Keywords: atypical teratoid/rhabdoid tumor, combination treatment, HDAC1 inhibition, synergism, topoisomerase II



Introduction

Atypical teratoid/rhabdoid tumor (AT/RT) is one of the most malignant pediatric brain tumors that typically arises in infants younger than 3 years old (1). Maximal safe resection followed by multimodal therapy is recommended as the standard treatment. However, the prognosis of patients with AT/RT is still poor (2, 3). The difficulty of gross total resection, incomplete efficacy of intensive chemotherapy and limitation of radiotherapy for young patients highlight the urgency of developing novel therapeutic strategies (3).

AT/RT is characterized by biallelic loss-of-function alterations in SMARCB1, which encodes the hSNF5/BAF47/INI1 subunit of the SWI/SNF chromatin remodeling complex (3, 4). Previous in-depth molecular studies explained the observed clinical heterogeneity but relatively unaltered genome of AT/RT by noting substantial heterogeneity in epigenetic profiles (2, 3). The Toronto group (5) and German group (6) recently classified AT/RT into 3 molecular subgroups based on its epigenetic profiles from two different perspectives. Studies targeting the mechanisms of epigenetic regulation in AT/RT treatment have been extensively conducted, leading to successful use of histone deacetylase (HDAC) inhibitors such as trichostatin A, SAHA, and SNDX-275 (7). It also suggested that a specific class of HDAC inhibitors may be more effective for certain molecular classes of AT/RT (5).

HDAC regulates the expression of genes and proteins involved in both cancer initiation and progression (8), and high expression levels of several HDACs are associated with poor prognosis of cancer patients (9). Additionally, HDACs have been found to regulate cancer cell functions, including DNA damage, cell death and differentiation (10). Therefore, the anticancer effects of HDAC inhibitors have been evaluated in various cancers (11).

HDAC1, which is a Class I HDAC, has been reported to play important roles in epigenetic regulation for tumor progression and is significantly overexpressed in many cancers (10, 12), including AT/RT (13, 14). Importantly, HDAC1 is highly expressed in AT/RT tissues compared to normal cerebellum and CNS non-cerebellum (15). As a drug that can inhibit HDAC1, CI-994 (Tacedinaline, N-acetyldinaline) is an oral compound that is also a selective Class I HDAC inhibitor (16). CI-994 has been verified to exhibit significant anticancer activity against a broad spectrum of human cancers in vitro (17) and in vivo (16).

Many preclinical and clinical studies have examined rational combinations of HDAC inhibitors with many current therapies for the treatment of hematological and solid tumor malignancies (18). Notably, CI-994 was investigated in combination with other anticancer drugs in phase I/II clinical trials for solid tumors (19). Therefore, the potential benefits that CI-994 might confer in the treatment of AT/RT led us to investigate the combination treatment of CI-994 with conventional anticancer drugs.

In this study, we evaluated the combination treatments of CI-994 with three different conventional chemotherapeutic agents (etoposide, cisplatin, or ifosfamide) commonly used in two protocols for the treatment of AT/RT (2). As etoposide showed the most potent synergistic effect with CI-994, we investigated the potential signaling pathway affected by this combination that leads to its anticancer effects.



Materials and Methods


Patients and Samples

Brain tumor tissues (Table 1) were collected from patients diagnosed with AT/RT (N=13) and MBL (N=13) who underwent initial surgery at the Seoul National University Children’s Hospital. The Institutional Review Board (IRB) of the Seoul National University Hospital (SNUH) approved the study protocol (IRB approval No. 1707-095-878). The pathological diagnosis of AT/RT was made histologically and confirmed by the lack of INI-1/SMARCB1 protein expression. The AT/RT subgroup was determined by immunohistochemistry staining of tissues (6). The molecular groups of medulloblastoma were analyzed by NanoString nCounter (20).


Table 1 | Patient information.





Real-Time Quantitative Polymerase Chain Reaction (RT-qPCR)

Total RNA was isolated using the miRNeasy Mini Kit (Qiagen, Hilden, Germany), and cDNA was synthesized using the EcoDry Premix kit (Clontech, Mountain View, CA) (21). RT-qPCR assay was performed by a TaqMan assay on an ABI 7500 system (Applied Biosystems, Foster City, CA) using TaqMan probes for HDAC1, HDAC2, HDAC3, HDAC8, and GAPDH. The relative expression levels in each sample were calculated and quantified by using the 2-ΔΔCT method. The value of each control sample was set to one and was used to calculate the fold change in target gene expression. GAPDH was utilized to normalize the gene expression results.



Immunohistochemistry (IHC)

The expression of HDAC1 protein within tissues were verified by IHC as previously described (6). A total of 8 cases of tissue (4 cases in medulloblastoma and 4 cases in AT/RT) used to verify HDAC1 protein expression. Of these, 3 cases of each group were newly obtained, and 1 case of each group was included in the previous RT-qPCR analysis. Briefly, the sections were incubated with primary antibodies, HDAC1 (1:1000, Abcam, Cambridge, MA), for 32 min at 37°C, and a secondary antibody for 20 min at 37°C. The stained sections were detected using the Ventana ChromoMap Kit (Ventana Medical Systems) and discovered using XT automated IHC strainer (Ventana Medical Systems, Oro Valley, AZ).



Cell Culture

AT/RT primary cells were cultured as previously described (21). The cell lines of AT/RT (BT12 and BT 16) and MBL (UW228 and MED8A) were provided from Dr. Peter Houghton (Nationwide Children’s Hospital) and Dr. Young Shin Ra (Asan Medical Center, Seoul, Korea), respectively. The human neural stem cell HB1.F3 was used as a normal control. All cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Welgene, Seoul, Korea) containing 10% fetal bovine serum and 1% antibiotic-antimycotics and incubated at 37°C in a 5% CO2 atmosphere.



Drugs

CI-994, etoposide, and cisplatin were purchased from Selleckchem (Houston, TX). We used the activated form of ifosfamide, 4-hydroperoxycyclophosphamide (4-HC), from Cayman (Ann Arbor, MI). The drugs were dissolved in dimethyl sulfoxide (DMSO) to generate 10 mM stock solutions and diluted to the indicated concentrations with culture medium before the experiments.



Cell Viability Assays

The median inhibitory concentration (IC50) was determined in AT/RT cells. The cells (4 × 103) were cultured in 96-well plates and exposed to various concentrations of the drugs (0-100 µM). Cells treated with 0.1% DMSO were used as a control. Cell viability was measured using the EZ-cytox kit (Daeil Lab Service, Seoul, Korea) after drug treatment for 72 h. The percentage of cell viability of the treated cells was measured relative to that of the control cells. Cell growth curves were drawn, and the IC50 was calculated by nonlinear regression analysis using Prism software (La Jolla, CA).



Isobologram Analysis

To evaluate the dose-responses of the CI-994-based combination treatments, an isobologram was drawn for each drug combination based on 5 constant ratios: 0.25× IC50, 0.5× IC50, IC50, 2× IC50, and 4× IC50 (22). The synergy, additivity or antagonism was calculated on the basis of the multiple drug effect equation and quantified by the combination index (CI) and fraction affected (Fa) according to the Chou-Talalay algorithm utilizing CompuSyn software (Paramus, NJ, www.combosyn.com) (22, 23). The CI values indicate synergistic (CI < 1), additive (CI = 1) or antagonistic effects (CI > 1). The Fa levels of 50% (Fa = 0.5), 70% (Fa = 0.7), and 80% (Fa = 0.8) inhibition were created to study the dose-dependent interaction of the drug combinations. Fa < 0.5 was regarded as irrelevant because a large fraction of the cell population showed proliferation and reduced growth inhibition.



HDAC Enzyme Activity Analysis

HDAC enzyme activity was assessed by an HDAC enzyme activity kit (Biovision, Mountain View, CA) (23). After 72 h of drug treatment, proteins (50 μg) extracted from the cells was mixed with the assay substrate and incubated at 37°C for 1 h. The reaction was stopped by adding 10 μl of lysine developer and incubated for an additional 30 min at 37°C. Test samples were measured by a fluorimeter (Molecular Devices, Sunnyvale, CA) at 405 nm.



Apoptosis Analysis

Apoptosis was evaluated by the Annexin V-Fluorescein isothiocyanate (FITC)/propidium iodide (PI) binding assay kit (BD Biosciences, Franklin Lakes, NJ) according to the manufacturer’s instructions. After drug treatment for 48 h, the cells (1 × 106 cells/ml) were harvested, stained with Annexin V and PI in the dark for 15 min, subjected to FACSCanto (BD), and analyzed by FlowJo software.



Western Blot

Total proteins were extracted using radioimmunoprecipitation (RIPA) lysis buffer. Western blotting was performed using the iBlot system (Invitrogen) as previously described (23). The following primary antibodies were used: topoisomerase II (Topo II, 1:5000, Abcam), acetylated histone H3 (Ac-H3, 1:2000, Abcam), γ-H2AX (1:5000, Abcam), cleaved Parp (1:1000, Cell Signaling Technology, Danvers, MA), active Caspase-3 (cleaved Caspase-3, 1:100, Millipore, MA), Survivin (1:5000, Abcam), NF-κB (1:500, Abcam), C-Myc (1:10000, Abcam) and β-actin (1:5000, Sigma-Aldrich, St. Louis, MO). The blots were visualized by enhanced chemiluminescence (ECL, Invitrogen) with X-ray film. The band intensities were quantified using ImageJ software and normalized to β-actin.



Statistical Analysis

All the values were calculated as the mean ± SD or expressed as the percentage ± SD of the controls. Multiple group comparisons were performed by 1-way ANOVA. Differences between 2 groups were determined using a 2-tailed Student’s t-test and Mann-Whitney test. GraphPad Prism v7.0 software was used for all the statistical analyses. All the analyses were repeated at least three times, and differences were considered statistically significant at p < 0.05.




Results


Overexpression of HDAC1 in AT/RT

We first evaluated the mRNA expression levels of HDAC1 in AT/RT tissues and cells. Compared with MBL tissues, AT/RT tissues exhibited increased HDAC1 mRNA expression (2.19-fold, p < 0.05, Figure 1A) and protein expression (Figures 1C, D). In addition, we confirmed that there was no significant change in HDAC1 mRNA expression depending on the MYC subgroup (p= NS, Supplementary Figure S1). HDAC1 was more highly expressed in all AT/RT cells than in MBL cells (6-fold p < 0.05, Figure 1B).




Figure 1 | HDAC1 expression in AT/RT samples compared to MBL samples. (A) The quantitative polymerase chain reaction (qPCR) showed that HDAC1 mRNA expression in AT/RT tissues was 2.19 (p = 0.027) folds higher than in MB tissues. (B) HDAC1 mRNA level was tested in 3 AT/RT primary cultured cells(SNU.AT/RT-5, SNU.AT/RT-9, SNU.AT/RT-10) and each established AT/RT (BT12, BT16) and MB (UW426, MED8A) cell lines. HDAC1 is significantly overexpressed in AT/RT samples compared to the lowest expression level in UW426, one of MB cell lines. (C) IHC results show significantly higher HDAC1 protein expression in AT/RT compared to medulloblastoma. (D) The graph shows the percentage of HDAC1 positive cells in IHC (p < 0.0001). *p < 0.05, ***p < 0.0001.





Determination of IC50 Values

The prerequisite for confirming a synergistic effect is to determine the potency of each drug and the slopes of their concentration response curves. Therefore, we investigated the IC50 values of each drug in primary cultured AT/RT cells (SNU.AT/RT-9 and SNU.AT/RT-10) and AT/RT cell lines (BT12 and BT16). Increasing concentrations of each drug significantly reduced the viability of all AT/RT cells in a dose-dependent manner (Figure 2). The IC50 values ranged from 7.5 ± 0.2 to 65.0 ± 22.0 µM for CI-994, 4.9 ± 2.4 to 13.4 ± 4.3 µM for etoposide, 1.0 ± 0.05 to 56.1 ± 7.5 µM for cisplatin, and 5.3 ± 0.2 to 57.4 ± 5.0 µM for 4-HC in AT/RT cells (Table 2). The IC50 values of HB.F3 cells were 48.1 ± 26.6 µM for CI-994, 16.3 ± 5.2 µM for etoposide, 62.8 ± 3.8 µM for cisplatin, and 25.7 ± 11.1 µM for 4-HC. Compared to AT/RT cells, HB.F3 cells were more resistant to etoposide and cisplatin.




Figure 2 | Single treatment in AT/RT cells. The viability of AT/RT cells against selected drugs (CI-994, etoposide, cisplatin, or 4-HC) was assessed by estimating their IC50.




Table 2 | IC50 of each drug in AT/RT cell lines.





Synergistic Effect of the Combination Treatment of CI-994 With Etoposide Against AT/RT

To determine the drug interaction of CI-994 with conventional chemotherapeutic agents, we calculated the fraction affected (Fa) and combination index (CI) values. The effect of the combination treatment of CI-994 with etoposide in all AT/RT cells was interpreted as synergistic: 0.3-0.54 in SNU.AT/RT-9 cells, 0.09-0.13 in SNU.AT/RT-10 cells, 0.5-0.8 in BT12 cells and 0.32-0.49 in BT16 cells (Figure 3A and Supplementary Table S1). The combination treatment of CI-994 with cisplatin or 4-HC did not exert synergistic effects in some cells (Figures 3B, C). In particular, antagonism was observed in SNU.AT/RT-10 cells with the combination treatment of CI-994 with cisplatin (Supplementary Table S2) and in SNU.AT/RT-10 cells and BT12 cells with the combination treatment of CI-994 with 4-HC (Supplementary Table S3). Therefore, etoposide was chosen as the drug to be combined with CI-994.




Figure 3 | Comparative evaluation of the combination effect of CI-994 with conventional anticancer drugs. Curve shift analysis of CI-994 with conventional drugs (etoposide, cisplatin and 4-HC) in AT/RT cells shows that the degree of left shift represented the amount of synergism associated with the indicated drug combination. Single treatment: Black lines, Combination treatment: Pink lines. (A) In response to the combination treatment of CI-994 with etoposide, synergistic effects were observed and inhibited the growth potential of all AT/RT cells in a dose-dependent manner. (B, C) The combination treatment of CI-994 with cisplatin or 4 HC exerted cell type-specific effects. Synergistic effects were observed in the cells treated with the combination of CI-994 with cisplatin only for SNU.AT/RT-9 cells and in cells treated with the combination of CI-994 with 4-HC for SNU.AT/RT-9 cells and BT-16 cells.



At the optimal concentration of the combination treatment of CI-994 with etoposide, dose-response plots and Fa-CI were generated to the confirm drug interaction. The combination dose-response curves of all the AT/RT cells treated with CI-994 and etoposide shifted to the left, which indicated synergism by lowering the IC50 equivalent (Figure 4A). The Fa-CI plot showed all points to be under the horizontal line, which equaled 1 of the CI value at all concentrations. In the case of BT16 cells, all the points were closer to the bottom line than the points of the other AT/RT cells. The data points below the line of additivity indicate synergism (Figure 4B). The viability of cells exposed to the combination treatment of CI-994 with etoposide was significantly reduced by approximately 1.95- to 4.8-fold compared to that of cells exposed to the single treatment in all AT/RT cells (p < 0.0001, Figure 4C).




Figure 4 | Synergistic effect of the combination treatment of CI-994 with etoposide in atypical teratoid/rhabdoid tumor (AT/RT) cells. Fraction affected vs. combination index (Fa-CI) plot was calculated for the combination of CI-994 with etoposide using an isobologram. (A) Dose-response curve shows that if the combination points (blue lines) lie below the gray line, there is a synergistic effect. Low CI values with increased Fa values suggest better compatibility and high synergism between CI-994 and etoposide. Graphs show a synergistic effect in all AT/RT cells. (B) The blue, red and green lines represent the theoretical additive line and the 0.5, 0.7 and 0.8 values, respectively. The synergy between CI-994 and etoposide increases as the calculated values approach the origin. In all AT/RT cells, synergism was observed at concentrations with Fa 0.5, Fa 0.7 and Fa 0.8 points. (C) Combination treatment of CI-994 with etoposide was significantly more effective than single treatment in all AT/RT cells. ***p < 0.0001.





Inhibition of HDAC1 mRNA Expression by CI-994

To confirm whether CI-994 effectively inhibits the mRNA expression of Class I HDAC, we performed RT-qPCR. As expected, HDAC1 expression was significantly decreased by CI-994 treatment alone and by the combination treatment compared to the control treatment in all AT/RT cells (Figure 5A and Supplementary Table S4). Etoposide single treatment did not affect HDAC1 mRNA expression. We also examined the mRNA expression of HDAC2, HDAC3 and HDAC8, which was significantly decreased by the CI-994 single treatment and combination treatment. In some AT/RT cells, HDAC2, HDAC3 or HDAC8 expression was reduced by etoposide single treatment.




Figure 5 | Class I histone deacetylase (HDAC) mRNA expression and HDAC enzyme activity following combination treatment of CI-994 with etoposide. (A) Class I HDAC expression was measured by RT-qPCR in AT/RT cells. Class I HDAC mRNA expression was significantly reduced by CI-994 treatment in all AT/RT cells. HDAC1 mRNA expression was not affected by etoposide single treatment in all AT/RT cells, but HDAC 2, 3, and 8 expression tended to decrease in some cells. (B) HDAC enzyme activities were significantly reduced by the CI-994 treatment and combination treatment. Even etoposide single treatment led to a slight decrease in SNU.AT/RT-10 cells, BT12 cells, and BT16 cells, but not in SNU.AT/RT-9. *p < 0.05, **p < 0.001, ***p < 0.0001, ns, not significant.





Decreased Activity of HDAC Following Combination Treatment of CI-994 With Etoposide

The inhibitory effect of the combination treatment of CI-994 with etoposide on HDAC activity was evaluated. Compared to the control treatment, the CI-994 single treatment and combination treatment effectively decreased the enzyme activities in all AT/RT cells (Figure 5B and Supplementary Table S5). Interestingly, the etoposide single treatment slightly suppressed HDAC enzyme activity in SNU.AT/RT-10 cells, BT12 cells, and BT16 cells, but not in SNU.AT/RT-9 cells.



Enhanced Apoptosis Following Combination Treatment With CI-994 and Etoposide

To confirm whether the synergistic anticancer effect of the combination treatment of CI-994 with etoposide is associated with apoptosis, we analyzed the proportion of apoptotic cells by Annexin V-FITC/PI binding assay. The percentage of apoptotic cells was significantly increased in all AT/RT cells treated with CI-994, etoposide and the combination. Importantly, the combination treatment induced more early apoptosis than CI-994 or etoposide single treatment in all AT/RT cells (Figures 6A, B and Supplementary Table S6).




Figure 6 | Effect of the combination treatment of CI-994 with etoposide on apoptosis in AT/RT cells. (A) Apoptosis in AT/RT cells was analyzed by Annexin V-FITC/propidium iodide assay and flow cytometry. (B) Percentages of apoptotic cells are presented on graphs. Combination of CI-994 with etoposide more considerably induced apoptosis in all AT/RT cells than the single treatment. *p < 0.05, **p < 0.001, ***p < 0.0001.





Decreased Topoisomerase II Expression and Increased Histone H3 Acetylation Following Combination Treatment With CI-994 and Etoposide

To investigate the molecular mechanisms associated with the synergistic anticancer effect of the combination treatment of CI-994 with etoposide on AT/RT cells, we explored the signaling pathways associated with DNA damage induced by Topo II and H3 acetylation (Ac-H3). In the majority of AT/RT cells, compared with the control and single treatments, the combination treatment led to decreased protein expression of Topo II and increased expression of Ac-H3, γ-H2AX, cleaved Parp, and cleaved Caspase-3 (Figure 7 and Supplementary Figure S2). Survivin was decreased in response to the single and combination treatment in most AT/RT cells; however, in BT16 cells, Survivin expression was increased in response to the etoposide single treatment. Since CI-994 increased Ac-H3 expression, Ac-H3 expression may induce the expression of the DNA damage-related protein γ-H2AX and initiation of early apoptosis, which increases the levels of cleaved Parp and Caspase-3. We also confirmed changes in the expression of NF-κB and C-Myc after drug treatment. The combination treatment of CI-994 and etoposide did not show any difference in the expression of NF-κB (Supplementary Figure S3A) but C-Myc (Supplementary Figure S3B) was effectively decreased in all AT/RT cells. On the other hand, the etoposide single treatment did not affect Ac-H3 expression but increased γ-H2AX expression. These data suggested that the combination treatment enhanced DNA breakdown by decreasing Topo II expression and increasing Ac-H3 expression, which potentiated apoptosis (Figure 8).




Figure 7 | Protein expression involved in the synergistic effect of the combination treatment of CI-994 with etoposide. Western blot analysis shows the levels of topoisomerase (Topo) II, histone 3 acetylation (Ac-H3), γ-H2AX, cleaved Parp, cleaved Caspase-3 and Survivin in response to the combination treatment of CI-994 with etoposide.






Figure 8 | Schematic diagram of two main targets of the combination treatment. Topo II and HDAC1 are known to interact with each other and modify each other’s activity. CI-994 and etoposide can pass through cell membranes using transporters and/or passive diffusion. CI-994 enters the cell, inhibits HDAC1 enzyme activity and increases histone acetylation, therefore activating cleaved Parp. CI-994 also reduced C-Myc, which was more effective in combination treatment with etoposide. CI-994 can also increase γ–H2AX expression. Etoposide increases γ-H2AX expression, which not only increases cleaved Parp levels but also decreases Survivin levels. The action of each of these drugs through the regulation of Topo II and Ac-H3 synergistically increases cleaved Parp levels and cleaved Caspase-3 levels, leading to the apoptosis of AT/RT cells.






Discussion

Our study demonstrated the synergistic anticancer effect of the combination treatment of CI-994 with etoposide on AT/RT. The underlying mechanism of action was thought to occur through enhanced apoptosis due to decreased expression of Topo II and increased expression of Ac-H3.

The importance of HDAC-targeted therapeutics in various tumors (8, 24) has led to the extended use of specific HDAC inhibitors in pediatric brain tumors, including AT/RT (14). Previous studies showing HDAC1 overexpression in AT/RT (13) and verification in our samples provided rationale for the use of HDAC1 inhibitors. Since there are no commercially available inhibitors that regulate only HDAC1, we used CI-994, which is a relatively selective HDAC1 inhibitor (25, 26). It would be difficult to target and selectively regulate only HDAC1 because HDAC1, 2, 3 and 8, which are Class I HDACs, interact with each other (27). This limitation highlights the importance of intensive research on the development of HDAC single isoform inhibitors. This is one of the limitations of our study and remains a challenge to be addressed.

The three molecular subgroups of AT/RT are well known, and this should be taken into account as different subgroups may induce different drug sensitivities (28). The subgroups of AT/RT cells we used in this study were different (SNU.AT/RT-9: TYR/MYC, SNU.AT/RT-10: TYR, BT12: TYR, BT16: controversial). It should be kept in mind that the sensitivity of the drug may vary depending on the subgroup.

The penetration of CI-994 through the blood-brain barrier (BBB) is low (permeability surface area products BBB: 12.7 ± 0.1 μL/min/g brain) (29). Therefore, delivery strategies via intratumoral (30), intracisternal (31) and intranasal (32) injections may be required to bypass the BBB.

Many preclinical studies have suggested that the combination treatment of HDAC inhibitors with conventional chemotherapeutics safely shows synergistic effects even at lower concentrations (18). Recent studies have suggested that the use of HDAC inhibitors may be beneficial for the treatment of children with AT/RT as part of multimodal therapies (14). Although CI-994 is a potential anticancer drug, it is associated with dose-dependent toxicity and side effects, including thrombocytopenia and neutropenia (19, 26). Therefore, we investigated the drug interactions between CI-994 and conventional anticancer drugs (etoposide, cisplatin and 4-HC) that are commonly used for the treatment of AT/RT patients (23). We used isobologram analysis to determine which anticancer drugs have synergistic effects when combined with CI-994. Among the three combinations, the combination treatment of CI-994 with etoposide exerted the strongest effect in a dose-dependent manner. Despite the molecular heterogeneity of AT/RT tumors, isobologram analysis of the combination treatment of CI-994 with etoposide showed consistent responses in all AT/RT cells. On the other hand, the combination of CI-994 with cisplatin or 4-HC revealed antagonism in at least one combination ratio in AT/RT cells, and the response of each cell was inconsistent. For these reasons, we conducted this study focusing on the combination treatment of CI-994 with etoposide.

Next, we determined whether CI-994 efficiently inhibits Class I HDAC gene expression and enzyme activities in AT/RT cells. The inhibitory effect of the combination treatment of CI-994 with etoposide was relatively similar to the effect of CI-994 alone. As a result, there might be other regulatory factors that could cause the synergistic effect of the combination treatment. We speculated that two target molecules modify each other’s activity, thus generating the observed synergy. Previous studies have suggested that acetylation seems to influence the efficacy of etoposide, as both HDAC and histone acetyltransferase (HAT) activities increase the efficacy of etoposide (33). There is further evidence that HDAC1/2 complexes with Topo II modify each other’s activity in vitro and in vivo (34). Topo II-associated HDAC activity was reduced by a specific HDAC inhibitor, and the combination treatment could increase cytotoxicity (34). Etoposide induces apoptosis by inhibiting the Topo II cleavage complexes, leading to the accumulation of DNA damage (33). In addition, CI-994 and other HDACi have shown to induce apoptosis through post-induction suppression of NF-κB or C-Myc-mediated transcription (35, 36). Taken together, we assumed that the synergistic interaction between CI-994 and etoposide is mediated through Topo II (37). Our results showed considerably decreased Topo II expression and increased Ac-H3 expression in response to the combination treatment, suggesting the possibility that apoptosis may be elevated by these signaling pathways. C-Myc may be involved in this signal pathways, not by NF-κB related signal pathway.

In summary, our results demonstrate that the combination treatment of CI-994 with etoposide exerts a synergistic anticancer effect by promoting apoptosis of AT/RT cells through the modulation of Topo II and Ac-H3 in vitro. Although the use of more selective HDAC1 inhibitors and the addition of animal experiments remain challenges, our results support the possibility that the combination treatment of CI-994 with etoposide deserves further attention as a therapeutic option for pediatric AT/RT.
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Case Report: End-Stage Recurrent Glioblastoma Treated With a New Noninvasive Non-Contact Oncomagnetic Device


David S. Baskin 1,2,3*, Martyn A. Sharpe 1,2, Lisa Nguyen 1,2 and Santosh A. Helekar 1,2,3


1 Kenneth R. Peak Brain and Pituitary Tumor Treatment Center, Department of Neurosurgery, Houston Methodist Neurological Institute, Houston, TX, United States, 2 Department of Neurosurgery, Houston Methodist Research Institute, Houston, TX, United States, 3 Department of Neurosurgery, Weill Cornell Medical College, New York, NY, United States




Edited by: 

David Nathanson, UCLA David Geffen School of Medicine, United States

Reviewed by: 

Peter LaViolette, Medical College of Wisconsin, United States

Kenneth D. Swanson, Beth Israel Deaconess Medical Center and Harvard Medical School, United States

*Correspondence: 

David S. Baskin
 dbaskin@houstonmethodist.org

Specialty section: 
 This article was submitted to Neuro-Oncology and Neurosurgical Oncology, a section of the journal Frontiers in Oncology


Received: 11 May 2021

Accepted: 21 June 2021

Published: 22 July 2021

Citation:
Baskin DS, Sharpe MA, Nguyen L and Helekar SA (2021) Case Report: End-Stage Recurrent Glioblastoma Treated With a New Noninvasive Non-Contact Oncomagnetic Device. Front. Oncol. 11:708017. doi: 10.3389/fonc.2021.708017



Alternating electric field therapy has been approved for glioblastoma (GBM). We have preclinical evidence for anticancer effects in GBM cell cultures and mouse xenografts with an oscillating magnetic field (OMF) generating device. Here we report OMF treatment of end-stage recurrent glioblastoma in a 53-year-old man who had undergone radical surgical excision and chemoradiotherapy, and experimental gene therapy for a left frontal tumor. He experienced tumor recurrence and progressive enlargement with leptomeningeal involvement. OMF for 5 weeks was well tolerated, with 31% reduction of contrast-enhanced tumor volume and reduction in abnormal T2-weighted Fluid-Attenuated Inversion Recovery volume. Tumor shrinkage appeared to correlate with treatment dose. These findings suggest a powerful new noninvasive therapy for glioblastoma.
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Introduction

For glioblastoma (GBM), the most common malignant tumor of the brain in adults, treatment outcome remains dismal. In over 40 years median survival has only shown modest improvement (1), and standard of care treatment often has negative impact on quality of life (2). Treatment including radiation and chemotherapy takes a heavy toll. Frequently patients cannot tolerate the completion of the prescribed chemotherapy cycles. Thus, there is a great unmet need for a completely different therapeutic approach with better outcome and less toxicity.

A new FDA-approved treatment involving electric fields alternating at 200 kHz called Optune™ therapy is now available for recurrent GBM as monotherapy and in combination with temozolomide for newly diagnosed GBM (3, 4). It is also being tested in clinical trials for other cancers. Its hypothesized mechanism of action involves disruption of tubulin dimers, mitotic spindles, and cell division by electric field-induced dipole alignment and dielectrophoresis (5). It has a modest effect on survival, increasing median overall survival by 0.6 month in recurrent GBM (3), and in newly diagnosed GBM by 31% (4). Even this modest effect is encouraging for patients.

It has been shown that electromagnetic fields (EMF) produce anticancer effects in vitro (6, 7). We have conducted preclinical experiments with a new noninvasive wearable device known as an Oncomagnetic device that generates oscillating magnetic fields (OMF) by rotating strong permanent magnets (8, 9). The OMF generating components (oncoscillators) of the device can be attached to a helmet and treatment with the device does not require shaving the head. Using the oncoscillators of the device and specially devised patterns of magnet rotations we have produced strong selective anticancer effects in patient derived GBM and xenografted mouse models without causing adverse effects on cultured normal cells and normal mice (10–12). The mechanism of action of OMF differs from Optune™ and involves disruption of the electron transport in the mitochondrial respiratory chain causing elevation of reactive oxygen species and caspase-dependent cancer cell death (10–12).

Here we report evidence of treatment response in the first patient to ever receive this therapy with an untreatable left frontal GBM, treated with a wearable Oncomagnetic device in an FDA-approved Expanded Access Program.



Methods


Case Description

The patient is a 53-year-old man who first presented with altered mental status in May 2018. Imaging studies documented a large tumor in the left frontal lobe extending across the midline into the right frontal lobe, with diffuse and extensive infiltration through the corpus callosum. There was mass effect and severe edema. He was taken to the operating room on June 4, 2018, where he underwent left frontal craniotomy and radical excision of the tumor. The tumor was histopathologically confirmed as GBM. At the time of the surgery, the excision extended across the midline into the right frontal lobe. He was enrolled in a herpes simplex virus-thymidine kinase gene therapy program and received viral injection during surgery per protocol. In addition, per protocol, and as standard of care, he received concomitant radiation therapy and chemotherapy with temozolomide.

In August 2019, the patient presented with an area of contrast enhancement on MRI scan along the left ventricle. At first this was thought to be a treatment effect. This area progressively enlarged. Evaluations done before OMF treatment initiation on January 16, March 3, and April 15, 2020, demonstrated a clear recurrence. The tumor abutted the ventricle and there was evidence of leptomeningeal spread. The patient had already had radiation therapy and chemotherapy and the tumor was now progressing. The presence of leptomeningeal disease portends poor outcome, with median survival of 3.5 to 3.9 months (13).

Because of inadequacy of any standard of care options he was enrolled in an FDA-approved Expanded Access Program (EAP) for compassionate use treatment with the Oncomagnetic device. He signed an informed consent on April 15, 2020. The EAP study was carried out under a protocol approved by the Houston Methodist Research Institute Institutional Review Board.



Oncomagnetic Device

The Oncomagnetic device consists of 3 oncoscillators securely attached to an acrylonitrile butadiene styrene helmet and connected to a microprocessor-based electronic controller operated by a rechargeable battery (Figure 1). Further details regarding the device are given in the Supplementary Appendix. Based on a finite element model-based calculation of the spread of the field and the size and magnetization of the rotated diametrically magnetized neodymium magnets, we estimated that the combined effective field (at least 1 mT in strength) of the 3 oncoscillators covered the entire brain, including the upper part of the brain stem.




Figure 1 | Oncomagnetic Device. (A) Device helmet with 3 oncoscillators securely attached to it. The oncoscillators are connected to a controller box powered by a rechargeable battery. (B) The patient wearing the device helmet with three oncoscillators attached.





Oscillating Magnetic Field Treatment

The treatment consists of intermittent application of an OMF that needs to be generated by rotating permanent magnets in a specific frequency profile and timing pattern to be effective. The patient received this treatment initially in the Peak Center clinic under the supervision of the treating physician and the Principal Investigator (DSB) of this study for the first 3 days. The dose was escalated over this period as follows. On the first day, the treatment was for 2 hours with a 5-min break between the first and the second hour. On the second and third days, it was increased to 2 and 3 2-hour sessions, respectively, with 1-hour breaks between the sessions. The patient’s spouse was trained in the use and care of the device on these days. After this initial supervised phase, the treatment was continued at home unsupervised with the same regimen as on the third day, above. The spouse was instructed to maintain a daily log of the conduct and progress of treatment, and any observed treatment and adverse effects.



Clinical Evaluations and Neuroimaging

The patient was evaluated clinically by the treating physician on each of the 3 days that he received treatment in the clinic and 7, 16, 30 and 44 days after initiation of treatment. Magnetic Resonance Imaging (MRI) scans were done on Days 1, 3, 7, 16, 30 and 44. The Day 1 scan was done before initiation of treatment. All other scans were done after treatment initiation. The treatment was paused on Day 37 because of an unfortunate but unrelated severe closed head injury (CHI). MRI scans were done on a Siemens Magnetom Terra 7T scanner. MRI scans included T1 magnetization prepared rapid gradient echo scans with and without gadolinium contrast, and T2-weighted Fluid-Attenuated Inversion Recovery (FLAIR), T2-weighted Turbo Spin Echo, Diffusion Weighted Imaging, Susceptibility Weighted Imaging, proton Magnetic Resonance spectroscopy and Diffusion Tensor Imaging scans. Treatment effect on contrast-enhanced tumor (CET) was evaluated according to the response assessment in neuro-oncology (RANO) criteria for clinical trials (14). In addition, an automated software-based method developed in house was used to objectively calculate the CET volume (see below and Supplementary Appendix).



Data Analysis

Post-contrast T1 anatomical and T2-FLAIR MRI scans at each of the 6 time points were used to determine changes in contrast-enhanced tumor (CET) volume and non-enhanced tumor infiltration, respectively, before and after initiation of treatment. Information on image processing, data normalization and plotting are given in the Supplementary Appendix. Values obtained from pre-treatment clinical scans taken at 2 time points over 3 months before enrollment of the patient were also plotted on the same graph. Because this is a single patient case report, we could not perform any meaningful statistical analysis. However, to obtain a semi-quantitative assessment of the significance of the trend seen with treatment, we analyzed the changes in CET volume using Bayesian logic, given the observed increasing trend at two pre-treatment time points. Accordingly, we assumed that the chance of increase, decrease and no change in the rate of tumor growth was the same at each time point after treatment initiation to calculate the probability of a decrease at each post-treatment initiation time point.




Results

The patient received OMF treatment with the Oncomagnetic device for 36 days. The treatment regimen was changed at various times during this period based on the caregiver reports and clinical findings, as described below.


Clinical Findings

After the initial 3 days of supervised treatment, the patient was seen again by the treating physician in the outpatient clinic on Day 7 from the start of treatment. Because of inattention at baseline, the patient was having difficulty with the length of treatment sessions. They were reduced to 2 hours/day Monday through Friday with Saturday and Sunday off. The Day 16 clinical examination revealed that he was tolerating the treatment sessions well, so they were increased to a total of 3 hours/day (in one-hour increments with 5 min breaks) Monday through Friday and the weekends off. On Day 30 visit, the patient reported headaches related to transient hypertension for which he was taking medication. The treating physician increased blood pressure medication (Valsartan) with improvement. The treatment was paused on Day 36 because of a closed head injury from a fall. Whether the fall was related to the treatment in any way is uncertain. It is worth noting, however, that the patient had experienced several falls before initiation of treatment. At the last follow-up on Day 44 the patient was admitted to the inpatient unit for evaluation of closed head injury and underwent detailed assessment. There were no serious adverse events reported during treatment. The patient’s caregivers reported subjective improvement in speech and cognitive function.



MRI Findings

Evaluation of the T1 post-contrast clinical MRI scans obtained before initiation of treatment showed progression in accordance with the RANO criteria (Figure 2A). All scans acquired during treatment showed stable disease, according to these criteria (Figure 2A). To obtain an objective quantitative assessment of the CET volume we used an automated MATLAB software-based script. This analysis showed marked changes in CET volume with treatment. Figure 2B shows a plot of the CET volume as a function of time before and after initiation of treatment. It reveals that there was substantial growth of the tumor volume over the 3 months before the treatment. Within the first 3 days of treatment the trend is reversed with the volume steeply decreasing by ~10% on Day 7 and then less steeply by 31% on Day 30. Based on a Bayesian-type assessment of the probability of a decrease in CET volume at each post-treatment initiation time point, the decrease at Day 30 is statistically significant at P = 0.036. The treatment was paused on Day 37. After the pause we see another trend reversal and an increase in CET volume on Day 44.




Figure 2 | Change in Contrast-Enhanced Tumor Volume. (A) T1-weighted axial post-contrast scans showing the contrast-enhanced tumor (CET) highlighted with an overlayed automated computer program-generated light-yellow mask at different time points (B) Left – A graph showing the change in CET volume over time. The treatment times and durations are shown as red bars and light-yellow highlights. The long pause in treatment is shown as a light-blue highlight. Right – T1-weighted axial post-contrast scans showing CET at two levels along the dorso-ventral axis at Day 1 before treatment and Day 30 of treatment.



The T2-FLAIR data in Figure 3A show changes in enhanced intensity volume of 1 – 11% over time. The decreases in volume are greater after a 3-day pause in treatment on Day 7 and after an 8-day pause on Day 44. These decreases are likely due to reduction in treatment-related cerebral edema and/or reduction in non-contrast enhancing tumor infiltration. The patient died ~3 months after cessation of treatment from the CHI. A brain only autopsy showed a resection cavity in the left frontal lobe (6.0 x 5.0 x 3.5 cm) and recurrent/residual glioblastoma with associated treatment effect (see Figures 3B–E). Residual/recurrent high-grade glioma was present, including foci of densely cellular tumor, focal microvascular proliferation, and necrosis (Figure 3C). In addition, there was prominent treatment effect with pallor and rarefaction of white matter (Figure 3D), reactive astrocytosis, infarct-like necrosis (Figure 3E) and bizarre nuclear atypia within residual tumor cells. Additional features of treatment effect included dystrophic calcifications (Figure 3E).




Figure 3 | Variation in Enhanced Intensity Volumes in T2-FLAIR MRI Scans and Autopsy Findings. (A) Top – Bar plots of the volumes of T2-FLAIR intensity enhancement in the whole brain at different time points. Overall, there was up to 11% decrease in T2 FLAIR volume over the course of treatment. Bottom – Representative T2-FLAIR images are shown. (B) Left hemisphere of the brain, examined grossly, showing no tumor mass. (C) Photomicrographs of the left cortex showing bland necrosis, residual tumor, and microvascular proliferation with thick-walled vessels. (D) Top left – Microscopic field of the left cingulate cortex showing a focus of rarefied, perivascular inflammation. Bottom left – Cortical field showing rarefied parenchyma and residual tumor cells, enlarged with treatment-type effect that can be seen in GBM. Top right – Micrographic field of the corpus callosum showing thinned, rarefied white matter tract. Bottom right – Field showing relatively uninvolved contralateral (right) cortex. (E) Top – Micrographic field in the left cortex showing infarct-like necrosis (left), tumor (right), and fibrin thrombus (lower right). Bottom – Left cortical field showing necrotic tissue with dystrophic calcification.






Discussion

The findings of this study indicate that Oncomagnetic device-based OMF therapy is well tolerated by a patient who has end-stage recurrent GBM with leptomeningeal involvement and has no other available effective treatment options. They also demonstrate a clinically significant reduction in CET volume with reductions in non-enhanced tumor volume and/or edema in T2-FLAIR scans. The temporal profile of changes in CET volume also suggests a correlation with the treatment dose and the presence or absence of treatment. When the treatment dose was higher (6 hours/day for 4 days) we see a tumor volume reduction rate of 2.32 cm3/day. When it was lower (2 hours/day for 9 days and 3 hours/day for 18 days) the reduction is 1.03 cm3/day. Moreover, when the treatment was paused for 8 days the decreasing trend reversed and the CET volume increased, instead. Assuming that the ~1.03 cm3/day decreasing trend had continued until the treatment was paused, we can estimate that the CET volume grew at the rate of 1.26 cm3/day during the pause. Despite the apparent correlation it is possible that the treatment response is independent of the short-term changes in the treatment dose.

To our knowledge, there is no report in the literature of a noninvasive treatment-related shrinkage of CET volume of GBM at a rate comparable to that seen in this study. One published report on Optune™ therapy has reported that the time course of change in tumor volume in MRI scans shows a ~15% reduction over ~3 months (15). Besides Optune™, the other type of treatment approved by the FDA and recommended as a standard in National Comprehensive Cancer Network guidelines for recurrent GBM is the anti-vascular endothelial growth factor (VEGF) monoclonal antibody, Bevacizumab (16, 17). Bevacizumab treatment response of reduction in tumor volume on MRI scans has been reported to be lower than is observed in the present study (18). Furthermore, while anti-VEGF drugs in general have mild toxicity profiles and two Phase II trials have shown anti-tumor efficacy (19, 20), a subsequent Phase III trial did not show a significant increase in overall survival (21–23).



Conclusion

Noninvasive Oncomagnetic device based OMF therapy appears to be a safe and efficacious new modality of treatment against GBM that potentially has many advantages over existing treatments. The present report has the limitation of the treatment being conducted in only a single patient so far. Extending it to more patients in research studies would provide additional information regarding safety and efficacy.
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Background and Purpose

Lower grade glioma (LGG) is one of the leading causes of death world worldwide. We attempted to develop and validate a radiosensitivity model for predicting the survival of lower grade glioma by using spike-and-slab lasso Cox model.



Methods

In this research, differentially expressed genes based on tumor microenvironment was obtained to further analysis. Log-rank test was used to identify genes in patients who received radiotherapy and patients who did not receive radiotherapy, respectively. Then, spike-and-slab lasso was performed to select genes in patients who received radiotherapy. Finally, three genes (INA, LEPREL1 and PTCRA) were included in the model. A radiosensitivity-related risk score model was established based on overall rate of TCGA dataset in patients who received radiotherapy. The model was validated in TCGA dataset that PFS as endpoint and two CGGA datasets that OS as endpoint. A novel nomogram integrated risk score with age and tumor grade was developed to predict the OS of LGG patients.



Results

We developed and verified a radiosensitivity-related risk score model. The radiosensitivity-related risk score is served as an independent prognostic indicator. This radiosensitivity-related risk score model has prognostic prediction ability. Moreover, the nomogram integrated risk score with age and tumor grade was established to perform better for predicting 1, 3, 5-year survival rate.



Conclusions

This model can be used by clinicians and researchers to predict patient’s survival rates and achieve personalized treatment of LGG.





Keywords: lower grade gliomas, radiosensitivity prediction model, radiosensitivity, spike-and-slab lasso, lasso



Introduction

Glioma is the most common malignant brain tumor in adults and one of the leading causes of death world worldwide. Age-adjusted incidence rates for all gliomas range from 4.67 to 5.73 per 100 000 persons (1). According to the Central Brain Tumor Registry of the United States reports, lower grade gliomas (LGG) consist of diffuse low grade and intermediate grade gliomas (World Health Organization grades II and III) (2). In 2016, presence/absence of isocitrate dehydrogenase (IDH) mutation and 1P/19Q codeletion were introduced to classify glioma based on histology and molecular characteristics by WHO (3). Surgical treatment, radiotherapy, chemotherapy, and a combination of radiotherapy and chemotherapy are the main options for the treatment of LGG. Among them, radiotherapy is the main constituent in the combined modality therapy, which has been shown to increase progression-free survival and improve overall survival for LGG patients (4).

However, heterogeneity in radiosensitivity exists among LGG patients. Large retrospective studies of LGG patients in the National Cancer Database (NCDB) have shown that radiotherapy is associated with improved survival outcomes in patients younger than 40 years of age, histological subtypes of astrocytomas, and early high-dose radiotherapy (5). It is desirable to determine radiosensitive LGG patients before incorporating radiotherapy as part of the combined modality therapy. Currently, radiosensitivity of LGG patients can be predicted by O6-methylguanine-DNA methyltransferase (MGMT) promoter methylation and 1p19q codeletion status (6). Moreover, IDH mutation and 1P/19Q codeletion were found to be associated with survival rate and can be used to predict the response to adjuvant therapy.

Even though, the radiosensitivity cannot be fully explained by existing biomarkers. A possible explanation could be provided by researching the tumor microenvironment (TME). TME plays a vital role in the occurrence, progression, and prognosis of tumors. Cancer cells, immune cells, blood vessels, fibroblasts, and other stromal cells make up the TME (7). TME and cancer therapy are complex interplay. Treatment targeted to the TME can increase the likelihood of a good prognosis for patients. Radiotherapy affects tumor blood vessels and immune cells in TME. Specifically, it causes radiation-induced inflammation through damage to endothelial cells and activates immunosuppressive pathways (8). Radiotherapy can shrink the local tumor, but it can also affect distant lesions due to the immunomodulatory effect initiated by the local tumor microenvironment (9). However, radiosensitivity based on TME in LGG has not been systematically discussed.

For LGG, Wen Yin et al. developed and validated an immune-related risk score system based on six hub genes to estimate the overall survival of LGG patients (10). An IDH1-associated immune prognostic signature includes four genes and a nomogram model was established for diffuse LGG (11). Considering the radiosensitivity of the tumor, Yi Cui et al. developed gene signatures by integrating radiosensitivity and immune gene signatures for predicting radiotherapy in breast cancer (12). A retrospective analysis validated 24-gene postoperative radiotherapy outcomes score in prostate cancer (13). But, up to now, a model for predicting the benefit of radiotherapy in LGG has not been established.

With the development of personalized oncology therapy, molecular biomarkers play an important role in the prognosis of LGG. To provide an optimal personalized treatment plan for LGG patients, it is important to find biomarkers and establish a radiosensitivity model based on the tumor microenvironment. Therefore, we attempted to develop and validate a radiosensitivity model for predicting the survival for LGG by using the spike-and-slab lasso Cox model. In summary, our study provided new insights into radiotherapy for LGG.



Materials and Methods


Data Sources

We downloaded 515 LGG patients with clinical and 20503 gene expression datasets from a public database The Cancer Genome Atlas (TCGA, http://cancergenome.nih.gov/) by using the R package TCGA-Assembler (14). Survival information of 534 LGG patients was procured from UCSC Cancer Genomics Browser (https://xenabrowser.net/datapages/) (15). Overall survival (OS) and progression-free survival (PFS) as endpoints. We eliminated the samples without radiotherapy information (n=29) and removed patients with missing survival information(n=3). Considering each gene expression distribution, we also screened genes. The flowchart was summarized in Figure 1. Finally, after combining clinical information, RNAseq, and survival information, a final total of finally total of 474 patients with 14627 genes were obtained for the present study. We downloaded gene expression and clinical profiles of 443 LGG patients from CGGA693 dataset (16, 17) and 182 LGG patients from CGGA325 dataset (18, 19) as external validation datasets(http://www.cgga.org.cn/). The cleaned clinical data are summarized in Supplementary Tables 1, 2.




Figure 1 | The flow-chart of study design, patient selection and gene selection.





Differential Expression Analysis and Functional Enrichment Analysis

The Estimation of Stromal and Immune cells in Malignant Tumor tissues using the Expression data (ESTIMATE) tool was used to evaluate the immune and stromal scores for each sample (20). We compared the survival rate between high-scores and low-scores based on the median of each score. Differentially expressed genes (DEGs) analysis was performed by using the limma package. The cut-off criteria were adjusted p-value by false discovery rate (FDR) <0.05 and log2 fold-change>1.5. Then, Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) were performed by using the R package clusterProfiler (21).



Spike-and-Slab Lasso and Lasso

The least absolute shrinkage and selection operator (Lasso) is the commonly used method to select variables. The lasso can select and shrink variables by using the form of the Ɩ1-penalty (22). However, the lasso can include many irrelevant predictors and over-shrink large coefficients because of a single penalty.

The spike-and-slab formulation is the core ingredient that can identify promising models (23). Ročková and George developed and applied spike-and-slab Lasso (sslasso) priors to select a variable. spike-and- slab Lasso has a two-point mixture of a Laplace spike distribution (ѕ0) and a Laplace slab (ѕ1). ѕ0 and ѕ1 are two scale parameters of the spike distribution and slab distribution respectively (24). Therefore, spike-and-slab Lasso has advantages in variable selection and parameter estimation. Recently, Tang et. extended the spike-and-slab lasso framework to generalized linear models and Cox survival models (25, 26). Lasso analysis was performed by using the “glmnet” R package. The model developed by spike-and-slab Lasso was implemented using R package BhGLM (Bayesian hierarchical generalized linear models) (https://github.com/nyiuab/BhGLM) (27).



Construction and Validation of Radiosensitivity-Related Risk Score

After obtaining the 491 DEGs based on tumor microenvironment, a log-rank test was performed to select genes in patients with radiotherapy and patients who did not receive radiotherapy. We obtained 111 genes for the next analysis. Spike-and-slab Lasso was used to identifying the best prognostic value of these genes. Finally, a radiosensitivity-related risk score was established utilizing spike-and-slab Lasso regression coefficients to multiply the expression values of genes in each patient. We used Kaplan-Meier survival analysis to evaluate the prognostic value of this risk score. Radiosensitive (RS) group and radioresistant (RR) group were defined according to the difference in overall survival rate. The sensitivity and specificity of the model were evaluated by plotting time-dependent receiver operating characteristics (ROC). The radiosensitivity-related risk score was validated in TCGA dataset that PFS as endpoint and two CGGA datasets that OS as the endpoint.



Development and Validation of the Nomogram

Univariate and multivariate Cox regression analyses were performed to validate whether the risk score has an independent prediction factor. A nomogram to predict the 1-, 3-, and 5-years survival probability were developed according to the results of multivariate Cox analysis. The nomogram was validated in TCGA dataset that PFS as endpoint and two CGGA datasets that OS as the endpoint.



Analysis Method

All statistical analyses were performed by using the R (4.0.2). The Kaplan-Meier curves were employed to show survival curves. The log-rank test was used to filter radiosensitivity genes based on the tumor microenvironment. Time-dependent ROC curves were plotted by using “timeROC” R package. A nomogram was generated by using the “rms” R package. Infiltration levels for the RS and RR group were quantified by using the bioinformatics tool “CIBERSORT” R package (20). P-value of < 0.05 was considered to be statistically significant. All statistical tests were two-sided.




Results


Differentially Expressed Genes Based on Tumor Microenvironment

To determine the gens of the TME, we calculated the Stromal score, Immune score and ESTIMATE score by using R package “ESTIMATE”. Whole patients were classified into two group according to median score, respectively. As shown in Supplementary Figure 1, there was a significant difference between the low stromal-score group and the high stromal-score group (OS: p=0.043, PFS: p=0.025). For the immune-score group, the OS and PFS of the low immune-score group had significantly better than the high immune-score group (OS: p=0.0068, PFS: p=0.020). For the ESTIMATE score, the low ESTIMATE score group had the better OS and PFS than the high ESTIMATE score group (OS: p=0.029, PFS: p=0.039). We also plotted Volcano Plots (Figure 2A). Differentially expressed genes (DEGs) analysis between the high- and low-score groups were performed and 491 DEGs were obtained based on the TME(Figure 2B). Next, GO analysis demonstrated that the significant biological processes were T cell activation, leukocyte proliferation, and regulation of Tell cell activation (Figure 2C). In the KEGG pathway, there were pathways related to the TME, including PI3K-Akt signaling pathway, MAPK signaling pathway, B cell receptor signaling pathway, T cell receptor signaling pathway and PD-L1 expression and PD-1 checkpoint pathway in cancer (Figure 2D). These biological functions documented that the DEGs played an important role in TME-related biological procedures in LGG patients.




Figure 2 | Differentially expressed genes based on tumor microenvironment (A) Volcano Plots for DEGs. (B) Venn diagram. (C) GO enrichment analysis of the DEGs. (D) KEGG enrichment analysis of the DEGs. BP, biological process; MF, molecular function; CC, cellular component. GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes.





Construction of Sensitivity Prediction Model for Radiotherapy

After obtaining differentially expressed genes based on the tumor microenvironment, we performed a log-rank test to identify DEGs associated with radiosensitivity. Whole LGG patients were divided into the high- and low-expression level groups using the median gene expression level as a cutoff point. For radiotherapy patients, the patients in the high- and low-expression group have significant survival differences. However, there was no survival difference between the high- and low- expression level group for non-radiotherapy patients. Ultimately, we obtained 111 genes associated with OS based on TME.

To construct a radiosensitivity-related risk score in the TCGA cohort. Spike-and-slab Lasso was used to selecting genes. We fixed the slab scale ѕ1 to 1 and varied the spike scale ѕ0 over the grid of values: 0.0001+k×0.002, k = 0,1,2…,49, leading to 50 models. 10- fold cross-validation was performed to select an optimal model based on the deviance. The minimum value of deviance appears to be 924.330 when the spike scale ѕ0 is 0.0041 (Figure 3A). Therefore, we have chosen the prior scale (0.0041,1) for model fitting and prediction. Finally, three genes were included in the radiosensitivity-related risk score. They are INA (Alpha internexin), LEPREL1 (Leprecan-like 1) and PTCRA (Pre T-cell antigen receptor alpha). And the radiosensitivity-related risk score is the following: Risk score=-0.4442264*INA+0.2253638* LEPREL1+ 0.3067226*PTCRA. Each sample was calculated the radiosensitivity-related risk score. Using the median risk score, patients were divided into high- and low-risk groups. The low-risk group was defined as a radiosensitive group (RS), and the high-risk group was defined as a radioresistant group (RR). The Kaplan–Meier plots indicated that the RS group have a significantly better overall survival than the RR group in the patients who received radiotherapy (p<0.001, Figure 3B). There was no difference in overall survival between the RS group and RR group in patients does not receive radiotherapy (p=0.098, Figure 3B). Then, we further used ROC analysis to evaluate the predictive ability of radiosensitivity-related risk score model (1-year AUC:0.848 (0.749-0.948); 3-years AUC:0.794 (0.720-0.869); 5-years AUC:0.698 (0.604-0.792), Figure 3C).




Figure 3 | Construction of the radiosensitivity-related risk score model. (A) The solution paths and partial log-likelihood profiles of the spike-and-slab model. (B) Kaplan–Meier curves for the RS group and RR group in patients with radiotherapy and patients did not receive radiotherapy. RR: radioresistant group. RS: radiosensitive group. (C) Risk scores distribution of each patient in the TCGA(OS) and time-dependent ROC curve analysis of the radiosensitivity-related risk score in the TCGA(OS). OS: Overall survival.



We also fitted the model by the lasso approach and performed 10-fold cross-validation as a comparison. However, no genes were screened by using lasso (Supplementary Figure 2).



Validation of Radiosensitivity Model in Validation Sets

To validate the radiosensitivity-related risk score constructed in the TCGA cohort, we applied the risk score formula to PFS outcome in TCGA, CGGA693 and CGGA 325 datasets, respectively (Figure 4). Each patient has calculated the risk score and divided into RS group and RR group according to median risk score. The Kaplan–Meier analysis showed patients in RS group had a better prognosis while patients in RR group had unfavorable outcomes in radiotherapy patients (TCGA PFI: p<0.001, CGGA693: p<0.001, CGGA325: p<0.001 Figures 4B, E, H). ROC curve was used to evaluate the predictive accuracy for 1-, 3-, and 5-year survival. AUC values revealed the high predictive value of the radiosensitivity-related risk score for LGG patients. (TCGA PFI:1-year AUC:0.726 (0.652-0.800); 3-years AUC:0.670 (0.595-0.744); 5-years AUC:0.724(0.626-0.822). CGGA693:1-year AUC:0.641(0.530-0.752); 3-years AUC:0.645(0.576-0.715); 5-years AUC:0.630(0.559-0.701). CGGA325:1-year AUC:0.740(0.609-0.871); 3-years AUC:0.774 (0.687-0.861); 5-years AUC:0.809 (0.733-0.884). Figures 4C, F, I).




Figure 4 | Validation of the radiosensitivity-related risk score model. (A) Risk scores distribution of each patient in the TCGA(PFS). (B) Kaplan–Meier curves for the RS group and RR group in patients with radiotherapy from TCGA(PFS). (C)Time-dependent ROC curve analysis of the radiosensitivity-related risk score in the TCGA(PFS). (D) Risk scores distribution of each patient in the CGGA693. (E) Kaplan–Meier curves for the RS group and RR group in patients with radiotherapy from CGGA693. (F)Time-dependent ROC curve analysis of the radiosensitivity-related risk score in the CGGA693. (G) Risk scores distribution of each patient in the CGGA325. (H) Kaplan–Meier curves for the RS group and RR group in patients with radiotherapy from CGGA325. (I)Time-dependent ROC curve analysis of the radiosensitivity-related risk score in the CGGA325.





The Radiosensitivity-Related Risk Score Is an Independent Prognostic Indicator

Univariate and multivariate Cox regression was used to examine whether the radiosensitivity-related risk score was an independent prognostic factor. As demonstrated in Supplementary Figure 3. The univariate analysis showed that the age (HR:1.055, 95%CI:1.039-1.071, p<0.001), tumor grade (HR:2.630,95%CI:1.687-4.101, p=0.004) and risk score (HR:2.864, 95%CI:1.822-4.503, p<0.001) were significantly associated with OS. After adjusted clinical factors such as age, gender, tumor grade, race, IDH1, the multivariate Cox regression result showed that radiosensitivity-related risk score was an independent prognostic factor for LGG patients. When the OS as an endpoint, the HR was 3.657 (95%CI:2.171-6.160, p<0.001, Figure 5A). When the PFS as an endpoint, the HR was 2.522(HR: 2.522, 95%CI:1.627-3.908, p<0.001, Figure 5B). In CGGA datasets, we adjusted clinical factors such as age, gender, tumor grade, race, IDH2, and X1p19q2, the multivariate Cox regression results also demonstrated that radiosensitivity-related risk score was an independent prognostic factor for LGG (CGGA693: HR:1.726, 95%CI: 1.195-2.493, p=0.004. CGGA325: HR: 2.013, 95%CI: 1.096-3.696, p=0.028. Figures 5C, D).




Figure 5 | Forest plots of multivariate Cox regression. (A) Forest plots of multivariate Cox regression in TCGA(OS). (B) Forest plots of multivariate Cox regression in TCGA(PFS). (C) Forest plots of multivariate Cox regression in CGGA693. (D) Forest plots of multivariate Cox regression in CGGA325.





Construction and Validation of Nomogram

The univariate and multivariate Cox regression analyses indicated that age, tumor grade, and risk score are correlated with OS. A nomogram containing two clinical factors (age and tumor grade) and risk score was developed to predict OS rate for LGG patients (Figure 6A). From the results of ROC analysis in Figure 6B, the AUCs of nomogram at 1-, 3-, 5-year was 0.902, 0.872, 0.815, respectively, which was higher than a model with a radiosensitivity-related risk score. Figure 6C demonstrated that the AUCs of nomogram at 1-, 3-, 5-year was 0.723, 0.660 and 0.745 for TCGA(PFS). We also used two CGGA datasets to verify a nomogram. Figure 6D demonstrated that the AUCs of nomogram at 1-, 3-, 5-year was 0.591(95%CI:0.485-0.697), 0.635 (95%CI:0.566-0.705) and 0.594 (95%CI:0.522-0.667) for CGGA693. Figure 6E demonstrated that the AUCs of nomogram at 1-, 3-, 5-year was 0.750 (95%CI:0.617-0.883), 0.775(95%CI:0.681-0.869) and 0.807 (95%CI:0.730-0.784) for CGGA325.The risk score for the prognostic model displayed superior predictive performance compared with the nomogram in the CGGA325.




Figure 6 | Construction and validation of nomogram model. (A) Nomogram model for predicting the probability of 1-, 3-, and 5-year OS in LGG. (B) Time-dependent ROC curve analyses of the nomogram model in the TCGA(OS). (C) Time-dependent ROC curve analyses of the nomogram model in the TCGA(PFS). (D) Time-dependent ROC curve analyses of the nomogram model in the CGGA693. (E) Time-dependent ROC curve analyses of the nomogram model in the CGGA325.





Infiltration Levels for RS and RR Group

We performed infiltration levels for the RS group and RR group in LGG by employing the LM22 signature. In the process of plotting the heat map (Figure 7A), we removed zero abundance immune cells from more than half of the samples. Next, we estimated mean fractions of immune cells in the RS and RR group (Figure 7B). Tumor samples in the RS group shown more dendritic cells resting, T cells gamma delta and T cells CD4 naïve than the RR group. 15 tumor-infiltrating immune cells exhibit significantly different relative proportions between the RS and RR group Figure 7C.




Figure 7 | Infiltration levels for RS and RR group. (A) Heat map of infiltration cells in RS and RR group. (B) Bar graphs of mean percentage of immune cells in RS and RR group. (C) Violin plots illustrating the relative proportions of the 15 TIICs exhibiting significantly different infiltrating degree in RS and RR group. RR, radioresistant group. RS, radiosensitive group. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.






Discussion

Treatments of LGG include radiotherapy, chemotherapy and surgery. Fan Wu et. identified immune-related subtypes to select optimally patients suffering from LGG responsive to immunotherapy (28). A retrospective study suggested MRI feature that cyst formation on preoperative MR images was used to predict a favorable prognosis in patients with LGG (29). In a study of more than 1, 0000 people with LGG, researchers noted radiotherapy improved survival outcomes (5). However, the optimal radiotherapy for a particular patient based on individual symptoms and the risk of treatment-induced toxicity remains unclear. Advances have been made in biomarkers that predict response to treatment. Despite the beneficial effects of radiotherapy in LGG patients, this treatment has some significant side effects that should not be disregarded. Therefore, it is important to select biomarkers that can be used to screen radiosensitivity patients.

In this study, we obtained differentially expressed genes based on tumor microenvironment by calculating Stromal score, Immune Score and ESTIMATE Score. Then, we obtained DEGs and performed GO and KEGG. The log-rank test was used to identify genes associated in patients who received radiotherapy and patients who did not receive radiotherapy, respectively. Spike-and-slab Lasso was used to selecting genes. Finally, three genes (INA, LEPREL1, and PTCRA) are included in the model. A radiosensitivity-related risk score model was established based on the overall rate of TCGA dataset in patients who received radiotherapy. And we validated this model with TCGA dataset and two CGGA datasets. This radiosensitivity-related risk score model has prognostic prediction ability and is an independent prognostic indicator. A novel nomogram integrated risk score with age and tumor grade was developed to predict the OS of LGG patients. The nomogram was also validated in two CGGA datasets. According to the radiosensitivity-related risk score and nomogram, clinicians can able to identify a group of patients who are better benefit from radiotherapy and then can predict the 1-, 3-, and 5-years OS of LGG.

The three genes included in our radiosensitivity-related risk score model were INA, LEPREL1, and PTCRA. The INA gene encodes an intermediate filament involved in neurogenesis. α- is the fourth subunit of neurofilaments in the adult central nervous system (30). INA is overexpressed mostly in oligodendroglia phenotype gliomas and correlated with better PFS and OS (31). INA expression on immunohistochemistry in anaplastic gliomas showed a significant positive correlation with 1p/19q codeletion and can replace to some extent 1p/19q (32, 33). INA gene methylation is associated with the progression of colon adenoma (34)and gastroenteropancreatic neuroendocrine neoplasms (35). LEPREL1 similarity to the Leprecan family of proteoglycans and as a 3.4 kb transcript encoding an 80 kDa protein (36). Many pieces of evidence shown that LEPREL1 was associated with ophthalmic diseases such as high myopia and lyens subluxation (37–39). For cancer, LEPREL1 may be a potential tumor suppressor gene by inhibiting HCC cell proliferation (40). LEPREL1 was methylation inactivation of tumor suppressor gene and involved in the pathogenesis of breast cancer (41). PTCRA participates in cancer-related signaling pathways. Research has shown that variation of PTCRA may be related to the prognosis of patients with chronic myelogenous leukemia (42). Unfortunately, we did not find a correlation between PTCRA gene and LGG.

There is growing evidence that the identification of prognostic factors is important for the optimal treatment of LGG patients. Han Sang Kim et al. used the NCI-60 cancer cell line to identify 31-gene signature of radiosensitivity from four different microarrays (43). This signature was verified in breast cancer (44), and low-grade glioma (45). Gene signatures have been successfully used in various cancer types to develop prognostic and predictive models that benefit patients. We developed a radiosensitivity-related risk score model to predict the benefit of radiotherapy in LGG. This study showed that in independent validation cohorts that radiosensitivity patients had significant survival benefits from radiotherapy, whereas there was no difference between RS group and RR group in patients who did not receive radiotherapy. Two studies researched prediction of radiotherapy in prostate cancer (13)and breast cancer (12). They matched patients in the entire cohort and each biomarker-defined group, respectively. In prostate cancer, researchers compared the radiotherapy patients and no radiotherapy patients in high- and low-score. Recently, Xing Chen et al. developed and validated a six gene signature for breast cancer radiotherapy (46). In this article, they used the Kaplan-Meier curve to compare high- and low- score in radiotherapy group. In our study, the definition of radiosensitivity is that patients receiving radiotherapy, this subgroup patients obtained significantly more survival benefit than patients in another subgroup. Moreover, there were no differences between the two subgroups in patients who did not receive radiotherapy.

Selecting genes induced in the model plays an important role in establishing a prediction model. Researchers usually screen genes by using Cox regression analysis, Lasso Cox regression method, random forest algorithm and other methods. In our study, Spike-and-slab Lasso and Lasso were used to selecting genes. Results have shown that three genes were selected by using spike-and-slab Lasso. However, we were unable to screen for the gene with Lasso. Spike-and-slab Lasso can shrink many coefficients exactly to zero and select variables similar to the lasso. Spike-and-slab Lasso has the advantage of diminishing the estimation bias of Lasso by yielding weak shrinkage on important predictors and strong shrinkage on irrelevant predictors (25). The spike-and-slab Lasso method to select has been applied successfully in LGG real data. Our results demonstrated that advantages of spike-and-slab Lasso in screening variables compared with Lasso.

We developed and verified a radiosensitivity-related risk score model. Next, we performed ROC analysis to compare the predictive ability of a risk score model. We compared the radiosensitivity-related risk score model and nomogram, the results showed that the AUC of the nomogram was not significantly improved compared with a radiosensitivity-related risk score model.

Jun Su et al. constructed a prognostic risk score model (Model 1) based on eight TME-related genes using co-expression network analysis (WGCNA) and lasso (47). This model had potential value for predicting the sensitivity of LGG patients to radio- and chemotherapy. We both obtained the immune score and the stromal score by ESTIMATE algorithm. However, we obtained the TME related gene by using DEGs instead of WGCNA. We used the sslasso method to screen genes and developed the radiosensitivity prediction model in patients who received radiotherapy. Jun Su et al. constructed a prognostic risk score model in whole patients. Wen Jing Zeng et al. constructed a survival risk score system (Model 2) based identify prognostic genes associated with promoter methylation by using Cox proportional hazards regression analysis (48). This three-gene signature was validated in CGGA and performed stratified survival analysis. However. this model was not applied to radiosensitivity. Next, we compared these two models in patients who received radiotherapy and patients who not received radiotherapy. As shown in Supplementary Figure 4, Kaplan-Meier curves demonstrated that low-risk group had longer OS than high-risk group both in patients who underwent radiotherapy and patients who were not undergoing radiotherapy. Our model took into account not only people who received radiotherapy but also people who did not receive radiotherapy. Kaplan-Meier plots indicated that the RS group have a significantly better overall survival than the RR group in the patients who received radiotherapy (p<0.001, Figure 3B). There was no difference in overall survival between the RS group and RR group in patients does not receive radiotherapy (p=0.098, Figure 3B). Therefore, our model has better potential to identify RS and RR groups.

Our study provides new insights into the radiotherapy therapies for LGG. The main strength of this study is the method of selecting genes. We applied spike-and-slab Lasso to select genes different from Cox regression and Lasso. The radiosensitivity-related model can identify patients most likely to benefit from radiotherapy. However, a limitation of our study is that this is a retrospective study, and the models should be further confirmed by prospective studies.

In conclusion, the radiosensitivity-related score is an independent prognostic indicator. Patients with LGG can be divided into RS and RR groups. The patients in the RS group are more likely to benefit from radiotherapy. This model can be used by clinicians and researchers to predict patient’s survival rates and achieve personalized treatment of LGG.



Data Availability Statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.



Author Contributions

Study conception and design: ZD, SC, NY, and ZT. Data collection and clean: ZD, DY, SC, WY, and XZ. Real data analysis and interpretation: ZD, HL, WY, NY, and JC. Drafting of the manuscript: ZD, HL, DY, JC, and XZ. All authors contributed to the article and approved the submitted version.



Funding

This work was supported in part by the National Natural Science Foundation of China (81773541), funded from the Priority Academic Program Development of Jiangsu Higher Education Institutions at Soochow University, the State Key Laboratory of Radiation Medicine and Protection (GZK1201919) to ZXT, National Natural Science Foundation of China (81872552, U1967220) to JPC. A project by the Second Affiliated Hospital of Soochow University (XKTJ-RC202007), Scientific Research Program for Young Talents of China National Nuclear Corporation (51003), Suzhou Science and Education Project (KJXW2017010), the Natural Science Foundation of Jiangsu Province (BK20180195), the National Natural Science Foundation of China (81902715) to SC The funding body did not play any roles in the design of the study and collection, analysis, and interpretation of data and in writing the manuscript. This work was supported by the National Natural Science Foundation of China (31870844, 31570851) and A Project Funded by the Priority Academic Program Development of Jiangsu Higher Education Institutions (PAPD) to WY.



Acknowledgments

We acknowledge the contributions of the TCGA and CGGA Research Network.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2021.701500/full#supplementary-material

Supplementary Figure 1 | Survival curves plot for stromal score, immune score and ESTIMATE score.

Supplementary Figure 2 | Lasso Cox analysis.
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Supplementary Figure 4 | (A)Kaplan–Meier curves for the low riskscore group and high riskscore group in patients with radiotherapy and patients did not receive radiotherapy in model1. (B)Kaplan–Meier curves for the low riskscore group and high riskscore group in patients with radiotherapy and patients did not receive radiotherapy in model2.

Supplementary Table 1 | Basic patient characteristics in TCGA dataset.

Supplementary Table 2 | Basic patient characteristics in CGGA693 and CGGA325 datasets.
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Objective: This study aimed to explore the potential mechanism of peritumoral brain edema (PTBE) formation in vestibular schwannoma (VS) by detecting intra-tumoral vascular endothelial growth factor (VEGF) expression.

Methods: Between January 2018 and May 2021, 15 patients with PTBE and 25 patients without PTBE were included in the analysis. All patients enrolled in our study underwent surgery in our institution. Expression level of VEGF and microvessel density (MVD) between the two groups were analyzed. Edema index (EI) of each patient with PTBE was calculated.

Results: In the PTBE group, the average of EI was 1.53 ± 0.22. VEGF expression levels were significantly enhanced in the PTBE group compared with the non-PTBE group (p < 0.001). The expression level of VEGF in the PTBE group and non-PTBE group was 1.14 ± 0.21 and 0.52 ± 0.09, respectively. Similarly, there were significantly different amounts of MVD in the two groups (p < 0.001). The amount of MVD in the PTBE group and non-PTBE group was 11.33 ± 1.59 and 6.28 ± 1.77, respectively. Correlation analysis showed a highly significant positive correlation between VEGF and MVD (r = 0.883, p < 0.001) and VEGF and EI (r = 0.876, p < 0.001).

Conclusion: Our study confirmed the close relationship among VEGF expression, tumor angiogenesis, and formation of PTBE in VS patients. It may be possible to develop new effective therapies to attenuate PTBE in VS for alleviation of symptoms and reduction of postoperative complication.

Keywords: vestibular schwannoma, peritumoral brain edema, vascular endothelial growth factor, microvessel density, edema index


INTRODUCTION

Vestibular schwannoma (VS) is common benign tumor of the central nervous system accounting for 8.43% of the total (1), which is mainly located in the cerebellopontine angle. Peritumoral brain edema (PTBE) is a common sign of intracranial tumor but is less common in VS. Nevertheless, there are still a proportion of VS patients accompanied with PTBE, about 5–10% (1, 2). Severe PTBE could cause suffering for patients and difficulties for surgeons, including aggravation of clinical symptoms, increase of surgical difficulties, and increase of postoperative complication risk.

Currently, the mechanism of PTBE formation is still unclear. Some scholars suggested that vascular endothelial growth factor (VEGF) played an important role in the process of PTBE formation in many intracranial tumors (3, 4). However, it is unknown whether VEGF plays a role in PTBE formation of VS. In our study, we aimed to explore the potential mechanism of PTBE formation in VS by detecting intra-tumoral VEGF expression.



MATERIALS AND METHODS

This study was performed at the First Affiliated Hospital of Fujian Medical University. All procedures were executed with the approval of the ethics committee of the First Affiliated Hospital of Fujian Medical University and the patients' written informed consent. Between January 2018 and May 2021, 180 patients with VS in our institution who were willing to receive surgical therapy were considered for inclusion. Before surgery, all patients underwent plain and enhanced magnetic resonance imaging (MRI) examination. Of this patient cohort, 15 patients with PTBE were included in the PTBE group. As a control, 25 patients without PTBE were randomly selected and assigned to the non-PTBE group. All tumor specimens from the patients in the PTBE group and the non-PTBE group were obtained for further analysis after surgery and confirmed as VS based on pathological assessment.


Calculation of Edema Index

The boundary of the VS was determined by contrast-enhanced T1-weighted imaging (Figures 1A–C). Using fluid-attenuated inversion-recovery (FLAIR) images (Figure 1D), we determined the boundary of PTBE. For each case in the PTBE group, three-dimensional reconstruction of the tumor with PTBE was performed to calculate the volume of tumor and edema based on neuronavigation workstation (iCranial v.3.0 stereotacxy; BrainLab, Munich, Germany) at our department (Figure 1E). The same approach was applied to calculate the volume of tumor in the non-PTBE group. The edema index (EI) was used to evaluate the severity of PTBE, which was defined as previously reported (5): (Vedema + Vtumor)/Vtumor. The degree of PTBE was graded as follows: 1, absence of edema; 1–1.5, mild; 1.5–3.0, moderate; and >3.0, severe.


[image: Figure 1]
FIGURE 1. Three-dimensional magnetic resonance imaging reconstruction of vestibular schwannoma with peritumoral brain edema. (A–C) Post-contrast axial, coronal, and sagittal T1-weighted images. (D) T2-weighted fluid-attenuated inversion-recovery image. (E) A representative image of three-dimensional reconstruction with tumor in red and peritumoral edema in green.




Identification of Microvessel Density by CD34 Staining

By Weidner's criteria based on CD34 immunohistochemical staining (6), the microvessel density (MVD) was determined. First, the tissue sections were observed at low magnification (×100) to select the region of the highest neovascularization, which was also defined as “hot spot” (Figure 2A). Then, the number of microvessels of each “hot spot” was counted under a microscope at ×200 magnification (Figure 2B). The mean value of MVD in three randomly selected fields was finally calculated. Any single-stained endothelial cell or cluster of endothelial cells with or without vessel lumen, which was clearly separated from tumor cells, adjacent microvessels, and connective tissue, was recognized as a single, countable microvessel.


[image: Figure 2]
FIGURE 2. Representative immunohistochemical staining of microvessel density and VEGF in PTBE group. (A) Low-magnification view of MVD. (B) High-magnification view of MVD. (C) Low-magnification view of VEGF staining. (D) High-magnification view of VEGF staining. MVD, microvessel density; VEGF, vascular endothelial growth factor; PTBE, peritumoral brain edema.




Immunohistochemical Staining of Vascular Endothelial Growth Factor

Surgically resected tumor specimens were fixed in 10% formaldehyde, and serial sections were prepared after paraffin embedding. Then, standard hematoxylin and eosin (H&E) staining and streptavidin–biotin peroxidase (SP) immunohistochemical technique were performed. Diaminobenzidine (DAB) was used as chromogen to perform SP detection for evaluating VEGF expression (Figures 2C,D). Based on the staining intensity, the VEGF expression was scored as previously described (grade 1, negative; grade 2, weak; grade 3, moderate; and grade 4, strong staining) (7), which corresponds to the percentage of stained tumor area at ×200 magnification (1, <5%; 2, 5–20%; 3, 21–50%; and 4, >50%).



Western Blotting Analysis

Western blotting detection kits, which were purchased from Wuhan ServiceBio Technology Co., Ltd. (Wuhan, China) were used in strict accordance with the manufacturer's recommendations. Briefly, total cell protein was extracted and measured by ultraviolet spectrophotometer. Samples were denatured by boiling for 5 min and then electrophoresed in 12% sodium dodecyl sulfate (SDS)–polyacrylamide gels. Proteins were transferred to NC membranes and blocked with 5% skimmed milk for 1 h at room temperature. The primary antibodies were diluted in TBST with 5% skimmed milk or 5% bovine serum albumin (BSA) and incubated overnight at 4°C. Membranes were washed by TBST for three times (5 min per time). The secondary antibodies (diluted 1:3,000 in TBST) were incubated at room temperature for 30 min. Then, they were re-washed by TBST for three times (5 min per time) and reacted to enhanced chemiluminescence (ECL) solution for 1–2 min. After that, the membranes were exposed, developed, and fixed on X-ray films for further scanning and archiving. The optical density values of the target band were analyzed by AlphaEaseFC software.



Statistical Analysis

All analyses were performed with SPSS version 22.0 (SPSS, Inc., Chicago, IL, USA). Continuous variables, presented as mean ± standard deviation or median (inter-quartile range), were analyzed by two-sample t-test or non-parametric test, respectively. Pearson's correlation analysis was adopted for determining correlation. A p < 0.05 was considered as statistically significant.




RESULTS


Clinical Parameters and Tumor Characteristics

As previously mentioned, we analyzed 40 cases for this study. The clinical data of all patients were complete and presented in Table 1. Overall, 17 were male and 23 were female with a median age of 53.9 (39.4–62.1) years. There were no statistical differences between the two groups in age (p = 0.727), sex (p = 0.283), and sample location (p = 0.622).


Table 1. Clinical data obtained for each of the 40 patients.

[image: Table 1]

Tumor volume in the PTBE group was significantly larger than that in the non-PTBE group (17.23 ± 3.54 vs. 14.72 ± 3.47 cm3, p = 0.035). In the PTBE group, mild edema was present around the lesions in eight cases, while seven cases presented with moderate edema. The maximum EI was 1.82, with an average value of 1.53 ± 0.22. Tumor volume was not statistically correlated with the severity of PTBE (p = 0.619).



Comparison of Vascular Endothelial Growth Factor Expression and Microvessel Density Among the Two Groups

Both groups revealed VEGF protein expression (Figure 3A). VEGF expression levels were significantly enhanced in the PTBE group compared with the non-PTBE group (Figure 3B, p < 0.001). The expression level of VEGF in the PTBE group and non-PTBE group was 1.14 ± 0.21 and 0.52 ± 0.09, respectively (Table 2). Similarly, there were significantly different amounts of MVD in the two groups (Figure 3C, p < 0.001), with the less amount in the non-PTBE group and the more amount in the PTBE group. The amount of MVD in the PTBE group and non-PTBE group was 11.33 ± 1.59 and 6.28 ± 1.77, respectively (Table 2).


[image: Figure 3]
FIGURE 3. The expression of VEGF and the amount of MVD. (A) The bands of VEGF in the two groups by Western blotting analysis. (B) Expression analysis showed that patients in the PTBE group had significantly higher expression level of VEGF than those of the non-PTBE group. (C) The amount of MVD in the PTBE group was significantly higher than that in the non-PTBE group. ***p < 0.001.



Table 2. Comparison of VEGF and MVD in the two groups.
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Vascular Endothelial Growth Factor Expression Is Positively Correlated With Microvessel Density and Edema Index

In the PTBE group, all samples were positive staining for VEGF. Among them, five patients had a weak staining intensity of VEGF, and the number of patients with a moderate or strong staining intensity was 6 and 4, respectively. There was no significant difference of tumor volume in the patients with different staining intensity (p = 0.978). The value of EI was significantly different in the three groups (p = 0.001). As displayed in Figure 4, correlation analysis revealed a highly significant positive correlation between VEGF and MVD (r = 0.883, p < 0.001); similarly, a highly positive correlation between VEGF and EI was confirmed (r = 0.876, p < 0.001).


[image: Figure 4]
FIGURE 4. The expression level of VEGF was positively correlated with MVD (A) and EI (B). VEGF, vascular endothelial growth factor; MVD, microvessel density; EI, edema index.





DISCUSSION

The VS can directly compress the cerebellum, the brain stem, and peripheral nerves due to its location in the cerebellopontine angle. The VS on imaging can vary in size and present as a solid, cystic, or solid–cystic lesion. The incidence of VS combined with PTBE is low but not rare. Samii et al. reported 30 cases with PTBE in 605 patients with VS, showing that the incidence of PTBE in VS was only 5% (1), while another study reported a higher incidence of PTBE up to 37% (8). In recent years, with the remarkable development of surgical equipment and improvement of surgical technique, the safety and effectiveness of treatment for VS have substantially improved. Nevertheless, the surgical treatment of patients with VS remains a challenge especially in those with PTBE. The deleterious effects of PTBE are usually presented as a substantial increase in space-occupying effect of VS, including elevation of intracranial pressure and distortion of local structures, subsequently leading to a decrease of cerebral blood flow and a slowed metabolism of nearby cells. In addition, the occurrence of PTBE may contribute to the adherence of VS to the surrounding structures, resulting to the increase of surgical difficulty and postoperative complication rate (2). For example, a previous study reported that VS with PTBE had a worse short-term functional outcome and higher risk of bleeding after surgery (1). Therefore, PTBE in VS is correlated with the clinical course and prognosis of the disease.

Though the basic studies of PTBE in intracranial tumor has achieved promising results, the detailed mechanism of formation and action have not been elucidated so far. Research has suggested that PTBE belonged to vasogenic brain edema (9). Tumor growth and proliferation rely on the formation of its vascular network, which supplies oxygen and nutrients and removes metabolic waste. A high degree of vascularization could promote tumor growth and cause severe PTBE, which has been confirmed in astrocytomas (5). Thus, angiogenesis and anti-angiogenesis factors could regulate neovascularization of tumors and affect PTBE. VEGF is known to be an important angiogenic factor, which promotes the neovascularization and increases vascular permeability resulting in the promotion of tumor growth (10). In the early stages of neovascularization, VEGF modulates endothelial cell proliferation vascular dilation and vascular leakage. And in the later stages, VEGF regulates vessel maturation and stabilization. VEGF expression has confirmed its importance in the formation of PTBE in intracranial tumor, which is gradually becoming a research hot spot (10–13). Nassehi et al. revealed that the VEGF-A pathway may be essential for the formation of PTBE in meningiomas (13). However, there are few previous studies focusing on the association between VEGF and PTBE in VS.

The results of this study showed that tumor volume in the PTBE group was significantly larger than that in the non-PTBE group (p = 0.035) but not statistically correlated with the severity of PTBE (p = 0.619) and the staining intensity of VEGF (p = 0.978), while the value of EI was significantly different in the different grades of staining intensity of VEGF (p = 0.001). In addition, the value of MVD and expression of VEGF in PTBE group were significantly higher than those in non-PTBE group. Besides, VEGF expression were positively correlated with MVD and EI. MVD, as a standard measurement of angiogenesis, was widely considered as a prognostic indicator of intracranial tumors, and higher MVD was associated with worse outcome (14–16). The VS combined with PTBE often shows a rich blood supply in imaging examinations and higher volume of intraoperative blood loss. Though some normal tissues may produce VEGF, tumor cells present overexpression of VEGF via autocrine or paracrine effects. The increase of neovascularization secondary to overexpression of VEGF could promote the invasive potency of tumor toward the surrounding tissues. On the one hand, the results indicated that VS with PTBE may grow faster than that without PTBE, leading to a higher surgical difficulty; on the other hand, it is suggested that the differential expression of VEGF mainly affects severity of PTBE via its effects on vessels. Therefore, we believed that VEGF was an important factor of neovascularization in VS patients and was closely associated with PTBE formation. Without timely surgical resection, PTBE can be worse since more VEGF will be produced by the VS.

The VEGF, an endothelial-cell-specific mitogen, was first reported in guinea pig hepatocarcinoma in 1983 (17) and first isolated from pituitary follicular cells in 1989 (18). As a polyfunctional molecule, VEGF is 1,000 times more potent to induce vascular permeability, tumor neovascularization, and PTBE than histamine (19). VEGF is produced and secreted by tumors, acting specifically on endothelial cells to promote vascular endothelial cell proliferation and induce angiogenesis, on the one hand, and increasing vessel permeability to allow the extravasation and deposition of fibrinogen on the other (20). Specifically, VEGF could downregulate the expression of tight junction proteins, leading to increased formation of fenestra and cleft between vascular endothelial cells. Also, it could enhance the vesiculo-vacuolar formation within endothelial cells (21). These alterations may result in the increase of vascular permeability and may ultimately lead to PTBE. The correlation among PTBE, VEGF expression, and tumor neovascularization has already been extensively confirmed (22) and may also exist in VS, which was supported by our study. PTBE is probably a complex multifactorial process and VEGF is supposed to play a crucial role during the process. Since VEGF expression is potentiated by hypoxia and ischemia and PTBE can in turn lead to secondary ischemia, these factors are closely interrelated to each other. Additionally, many cofactors and biochemical vasoactive agents, including histamines, oxygen free radicals, leukokinins, bradykinins, and prostaglandins, may act in synergy with VEGF to promote PTBE formation. As part of the complex network, VEGF interacts with many pathways, including hypoxia-inducible factor, Notch, and aquaporin 4, to modulate angiogenesis and PTBE (23), all of which may be involved in the mechanism of PTBE formation (Figure 5).


[image: Figure 5]
FIGURE 5. Proposed mechanisms of PTBE formation in VS. PTBE, peritumoral brain edema; VS, vestibular schwannoma.


Therefore, new treatment approaches of VS with severe PTBE may lie in the reduction of VEGF secretion or the blockage of its receptors (e.g., flk1 and KDR), as they may reduce tumor neovascularization, tumor growth capacity, and tumor invasion capacity. Anti-VEGF monoclonal antibodies may be the most promising therapy, as it could directly target VEGF-expressing tumor cells and may result in tumor cell elimination and PTBE alleviation.

There were also some limitations in our study. First, the number of examined patients was too small due to low incidence of VS with PTBE. Further study with a larger sample size is warranted to overcome this drawback. Second, we did not detect the expression of other cofactors and biochemical vasoactive agents in tumor, which may act in synergy with VEGF to promote PTBE formation. Future work will be dedicated to solve these problems for further exploring the mechanism of PTBE formation in VS.



CONCLUSION

Our study confirmed the close relationship among VEGF expression, tumor angiogenesis, and formation of PTBE in VS patients. VEGF could promote angiogenesis of VS, and both of them contributed to the formation of PTBE in VS. Therefore, based on these findings, it may be possible to develop new effective therapies to attenuate PTBE in VS for alleviation of symptoms and reduction of postoperative complication.
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Glioma is malignant tumor derives from glial cells in the central nervous system. High-grade glioma shows aggressive growth pattern, and conventional treatments, such as surgical removal and chemo-radiotherapy, archive limitation in the interference of this process. In this work, HOXA5, from the HOX family, was identified as a glioma cell proliferation-associated factor by investigating its feature in the TCGA and CGGA data set. High HOXA5 expression samples contain unfavorable clinical features of glioma, including IDH wild type, un-methylated MGMT status, non-codeletion 1p19q status, malignant molecular subtype. Survival analysis indicates that high HOXA5 expression samples are associated with worse clinical outcome. The CNVs and SNPs profile difference further confirmed the enrichment of glioma aggressive related biomarkers. In the meantime, the activation of DNA damage repair-related pathways and TP53-related pathways is also related to HOXA5 expression. In cell lines, U87MG and U251, by interfering HOXA5 expression significantly inhibit glioma progression and apoptosis, and cell cycle is arrested at the G2/M phase. Collectively, increased HOXA5 expression can promote glioma progression via affecting glioma cell proliferation.




Keywords: homeobox A5, glioma, cell cycle, cell proliferation, prognosis



Introduction

Glioma is a malignant tumor that derived from the central nervous system. Four grades were proposed for evaluating its malignancy according to its pathological features, including grades I, II, II, and IV. Grade IV glioma, also called as glioblastoma or glioblastoma multiforme (GBM), is the worst subtype of glioma with median survival time less than 14.6 months (1). High proliferative ability, disordered tumor angiogenesis, and massive tumor necrotic area were recognized as its feature in GBM (2). Recent study proposed different classification of GBM based on its transcriptomic signatures (3, 4). Treatment like the STUPP protocol is able to prolong patient’s survival time but cannot inhibit glioma progression. Therefore, identification of potential target to glioma may assist in improving its prognosis.

HOXA5 belongs to the gene family encoding transcription factors, which contained homeobox. This gene family expressed subsequently and affected tissue developmental and organogenesis (5). HOXA5 is located on chromosome 7 in human and encodes ANTP-class homeodomain protein consisting of 270 amino acids (5). HOXA5 widely participated in the development of organs such as the respiratory system, digestive system, lipid tissue, mammary gland, and so on (5, 6). Therefore, HOXA5 acts a critical role in human development.

Multiple studies reported that HOXA5 was associated with tumor progression, including leukemia, breast cancer, lung cancer, glioblastoma, colorectal cancer, laryngeal squamous cell cancer, and liver cancer (7–9). In breast cancer, HOXA5 affects the expression of TP53 in tumor cells (10), epithelial-mesenchymal transition (11, 12) and apoptosis (13) to affect tumor progression. HOXA5 inhibits non-small lung cancer metastasis through modulating cytoskeletal remodeling (14). HOXA5 also affects tumor cell proliferation and invasion in cervical cancer (15, 16) and lung cancer (17, 18). TP53, a tumor suppressor gene, highly associates with tumorigenesis and cellular response to DNA damage. It was previously reported that HOXA5 can affect tumor progression through regulating TP53 expression (18–20). Therefore, HOXA5 widely affected tumor progression, but its role in glioma is still unknown.

In this work, the expression profile of the HOXA5 in multiple tumor types was mapped. Its association with glioma progression and potential mechanisms were analyzed by using the GO/KEGG enrichment analysis. We identified that HOXA5 as an unfavorable factor for glioma and its expression are highly connected with the activation of p53-related pathways. We also confirmed that HOXA5 affected tumor cells progression through regulating tumor cell proliferation.



Materials and Methods


Sample and Data Collection

From the The Cancer Genome Atlas (TCGA) (https://xenabrowser.net/), Chinese Glioma Genome Atlas (CGGA) (http://www.cgga.org.cn/), and Gene Expression Omnibus (GEO) (https://www.ncbi.nlm.nih.gov/) data sets, we collected HOXA5 data from LGG and GBM samples. RNA-seq data for specific tumor anatomic structure in GBM was from Ivy Glioblastoma Atlas Project (http://glioblastoma.alleninstitute.org/).



Biological Function and Gene Set Enrichment Analyses

Correlation analysis of HOXA5 regarding different pathological features was performed in the TCGA and CGGA data sets with R language (https://www.r-project.org/). Differentially expressed genes between HOXA5 high and HOXA5 low groups with the adjusted p-value <0.05. and the absolute FC larger than 2.0 were considered to be statistically significant. Association between HOXA5 expression and gene sets from the Molecular Signatures Database (MSigDB) were analyzed using gene set enrichment analysis (GSEA). Gene ontology (GO), KEGG (Kyoto Encyclopedia of Genes and Genomes), and HALLMARK analysis was performed using the R package GSVA. Somatic mutations and somatic copy number alternations (CNAs) were downloaded from the TCGA database. Copy number alternations associated with HOXA5 expression were analyzed using GISTIC 2.0.



Survival Analysis

Patients were subdivided into high and low groups according to HOXA5 expression. The overall survival (OS), progression-free interval (PFI), and disease-specific survival (DSS) rates of patients in low and high groups were compared by the Kaplan–Meier method with log-rank test. ROC was performed to evaluate the prediction performance of HOXA5 expression in various aspects, including 3-year, 5-year OS, and subtype of GBM (classical, mesenchymal, neural, proneural).



Cell Culture

U87-MG cells and U251 cells, purchased from the Chinese Academy of Sciences, were cultured in DMEM medium with 10% Gibico FBS+1% penicillin-streptomycin, and the medium was changed every 2 to 3 days.

The siRNA of HOXA5, siRNA-112 (sense 5′-3′: GGACUACCAGUUGCAUAAUTT; antisense 5′-3′: AUUAUGCAACUGGUAGUCCTT), siRNA-610 (sense 5′-3′: GCACAUAAGUCAUGACAACTT; antisense 5′-3′: GUUGUCAUGACUUAUGUGCTT) and siRNA-726 (sense 5′-3′: GCAGAAGGAGGAUUGAAAUTT; antisense 5′-3′: AUUUCAAUCCUCCUUCUGCTT) were purchased from HonorGene (Changsha, China). 95 µl serum-free DMEM medium, 5 µl HOXA5 siRNA, and 5 µl Lip2000 were added into the centrifuge tubes in turns. HOXA5 siRNA-112 was discarded because of its low efficiency according to the Western blot assay.



Western Blotting Assay

HOXA5 primary antibody (Abcam, Cat# ab140636, RRID: AB_2877721) was diluted to 1:1000. β-actin (Proteintech Cat# 66009-1-Ig, RRID: AB_2687938) was diluted to 1:5000 and utilized as the loading control and internal standard. Secondary antibody (Proteintech Cat# SA00001-2, RRID: AB_2722564; Proteintech Cat# SA00001-1, RRID: AB_2722565) was diluted to 1:5000. The total protein concentration was determined using the BCA Protein Assay Kit (Solarbio, China), according to the manufacturer’s instructions. The blots were subjected to three 5-min washes with TBST prior to 1-h incubation with the secondary antibody, repeated washing, and signal development with Western Lightning Plus-ECL.



CCK8 Assay

The logarithmic growth phase transfected U251-MG and U87-MG GBM cells were obtained and digested for CCK8 assay. 1 × 103 glioma cells and 100 μl of medium were placed into 96-well plates. The absorbance at 450 nm was measured after hatched for 1 h under the condition of 37°C and 5 % CO2.



Colony-Forming Assay

U87-MG cells and U251 cells were digested and plated in six-well plates (300 cells per well) and cultured with 5% CO2 at 37°C for 2 weeks. The colonies were then fixed with 4% methanol (1 ml per well) for 15 min and stained with crystal violet for 30 min at room temperature. After photograph, discoloration was performed with 10% acetic acid, and cells were measured absorbance at 550 nm.



Cell Cycle Assay

Transfected cells were digested, and cell suspension was obtained after centrifuging. Then, cells were washed two to three times with PBS, and we adjusted the number of cells to 1 × 106 cells/ml, 400 µl PBS was added, the cells were gently resuspended to separate as individual cells, 1.2 ml of pre-cooled 100% ethanol was added, and the cells were placed overnight at 4°C for fixation. PI was excited by a 488-nm argon ion laser and was received by a 630-nm pass filter. The percentage of each cell cycle was analyzed using the PI fluorescence histogram.



Cell Apoptosis Assay

Transfected cells were digested, and cell suspension was obtained after centrifuging. Then, cells were washed two to three times with PBS, 500-µl binding buffer was added, then the cells were gently resuspended to separate into individual cells, followed by staining with 5-µl Annexin V-APC and 5-µl PI solution for 10 min at room temperature and in dark place. The apoptotic cells were measured by the flow cytometer.



Statistical Analysis

Kaplan-Meier survival curves were generated and compared using the log-rank test. Wilcoxon rank test (nonnormally distributed variables), t test (normally distributed variables), and one-way analysis of variance were used to analyze the expression difference of HOXA5 in different clinical factors, including WHO grades, GBM subtypes, and treatment outcome. The Pearson correlation was applied to evaluate the linear relationship between gene expression levels. Statistical analyses of the colony-forming assay and the CCK8 assay were carried out by GraphPad Prism (version 8.0). The Kolmogorov–Smirnov test was used to assess the normal distribution of data. All tests were two-sided, and P values <0.05 were considered to be statistically significant.




Results


HOXA5 Expression Is Elevated in Aggressive Gliomas

The mRNA expression levels of HOXA5 in different WHO grade gliomas were evaluated using expression data from publicly available databases: TCGA, n = 672; CGGA, n = 1013. HOXA5 was observed to be significantly up-regulated in GBM (WHO grade IV) compared with low-grade glioma (LGG) samples (WHO grade III and WHO grade II) in the TCGA and CGGA cohorts (P <0.001, respectively; Figure 1A). The expression of HOXA5 was also higher in WHO grade III than WHO grade II cases in the TCGA and CGGA cohorts (P <0.001, respectively; Figure 1A). The HOXA5 levels in common cancer types other than gliomas were further evaluated (P <0.001, respectively; Figure 1B). We also evaluated the expression levels of HOXA5 in different age groups in pan-glioma analysis in TCGA and CGGA data sets, and in GBM patients in TCGA microarray data set, where patients older than 45 years have higher expression of HOXA5 (P <0.001, respectively; Figure 1C). HOXA5 was upregulated in the IDH mutant gliomas in TCGA data set, in the IDH mutant GBM in TCGA microarray data set, and in both the IDH mutant gliomas and GBM alone in CGGA data set (P <0.001, respectively; Figure 1D). Furthermore, HOXA5 was upregulated in the 1p19q codeletion in pan-glioma analysis in both TCGA and CGGA data sets (P <0.001, respectively; Figure 1E). Additionally, HOXA5 was upregulated in the unmethylated gliomas in TCGA data set (P <0.001; Figure 1F).




Figure 1 | (A) Analysis of HOXA5 mRNA levels (log2) in WHO grades II to IV gliomas from TCGA and CGGA. (B) Analysis of HOXA5 mRNA levels (log2) in various cancer types. (C) The expression level of HOXA5 in different age groups in pan-glioma analysis in TCGA and CGGA data sets, and in GBM patients in TCGA microarray data set. (D) HOXA5 was upregulated in the IDH mutant gliomas in TCGA data set, in the IDH mutant GBM in TCGA microarray data set and in both the IDH mutant gliomas and GBM alone in CGGA data set. (E) HOXA5 was upregulated in the 1p19q codeletion in pan-gioma analysis in both TCGA and CGGA data sets. (F) HOXA5 was upregulated in the methylated gliomas in TCGA data set. NS, Not Statistically Significant; *P < 0.05; **P < 0.01; ***P < 0.001.





Inter-Tumor and Intra-Tumor Heterogeneous Characteristics of HOXA5 in Gliomas

Human gliomas have been molecularly categorized into distinct sub-classes: classical (CL), mesenchymal (MES), proneural (PN), and neural (NE). CL and MES subtypes showed more aggressive growth pattern than PN or NE subtypes (21). We subsequently investigated the inter-tumor heterogeneity of HOXA5 among different molecular subtypes based on the VERHAAK 2010 classification scheme (22). HOXA5 was upregulated in CL and ME subtypes by comparing with NE and PN subtypes in pan-glioma analysis in TCGA data set, where CL subtype had the highest expression of HOXA5 (P <0.001; Figure 2A). Receiver operating characteristic (ROC) curve further indicated that HOXA5 might serve as a predictor for CL and MES subtypes in pan-gliomas analysis (AUC value = 0.898, P <0.001; Figure 2B). Based on the Ivy Glioblastoma Atlas Project data, HOXA5 was found to be abundant in peri-necrotic zones, pseudopalisading cells around necrosis and cellular tumor compared with other pathological areas (P <0.001; Figure 2C). Furthermore, the different expression level of HOXA5 in glioma in regard to histology was shown in Figure 2D. HOXA5 was also highly expressed in primary glioma (P <0.001, respectively; Figure 2E), whereas the analysis for first-course treatment outcome showed that progressive disease was correlated with higher expression of HOXA5 (P <0.001, respectively; Figure 2F).




Figure 2 | (A) The HOXA5 expression pattern in the TCGA molecular subtype in pan-glioma analysis. (B) HOXA5 was upregulated in CL and ME subtypes by comparing to NE and PN subtypes in pan-glioma analysis in TCGA data set. Receiver operating characteristic (ROC) curve to assess sensitivity and specificity of HOXA5 expression as a diagnostic biomarker for the ME and CL molecular subtypes in gliomas. (C) Intra-tumor analysis of HOXA5 expression using IVY GBM RNA-seq data. Anatomic structures analyzed are the following: LE (leading edge), IT (infiltrating tumor), CT (cellular tumor), PAN (pseudopalisading cells around necrosis), PNZ (perinecrotic zone), MVP (microvascular proliferation), and HBV (hyperplastic blood vessels). (D) The expression levels of HOXA5 based on the histopathologic classification. (E) The expression level of HOXA5 in primary, recurrent, secondary glioma types. (F) The expression level of HOXA5 in different first-course treatment outcomes. (G) ROC curve indicating sensitivity and specificity of HOXA5 expression as a diagnostic biomarker for 3- and 5-year survivals in pan-glioma analysis in TCGA and CGGA data sets. A, low-grade astrocytoma; AA, anaplastic astrocytoma; AO, anaplastic oligodendroglioma; GBM, glioblastoma; O, oligodendroglioma; rA, recurrent low-grade astrocytoma; rAA, recurrent anaplastic astrocytoma; rGBM, recurrent glioblastoma; rO, recurrent oligodendroglioma; sGBM, secondary glioblastoma; AOA, anaplastic oligoastrocytoma; OA, oligoastrocytoma. NS, Not Statistically Significant; *P < 0.05; **P < 0.01; ***P < 0.001.





HOXA5 Expression Is Associated With Poor Survival in Glioma Patients

We next assessed the prognostic value of HOXA5 expression in human gliomas using ROC curve analysis and Kaplan-Meier analysis. The ROC curve analysis showed the prognostic value of HOXA5 in survival in TCGA and CGGA cohorts (3-year AUC value = 0.848, 5-year AUC value = 0.813; 3-year AUC value = 0.774, 5-year AUC value = 0.778, respectively; Figure 2G). Kaplan-Meier survival curves were generated based on median values of HOXA5 expression in gliomas. In both TCGA and CGGA data sets, HOXA5high patients exhibited significantly shorter overall survival (OS), disease-specific survival (DSS), progression free interval (PFI) than HOXA5low patients in pan-glioma analysis, (P <0.001, respectively; Figure 3A, Figure S1A). In addition, HOXA5high patients exhibited significantly shorter OS, DSS, PFI compared with HOXA5low patients in LGG alone in TCGA data set (P <0.001, respectively; Figure 3B). Poor OS, DSS, PFI was also associated with high expression of HOXA5 in GBM alone in TCGA data set (P <0.001, respectively; Figure 3C). The DSS, OS, and PFI survival probabilities of GBM patients were further testified in the TCGA microarray data set (P <0.001, respectively; Figure 4A), in which HOXA5 was correlated with poor survival. Further, HOXA5 predicted worse OS in GSE108474 data set (Figure 4B). In TCGA microarray data set, HOXA5 had the highest expression in GBM patients without IDH mutation (P <0.001, respectively; Figure 4C), in GBM patients without radiotherapy (P <0.001, respectively; Figure 4D), and in GBM patients without chemotherapy (P <0.001, respectively; Figure 4E). Similar results were obtained in CGGA data set (P <0.001, respectively; Figures S1F, S1G, S1H). In addition, in pan-glioma analysis in TCGA microarray data set, HOXA5 also had the highest expression in patients without IDH mutation (P <0.001, respectively; Figure 4F), in patients without radiotherapy (P <0.001, respectively; Figure 4G). The results were further confirmed in CGGA data set (P <0.001, respectively; Figures S1B–D). Patients without 1p19q codeletion also had the highest expression of HOXA5 in pan-glioma analysis and LGG alone in TCGA microarray data set (P <0.001, respectively; Figures 4H, I). Similar results were obtained in pan-glioma analysis and LGG alone in CGGA data set (P <0.001, respectively; Figures S1E, I).




Figure 3 | (A) The DSS, OS, and PFI survival probabilities of patients in pan-glioma analysis in TCGA data set. (B) The DSS, OS, and PFI survival probabilities of LGG patients in TCGA data set. (C) The DSS, OS, and PFI survival probabilities of GBM patients in TCGA data set.






Figure 4 | (A) The DSS, OS, and PFI survival probabilities of GBM patients in TCGA microarray data set. (B) The OS survival probability of glioma patients from GSE108474 data set. (C) The OS survival probability of GBM patients without or with IDH mutation with high or low expression of HOXA5 in TCGA microarray data set. (D) The OS survival probability of GBM patients without or with radiotherapy with high or low expression of HOXA5 in TCGA microarray data set. (E) The OS in GBM patients without or with chemotherapy with high or low expression of HOXA5 in TCGA microarray data set. (F) The OS survival probability of patients without or with IDH mutation with high or low expression of HOXA5 in pan-glioma analysis in TCGA data set. (G) The OS survival probability of patients without or with radiotherapy with high or low expression of HOXA5 in pan-glioma analysis in TCGA data set. (H) The OS survival probability of patients without or with 1p19q codeletion with high or low expression of HOXA5 in pan-glioma analysis in TCGA data set. (I) The OS in LGG patients without or with 1p19q codeletion with high or low expression of HOXA5 in TCGA data set.





HOXA5 Expression Levels Are Associated With Distinct Genomic Alterations

As for the 15 methylation probes designed for HOXA5 from Infinium Human Methylation450 BeadChip, the mean value of methylation probes exhibited negative association with expression of HOXA5 (Pearson test, R = −0.61, P < 2.2 × 10–16). As the IDH mutation exerted great influence on the methylation of the whole genome, we separately analyzed the relationship between HOXA5 and methylation status for IDH‐wild and IDH‐mutant gliomas. As shown in Figure 5A, in IDH‐wild gliomas, methylation was much lower than that of IDH‐mutant tumors, as expected (Student’s t test, P = 1.8 × 10−6).




Figure 5 | HOXA5 high or low expression is associated with distinct genomic alterations. (A) Relationship between HOXA5 and methylation status at promoter region in the cancer genome atlas (TCGA) gliomas samples. The orange dots indicate IDH‐mutant samples, and cyan dots indicate IDH wild‐type samples, respectively. The purple line indicates linear regression between HOXA5 expression and methylation. The orange line and cyan line indicate linear regression between HOXA5 expression and methylation in IDH‐mutant samples and IDH wild‐type samples, respectively. (B) Overall copy number variation (CNV) profile according to high vs low HOXA5 expression. Blue (deletion); red (amplification). (C) Frequency of specific changes based on HOXA5low (lower row) and HOXA5high (upper row) groups. The Y-axis represents the frequency of chromosomal deletion (blue) or amplification (red). (D) Spectrum of somatic mutations in gliomas from HOXA5low and HOXA5high groups.



To determine whether HOXA5 expression levels were associated with specific genomic characteristics in gliomas, we performed copy number variation (CNV) and somatic mutation analysis using the TCGA data set. A distinct overall CNV profile emerged from the comparison of the HOXA5low (n = 158) versus the HOXA5high (n = 158) cluster (Figures 5B, C). Amplification of chr7 and deletion of chr10, which are both common genomic events in GBM, frequently occurred in the HOXA5high cluster (Figure 5B). Non-deletion of 1p and 19q, a genomic hallmark of oligodendroglioma, also more frequently appeared to be associated with the HOXA5high cluster (Figure 5C). In HOXA5high samples, frequently amplified genomic regions included oncogenic driver genes, such as EGFR (7p11.2), IK3C2B (1q32.1), PDGFRA (4q12), and CDK4 (12q14.1), whereas deleted regions contained tumor suppressor genes, including CDKN2A/CDKN2B (9p21.3), PARK7 (1p36.23), and PTEN (10q23.3). In HOXA5low samples, significant amplifications showed peaks in 8q24.21, 12p32.32, and 19p13.3, whereas the frequently deleted genomic regions were 2q37.3, 4q32.3, 9p21.3, and 19q13.43.

Analysis of somatic mutation profiles based on HOXA5 expression levels revealed a high frequency of mutations in EGFR (30%), TP53 (28%), TTN (25%), and PTEN (23%) in the HOXA5high group (n = 158), whereas IDH1 (89%), TP53 (35%), CIC (32%), and ATRX (24%) were more frequently mutated in the HOXA5low group (n = 158; Figure 5D).



Potential Mechanism of HOXA5 in Regulating the Progression of Gliomas

To elucidate whether HOXA5 could play a role in promoting gliomas occurrence, GSVA analysis was performed. HOXA5 was found to be associated with regulation of DNA damage response signal transduction by p53 class mediator, signal transduction by p53 class mediator, nucleotide excision repair DNA gap filling, DNA synthesis involved in DNA repair, DNA damage response detection of DNA damage, signal transduction in response to DNA damage, mismatch repair, and base excision repair in TCGA and CGGA data sets (Figure 6A, Figure S2A). The correlation analysis between HOXA5 and these GO pathways is shown in Figure 6B. As the threshold was set as logFC > 2 and adjust P <0.01, a total number of 3,446 differentially expressed genes (DEGs) were detected between high expression of HOXA5 sample and low expression of HOXA5 sample (Figure 6C). We paid special attention to two pathways, DNA damage response signal transduction by p53 class mediator and signal transduction by p53 class mediator, in which the GO analysis revealed changes in gene sets related to these two pathways in patients with a higher expression of HOXA5 (Figures 6D, E). We further investigated whether HOXA5 might have a role in DNA damage response and p53 signal transduction in gliomas using GSEA analysis in TCGA and CGGA data sets (Figure 6F, Figure S2B). In KEGG pathway analysis, HOXA5 was found to be associated with mismatch repair, DNA replication, p53 signaling pathway, and base excision repair in TCGA and CGGA data sets (Figures 7A, B). The correlation analysis between HOXA5 and KEGG pathways in TCGA and CGGA data sets is shown in Figure S2C and Figure S2D, respectively. We also investigated the role that HOXA5 might play in mismatch repair and p53 signal transduction in gliomas using GSEA analysis in TCGA and CGGA data sets (Figures 7C, D). In HALLMARK pathway analysis, HOXA5 was found to be associated with g2m checkpoint and p53 pathway in TCGA and CGGA data sets (Figures 7E, F), in which the correlation analysis is shown in Figure S2E and Figure S2F, respectively. These results all suggested that HOXA5 was associated with oncogenic processes.




Figure 6 | Identifying differentially expressed genes between HOXA5 high and HOXA5 low patients. (A) Heatmap of HOXA5-related oncogenic process in pan-glioma analysis in TCGA data set. (B) Correlation analysis between HOXA5 and GO pathways. (C) Volcano plot of differential gene profiles between HOXA5 high and HOXA5 low groups. (D) Genes involved in both regulation of DNA damage response signal transduction by p53 class mediator gene set and DEGs. (E) Genes involved in both signal transduction by p53 class mediator gene set and DEGs. (F) GSEA plots for enrichment of DNA damage response and p53 signal transduction in HOXA5 high and HOXA5 low samples in the TCGA data set.






Figure 7 | KEGG pathway analysis for mutations based on HOXA5 expression levels in (A) TCGA data set and (B) CGGA data set. GSEA plots for enrichment of mismatch repair and p53 signaling pathway in HOXA5 high and HOXA5 low samples in (C) TCGA data set and (D) CGGA data set. HALLMARK pathway analysis for mutations based on HOXA5 expression levels in (E) TCGA data set and (F) CGGA data set.





HOXA5 Affect Glioblastoma Cell Proliferation, Viability, and Apoptosis

To further investigate the role that HOXA5 plays in the proliferation of GBM, colony-forming assay, CCK8 assay, and cell cycle analyses were performed. Western blot results verified the silence of HOXA5 by siRNA (Figures 8A, B). The cell colony forming assay (Figures 8C, D) revealed the remarkable suppression of cell clonality of GBM after silencing HOXA5 in U87 cell line and in U251 cell line (Figure 8E). The CCK8 assay revealed that the cells proliferation ability is inhibited by silencing HOXA5 (Figure 8F). Cell cycle analysis suggested that cells were blocked at the G2/M phase after silencing HOXA5 (Figures 8G, H).




Figure 8 | (A) The Western blotting results of HOXA5 expression in U87 cell line. (B) The Western blotting results of HOXA5 expression in U251 cell line. (C) The colony-forming assay, which supports cell viability, is inhibited by silencing HOXA5 expression in U87 cell line. (D) The colony-forming assay, which supports cell viability, is inhibited by silencing HOXA5 expression in U251 cell line. (E) Statistical analysis for colony-forming assay. NS, not statistically significant; ***P < 0.001. (F) Statistical analysis for CCK8 assay. NS, not statistically significant; **P < 0.01; ***P < 0.001; ****P < 0.0001. (G) Cell cycle analysis was performed with PI staining by flow cytometry. Representative flow cytometric profiles (left panel) and percentages of cells at the S phase, G1 phase, and G2 phase in U87 cell line are shown. (H) Cell cycle analysis was performed with PI staining by flow cytometry. Representative flow cytometric profiles (left panel) and percentages of cells at the S phase, G1 phase, and G2 phase in U251 cell line are shown.



The potential role of HOXA5 in the apoptosis of GBM was also explored. The analysis of flow cytometry described that down-regulation of HOXA5 remarkably enhanced apoptosis in U87 cell line and U251 cell line (Figures 9A, B).




Figure 9 | (A) Cell apoptosis analysis was performed by flow cytometry. Shown are representative flow cytometric profiles of cells in control group, si-NC group, siRNA-112 group, and siRNA-610 group in U87 and U251 cell lines. (B) Statistical analysis for cell apoptosis assay in U87 and U251 cell lines. NS, not statistically significant; ***P < 0.001.






Discussion

Glioma is a central nervous system–derived tumor with highly aggressive growth pattern, treatment resistance, and poor prognosis. Nowadays, strategies show their limitations on improving patient’s survival outcome, including surgery, chemotherapy, and radiotherapy (23). To reveal the mechanism concealed behind its aggressive growth pattern, we identify HOXA5 as prognostic-related genes through regulating cell proliferation. HOXA5, locate on chromosome 7, is involved in tissue development and organogenesis. Multiple studies reported that high HOXA5 expression was a promotor in tumor progression, including esophageal cancer (24), breast cancer (12), gastric cancer (25), and renal cancer (26). In this study, high HOXA5 expression is associated with malignant clinical features like high-grade glioma or IDH wildtype glioma, worse clinical treatment outcome, and strong cells proliferative ability. We also noticed genes like EGFR, PDGFRA were amplified in HOXA5high samples; and genes like CDKN2A/CDKN2B, PARK7 were down-regulated. Those genes were also identified as glioma promotor-related factors (27–33). Besides, tumor cells cycle was arrested at G2/M phase when inhibited HOXA5 expression implying its role in mediating cell cycle. Along with results from other studies that HOXA5 modulated cell cycle in Jurkat cells and hematopoietic stem cells (34), cervical cancer, mesenchymal stem cells (35), and leukemia cells (36). Further, HOXA5 was found to decrease the apoptosis rates of GBM cells. Together, those evidences supported that HOXA5 promoted glioma progression through affecting cell cycle, cell proliferation, and cell apoptosis.

The product of HOXA5 is a DNA-binding transcription factor and able to regulate multiple gene expression, including TP53. Previous study reported that HOXA5 can bind to the promoter of TP53 to activate its transcription and affect corresponded pathways (16, 37). HOXA5 affected tumor progression through influencing TP53 homeostasis in breast cancer (10, 38), TP53-dependent apoptosis in liposarcomas (39), and TP53-mediated cell proliferation in cervical cancer (16). Therefore, HOXA5 can affect TP53-mediated pathway by regulating TP53 expression.

Next, we investigated biofunction difference between HOXA5high and HOXA5low samples. Results suggested that DNA repair-related pathways were activated in HOXA5high samples. Because DNA damage repair is also associated tumor resistance to treatment, such as chemo- or radio-therapy, HOXA5 might also contribute to tumor resistance to treatments (40, 41). In this work, survival analysis based on radio- and chemo-therapy suggested that high HOXA5 samples showed worse clinical outcome than low HOXA5 samples in this study. Besides, previous study confirmed that HOXA5 can affect glioblastoma cells sensitivity to radiation therapy (9). Collectively, HOXA5 may target TP53-mediated DNA damage repair to modulate tumor resistance to treatments (42–44). Taken together, HOXA5 may affect glioma response to chemo- or radio-therapy by targeting TP53.

Other family members in the HOX family are also involved in tumor progression, including leukemia, breast cancer, lung cancer and so on (45, 46). For instance, abnormal expressions of HOXA6, HOXA7, HOXA9, HOXA13, HOXB13, HOXD4, HOXD9, HOXD10, and HOXD13 were noticed in tumor tissue by comparing with normal tissue (47). Those family members can affect glioma cells viability (48, 49), the stemness of glioma stem cells (50), autophagy (51), invasion ability (52), and tumor sensitivity to therapeutic drugs (53). Collectively, this family showed a close association with glioma progression, which deserves further exploration.

In conclusion, this work proved that high HOXA5 expression positively correlated with glioma malignancy’s clinical features and was associated with an unfavorable survival outcome. Moreover, HOXA5 may affect glioma progression and apoptosis by modulating TP53 expression and corresponding pathways. Critically, HOXA5 can arrest cell cycle at G2/M phase to inhibit tumor cell proliferation.
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Introduction

Brain metastases (BM) are associated with dismal prognosis, and there is a dearth of effective systemic therapy. In this study, patients with BM from multiple solid tumors were identified from TriNetX databases, their clinicopathological features were evaluated, and the effects of immune checkpoint inhibitor (ICI) therapy were assessed.



Methods

Variables, including median overall survival (OS), Eastern Cooperative Oncology Group (ECOG) performance status, primary diagnosis, and date of diagnosis, were retrieved from TriNetX, a real-world database. Kaplan-Meier plots and log-rank tests were applied to assess significance of differences in survival. Hazard ratio (HR) and 95% confidence interval (CI) values were calculated. All patient data were deidentified.



Results

A total of 227,255 patients with BM were identified in the TriNetX database; median OS was 12.3 months from initial cancer diagnosis and 7.1 months from development of BM. OS of BM from nonsmall-cell lung cancer (NSCLC), triple-negative breast cancer (TNBC), melanoma, and renal cell carcinoma (RCC) were 8.7, 14.7, 17.8, and 15.6 months, respectively. After matching patient baseline characteristics, OS of cohorts with or without exposure to ICIs was evaluated. For all types of cancer, median OS durations for the ICI and no-ICI cohorts were 14.0 and 7.9 months, respectively (HR: 0.88; 95% CI: 0.85–0.91). More specifically, OS was remarkably prolonged in patients with NSCLC (14.4 vs. 8.2 months; HR: 0.86; 95% CI: 0.82–0.90), TNBC (23.9 vs. 11.6 months; HR: 0.87; 95% CI: 0.82–0.92), and melanoma (27.6 vs. 16.8 months; HR: 0.80; 95% CI: 0.73–0.88) if patients had exposure to ICIs. In contrast, there was no significant difference in OS of patients with RCC treated with and without ICIs (16.7 vs. 14.0 months; HR: 0.96; 95% CI: 0.86–1.10).



Conclusions

Overall, BM indicates poor patient outcome. Treatment with ICIs improves survival of patients with NSCLC, TNBC, and melanoma and BM; however, no significant improvement was observed in RCC. Investigations to identify prognostic features, oncogenomic profiles, and predictive biomarkers are warranted.
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Introduction

Brain metastases (BM) are estimated to occur in approximately 20% of patients with all types of cancer and are generally associated with poor outcomes (1); however, population-based analysis of prognosis is lacking. A historical cohort study, conducted from 1973 to 2001 in the Detroit metropolitan area, showed that the incidence of all types of cancer was 9.6% (2). According to data from the Surveillance, Epidemiology and End Results (SEER) database, BM was present in 1.7% of cases at diagnosis of cancer from 2010 to 2013 (3). Lung, breast, melanoma, and renal cell carcinoma are the most common types of cancer associated with BM (2, 4). In stage IV nonsmall-cell lung cancer (NSCLC), approximately 10%–25% of cases present with BM at diagnosis and another 10%–30% subsequently develop BM (5, 6). Hence, patients with BM represent a substantial population with unmet needs.

For many years, therapeutic strategies for patients with BM were mainly palliative in nature and failed to improve survival in the majority of cases. For example, in the population with BM when newly diagnosed with cancer after 2010, the median overall survival (OS) durations were only 4.0 and 6.0 months for patients with squamous cell and NSCLC adenocarcinoma, respectively (4), with 6.0 months recorded for those with triple-negative breast cancer (TNBC) (7); there was no significant improvement in outcomes compared with the historical cohort (1973–1993) (8), indicating an urgent need for effective treatments. Although radiotherapy and surgery remain the cornerstones of treatment regimens, emerging new modalities, such as immunotherapy (9, 10) and targeted therapy (11), have slowly improved survival outcomes for patients with several cancer subtypes. In addition, unraveling the biological profiles and driver mutations in BM is crucial to facilitate identification of therapeutic targets. An increasing number of systemic treatment options are becoming available, including human epidermal growth factor receptor 2 (HER2)-targeted therapies and tyrosine kinase inhibitors for NSCLC with driver mutations; however, tumors without druggable mutations lack effective approaches, partially given the molecular divergence of primary tumors and BM, as well as the limitations caused by the blood-brain barrier (6). Immune checkpoint inhibitors (ICIs) have great promise for treatment of all types of cancer, including BM. Therefore, a better understanding of the epidemiology of BM, and particularly comparison of the survival benefit of treatment with or without ICIs, are important to inform tailored therapeutic approaches. Accordingly, the objective of this study was to investigate survival differences of patients with BM treated with and without ICIs and explore the efficacy of immunotherapy using real-world data.



Materials and Methods


Ethics Approval

This study was a retrospective analysis of patient data obtained from deidentified databases. The research was conducted in accordance with the Declaration of Helsinki. The protocol was approved by the Institutional Review Board at CAMC (IRB Number: 20-662). For this type of study, formal patient consent was not required.



Data Source

The TriNetX Research Network (TriNetX Inc., Cambridge, MA) is a real-world and in-house database; it is a global-federated health research network, combining real-time access to longitudinal electronic medical records and administrative claims data. Participating healthcare organizations (HCOs) span patients from a wide range of geographic locations, age groups, and income levels. Details of and use of the network by our team has been described previously (12). The TriNetX platform is Health Insurance Portability and Accountability Act (HIPPA) and General Data Protection Regulation (GDPR) compliant. The majority of contributing HCOs are located in the USA and the European Union.



Data Collection

Data were retrieved from the Diamond Network subnet, which comprises HCOs contributing online patient information from >200 million individuals. The study period for patients with diagnosis of BM was between January 1st, 2015 and June 30th, 2020, with follow-up until December 31st, 2020 for the primary end point (death). Patients were identified using the ICD-10 code for brain metastasis (C79.3), and primary cancers were also identified using the relevant ICD-10 codes. Only patients ≥18 years old were enrolled. Benign tumors and primary brain tumors were excluded from our study. Baseline demographic characteristics, comorbidities, treatment history, and Eastern Cooperative Oncology Group (ECOG) performance status data were collected. Patients with primary NSCLC, TNBC, melanoma, and RCC were included, which were the tumors most commonly treated with ICIs during the period of the study. Exposure to ICIs was defined as treatment with at least one dose with inhibitors of programmed cell death 1 (PD-1) or its ligand (PD-L1) (nivolumab, pembrolizumab, atezolizumab, avelumab, and durvalumab) or the cytotoxic T-lymphocyte antigen 4 (CTLA-4) inhibitor, ipilimumab. In patients with NSCLC, tumors with driver mutations (of EGFR, ALK, or ROS) were excluded. In the breast cancer cohort, only patients with TNBC for which ICI treatment was indicated were included. In the melanoma cohort, tumors with the BRAF V600E mutation were excluded. For all cohort and patient data, results and patient information were extracted from TriNetX by constructing queries including appropriate ICD-10 codes and procedure codes.



Data Analysis

Analyses were conducted by the authors. Categorical and continuous parameters were analyzed using Chi-square and analysis of variance (ANOVA), respectively, to determine the statistical significance of differences. Kaplan-Meier plots were generated for univariate analysis comparisons and the log-rank test used to evaluate the significance of differences in OS. For multivariate analysis, Cox proportional hazard regression modeling was employed, based on the results of univariate analyses. Hazard ratio (HR) and 95% confidence interval (CI) values were calculated. To account for differences in baseline characteristics between groups, a propensity score matching (PSM) model was developed using logistic regression to derive well-matched groups for comparative outcomes analysis. Verification was conducted using the nearest-neighbor matching algorithm, with a tolerance level of 0.01 and difference between a propensity score of ≤0.1. GraphPad Prism 6 was used to conduct statistical analysis and generate figures. All tests were two sided, and statistical significance was defined as p < 0.05.




Results


Overall Survival in Patients With Brain Metastasis

A total of 227,255 patients diagnosed with BM between January 1st, 2015 and June 30th, 2020 were identified in the TriNetX database. Of identified cases, 103,248 died before December 31st, 2020, with a median OS of 12.3 months from initial diagnosis of primary cancer and 7.1 months from the development of BM (Figure 1A). Furthermore, we analyzed the survival times of patients with different types of cancer. Specifically, patients with NSCLC, TNBC, melanoma, and RCC were investigated, since ICIs were more commonly used to treat these types of tumor. A total of 104,765 patients were diagnosed with NSCLC, and 48,894 reached the primary end point (death). Median OS in patients with NSCLC was significantly shorter than that in patients with malignancies in all sites (8.7 vs. 12.3 months; HR: 1.30; 95% CI: 1.28–1.32). A total of 30,820 patients diagnosed with TNBC with BM were identified, with a median OS of 14.7 months. The median OS durations of patients with melanoma (n = 11,338) and RCC (n = 6,973) were 17.8 and 15.6 months, respectively (Figure 1B); all of which represented better than average prognosis.




Figure 1 | (A) Overall survival (OS) of all patients with brain metastases (BM). (B) OS of patients with nonsmall-cell lung cancer (NSCLC), triple-negative breast cancer (TNBC), melanoma, and renal cell carcinoma (RCC). (C) Difference in survival between cohorts treated with and without immune checkpoint inhibitors (ICIs) among all patients with BM.





Influence of Immune Checkpoint Inhibitors on Overall Survival of Patients With Brain Metastasis

To further investigate the influence of ICIs on patient outcome, we matched patients according to baseline demographic characteristics, comorbidities, prior radiotherapy, and surgery, as well as ECOG performance status using a PSM model (Table 1). For all types of cancer, the cohort with ICI exposure included 25,220 patients and the non-ICI-exposed group included 25,243 patients. A total of 37,169 events reached the primary end point. The OS durations of patients in the ICI and no-ICI cohorts were 14.0 vs. 7.9 months (HR: 0.88; 95% CI: 0.85–0.91), indicating a significant improvement in survival of patients exposed to ICIs (Figure 1C). In the NSCLC group, 13,401 cases were included in each of the ICI and no-ICI cohorts and median OS durations were 14.4 vs. 8.2 months, respectively (HR: 0.86; 95% CI: 0.82–0.90). In the TNBC group, 3,449 and 3,461 cases were included in the ICI and no-ICI cohorts, with respective median OS of 23.9 vs. 11.6 months (HR: 0.87; 95% CI: 0.82–0.92). Similarly, 3,617 cases with melanoma and BM were included in the ICI and no-ICI cohorts, with median OS of 27.6 vs. 16.8 months, respectively (HR: 0.80; 95% CI: 0.73–0.88). These data reveal significant benefits of ICI exposure in these cancer types; however, analysis of patients with RCC with BM, including 1,333 and 5,624 cases in the ICI and no-ICI cohorts, respectively, failed to demonstrate a significant benefit of ICI treatment, with median OS duration of 16.7 vs. 14.0 months (HR: 0.96; 95% CI: 0.86–1.10) (Figures 2A–D).


Table 1 | Demographic and clinical characteristics of patients with brain metastases.






Figure 2 | Overall survival (OS) in patients with different cancer subtypes [(A) nonsmall-cell lung cancer (NSCLC), (B) triple-negative breast cancer (TNBC), (C) melanoma and (D) renal cell carcinoma (RCC)], with and without immune checkpoint inhibitor (ICI) treatment.






Discussion

Development of BM usually indicates poor prognosis, with 2- and 5-year OS rates of only 8.1% and 2.4%, respectively, across all types of cancer (13). Patients who present with BM at initial diagnosis have even worse outcomes (3). In this study, we found that median OS of patients with BM was 12.3 months from initial cancer diagnosis and 7.1 months from the development of BM. Compared with a single-center report from the University of Minnesota of a study conducted between 1973 and 1993, which revealed a median OS of approximately 4 months from the development of BM (14), our data indicate very limited improvement in patient outcomes, even with the tremendous changes in antitumor therapies over the intervening period.

Lung cancer, including NSCLC and SCLC, remains the most common type of cancer presenting with BM and accounts for >60% of BM cases (5). Similarly, in our study, NSCLC accounted for 46.1% of total BM cases in the TriNetX database. In addition, 10%–25% of patients with NSCLC may present with BM at initial diagnosis (6) and up to 50% of patients with NSCLC develop BM during the course of their illness (15). This number may continue to rise, due to early screening for BM using brain magnetic resonance imaging. We found that the median OS of patients with NSCLC with BM was only 8.7 months, which was similar to a previous report of approximately 7.0 months, based on analysis of multi-institutional retrospective database between 2006 and 2014 (16). Breast cancer is the second most common type of cancer from which BM develops. A recent report from Martin et al. demonstrated that the median OS of patients with TNBC was approximately 6 months from diagnosis of BM (7) with an OS of 12.5 months for patients with hormone receptor-positive breast cancer (17). With the development of anti-HER2 treatment, patients with HER2-positive breast cancer also achieve significantly superior outcomes compared with their counterparts with TNBC (12 vs. 5 months) (6, 7). Melanoma and RCC are also common types of cancer which can develop BM and for which there were no major therapeutic advances in the preimmunotherapy era (18, 19).

A revolution in anti-cancer treatment has occurred since the approval of ipilimumab in 2011. Notably, nivolumab and pembrolizumab have been available since late 2014 and were widely accessible from 2015. Since then, the development of ICIs represents a paradigm shift in oncology therapy and prompted us to further study the role of ICIs in treatment of patients with BM. The Checkmate 204 trial of dual ICI therapy showed a dramatic intracranial response rate of 57% of BM from melanoma (10), as did the randomized phase II ABC trial (20). Hence, dual ICI therapy is established as a cornerstone regimen for patients with small asymptomatic BM from melanoma. In contrast, there is limited evidence supporting the efficacy of PD-1/PD-L1 inhibitor treatment for NSCLC. Goldberg et al. reported an approximately 30% intracranial response rate of treatment with pembrolizumab; however, only in the PD-L1-positive patient cohort (9). In contrast, a population study from Italy reported an intracranial response rate of only 17% (21). Unfortunately, untreated BM from RCC failed to show any response to nivolumab in a phase II trial (22). In addition, there is a lack of evidence for the effectiveness of ICIs for treating BM from TNBC, since approval for their use in this context was only obtained relatively recently (23). The efficacy or benefit of ICIs for BM remains controversial to date. Hence, in our study, we sought to validate previously reported results using real-world data.

Using the TriNetX database, we identified patient cohorts with NSCLC, TNBC, melanoma, and RCC, four types of cancer commonly treated with ICIs during 2015–2020. The cohorts were matched for baseline characteristics, including age, sex, race, cardiovascular disease, lung and liver disease, ECOG performance status, prior brain radiotherapy, brain surgery, chemotherapy, and target therapy, which are important prognostic factors. First, our analysis revealed that exposure to ICIs led to improvement of OS by approximately 6 months for all patients with BM. In subtype studies, we specifically excluded NSCLC with driver mutations and melanoma with BRAF V600E mutation, to avoid bias. The results showed that exposure to ICIs significantly prolonged survival of patients with NSCLC, TNBC, and melanoma (HR: 0.80–0.87); however, no significant therapeutic effect was observed for patients with RCC (HR: 0.96). Amin et al. reported an association between immunotherapy and BM after definitive surgery using data from the National Cancer Database from 2010 to 2016 (24). Similarly, they found that exposure to ICIs was associated with improved OS (HR: 0.62), with variable outcomes for patients with different types of tumor, although the number of cases who received immunotherapy was small (n = 183). Thus, we conclude that exposure to ICIs prolongs OS for patients with BM overall; however, the efficacy of this type of therapy may be cancer specific.



Limitations of the Study

This study has several limitations, due to its retrospective design. First, our dataset has a lack of detailed tumor burden information, particularly intracranial tumor burden, which is an important prognostic factor contributing to patient survival. Second, several other important clinical information is absent. For example, percentage of symptomatic BM, extracranial tumor status, number of resection, and use of steroid could all be important prognostic factors. Third, although the database includes information on patient history of radiotherapy, it does not include the types and timing of radiotherapy. In addition, the sequence of radiotherapy and administration of ICIs is deficient. Especially, several studies have reported significant impacts on survival outcomes of different sequences of ICIs and radiotherapy (25, 26). Fourth, several newer PD-1/PD-L1 inhibitors were not included in this study, including cemiplimab, due to their relatively late approval. Finally, oncogenomic profiles were not included in this database, such as intra- and extracranial PD-1/PD-L1 expression. Although PD-L1 expression has been validated as a predictor of response in patients with NSCLC, its role in other types of cancer is still very controversial (27). Report from Goldberg et al. (9) showed the intracranial response was only observed in PD-L1-positive cohort. However, the sample was obtained from extracranial lesion that is generally not concordant with intracranial tissue (28). Furthermore, systemic and CNS response can be very discordant as well (29). Currently, it is unknown yet about the association of PD-L1 expression and predictive response rate of BM. Other valuable predictive or prognostic biomarkers are also lacking, despite tremendous efforts to identify such factors. The difficulty involved in accessing human BM samples is invariably a major barrier to many neuro-oncology studies. Retrospective study may not be able to fully address these questions. In the future, there is continuous need of prospective, biomarker driven, multidisciplinary, and innovative clinical trial design to overcome these barriers.



Conclusions

In conclusion, large-scale data from TriNetX demonstrated a median OS of 12.3 months for patients with all types of cancer with BM, and of 7.1 months from development of BM. More specifically, median OS for patients with NSCLC, TNBC, melanoma, and RCC with BM were 8.7, 14.7, 17.8, and 15.6 months, respectively. We further investigated the efficacy of ICIs in patients with these malignancies, using cohorts matched for baseline characteristics. The results suggest that ICIs are effective for prolonging OS of patients with NSCLC, TNBC, and melanoma; however, this may not be the case in RCC, indicating that the antitumor immune effects of ICIs may be cancer specific. Further studies of underlying molecular mechanisms, better understanding of the intracranial immune microenvironment, and innovative clinical trial design are warranted to further improve BM management.
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Despite decades of research, pediatric central nervous system (CNS) tumors remain the most debilitating, difficult to treat, and deadliest cancers. Current therapies, including radiation, chemotherapy, and/or surgery, are unable to cure these diseases and are associated with serious adverse effects and long-term impairments. Immunotherapy using chimeric antigen receptor (CAR) T cells has the potential to elucidate therapeutic antitumor immune responses that improve survival without the devastating adverse effects associated with other therapies. Yet, despite the outstanding performance of CAR T cells against hematologic malignancies, they have shown little success targeting brain tumors. This lack of efficacy is due to a scarcity of targetable antigens, interactions with the immune microenvironment, and physical and biological barriers limiting the homing and trafficking of CAR T cells to brain tumors. In this review, we summarize experiences with CAR T–cell therapy for pediatric CNS tumors in preclinical and clinical settings and focus on the current roadblocks and novel strategies to potentially overcome those therapeutic challenges.
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Introduction

Central nervous system (CNS) tumors are second only to leukemias, in terms of being the most common pediatric malignancies, and gliomas account for a quarter of all childhood cancers in the U.S (1). Although the prognosis for pediatric low-grade diffuse gliomas (pLGGs) remains promising, with a probability of 5-year survival above 95%, pediatric high-grade diffuse gliomas (pHGGs) are the deadliest childhood cancers (2). Indeed, 5-year survival drops to less than 10% for patients with pHGGs and 1% for those with diffuse midline glioma, H3 K27-altered (DMG; previously known as DIPG) (2). Most advances in therapies for pediatric CNS tumors have relied on experiences from adult brain tumor trials. However, given the developmental and histopathological differences in adult and pediatric diseases, such approaches might not provide the most optimal outcome. Specifically, pHGGs present unique molecular heterogeneity and epigenetic characteristics that render the application of results from adult trials ineffective. Moreover, pHGGs form a niche of tumor cells in distinct brain locations surrounded by tight junctions of the blood brain barrier (BBB) and a complex immune tumor microenvironment (TME) (3). These features affect tumor behavior and the efficacy of new therapeutics. Importantly, the 2021 World Health Organization (WHO) Classification of CNS Tumors (CNS5) recognized two new families of tumor types, “p”LGG and “p”HGG, to reflect on the importance of separating pediatric-type and adult-type gliomas (4). Therefore, when developing new therapies that target pHGGs, we need to consider the distinct characteristic of childhood CNS cancers. In this review, we focus on non-spinal tumors and therefore the term pediatric brain tumors (PBTs) will refer to childhood brain tumors exclusively.

Successful therapies for PBTs need to overcome surgical inaccessibility, limited penetration of chemotherapy drugs, inherent resistance to conventional therapies, and long-term adverse effects. Thus, cell-based immunotherapy using chimeric antigen receptor (CAR)–engineered T cells is an exciting alternative for treating debilitating PBTs. The use of CAR T cells to target a tumor relies on engineering and re-directing a patient’s own immune cells (Figure 1) to attack tumor cells through selective target recognition and activation of cytotoxic machineries. Activated CAR T cells lyse the tumor expressing the recognized target while sparing normal cells in the absence of target expression. Yet, despite defining several potentially effective targets in adult brain tumors (e.g., IL13Rα2, HER2, and EGFRvIII), clinical testing of CAR T cells in brain tumors failed to produce complete and sustainable antitumor responses (5–8). Challenges included antigen heterogeneity and emergence of antigen-loss variants, limited T-cell persistence, and recruitment of suppressive immune cells in patients (9). Here, we review the lessons learned from preclinical and clinical testing of CAR T cells, with a specific reflection on the unique features of pHGGs that need to be addressed in future efforts to develop effective and safe CAR T–cell immunotherapies for PBTs.




Figure 1 | Designing safe, effective, and long-lasting T-cell therapies for PBTs. (A) Scheme representing CAR T–cell treatment via adoptive T cell transfer in pediatric patients with brain tumors. (1) T cells are isolated from patient’s blood followed by (2) T cell activation and reprograming in the lab to express the chimeric antigen receptor (CAR) using viral vectors. (3) CAR T–cells are then expanded, and they undergo quality control testing (4) prior to infusion into the patient (5). (B) Key questions to address when designing CAR T–cells for PBTs. (1) Selecting an appropriate target: Several TAAs (including IL13Rα2, EphA2, B7-H3, GD2, EGFRvIII, and TNC) are expressed in PBTs with heterogenous expression patterns. (2) Overcoming the suppressive immune TME: Immune cells (like TAMs, DCs, Tregs, and EOs) infiltrate PBTs and they induce different immune interactions that affect the CAR T–cells’ ability to perform their cytotoxic properties. (3) Once infused, CAR T–cells need to home to the patient’s tumor and exert their cytolytic activity while expanding and persisting to create long-lasting effects.





Pediatric-Type Diffuse High-Grade Glioma

Pediatric gliomas include heterogenous groups of brain malignancies that are histologically similar to adult tumors but with distinct molecular and genetic alterations that dictate clinical behavior and therapeutic considerations (10). Gliomas arise from glial cells, including astrocytes, oligodendrocytes, microglia, or ependymal cells, that normally support neuronal functions. According to the new WHO CNS5 classification, gliomas are classified into two tumor types, pLGG and pHGG, depending on histologic, genetic, and other molecular biomarkers (4). Furthermore, the new classification allows tumor grading within each tumor types (grades 1-4) depending on clinicopathlogical and combined histological and molecular characteristics (4).

The pHGGs are highly aggressive brain tumors with minimal response to standard therapies, including surgery, radiation, and/or chemotherapy. Although less common than pLGGs, pHGGs are the leading cause of death from childhood CNS tumors in the U.S. The pHGGs include four tumor types: Diffuse midline glioma, H3 K27-altered; Diffuse hemispheric glioma, H3 G34-mutant; Diffuse pediatric-type high-grade glioma, H3-wildtype and IDH-wildtype; and Infant-type hemispheric glioma (4). Sharing some morphologic features with pLGGs, high-grade tumors are characterized by amplified cell division, increased invasiveness, and augmented neovascularization (10). Additionally, the new CNS5 classification stratifies tumors according to unique genetic and epigenetic alterations which define tumor behavior and response to therapy. For example, patients with isocitrate dehydrogenase (IDH1 and IDH2) mutations tend to have a better prognosis compared to those with IDH wild-type tumors (11). Moreover, patients with histone H3.1 mutations tend to have better overall survival (15 months), while patients with H3.3 mutations have reduced overall survival (9 months) and enhanced resistance to radiotherapy (12). Therefore, understanding the effects of specific molecular alterations on disease severity and tumor behavior is essential to help select individualized immunotherapeutic targets.

Identifying a patient’s histologic tumor diagnosis is essential to guiding therapeutic approaches; yet, it is not sufficient to guide the development of novel directed therapies. For instance, patients with brain stem tumors may require additional modification of adoptive therapies to enhance the accessibility of the infused products to the tumor, compared to those not located in the brain stem. Alternatively, patients with specific genetic or epigenetic alterations may express unique targets or pose specific treatment challenges that require arming new therapies against such stresses. Therefore, understanding the genetic/epigenetic heterogeneity of pHGGs is also key to stratifying patients into subgroups that will benefit most from specific therapies, rather than into groups that require unique modifications to render cellular therapies more effective and safer.

Of note, while the new CNS5 classification regroups the tumor type previously known as diffuse intrinsic pontine glioma (DIPG) into the diffuse midline glioma, H3 K27-altered (DMG) tumor type; we still refer to DIPGs later in our review when citing previous preclinical studies and clinical literature that did not specify the status of the molecular alterations.



Establishing Successful CAR T–Cell Therapy for PBTs

Standard therapies have failed to improve the outcome of pHGG and have been associated with long-term debilitating adverse effects. Therefore, adoptive immunotherapy using T cells expressing CARs could offer potentially safer, more specific targeting of PBTs by eliciting directed immune responses against tumor cells, while sparing normal cells that do not express the targeted antigen (13). CARs are synthetic receptors composed of an extracellular tumor-specific antigen-recognition domain (usually a single-chain variable fragment of a monoclonal antibody) connected to a hinge, a transmembrane domain, and intracellular signaling domains (14). Upon recognition of tumor antigens, signaling through CAR domains activates T-cell functions, resulting in tumor cell lysis (14). CAR T cells show potent and sustained antitumor activity in patients with hematologic malignancies, as evidenced by continuous FDA approvals of CD19-CAR T cells for different pediatric and adult B-cell leukemias (15). However, early clinical studies with CAR T cells for adult brain tumors failed to recapitulate the potent anti–brain tumor activity of CAR T cells seen in preclinical testing (14). Thus, the development of CAR T–cell therapies for PBTs will be even more complicated, given the unique patient population.

The following questions must be kept in mind as we design and create safer, effective, and long-lasting T-cell therapies for PBTs (Figure 1): First (Q1), which antigen should be targeted in PBTs, and will one target be sufficient for a broad group of pHGGs? Second (Q2), what is the effect of the TME on CAR T–cell functions in PBTs? For instance, tumor cells can exert environmental stress (e.g., hypoxia, inhibitory checkpoint ligands, release of suppressive mediators) on CAR T cells, thereby preventing their activation and cytotoxic functions (16, 17). Moreover, suppression of CAR T cells by infiltrating immune cells within the complex tumor niche represents a hurdle to overcome (18, 19). Lastly (Q3), what specific modifications will be needed to generate functional CAR T cells in PBTs? To generate the desired therapeutic efficacy, CAR T cells need to home to the tumors, eradicate tumor cells without on-target off-tumor toxicities, and persist to resolve any recurrent tumors? In the following sections, we will define some aspects of pHGGs that are essential for developing effective adoptive T-cell therapies for children.


Q1. Which Antigen Should Be Targeted in PBTs?

CAR T cells are engineered to selectively recognize and target tumor-associated antigens (TAAs) expressed on tumor cells (20). Targetable TAAs are characterized by exclusive expression on tumor cells, with minimal expression on normal tissues to prevent on-target off-tumor toxicities (21). However, with a limited number of tumor-specific antigens exclusively expressed on tumor cells, targeting TAA that are present on normal cells must consider strategies to prevent, reverse, or manage any potential toxicities that result from lysing normal cells expressing the selected target (discussed in later sections). Traditional targets focus on surface proteins, but novel strategies for target discovery expand to include posttranslationally modified proteins, carbohydrate repeats, lipids, glycoproteins, and alternative splice variants (21). Brain tumor–specific CAR T–cell targets have been identified, mostly based on samples from adult brain tumors; however, a limited number of studies have evaluated their validity in pediatric populations (22–24). Some studies have shown that antigen expression in PBTs does not recapitulate the exact patterns seen in adult brain tumors. Moreover, a study by our group using PBT xenografts revealed a unique inter- and intra-patient variability when TAA expression was compared across tumor subtypes (22). Additionally, experiences from preclinical and clinical studies in adults suggest that it is unlikely that one target will be sufficient to cure heterogenous brain tumors (21). Thus, identifying selective targets that are effective and safe for patients with heterogenous PBTs is a key question for the development of successful CAR T–cell therapies in pHGGs. Here we summarize and review the current knowledge on potential CAR targets in pHGGs.


Disialoganglioside

Disialoganglioside (GD2) belongs to the glycosphingolipid family of gangliosides expressed on outer plasma membranes of various cell types (25). Gangliosides regulate cell interaction, adhesion, and signal transduction (25). GD2 is widely expressed on different solid tumors (neuroblastoma, melanoma, osteosarcoma) but has limited expression on normal cells, including nerves, lymphocytes, and melanocytes (25). Xenografts of pHGGs robustly express GD2 (~84%) (22). Moreover, GD2 is uniformly expressed in DMGs (24). The use of GD2 as immunotherapeutic target showed potent antitumor effects but was associated with unwanted adverse effects (including neuropathic pain and headaches) due to limited expression in normal tissues (26). Similarly, anti-GD2 CAR T cells have shown potent antiglioma efficacy in preclinical DMG models but resulted in hydrocephalous (24). Nevertheless. Currently, two ongoing clinical trials are evaluating GD2-CAR T cells in pediatric patients with DMG or other pHGGs (NCT04196413 and NCT04099797, Table 1) (31). Early results from patients with DMGs treated with GD2 CAR T cells suggest promising clinical responses along with tolerable safety profiles (including incidences of manageable cytokine release syndrome and neurotoxicity) (28). Therefore, data from these clinical studies will define the strategies for GD2-directed CAR T–cell therapy and provide general insights on CAR T–cell therapy efficacy and safety in pHGGs.


Table 1 | Summary of ongoing clinical studies with CAR T cells for PBTs.





B7 Homolog 3

B7 homolog 3 (B7-H3), also known as cluster of differentiation 276 (CD276), is a member of the B7 and CD28 immune checkpoint family (32). B7-H3 is expressed on peripheral lymphoid tissues and antigen-presenting cells and has a controversial role in immune stimulation and inhibition (including promoting T-cell cytotoxicity vs inhibiting T-cell proliferation and activation) (33). B7-H3 expression on solid or hematologic malignancies is associated with reduced survival and enhanced cancer progression through mechanisms dependent on immune evasion, enhanced macrophage recruitment, and elevated levels of suppressive cytokines (32, 33). B7-H3 is highly expressed in pHGG (~100%), with its highest expression intensities in more aggressive tumors, like DMG (22, 23, 34). B7-H3–directed CAR T cells showed potent antiglioma efficacy in preclinical xenograft and syngeneic models (22, 35, 36). Although B7-H3 is expressed at some level on normal tissues, including the adrenal gland, salivary gland, and gastric epithelial cells (37–39), preclinical studies show a favorable B7-H3–CAR T–cell safety profile (22, 38). Ongoing clinical trials that are evaluating anti–B7-H3 CAR T cells in adult GBM (NCT04077866) and in pHGG and DMG (NCT04185038, Table 1). Preliminary results from pediatric patients with CNS tumors show that serial doses of B7-H3 CAR T cells result in clinically stable disease in the absence of any dose limiting toxicities (27). Thus, data from ongoing clinical studies will further characterize the safety and efficacy of this CAR target.



Interleukin-13 Receptor Alpha 2

Interleukin-13 receptor alpha 2 (IL13Rα2) is a subunit of the IL13 receptor complex. Closely related to the α1 subunit, IL13Rα2 is thought to function as a decoy receptor, reversing IL13-mediated JAK/STAT signaling transduction (40). IL13Rα2 is overexpressed in various solid tumors, including breast, prostate, and pancreatic cancer, with minimal expression on normal tissues (e.g., spermatocytes) (41). IL13Rα2 expression is associated with enhanced metastasis, invasiveness, and reduced survival (41). In gliomas, the level of IL13Rα2 expression increases with malignancy grade, with higher expression in grades III and IV (53%-73%) (42). IL13Rα2 is overexpressed in PBTs (~68%), including pHGGs (22). CAR T cells targeting IL13Rα2 have shown potent antiglioma activity and enhanced survival in preclinical and clinical studies. An ongoing trial is assessing the efficacy of IL3Rα2-CAR T cells in children with refractory glioma (NCT04510051, Table 1) (8, 43). Given its favorable safety profile but highly heterogenous expression profile in PBTs, IL13Rα2 will most likely be a promising target for dual-targeting regimens or for specific populations that are resistant to other robustly expressed TAAs.



Human Epidermal Growth Factor Receptor 2

Human epidermal growth factor receptor 2 (HER2; also known as ErbB2), is a transmembrane receptor tyrosine kinase (44). The role of HER2 in tumorigenesis was first defined in breast cancer, where HER2-mediated signaling transduction drives cell proliferation, invasion, survival, and metastasis (45). HER2 expression is inversely correlated with survival and mediates faster tumor growth, increased metastatic potential, increased disease grade, and enhanced resistance to endocrine therapies (45). HER2 is robustly expressed in gastric, ovarian, prostate, and CNS tumors (44). Specifically, HER2 is highly expressed in adult HGG (~42%) and pediatric medulloblastomas (~40%), along with less robust expression in pHGGs (~37%) (22, 46). HER-2–directed CAR T cells have shown potent antiglioma efficacy in preclinical and clinical studies (6, 47). Although HER2-CAR T cells have been well tolerated so far, toxic side effects associated with HER2-directed therapies (trastuzumab) have been observed (30, 48, 49). Additionally, ongoing trials in pHGGs are evaluating HER2-CAR T cells in refractory disease (NCT03500991, Table 1) and early results suggest that repeated locoregional delivery of HER2 CAR T cells are well tolerated in these young patients (29). Collectively, heterogenous expression of HER2 in normal tissues and in pHGGs necessitates close evaluation of HER2 as a CAR target for PBTs. If selected as a target, the incorporation of a safety switch in the CAR design needs to be considered to avoid any unintended adverse events.



Ephrin Type-A Receptor 2

Ephrin type-A receptor 2 (EphA2) belongs to the ephrin class of receptor tyrosine kinases (50). Upon interaction with its ligand, ephrin A1, EphA2 engages in bidirectional signaling that controls cell adhesion, motility, and tissue development (51). In normal tissues, EphA2 is upregulated and expressed only in rapidly proliferating cells (50). However, in several cancers (i.e., lung, prostate, breast, and brain tumors), EphA2 is robustly and highly expressed (51). A recent study by our group shows that EphA2 is expressed in about 28% of patient-derived xenografts of pHGGs (22). EphA2 overexpression results in extracellular matrix deposition, enhanced proliferation, invasiveness, and angiogenesis (52), thus resulting in reduced survival, increased metastasis, and enhanced malignant progression (51). EphA2-directed CAR T cells have shown promising antiglioma activity in preclinical brain tumor models (53, 54), and at least one clinical trial is accruing patients with recurrent gliomas to evaluate the safety and efficacy of EphA2-CAR T cells (NCT03423992). Due to its role in tumor progression and invasiveness and its potentially safe profile with limited expression on normal tissue, EphA2 is a promising target for CAR T–cell immunotherapy of PBTs that demands further clinical and preclinical investigation.



Epidermal Growth Factor Receptor Splice Variant III

Epidermal growth factor receptors comprise a family of receptor tyrosine kinases (55). Overexpression or mutation of these receptors is a negative prognostic factor in several solid tumors, including lung, breast, ovarian, and CNS cancers (56). Epidermal growth factor receptor splice variant III (EGFRvIII) is the most common EGFR mutation in pHGG resulting from a fusion of exon 1 to exon 8, thereby triggering aberrant ligand-independent receptor activation (57, 58). In PBTs, EGFRvIII is overexpressed in pHGGs (14%-40%) (58, 59). Due to its lack of expression in normal tissues, EGFRvIII is considered an ideal CAR target (60). However, EGFRvIII-directed CAR T cells showed minimal antitumor activity in adults with glioma (NCT02209376) (7). Interestingly, a recent study demonstrated that EGFRvIII, due to its tumor-specific expression, can be successfully used in a SynNotch-CAR system, where it is responsible for turning on the expression of a dual-antigen–targeting CAR (IL13Rα2 and EphA2) at a tumor site. This approach led to a less exhausted CAR T–cell phenotype and improved anti-GBM activity in vitro and in vivo (61). This study emphasizes the need to incorporate novel methods to target antigens expressed at lower intensities on tumor cells. Moreover, targeting EGFRvIII also shows promising results in vaccine trials in DMG (NCT01058850) (62) while a new trial will be evaluating EGFR CAR T cells in pediatric patients with refractory CNS tumors (NCT03638167, Table 1). Therefore, given all the clinical and preclinical data, EGFRvIII is most likely a promising target for immunotherapy of PBTs that may require additional CAR modifications or dual targeting approaches (62).



Tenascin-C

Tenascin-C (TNC) is an embryonic glycoprotein expressed on neurons and astrocytes that functions as an adhesion-modulating protein (63). TNC undergoes posttranslational modification (alternative splicing), which allows the protein to interact with fibronectin and several other growth factors, thus inducing a wide range of functions related to focal adhesion, matrix formation, and cell motility (64). Alternatively spliced TNC is minimally expressed in normal tissues but robustly upregulated in tumors and extracellular matrices of breast, lung, kidney, prostate, and CNS tumors (64). Expression of TNC splice variants is associated with poor prognosis and enhanced tumor invasiveness and metastatic potential (64, 65). TNC is highly expressed in adult HGGs (85%-96%) and pHGGs (>42%) (66, 67). TNC expression in DIPGs correlates with higher tumor grade and more frequent H3K27M mutation (67). TNC-targeting immunotherapy, including monoclonal antibodies, therapeutic vaccines, and antibody–drug conjugates, have shown promise in preclinical and clinical studies in CNS tumors and other tumor models (NCT01131364, NCT01134250) (68). Thus, TNC-targeting T-cell therapies are promising not only as a tumor-targeting approach but also as a target that can potentially enhance CAR T–cell permeability and delivery to brain tumors, with potential targeting of the extracellular matrix and TME.



Other Potential Targets


Survivin

As an inhibitor-of-apoptosis protein, survivin regulates programmed cell death and cell cycle progression (69). Survivin is expressed during embryonic development but is absent in normal terminally differentiated tissues (70). It is highly expressed in primary and secondary adult GBMs (83% and 46%, respectively) and in pHGGs and medulloblastoma (71–74). Survivin-targeted adoptive T-cell products have potent anti–acute myeloid leukemia activity, and other survivin-based vaccines, cellular therapies, and gene therapies have shown potent antitumor efficacy and favorable safety (71, 75, 76). Therefore, survivin is an ideal target for cancer immunotherapy due to its limited expression on normal cells and wide expression on PBTs (69, 70).



Glycoprotein 100

Also known as PMEL17, glycoprotein 100 (Gp100) is a premelanosomal protein expressed in melanocytes (77). It is involved in melanosome development, including vesicular formation, structural maturation, and pigmentation (78). Gp100 is more robustly expressed in adult HGGs (>80%) than in pHGGs (~46%) (79). The combination of a Gp100-directed vaccine and IL2 showed promising enhanced survival in patients with melanoma (80). Additionally, dual-specific T cells engineered with Her2-directed CAR and Gp100-specific T-cell receptor repertoire showed durable responses in murine solid tumor models, and transgenic T cells directed against Gp100 showed significant survival advantage in preclinical DIPG models (81, 82). Thus, Gp100 is another target that should be considered for dual-targeting products in specific PBT populations.



Glypican-3

A heparan sulfate proteoglycan, glypican-3 (GPC-3) is attached to the cell surface by a glycosyl–phosphatidylinositol anchor (83). GPC-3 is expressed in fetal lung, liver, and kidney tissues during embryonal development and is very minimally expressed in normal adult cells (84). It is also involved in tumorigenesis of embryonal and pediatric tumors due to its role in malignant transformation via Wnt/β-catenin–, Hedgehog-, and FGF-signaling alterations (84). GPC-3 is overexpressed in pHGGs and pLGGs (85). GPC-3–targeted CAR T cells in murine models of hepatocellular carcinoma showed potent antitumor activity without any significant toxicities, while also targeting soluble GPC-3 antigens (86, 87). Thus, anti-GPC-3 CAR T cells could potentially recognize GPC-3–expressing gliomas and GPC-3 antigens shed in the TME, which poses another target for glioma extracellular matrices that could be useful for dual CAR-targeting strategies.



Neogenin

As part of the immunoglobulin superfamily of receptors involved in cell–cell interactions neogenin is normally expressed during embryogenesis and is essential for axonal navigation and adult neurogenesis (88). Neogenin and its ligand, netrin-1, are highly expressed in solid and CNS tumors, including medulloblastoma and glioma (89, 90). In pHGGs, netrin-1 overexpression mediates enhanced oncogenic astrocyte migration, tumor invasion, and metastasis (91). Neogenin is also highly expressed in DMG, where it drives tumor invasiveness and worsens prognosis (92). Neogenin-targeting monoclonal antibodies reverse its tumorigenic effects in DMG models (92). Therefore, neogenin holds great promise as a novel CAR target to reduce tumor burden and invasive tumor phenotypes.

In summary, the TAAs described above have been extensively studied as targets for immunotherapy and have unique characteristics that could serve as successful targets for CAR T–cell therapy in PBTs. Expression patterns in PBTs are mostly heterogenous with some TAAs more robustly expressed across tumor subtypes (GD2, B7-H3, IL13Rα2), while other targets have variable expression frequencies and intensities (HER2, EphA2, EGFRvIII). Here we described the most common, well-studied TAAs, though other potential PBT-specific molecules, such as survivin (75), Gp100 (93), GPC-3 (83), and neogenin (92), should also be considered as CAR T–cell targets for PBTs. Moreover, TAAs like GPC-3 and neogenin have the potential to target the TME and extracellular matrices; this property could be exploited to enhance delivery and accessibility of infused CAR T–cell products. Other unique targets, like Gp100 and survivin, have potential use in multiantigen CAR-targeting approaches. Although expression profiles for most of these TAAs are well defined in PBTs, their validation as targets for CAR T–cell therapy is warranted. Table 1 provides a summary for ongoing CAR T cell clinical trials in PBT patients (extended details on each trial are available in Supplemental Table 1). Preclinical testing in representative PBT models and clinical testing in specific pediatric patient populations should guide target selection and CAR designs to achieve the desired therapeutic benefits. Moreover, development of effective CAR T–cell therapies require additional screening and novel target discovery and validation in PBTs.





Q2. What Is the Effect of the TME on CAR T–Cell Functions in PBTs?

During the past decade, it has been well established that the TME limits CAR T–cell trafficking to tumors and suppresses their effector functions through direct physical contact or molecular interactions (Figure 2). Complex tumor vasculature, tumor-induced suppression of chemokine ligands, and reduced expression of chemokine receptors on CAR T cells limit their migration to the tumor (94, 95). Additionally, the deposition of extracellular matrix and accumulation of cancer-associated fibroblasts hinder CAR T–cell penetration and mediate immunosuppression (19, 94). Finally, disrupted BBB permeability and altered endothelial cell functions in pHGGs can affect the accessibility and trafficking of adoptive cell products to the targeted tumor cells (96).




Figure 2 | Potential limitations for CAR T–cell therapy in PBTs. (A) Extrinsic Challenges for CAR T–cell immunotherapy will depend on the ability of designed products to home to the tumor by overcoming the physical limitations induced by the BBB and stroma surrounding the tumor followed by surviving the suppressive immune TME including inhibitory cytokines and ligands. (B) Intrinsic limitations depend on optimizing the CAR design and programs that control metabolic and epigenetic functions to mediate necessary cytotoxic mechanisms while preventing exhaustion. (C) Tumor cells may resist CAR T cell therapies by downregulating targeted antigens and by exerting environmental stress on CAR T–cells through the release of suppressive cytokines and expression of inhibitory ligands.



In the brain, the TME includes a highly specialized immunologic niche called the immune TME. In pHGGs, the immune TME contains suppressive immune cells, like tumor-associated neutrophils, myeloid-derived suppressor cells, dendritic cells (DCs), and regulatory T cells (Tregs) (18). Expression of inhibitory checkpoint ligands (TIM3, PD1) on these cells suppresses T-cell proliferation and cytokine release (97). Additionally, the release of inhibitory mediators and metabolites (TGFβ, IL-10, IDO-1) blocks T-cell functions and further recruits other suppressive immune cells (18, 19). In this section of the review, we highlight the specific features of the immune TME in pHGGs and some unique features of DMG that are key to developing successful CAR T–cell therapies in PBTs.


The Immune TME in pHGGs

The TME in pHGGs is heterogenous, with different immune cell compositions at each tumor grade or genetic classification (98). Immune TME heterogeneity depends on the plasticity and distinct immunomodulatory functions of tumor-associated macrophages (TAMs), Tregs, DCs, eosinophils (EOs), and other suppressive immune cells and mediators.



Tumor-Associated Macrophages

Macrophages are key components of the immune TME. TAMs represent more than 30% of nonmalignant cells in adult HGGs, and they are negatively correlated with immune escape, resistance to immune checkpoint blockade, and disease progression (99). However, increased TAM frequencies in pHGGs does not directly correlate with poor outcomes (100). Specifically, two subsets of TAMs are present in pHGGs and are derived from either embryonic microglia or tumor-infiltrating monocytes with distinct functions and effects on antitumor immune responses (98, 101). Microglia-derived TAMs are located around the tumor edges and upregulate inflammatory, metabolic, and suppressive cascades, while monocyte-derived TAMs are generally located within the tumor; they upregulate genes associated with cell proliferation, motility, and migration (102). Distinct TAM subsets in pHGGs play different roles in promoting tumor growth and mediating an immunosuppressive state. Thus, enrichment of monocyte-derived TAMs in pHGGs is associated with poor prognosis and reduced survival (100). Abundance of suppressive monocyte-derived TAMs in pHGGs can potentially limit CAR T–cell therapy by suppressing effector functions (Treg polarization, inducing metabolic T-cell hyporesponsiveness, and direct suppression via PD1/PDL1 interaction) and reducing T-cell penetration and chemotaxis to the tumors by forming a chemically and physically suppressive niche around the tumor (103–105). Alternatively, microglia-derived TAMs are most likely essential to promote CAR T–cell effector functions and support their persistence.



Regulatory T Cells

The pHGGs are heavily infiltrated with Tregs, constituting almost 15% of non-neoplastic cells (106). Higher frequencies of Treg infiltration in pHGGs correlate with poor overall survival and greater WHO disease grade (106). Besides suppressing endogenous antiglioma T-cell responses, Tregs also promote tumor growth by inducing STAT3-mediated hypoxia (107). Tregs in pHGGs are heterogenous, with most cells being thymus-derived versus another native population induced and maintained by suppressive factors within the glioma TME (98). Tregs in pHGGs also upregulate proapoptotic genes (Bax, Bak, Bim), thus promoting their fitness and survival within the glioma TME, augmenting tumor growth, and suppressing T-cell effector molecules (e.g., granzyme B) (108). Therefore, Tregs are most likely detrimental for CAR T–cell functions in PBTs, and suppressive mediators may polarize infused CAR T cells into Treg-like phenotypes, thus limiting their cytotoxic functions.



Other Immune Cell Populations


Dendritic Cells

Multiple DC populations infiltrate solid tumors and influence antitumor immunity and response to therapy (98). Increased DC recruitment in preclinical glioma models potentiates CD8+ T–cell responses, as well as response to immune checkpoint blockade (109). Moreover, recent studies suggest that increased DCs in adult HGGs is correlated with worse clinical manifestations without significant contribution to disease grade (110). Although limited data are available on the specific role of DCs in pHGGs, reports suggest that their functions are impaired by tumor-mediated immunosuppression (110). Thus, specific interactions of DCs within the TME in pHGGs need to be further investigated, especially in the context of CAR T–cell therapies, which do not require antigen presentation by DCs but could be suppressed by altered DC functions.



Eosinophils

Recruitment of EOs into the glioma TME has been implicated in tumorigenesis and suppression of antitumor immune responses (111). Marked eosinophilia has been observed in patients with HGG, and it correlates with worse prognosis and decreased response to therapy (111). Conversely, correlation analysis in patients with HGGs has shown that lower EO counts are inversely correlated with disease grade and pathology (112). In pHGGs, EOs represent about 13% of noncancer cells, and they tend to cluster with PBTs that are rich in Tregs and natural killer cells (106). Given the plasticity and abundance of EOs, investigating their interaction with CAR T–cell therapies in PBTs is warranted, especially in the context of preconditioning therapies and/or radiation and chemotherapy, which could drastically affect these cells.




The Immune TME in DMGs

A limited number of studies have characterized the TME of DMGs, because deciphering this TME is challenging due to the location and diffuse, infiltrative nature of DMGs. Two recent studies of samples obtained at diagnosis or autopsy have reported some preliminary findings on the immune profile of DMGs (113, 114). Both studies reported a CD45+ leucocyte compartment consisting primarily of CD11b+ macrophages with very few CD3+ T cells in primary DMG tissue samples. In addition, a study by Lieberman et al. showed no increase in immunosuppressive CD163+ tumor-associated macrophages in DMG samples when compared to nontumor controls (114). Finally, DMG-derived cell cultures produce markedly fewer cytokines and chemokines than do adult glioblastomas, indicating that DMGs have a noninflammatory phenotype (113). Thus, both studies concluded that DMGs are immunologically “cold” tumors. In addition, a very recent study using a deconvolution approach (methylCIBERSORT) to assess genome-wide DNA-methylation data from pediatric CNS tumors reported that Tregs, EOs, and monocytes infiltrate DMGs (106). Although limited studies are available, they are admirable first approaches trying to illuminate the DMG TME and then apply this knowledge to cellular therapies. More studies are urgently needed to answer the remaining questions, such as how the quiescent DMG immune TME affects CAR T–cell therapy, and if and how do CAR T cells re-shape the immune landscape of DMGs? Given the recent increase in the generation and availability of syngeneic DMG mouse models, the hope is that more studies will be published in the upcoming years, as researchers will be less dependent on patient sample availability. However, some key finding will have to be validated in the clinical setting.




Q3. What Specific Modifications Will Be Needed to Generate Functional CAR T Cells in PBTs?

Besides selecting targetable TAAs and armoring CAR T cells against the suppressive immune TME, three other T cells-specific functional limitation will determine whether CAR T–cell therapies in PBTs are successful: the ability of infused CAR T–cell products to 1) home to the tumor, 2) exert potent but safe antitumor responses, and 3) establish persistent memory T cells for efficient tumor control. These limitations can be addressed by engineering CAR T cells with additional genetic modifications. In this section, we review CAR-specific modifications and their potential for successful CAR T–cell immunotherapy in pHGGs.


Homing

Homing of CAR T cells to CNS tumors depends on their ability to cross the brain parenchyma and utilize chemotactic factors to migrate to the tumor. For a long time, the brain was considered an immune-privileged organ, with tight junctions of the BBB limiting access of immune cells and mediators (115). However, pHGGs are characterized by leaky and fragile vasculature, altered BBB integrity, and reduced expression of essential chemokine ligands and receptors, including CXCL9, CXCL10, CCL2, and CCL12 (116, 117). Thus, during the development of effective CAR T–cell therapies for PBTs, we must consider the need for chemokine ligands and adhesion receptors essential for T-cell trafficking to the brain as well as considering strategies to bypass the physical barriers for delivery of adoptive cell therapy products.

Routes of CAR T cell administration must be carefully considered to ensure appropriate homing of infused cells to the tumors without unwanted adverse effects. CAR T cells can be administered (i) via the blood through intravenous (IV) delivery, (ii) via the CSF through intrathecal/ventricular (IT) delivery, or (iii) via direct delivery to the tumor through intratumor/cavity (IC) injections (118). While preclinical studies comparing different routes of administration suggest that superior anti-tumor efficacy is observed with locoregional delivery (22, 119, 120), clinical experiences show that the three routes of administration can produce desirable therapeutic efficacy (6, 8, 24, 28). With the lack of clinical studies directly comparing different routes of administration in pediatric patients, selecting the most optimal delivery method will depend on feasibility as well as safety considerations. IV administration would be best for targeting tumors that are anatomically challenging (tumor location complicating catheter implantation for IT or IC delivery) or in instances of abnormal CSF flow (inadequate delivery to bulky or parenchymal tumors with IT administration) (118, 121). Alternatively, IT and IC delivery would be best for CAR T cells with limited peripheral activation or trafficking potential where evidence suggests that T cell activation enhances T cell migration to the CNS (14, 122). Additionally, locoregional delivery (IC) should be considered for targeting antigens that are more readily expressed on normal cells to avoid the potential for on-target off-tumor toxicities that may otherwise be pronounced with systemic IV delivery. Lastly, while IV routes of administration may result in systemic toxicities (cytokine release syndrome (CRS) or immune effector cell-associated neurotoxicity syndrome (ICANS)), safety concerns with locoregional delivery necessitate careful considerations for potential inflammation and swelling at the tumor site that may complicate catheter functionality as well as increased risks of infections with these devices (118, 123–126). Therefore, locoregional delivery may be a strategy to enhance homing of CAR T cells through bypassing the BBB; yet, it should be carefully evaluated for specific targets in pediatric patients where CNS tumors may have different anatomical locations and distribution compared to adult tumors (127).

Alternatively, strategies to enhance CAR T cell homing to the tumors in PBT patients may include combination therapies or specific genetic modifications of CAR T cells. For example, using MRI-guided focused ultrasound can potentiate CAR T–cell efficacy and homing by transiently disrupting the BBB and blood–tumor barrier (128–130). Additionally, engineering CAR T cells to express chemokine receptors or utilizing receptors that are endogenously expressed in pHGGs could enhance delivery and penetration of adoptive products. For example, anti-CD70 CAR T cells expressing CXCR1 and CXCR2 traffic better to the brain (95). Such strategies have not been tested in pHGGs, thus determining whether these modifications will be beneficial in PBTs necessitates further preclinical and clinical evaluation.



Efficacy and Safety

Promoting the efficacy of CAR T cells, while ensuring the safety of this approach is a key aspect of a successful CAR T–cell therapy. It is now well established that T cells engineered only with a CAR do not produce a sustained antitumor response. Thus, additional genetic modifications must be considered. So far, only a handful of genetic modifications have been tested in adult brain tumor models, let alone PBT models. For example, CARs engineered to express transgenic cytokines, such as IL12, IL15, IL18, have enhanced efficacy in preclinical glioma models (43, 131). Additionally, EphA2-CAR T cells expressing constitutively active IL-7 cytokine receptor (C7R) have enhanced antiglioma efficacy in preclinical models (132).

Engineering tools can also be used to convert tumor-induced suppression of CAR T cells into a beneficial stimulus. For example, engineering CAR T cells to express costimulatory PD1 receptors modified to fuse the extracellular domain of PD1 with an intracellular CD28-activation domain can hijack the system and protect CAR T cells against PD1/PDL1-mediated exhaustion and suppression (133). Other switch receptors, like dominant-negative TGFβ receptor, prevents the otherwise suppressive effects of TGFβ, thus enhancing CAR T–cell cytotoxicity and promoting persistence (134). However, none of these strategies have been evaluated in adult brain tumors or PBTs. Regarding the safety of CAR T cells, every genetic modification has the potential to induce unintended adverse events or uncontrollable T-cell proliferation. Therefore, safety switches, such as CD20, iCas9, tNGFR (135–138), must be considered when designing effective T-cell therapies for PBTs.

Targeting multiple antigens and arming CAR T cells against inhibitory ligands in the TME can also improve their efficacy. Targeting more than one TAA can help overcome the limitations of heterogenous antigen expression and tumor-induced downregulation of targeted antigens (139). Several CAR regimens to target multiple TAAs are available, including the use of pooled products (e.g., combining single-antigen targeting CAR T–cell products), the use of bispecific and trivalent CARs (one T cell expresses several CARs), or the use of tandem CARs (expressing one CAR construct that merges several antigen-recognition domains into one backbone sharing one activation domain) (139, 140). Preclinical studies using CAR T cells against HER2, IL13Rα2, and EphA2 in pooled, bispecific, trivalent, and tandem designs have shown superior antiglioma efficacy (47, 141, 142). Finally, engineering logic-gated (AND, OR, NOT) CAR T cells may offer enhanced specificity and efficacy along with reduced on-target off-tumor toxicities (139). While “OR” logic-gated CAR T cells contain tandem or multiple CAR constructs, a single TAA-CAR interaction is sufficient to activate tumor killing mechanisms which is particularly useful for TAAs with heterogenous expression and to protect against antigen escape (143). Alternatively, “AND” or “NOT” logic-gated CAR T cells protect against on-target off-tumor toxicities by restricting T cell activation to instances where two cognate TAAs are co-expressed (AND); by conditional expression of a second CAR through a SynNotch receptor regulated transcriptional manner (AND); or by selectively killing tumor cells that lack a specific inhibitory ligand which would otherwise suppress the T cells when expressed on normal cells (NOT) (139, 142). However, none of these designs have been evaluated in clinical studies for brain tumors. Although they have the potential for potent synergism and can protect against antigen escape and emergence of antigen-negative tumors, their efficacy and safety in PBTs will depend on how they interact and function in the complex inflammatory pHGGs. If clinical experiences show that pHGGs induce CAR T–cell exhaustion through TME-induced stress, then using pooled products will probably function best to prevent continuous activation of one T cell expressing CARs that target several TAAs at once.



Persistence

Lastly, ensuring that CAR T cells persist in patients long enough to control the primary and any recurrent tumors should be carefully considered when designing CAR T–cell therapies for PBTs. T cells exist in multiple differentiated phenotypes (naïve (TN), effector (TEFF), central memory (TCM), stem-like memory (TSCM), or tissue resident memory (TRM)) (144). Generating CAR T cell products using different pools of T cell differentiation states may be a powerful tool for enhancing self-renewal and persistence. While TEFF cells produce potent cytotoxic responses, they are short-lived compared to TN, TCM, and TSCM cells (144, 145). The TN cells circulate without being committed to an effector or memory phenotype while TCM and TSCM cells are long-lived and exhibit self-renewal and multipotent differentiation properties (144, 145). Therefore, generating CAR T cell products using less differentiated pools of TN, TCM, or TSCM cells may be a preferred strategy to enhance persistence and long-lived immunological memory. For instance, a Phase I clinical study using TCM-derived CD19 CAR T cells showed improved expansion in leukemia patients (146). However, TCM and TSCM cells express adhesion molecules which favor their homing to lymphoid organs instead of peripheral tissues (147). Since CAR T cells for PBTs need to home to the brain, thorough preclinical and clinical studies need to closely evaluate the use of less differentiated T cells and their potential impact on homing and anti-brain tumor activity. Importantly, TRM cells are tissue-specific memory cells with pluripotent and self-renewal properties similar to TCM and TSCM cells (144, 148). However, isolating these cells for brain tumor patients may not be practical. Moreover, TCM and TSCM cells constitute less than 5% of peripherally circulating cells which would not be sufficient for generating CAR T cell products. Therefore, strategies to enrich for less differentiated T cell phenotypes include using small molecules (Wnt signaling agonists or Akt signaling inhibitors) (149–151), cytokines (IL-21, IL-7 and IL-15) (152, 153), or through transgenic expression of homing ligands and cytokines (154). While some of these modifications have been tested in preclinical models of brain tumors, further clinical evaluation of less differentiated CAR T cell products for patients with brain tumors are needed.

Lastly, enhancing CAR T cell persistence can be achieved through genetic modifications and/or combination therapies. The use of CRISPR/Cas9 technology can help knockout negative T-cell regulators. For instance, silencing PD1 enhances EGFRvIII CAR T–cell activity in preclinical glioma models (155). In addition, knocking-out epigenetic modifier DNMT3A improved IL13Ra2-CAR T cell effector functions in preclinical brain tumor models while antigen negative relapsed have been observed (156). Similarly, using small-molecule inhibitors that can reshape the TME could arm CAR T cells against immune suppression. For example, using an inhibitor of glycogen synthase kinase 3 promotes a memory phenotype in IL13Rα2-CAR T cells and enhances their antitumor efficacy in preclinical HGG models (157). Several small molecule inhibitors have already been evaluated in humans and are effective and well tolerated (NCT00948259 and NCT02718911). Thus, utilizing these novel approaches to enhance long-term effector memory in CAR T–cell regimens for PBTs requires verification in the preclinical and clinical settings.





Leveraging the Power of PBT Models to Improve CAR T–Cell Efficacy

Advancing CAR T–cell therapies for PBTs necessitates the use of adequate brain tumor models that that closely recapitulate human disease. Ideal models should be reproducible and easy to use, manipulate, and most importantly mimic the genetic, epigenetic, and phenotypic tumor heterogeneity and the TME of the human disease (158). Similar to the liquid and solid tumor animal models, brain tumor models are divided into patient derived orthotopic xenografts (PDOXs) and syngeneic models. Below we describe key characteristics and benefits of each model. Although humanized mouse models are gaining momentum and might be instrumental in future cell therapy studies, they are not discussed in this review.


Patient-Derived Orthotopic Xenografts

PDOX models are generated by implanting cell suspensions of freshly isolated patient tumor tissues into the comparable tissue of origin in immunodeficient mice. The resultant tumors are closely representative of the original tumor heterogeneity in patients, including the stromal components, architecture, and biochemical interactions (159–162). Multiple studies have demonstrated that brain tumor PDOX models are transplantable and can be implanted into different brain locations (brain stem, cortex, thalamus, or cerebellum) (161, 163). After multiple passages of PDOX lines in immunocompromised mice, DNA and RNA sequencing of the resultant tumor xenografts revealed that most retain the heterogeneity of their matched patient sample (162). In addition, comparing surface-antigen profiling of PBT PDOX samples and matched patient samples showed that TAA expression is preserved in these models. In addition, the TAA expression is sustained throughout multiple passages (22). Therefore, PDOX models are ideal for target identification and validation and for evaluating the efficacy of novel cancer-directed therapies in vivo, especially since they retain their original TAA expression, chemical sensitivity, and drug resistance. However, PDOXs require the use of immunocompromised mice; this system constitutes a major limitation to evaluating the effects of immune contribution to treatment efficacy, resistance, and/or safety. Other disadvantages lie in the tumor latency; many PDOXs require a lengthy period (up to12 months) between implantation and development of tumors (164). This long latency makes it challenging to assess CAR T–cell therapy. In summary, PDOX models are an extremely valuable resource for evaluating CAR T–cell efficacy; however, additional models for validating key findings should be considered.



Syngeneic pHGG Models

Syngeneic brain tumors can be implanted in immunocompetent mice to study the tumor’s biological interactions with the host’s immune system. Most syngeneic pHGGs are generated through platelet-derived growth factor (PDGF)-driven alterations (PDGFRA mutations or amplifications and/or PDGFB amplifications). These mutations are artificially introduced into neural stem cells (NSCs) (165). Implanting modified NSCs into neonatal mice forms supratentorial tumors that reproduce several features of pHGGs, including transcriptional and biological characteristics (165). Additionally, syngeneic DIPG models have been generated using combinations of mutations in H3.3K27M and Pdgfra and p53 knockout in NSCs, which drive hindbrain tumorigenesis resulting in spontaneous DIPGs (166). These tumors recapitulate tumoral heterogeneity, the spontaneous nature of DIPGs, and the immune TME in DIPGs (166). Alternatively, introducing H3K27M mutations into human or murine embryonic stem cell–derived neural precursors, along with PDGFRA- and TP53-targeting mutations, produces transplantable and fast-growing DIPGs when implanted into SCID (severe combined immunodeficiency) mice (167, 168). Moreover, in utero electroporation into the brain stem of embryonic mice to insert the dominant-negative mutation of p53, H3K27M, and different combinations of Pdgfb amplification or Pdgfra mutation generates tumors with unique histopathologic and molecular features seen in human DMGs such as minimally disrupted BBBs (169). These models recapitulate the immune interactions and key features of the immune TME in pHGGs and will be very useful for studying CAR T–cell efficacy and safety.

The use of available animal models of PBTs will undoubtedly improve CAR T–cell evaluation and hasten the transition from preclinical to clinical testing. The challenge, however, is the availability of these models; not all investigators have access to them. In addition, some of the models require special handling, which will require additional training for CAR T–cell-focused laboratories. Adapting these models to the CAR T–cell testing pipeline will also pose some challenges. For example, some models can only be passaged in vivo, which complicates initial in vitro studies. Others might require special growth conditions for in vitro co-culture experiments that might not be compatible with T cells. On a positive note, these challenges might motivate productive collaborations between translational immunologists and brain tumor biologists that may result in more efficient efforts to generate safer, effective CAR T–cell therapies for PBTs.




Conclusions and Future Perspectives

CAR T–cell therapy is a promising approach to treat PBTs. However, very few CAR T–cell studies have been done in a PBT setting. To advance the field and establish effective CAR T cells for PBTs, more studies are needed. Most importantly, studies must be done in PBT models, targeting PBT-specific antigens, and taking into account the tumor heterogeneity and unique features of the PBT TME. Although achieving this will be quite challenging, given the recent rapid advances in single-cell molecular approaches, preclinical model systems, and CAR design, it is not unreasonable to hope that it will be achievable in the near future.
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Glioblastoma (GBM) is an aggressive and fatal malignancy that despite decades of trials has limited therapeutic options. Antibody drug conjugates (ADCs) are composed of a monoclonal antibody which specifically recognizes a cellular surface antigen linked to a cytotoxic payload. ADCs have demonstrated superior efficacy and/or reduced toxicity in a range of haematological and solid tumors resulting in nine ADCs receiving regulatory approval. ADCs have also been explored in patients with brain tumours but with limited success to date. While earlier generations ADCs in glioma patients have had limited success and high toxicity, newer and improved ADCs characterised by low immunogenicity and more effective payloads have shown promise in a range of tumour types. These newer ADCs have also been tested in glioma patients, however, with mixed results. Factors affecting the effectiveness of ADCs to target the CNS include the blood brain barrier which acts as a physical and biochemical barrier, the pro-cancerogenic and immunosuppressive tumor microenvironment and tumour characteristics like tumour volume and antigen expression. In this paper we review the data regarding the ongoing the development of ADCs in glioma patients as well as potential strategies to overcome these barriers to maximise their therapeutic potential.
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Introduction

Glioblastoma (GBM) is an aggressive fatal disease characterised by complex molecular heterogeneity and aggressive infiltrative growth. Despite s decades of trials testing novel agents, the median survival remains unchanged at 14 - 17 months only (1–4). Multiple strategies have been explored with limited success to improve the efficacy of chemotherapy in GBM, including novel formulations, direct administration into the central nervous system (CNS) and targeted vascular disruption; unfortunately, these have often resulted in higher toxicity rates without significantly improving patient outcomes (5–7).

Antibody drug conjugates (ADCs) are a new but proven class of highly potent therapeutics, composed of a monoclonal antibody which specifically recognizes a cellular surface antigen linked to a cytotoxic payload (8). This results in a number of advantages: reduced toxicity due to more targeted delivery of cytotoxic therapy directly into the tumours; enhanced cell kill from the ability of use more toxic drugs that cannot be safely administered systemically; and the additive/synergistic benefit of combined tumour kill from the antibody and the payload respectively (9, 10). The ultimate efficacy of ADCs though relies on the complex interplay between three vital components: antibody, linker and payload. Early failures in the development of ADCs were due in part to challenges associated with these components, however recent advances have resulted in notable successes, resulting in nine ADCs receiving regulatory approval by the Food and Drug Administration in the USA and four ADCs by the European Medicines Agency (8, 11).

ADCs have also been explored for patients with brain tumours but with limited success to date. In particular, the apparent failure of two recent high-profile ADCs has resulted in a lessening of interest to this approach in glioma patients currently (12, 13). In this article, we will review the development of ADCs in glioma patients and summarise the data supporting their on-going development. We will discuss potential strategies to maximise their therapeutic potential by increasing their penetration through the blood-brain barrier (BBB), selection of more biologically relevant targets in the brain and its microenvironment, novel methods of drug targeting, newer payloads and better patient selection.



Early ADCs in Glioma Therapy

The first generation of ADCs tested in glioma patients comprised mainly immunotoxins and radioimmunotherapy (Table 1). Immunotoxins are antibodies conjugated to naturally occurring bacterial toxins, such as Pseudomonas aeruginosa exotoxin A and diphtheria toxin. Radioimmunoconjugates utilise isotopes such as iodine-125 or iodine-131 as payloads. These commonly targeted the EGFR axis (either the receptor itself or its mutants and ligands) due the relatively high prevalence of these targets in gliomas and their likely role as an oncogenic pathway in glioma. Targeting the EGFRvIII mutation was particularly attractive. This is comprised of an in-frame deletion of exons 2-7 that results in a truncated by constitutively active receptor (24). Furthermore, the EGFRvIII mutation is relatively frequent (in 20-40% of GBM tumours) but shows a tumour restricted expression pattern compared to wildtype EGFR (24). However, other targets of these early ADCs included IL-13Rα2 receptor, IL4 and transferrin. Unfortunately, these early ADCs were found to be ineffective due to a number of problems including high immunogenicity, unstable linkers, inefficient deliver due via early convection delivery systems, biomarker limitations to address tumour heterogeneity and toxicity (25–27).


Table 1 | Selected ADCs, immunotoxins and radioimmunoconjugates in high grade gliomas.





Newer ADCs in Non-Glioma Therapy

Subsequently, improved ADCs were generated which were characterised by low immunogenicity (usually with chimeric, humanised or fully human antibodies) and more effective payloads (Table 2). The success of these newer generation ADCs has been shown in haematological as well as in triple negative breast cancer (TNBC). These include brentuximab vedotin, an anti-CD30, antibody conjugated with monomethyl auristatin E (MMAE), an auristatin payload which disrupts microtubules. This has been shown to improve patient outcomes as consolidation after autologous stem cell transplant in patients with Hodgkin’s lymphoma (37), and the subsequently in combination therapy with chemotherapy in newly diagnosed patients (38). It has also been shown to be effective in patients with CD30-positive T-cell lymphoma (39, 40) and anaplastic large cell lymphoma (41). Trastuzumab emtansine, which carries also carries a microtubule targeting payload, DM1, has shown efficacy in patients with HER2-positive breast cancer and is the first ADC to be approved in solid tumors (42, 43). Other examples of successful ADCs utilising DNA-damaging payloads include inotuzumab ozogamicin with a caliceamicin payload in CD-22 positive ALL (44) and gemtuzumab ozogamicin with a caliceamicin payload in AML (45). Another highly promising class of payloads are is those targeting topoisomerase, such as Sacituzumab govitecan (SG) against Trop 2 and bearing the SN38 payload. SG has shown significant activity in TNBC with improvements in PFS and OS compared to chemotherapy alone (46). In addition, SG has demonstrated activity in intracranial xenograft models and demonstrated activity in patients with recurrent GBM in a single centre pilot study (47).


Table 2 | Common toxicities associated with antibody drug conjugates.





Newer ADCs in Glioma Therapy

In addition to their use in extra-cranial malignancies as described above, these newer ADCs have also been tested in glioma patients with mixed results. As before, targeting EGFR remained highly attractive due to the high frequency of abnormalities in this pathway in high grade gliomas. Furthermore, several highly specific and novel antibodies against EGFR and EGFRvIII had been developed which promised more selective targeting. The monoclonal antibody 806 (mAb806) is a murine anti-EGFR antibody that selectively targets a cryptic epitope of the EGFR which is only exposed under certain conditions, including where wild-type EGFR is highly over-expressed, where there are autocrine loops and/or harbor there are specific mutations which expose the epitope e.g. the EGFRvIII deletion variant. As these conditions are essential tumour restricted, mAb806 and derivative constructs are also tumour restricted with no normal tissue binding. This in this way, there avoid the toxicity typically associated with other systemic EGFR drugs inhibitors (48, 49). ABT-806, the humanized form of mAb806, has shown to be well tolerated and devoid of conventional anti-EGFR toxicities like rash and diarrhoea. Furthermore, biodistribution studies of 111In-ABT-806 showed no normal tissue uptake highlighting the tumor-specific nature of mAb806 (49–52). Depatuxizumab mafodotin (Depatux-M) is an EGFR targeting ADC comprising of mAb806 linked to the anti-microtubule toxin monomethyl auristatin F (MMAF). Depatux-M has shown promising in-vivo activity in tumor models overexpressing wild type EGFR, EGFR amplification, or EGFRvIII mutation (53). Depatuxizumab mafodotin was also found to improve anti-tumour efficacy when combined with radiotherapy and temozolomide in preclinical models (53). The combination was also subsequently confirmed to be safe when tested in a Phase 1 study with newly diagnosed GBM with patients (54), and hence proceed to Phase 3 testing in the INTELLANCE I trial. Unfortunately, the addition of Depatux-M to standard chemo-irradiation with TMZ in newly diagnosed EGFR amplified glioblastoma patients was eventually discontinued for futility (12).

In contrast to the negative results in newly diagnosed patients, anti-EGFR ADCs targeting glioma with EGFR over-expression or EGFRvIII showed clear signals of efficacy in patients with relapsed glioma after chemo-radiation. Depatux-M was evaluated in the randomised phase II INTELLANCE 2 study in patients with EGFR amplified recurrent GBM (55, 56). In this study, the combination of Depatux-M with temozolomide (TMZ) demonstrated a strong trend towards substantial benefit in overall survival compared to the chemotherapy arm (HR 0.71, p=0.062) (57). The benefit of Depatux-M was highest in patients relapsing more than 16 weeks after the start of the last TMZ cycle. No evidence of efficacy in the monotherapy arm was observed in the subgroup with the MGMT promoter unmethylated tumors. These results are given added weight by the results of a Phase I/II study with AMG 595, an ADC comprising a fully human, anti-EGFRvIII monoclonal antibody linked via a non-cleavable linker to the maytansinoid DM1. AMG 595 has shown promising preclinical activity in assays including orthotopic murine models (58). In a phase I/II study of AMG 595 in patients with recurrent glioma expressing EGFRvIII (NCT01475006), the most common adverse events were thrombocytopenia (50%) and fatigue (25%); grade ≥ 3 treatment-related AEs occurred in 17 patients (53%). However, it is important to note that two patients had partial responses; 15 (47%) had stable disease, including one patient who was on treatment for 15 months (59). Unfortunately, development of this drug has also been discontinued.



Future Directions for the Development of ADCs in Glioma

The disappointing results of INTELLANCE 1 has rightly given pause and reconsideration to the role of ADCs in patients with gliomas. It has prompted reconsideration of reason why ADCs may not be suitable for use in patients with gliomas, including the relatively high toxicity when targeting the EGFR family with certain payloads, and the concern that these drugs are unable to penetrate the blood brain barrier to reach glioma tumour cells. One key concern is whether the results of INTELLANCE 1 should be allowed to overshadow the results of INTELLANCE 2 and the AMG-595 study. Much data suggest that recurrent gliomas are different disease from newly diagnosed GBM with changes in its genetic and molecular phenotype (60–66). While the further development of Depatux-M has been terminated by the company, the results of the INTELLANCE 2 study are intriguing about the possible use of this class of ADCs based on the mAb806 antibody particularly when compared to other drugs tested in GBM, such as immunotherapy, which have been universally disappointing in their lack of efficacy (Table 3). Formal testing in a phase III would be reasonable but understandably, improved ADCs with a better toxicity profile would be selected if possible. Also, better patient selection is clearly required to identify the subset of patients who clearly have exceptional sensitivity of these ADCs as has been seen with in trials with Depatux-M to date (unpublished data). In a preclinical study, disruption of BBB through the over-expression of vascular endothelial growth factor or avoiding the BBB entirely by direct intra-tumoral injection resulted in improved efficacy of Deptux-M (77). In addition, suppression of EGFR or expression of an EGFR variant lacking the binding epitope and upregulation of compensatory signaling pathways associated with altered EGFR expression and known to function in parallel or downstream from EGFR were identified as potential mechanisms of resistance to Depatux-M.


Table 3 | Selected trials of therapeutic agents tested in glioma.




Improved Drug Delivery Through BBB

One of the main reasons for the ineffectiveness of therapeutic agents intended to target the CNS following peripheral administration is the restrictive nature of the BBB. The BBB is formed by endothelial cells, connected by tight junctions, which continuously interact with surrounding cells like astrocytes, pericytes, and perivascular macrophages, forming the so-called neurovascular unit (78). Primary brain tumors, in particular glioblastoma, cause disruption in the integrity of the BBB as evidenced by the accumulation of gadolinium-based magnetic resonance imaging (MRI) contrast agents within tumor regions. However this disruption is heterogeneous and there is also a clinically significant portion of the tumor with an intact BBB which affects the distribution and efficacy of drugs exposed to this region of the tumor (79). Disrupting the BBB more completely would clearly be useful for treating gliomas with ADCs, amongst other drugs. There has also been recent interest in chemical-induced BBB disruption which has led to increased CNS exposure of ADCs. For example, NEO110, which is a high purity version of the natural monoterpene perillyl alcohol, has been shown to increase the brain delivery of T-DM1 in a mouse model harbouring intracranial HER2+ breast cancer, leading to a significantly greater survival (80). The clinical translation of BBB-disruptors such as NEO110 requires evaluation before such an approach may be considered appropriate for enhancing ADC penetration into the human brain.

In addition to being a physical barrier, the BBB also acts as a biochemical barrier through the function of efflux transporters, such as P-glycoprotein (P-gp) (81) and breast cancer resistance protein (BCRP) (82). While these efflux transporters protect the brain from potentially harmful xenobiotics, they recognise many therapeutics, including a large number of anti-cancer drugs, therefore, limiting their access to the CNS (83). In addition, elimination of the cytotoxic payloads from the cellular cytoplasm by the ATP-binding cassette (ABC) transporters contribute to lower efficacy and resistance to ADCs (26). Increased MDR1 expression has shown to contribute to resistance to auristatin and maytansinoids based ADC analogues, leading to poorer patient outcomes (84, 85). Strategies to overcome drug efflux from cells include using agents that are poor efflux substrates such as hydrophilic compounds or switching from a non-cleavable linker to a protease cleavable and using newer design drugs such as bispecific and biparatopic antibodies can increase cellular internalization (26). Another mechanism that affects the therapeutic effectiveness of ADCs involves defects in the internalization pathway and reduced cell surface trafficking (86). Following internalisation, degradation of ADCs in lysosomes may be impaired by reduced lysosomal proteolytic or acidification function and/or loss of lysosomal transporter expression, resulting in failure of cleavage of cytotoxic payload from ADCs (87). Loss of lysosomal transporter expression, e.g., SLC46A3 has also been reported as a mechanism of innate and acquired resistance to PBD and DM1 bearing ADCs (88). Other potential mechanisms of escape include selection pressure and downregulation of antigens, loss of antigen expression or mutations in antigen as well as presence of ligands for antigens and resistance to ADC and acquired or innate insensitivity to the payload.

With increasing insight into the biology of the BBB and the discovery of novel transporters for trafficking of endogenous compounds, there has been significant interest in attaching natural ligands of these transporter systems to chemotherapeutics to increase their CNS access. One such ligand is angiopep-2, a 19 amino acid peptide targeting the low-density lipoprotein receptor-related protein 1 (LRP1). This has been conjugated to paclitaxel, amongst other anticancer agents. This construct of angiopep-2 and paclitaxel (GRN1005) was shown to be safe and somewhat effective in patients with advanced solid tumours (89), and a subsequent Phase I study showed that GRN1005 had similar toxicity to paclitaxel and some activity in recurrent glioma (90). These techniques were then applied to antibodies, albeit with a modified version of angiopep-2 that also is considered to exploit LRP1 to traverse the BBB i.e. melanotransferrin. Administration of melanotransferrin-trastuzumab conjugate (BT2111) reduced the number of HER2+ breast cancer metastases in the brain (by 68%) with tumours being 46% smaller in BT2111 treated mice relative to control mice (91). To the authors knowledge, there have been no studies where either Angiopep-2 or melanotransferrin have been conjugated to ADCs for the purposes of increasing CNS access, however, based on the results with trastuzumab, it is expected that utilising these shuttle protein approaches should result in increased ADC brain uptake and efficacy.

Lastly, drug penetration into tumours is not just impacted by the BBB. Physico-chemical properties such as tumour volume could be modulated to increase ADC penetration. Larger tumours have increased interstitial pressures, more impaired circulation/lymphatics and increased necrotic areas that limit the ability of ADCs to penetrate the tumours (92–94). Data from the M12-356 Phase 1 study of Depatux-M provides evidence of this problem in glioma patients (95). Preclinical imaging and biodistribution studies showed specific and significantly higher tumor uptake of zirconium-89 labelled Depatux-M (89Zr-Depatux-M) in mice with smaller tumor volume versus those with larger volumes. Concordantly, mice with smaller tumor volumes at treatment commencement had significantly better growth inhibition and significantly longer overall survival compared to mice with large tumors at treatment commencement. These findings were supported by an analysis of tumor volumes on outcomes in the M12-356 study; patients with large tumors had significantly worse response rates and overall survival. These findings strongly support strategies that would reduce tumor size and/or interstitial pressure to increase efficacy of ADCs in brain tumors (96–98). The tumour microenvironment (TME) in GBM is complex; it is characteristically immunosuppressive and made up of numerous cell types surrounded by a distinctive extra-cellular matrix (99). Dynamic changes in the cellular and metabolic composition within the TME can result in treatment resistant and tumor recurrence (100). Given the role of TME in tumor growth and blood vessel formation, strategies being investigated include targeting antigens of the TME instead of tumor specific antigens as well as overcoming the inherent immunosuppressive effects and making tumors more immune competent (99, 101, 102). Antigens of the TME are likely more accessible and targeting them allows ADCs to accumulate within tumors and release their payload based on TME-specific factors (103, 104). For example, CD25, CD205, B7-H3 are targets found in the TME for which specific ADCs are in clinical development in a number of non-CNS tumour types (105).



Approaches to Reduce ADC Size/Polarity

The antibody component of an ADC is vital for binding to the desired antigen with high affinity and specificity, maintaining a long half-life and releasing the toxic payload into tumor cells; however its large size presents a physical barrier to efficient extravasation across blood vessel walls and diffusion through tumors (106). This has led to the development of smaller formats as carriers of toxic payloads and include: antibody fragments, peptides, natural ligands, and small molecules (107). Several drug conjugates using smaller targeting domains are being evaluated in clinical trials (NCT02936323, NCT03221400, NCT03486730).

Aptamers are short single-stranded nucleic acids (RNA or ssDNA) that represent a novel imaging and drug-delivery strategy based on their sensitivity and specificity, ease of modification and low immunogenicity (108). Aptamers can be physically conjugated either by intercalating or covalent linking to novel therapeutics such as noncoding RNA or cytotoxic payloads like doxorubicin (109). Recent studies demonstrating the ability of aptamers to cross the BBB and deliver payloads to tumors (110) has resulted in considered interest in the potential role of aptamers in the management of gliomas. To date, several studies have evaluated the role of aptamer-based therapies as well as aptamer-based conjugates (non-coding RNA, nanoparticles, chemotherapeutics) in a number preclinical glioma models (111). The majority of studies targeted EGFR/EGFRvIII while others looked at other GBM-associated proteins including Tenascin-C, EphB2/3 receptors, nucleolin, vascular endothelial growth factor receptor (VEGF), and integrin α5β1 (108, 111). While the results in early preclinical studies are encouraging, further optimization of aptamers with regards to their sensitivity to body-fluid nucleases, CpG toxicity, and stability remain to be optimized.

Nanoparticles are promising carriers for drug delivery to the brain due to their unique characteristics which include their small size and specific and homogenous tumor targeting. Various classes of nanoparticles, including metallic, polymeric and lipid nanoparticles can be readily modified to effectively carry drugs across the BBB. By attaching toxic payloads to nanoparticles, tumour-specific targets expressed in GBM cells and responsible for tumorigenesis can be targeted; examples of these include antigens (i.e., A2B5), differentiation clusters (i.e., CD15, CD33, CD44, or CD133), receptors of cytokines (i.e., interleukin13 receptor), and several proteins (i.e., EGFR, Integrin-a6, α5β3, ανβ3 or L1CAM). An alternative to the classical antibody-drug conjugate is the antibody-mediated delivery of a drug containing nanoparticles. In a recent example, panitumumab/Vectibix was attached to a 400nm nanoparticle (minicell) derived from Salmonella typhimurium in the attempt to deliver an effective dose of doxorubicin to 14 patients with recurrent GBM (112). This study showed that EGFR targeting antibody-coated nanoparticles containing chemotherapeutic drugs could be delivered in recurrent GBM patients.



ADCs Against Novel Targets

Selecting an appropriate target antigen is a critical step for the success of an ADC. Ideally, the appropriate target antigen should tumor-specific and homogenous in expression. The ideal target is one which is strongly and homogenous expressed on tumor cells, absent on normal tissue and efficient internalisation when bound (113–115). The potency of ADCs is dependent on the ability of the antibody-antigen complex to internalize, release the payload within the target cells and exert the cytotoxic effect. This dependency on antigen expression levels and finite internalization limits the therapeutic potential of ADCs as well as contributes to off-target toxicities (27).Some strategies to overcome the requirement of internalisation include the targeting of non-internalising receptors and extracellular matrix targets. Furthermore, the identification of tumour microenvironment targets also raises the possibility of therapeutic approaches with ADCs which do not target tumor cells alone (8, 26, 115). Novel approaches to developing non-internalization ADCs include diabody-based ADCs against non-internalizing targets and anti-tumor angiogenesis ADC which have shown promise in preclinical studies (116, 117).

The cell surface Notch ligand delta-like 3 (DLL3) inhibits Notch pathway activation and has shown to be expressed on the cell surface of several tumor types including gliomas where DLL3 expression inversely correlated with outcome (118, 119). In brain tumors, DLL3 has been shown to be most intensely and homogeneously overexpressed in IDH-mutant gliomas compared to other glioma subtypes (120). Interestingly, in gliomas DLL3 overexpression is not a consequence of DLL3 mutations or gene amplification (120). DLL3 is not expressed in adult normal tissues (119), making it an attractive therapeutic target. Rovalpituzumab teserine (Rova-T; SC16LD6.5) is an ADC consisting of a monoclonal antibody targeting DLL3, a cathepsin-cleavable linker, and a PBD payload (119). The first-in-human clinical trial of Rova-T in small cell lung cancer (SCLC) demonstrated encouraging activity albeit significant toxicity related to the payload (121). The phase 3 study (TAHOE) in recurrent SCLC however was halted early due futility (122). An active phase 3 trial of Rova-T in the maintenance setting (MERU) is ongoing (NCT03033511). In a phase 1/2 study (NCT02709889) patients with relapsed DLL3-positive (>1% by IHC) advanced solid tumors received Rova-T at 0.2, 0.3, or 0.4 mg/kg every 6-weeks for dose escalation in disease specific cohorts (123). The study enrolled 200 patients including 23 patients with GBM. The recommended phase 2 dose was 0.3 mg/kg q6wk for 2 cycles in all cohorts. The most common adverse events were fatigue, nausea, thrombocytopenia, pleural effusion and peripheral oedema. The objective response rate (ORR) was 11% including one complete response in the GBM cohort.

Increasingly, it is also becoming apparent that targeting the tumour microenvironment may be feasible in glioma and may have advantages over targeting tumours directly. Leucine-rich repeat containing 15 (LRRC15) is a type I membrane protein with low expression in normal tissue but is highly expressed on cancer associated fibroblasts within the tumor stroma as well as directly on cancer cells including GBM (124). ABBV-085 is an ADC composed of an anti-LRRC15 humanized monoclonal antibody conjugated to MMAE via a protease cleavable valine–citrulline linker. ABBV-085 has demonstrated significant antitumor activity in multiple LRRC15 cancer-positive models, including GBM. ABBV-085 also showed enhanced activity in combination with other therapies including cytotoxic chemotherapy, radiation, immunotherapy and targeted therapies (124).

Another promising target in the tumour microenvironment is the Eph family. Eph receptor tyrosine kinases and their cell-associated ephrin ligands have been implicated in the growth and progression of a large range of cancers and are increasingly recognized as important therapeutic anti-cancer targets (125). EphA2 and EphA3 are commonly expressed in GBM, including in regions of tumor neovasculature, tumor-associated immune cells, and tumor-infiltrating cells (126), and associated with poorer outcomes in GBM patients (127). MEDI-547 is an ADC comprising an EphA2 targeted monoclonal antibody (1C1) conjugated via a non-cleavable linker to the auristatin derivative maleimidocaproyl-monomethyl auristatin phenylalanine (mcMMAF). MEDI-547 displayed encouraging antitumor activity in preclinical models (128) however clinical development was halted due to due to treatment-related adverse events during the early phase studies (129). Despite these results, given the overexpression of EphA2 in many tumor types targeting EphA2 for toxin delivery remains a promising therapeutic strategy. MM-310, an anti-EphA2 immuno-liposome containing docetaxel prodrug has shown superior tumor penetration and anti-tumor activity in a range of xenograft models compared to free docetaxel and significantly with lower toxicity (130). An ADC directed against EphA3, another member of this family, is also being pursued. An ADC based on the IIIA4 mAb, and utilizing the microtubule inhibitor maytansine (IIIA4-USAN), has highly effective in killing preclinical GBM models compared to the naked antibody (131). Similarly, anti-EphA3 bound nanoparticles loaded with the DNA alkylation agent temozolomide showed specific tumor targeting and potent anti-tumor effects in a rat glioma model (132). A phase 1 study of the Ifabotuzumab, the humaneered version of IIIA4, has shown the drug is safe, is able to successfully target the tumour microenvironment in all patients tested but without normal tissue binding (133); an ADC based on Ifabotuzumab is therefore an attractive prospect.



Novel ADCs With Improved Payloads

Coupled with the above strategies are strategies to utilise newer payloads with increased therapeutic ratios. A number of known issues can adverse impact ADCs. Linkers are an essential interface between antibody and drug payload and are critical in stability, site of conjugation and final drug/antibody ratio (DAR): parameters that impact on toxicity, efficacy and pharmacokinetic properties of ADCs (8, 30). Current linkers may release payloads in the circulation which can lead to off-target toxicity. The development of novel linkers and advances in linker technology is beyond the scope of this review but has been discussed elsewhere in detail (134, 135). In addition, the IgG1 isotype of some of these ADCs can engage the Fc-gamma receptors (FcγR), which can trigger a target-independent, FcγR–dependent internalization in FcγR-positive cells resulting in toxic effects on these untargeted healthy cells (136). In addition, each class of payload often has characteristics toxicities (Table 2). A number of newer payloads are being tested. Pyrrolobenzodiazepines (PBDs) are DNA−crosslinking agents that exert their biological activity by binding in the minor groove of DNA with enhanced potent anti-cancer activity compared to auristatins or maytansinoids (137, 138). PBD dimers exhibit significant cell permeability, potentially enabling bystander killing of neighboring tumor cells (139). A number of PBD-conjugated ADCs are being developed and in clinical trials for both solid and hematological tumors (140). For example, ABBV-321 (serclutamab talirine) is a highly selective next-generation EGFR-targeting ADC which incorporates a PBD dimer toxin conjugated to the EGFR-targeting ABT-806 affinity-matured AM1 antibody (10). It is expected that the highly selective nature of ABBV-321 would differentiate it from previously developed antibody PBD conjugates that lack a therapeutic window. In a number of xenograft cell line and patient-derived xenograft tumour models including in GBM, ABBV-321 exhibited potent anti-tumor activity (10). ABBV-321 is currently under clinical investigation in patients with advanced solid tumors (141).

Deruxtecan (DXd) is a potent topoisomerase I inhibitor with a short half-life and ability to elicit a bystander killing effect on neighboring tumour cells indicating low concern in terms of systemic toxicity and importantly may assist in overcoming intratumoral heterogeneity of cancer cells (142, 143). In addition to its by stander effect, DXd is cell membrane permeable and therefore may enter nearby cells, even those without strong HER2 expression, making it effective in low HER2-expressing cancer cells and overcome tumour heterogeneity. Bioconjugation of DXd to a humanized monoclonal antibody specifically targeting HER2 via a cleavable tetrapeptide-based linker, made it possible to obtain the conjugate Trastuzumab Deruxtecan (DS-8201a, T-DXd) with a homogeneous DAR of 7.7. Trastuzumab deruxtecan has shown impressive response rates in early phase studies in tumours with high and low HER2 expression as well as HER2 mutant cancers (144, 145). The most common side effects were gastrointestinal and haematological, however potentially fatal adverse event of interstitial lung disease (ILD) was reported in 13.6% of patients in the phase II trial, including four patients who died due to lung injury (146). The mechanism of lung injury is not well understood and predictive biomarkers for response as well as identifying patients at risk of developing toxicity lung injury are required. Another ADC carrying the DXd payload is patritumab deruxtecan which uses the same linker-payload system as trastuzumab deruxtecan and is conjugated to the anti-HER3 monoclonal antibody patritumab. In a phase I study, patritumab deruxtecan demonstrated impressive responses in patients who were heavily pretreated with a median number of four regimens, including EGFR targeting tyrosine kinase inhibitors (147). Notably, its efficacy is observed regardless of the resistance mechanisms for EGFR-TKIs, including C797S secondary EGFR mutation, MET amplification, HER2 mutation, BRAF fusion, and PIK3CA mutation (147).

Lastly, there is on-going interest in utilising new radioisotopes in antibody payload delivery. Both the EphA2 mAb IF7 coupled to Lutetium-177 and then anti-EphA3 antibody IIIA4 linked to an α-particle-emitting Bismuth-213 payload showed therapeutic effect in EphA2 and EphA3 expressing leukemia models (148, 149). In GBM models, treatment with IIIA4 labelled with the β-particle-emitting Lutetium-177 showed dose-dependent tumor cell killing and tumor growth inhibition in vivo, compared to unlabelled antibody (150).



Combinatorial Treatment Approaches to Address Heterogeneity and Resistance

Cancer cells are constantly under strong selection and evolutionary pressures, resulting in the emergence of subclones and heterogeneity in gene expression and antigen expression (151). This in turn can affect ADC efficacy which is correlated with the level of target antigen expression (114). In a phase II study, patients with early-stage HER2-positive breast cancer received six cycles of trastuzumab emtansine (T-DM1), in combination with pertuzumab in the neoadjuvant setting (152). In this study complete pathological response (pCR) was higher in those with HER2 scores of 3+ versus 2+ and no pCR was seen among the patients classified as having HER2 heterogeneity, indicating that heterogeneity of target antigen expression is an important factor in patient selection. GBM is characterised by significant heterogeneity even at the single cell level (153). Studies have reported substantial inter- and intra-tumoral variation in the levels of EGFR expression and mutation. Furthermore, EGFR mutations are frequently lost or gained between the initial tumor and recurrence while molecular alterations, such as EGFR amplification, remain persistent unchanged (60). Recently studies have also shown that EGFRvIII can be eliminated from extrachromosomal DNA of tumor cells as a resistance mechanism when tumor cells are treated with EGFR TKIs. However, upon drug removal, EGFRvIII reappears (154). Data from clinical studies suggest that substantial inter - and intra-tumoral variation in the levels of EGFR and EGFRvIII expression and mutation contribute to therapeutic resistance (155, 156).

Combinatorial approaches is one approach to address tumour heterogeneity and resistance in gliomas, and as already demonstrated improved responses and survival rates in other tumor types (157). Dual targeting of both wildtype EGFR and EGFRvIII has been shown to have more effective anti-tumor activity in intracranial murine glioma models than single targeting of either variant alone (158). The anti-EGFR TKI AG1478 has shown to increase mAb 806-reactive dimers on the surface of cells overexpressing EGFR, and the combination has of mAb806 and AG1478 resulted in enhanced anti-tumour activity in xenograft models (159). Furthermore, Orellana et al. demonstrated that stabilizing the inactive kinase conformation with lapatinib correlated convincingly with increased binding of ABT-806 (160), further supporting the approach of targeting both EGFR and its variants.

Combinatorial strategies with ADCs may also effectively address the issue of tumour heterogeneity. Combining ABBV-321 and Depatux-M resulted in greater tumor growth inhibition in an EGFR-overexpressing GBM PDX model compared to either monotherapy treatment (161). It is also possible to incorporate two payloads into an ADC using multi-loading linkers, with improvements in conjugation efficiency and ADC homogeneity. Levengood et al. developed a dual‐auristatin ADCs containing both monomethyl auristatin E (MMAE) and monomethyl auristatin F (MMAF) and showed superior therapeutic benefit in preclinical anaplastic large cell lymphoma models refractory to ADCs comprised of the individual auristatin components (162). Anami et al. developed an ADC composed of anti-HER2 antibody conjugated to the MMAF payload via branched linkers and compared with the ADC composed of linear linkers. Their results demonstrated compared to linear linkers, branched linkers were highly stable in the human plasma, having high cell specificity and antigen-binding efficiency, and more significant in vitro cell killing potency (163).

Immunogenic cell death of tumor cells induced by cytotoxic compounds used as payloads in ADCs can be potent stimulators of effector T-cell recruitment to tumors and can directly result in dendritic cell activation and maturation (164). Indeed, infiltration of T cells has been observed in tumor biopsy specimens from patients after treatment with ado-trastuzumab emtansine (T-DM1) (165). Based on the induction of antibody dependent cellular cytotoxicity (ADCC) by anti-HER2 therapies, preclinical studies addressed the potential synergistic effect of ado-trastuzumab emtansine (T-DM1) and ICIs. Preclinical studies have shown the combination of HER2-targeting ADCs with ICI resulted in curative responses despite primary resistance to immunotherapy model (166–168). Exploration of tumor specimens from patients enrolled on phase 1 study (M12-356, NCT01800695) (169) has revealed a significant association between T-cell activity and response to ABT-414 treatment (170). This raises the possibility that combination of ADCs with currently approved immunotherapy are very likely to be effective.



Improved Patient Selection

In order to maximize the therapeutic potential of ADCs and limit exposure of ADCs to patients unlikely to benefit, more sophisticated biomarkers to select patients are needed. The current strategy of identifying patients is based on tumor target expression, which can be challenging due to multiple factors including: tumor heterogeneity, assay sensitivity, and accuracy, potential changes in target expression after multiple therapies, and difficulties in determining threshold levels for target expression that correlate with efficacy (171). In most trials, patients are preselected based target expression on archival tumor tissue. The most commonly employed methodology to determine target expression is by immunohistochemistry (IHC) which does possess limitations including lacks standardisation, reproducibility and, most importantly, correlation with clinical outcome. For example, while antigen expression levels have shown to correlate with response, ADCs have also shown clinical activity in patients with low levels of target antigen expression cancers due to imperfect assays (144, 145). Furthermore, emerging data suggest that selection based on payload sensitivity may add additional value above simply target expression. In the phase 1 study (M12-356, NCT01800695) of Depatux-M in patients with newly diagnosed GBM and recurrent GBM with EGFR amplification, responses in patients with recurrent GBM correlated with EGFR amplification however not all patients with EGFR amplification responded (169). Detailed examination of tumors [RNASeq, WES, immunohistochemistry (IHC)] from patients enrolled in the M12-356 trial revealed that mutations for tubulin genes were differentially expressed in responders vs non-responders, with TTLL2, TTLL4, TUBB2A, TUBB2B, TUBG1 and TUBGCP2 mutations (1-3 per tumor) overexpressed in non-responders (172). Preliminary synthetic lethality siRNA experiments have shown that mutations of these genes render sensitive GBM lines resistant to ABT-414 treatment. Furthermore, preliminary analysis of pre-treatment tumor samples with RNASeq has also revealed that responding patients had a higher number of tumor infiltrating lymphocytes (TIL) compared to non-responders, and CD3E expression. This was confirmed by immunohistochemistry analysis of CD3+ cells, with higher CD3+ cells in responding tumors. Preliminary T cell subset IHC analysis has also shown that CD8 cells are more frequently observed in responders, and that CD4 T cells are more abundant in non-responders. These data are highly suggestive of the immune microenvironment of GBM tumors playing a role in the responsiveness of GBM to ABT-414 treatment.

Lastly, molecular imaging by single photon computed tomography (SPECT) or positron emission tomography (PET), or immuno-PET, has been successfully employed to identify target expression, drug distribution and in-vivo target delivery and interlesional target heterogeneity (26). The humanized EphA2 mAb 1C1, libelled with 64Cu, was used for positron emission tomography (PET) imaging of eight tumor models with different EphA2 expression levels, showing good correlation between tumor uptake and EphA2 expression (125). Imaging of the conformational form of EGFR expressed only on tumors has also been demonstrated in GBM patients with 111In-ch806 and ABT-806 (173, 174). The ability to image the target of ADCs has the potential to improve selection of patients and increase therapeutic outcomes in patients with gliomas.




Conclusion

ADCs have shown to be effective and safe therapies, expanding the armamentarium in several haematological and solid tumors and in many cases transforming treatment paradigms. To date, their potential in glioma patients has not been established. Early ADCs were clearly ineffective due to limitations of early ADCs in general which affected their efficacy in all tumours. More recent ADCs like ABT-414 and AMG-595 clearly show the potential of these drugs in glioma, especially in recurrent gliomas. Clearly, more sophisticated strategies in their use will be needed if we are to make ADCs therapeutically useful for most glioma patients and to improve their therapeutic ratio. A number of such strategies are already available. Improvements in the ADC technology, building on the results of results to date, is clearly needed. These should focus on improvements in selecting targets and payloads. The use of adjunctive strategies is also appealing, seeking to improve drug access to tumours across the BBB and to better select patients. Lastly, combinatorial strategies are likely if we are to substantially improve outcomes in these patients and ADCs could have a major contribution to make in such strategies.
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Glioblastoma multiforme (GBM) is the most aggressive malignant primary central nervous system tumor. Although surgery, radiotherapy, and chemotherapy treatments are available, the 5-year survival rate of GBM is only 5.8%. Therefore, it is imperative to find novel biomarker for the prognosis and treatment of GBM. In this study, a total of 141 differentially expressed genes (DEGs) in GBM were identified by analyzing the GSE12657, GSE90886, and GSE90598 datasets. After reducing the data dimensionality, Kaplan-Meier survival analysis indicated that expression of PTPRN and RIM-BP2 were downregulated in GBM tissues when compared with that of normal tissues and that the expression of these genes was a good prognostic biomarker for GBM (p<0.05). Then, the GSE46531 dataset and the Genomics of Drug Sensitivity in Cancer (GDSC) database were used to examine the relationship between sensitivity radiotherapy (RT) and chemotherapy for GBM and expression of PTPRN and RIM-BP2. The expression of PTPRN was significantly high in RT-resistant patients (p<0.05) but it was not related to temozolomide (TMZ) resistance. The expression level of RIM-BP2 was not associated with RT or TMZ treatment. Among the chemotherapeutic drugs, cisplatin and erlotinib had a significantly good treatment effect for glioma with expression of PTPRN or RIM-BP2 and in lower-grade glioma (LGG) with IDH mutation. (p < 0.05). The tumor mutational burden (TMB) score in the low PTPRN expression group was significantly higher than that in the high PTPRN expression group (p=0.013), with a large degree of tumor immune cell infiltration. In conclusion, these findings contributed to the discovery process of potential biomarkers and therapeutic targets for glioma patients.
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Introduction

An estimated 86,010 new cases of primary brain and other central nervous system (CNS) tumors were diagnosed in the US in 2019 (1). Glioblastoma multiforme (GBM) is the most common and aggressive primary CNS tumor (2). Despite the availability of several treatment options, including surgery, radiotherapy, and chemotherapy, the median overall survival (OS) of GBM remains approximately 15 months, and the 5-year survival rate is 5.8% (3). In 2016, the updated World Health Organization (WHO) classification was the first to integrate molecular parameters with histology to define many tumor entities, including GBM (4), thus formulating a new concept for how GBM diagnoses should be structured in the molecular era. Although IDH1/2 mutations, MGMT promoter methylation, and 1p/19q loss have been recognized as appropriate diagnostic and prognostic markers (5, 6), patients with GBM still have poor outcomes, with one of the worst 5-year OS rates among all human cancers (7). Therefore, it is vital to develop appropriate and effective novel molecular signatures to improve survival and treatment response prediction for patients with GBM. With the development of next-generation sequencing (NGS) technologies, a large amount of data on differentially expressed genes (DEGs), non-coding RNAs, and protein modifications have been identified and stored in public databases. Gene Expression Omnibus (GEO, https://www.ncbi. nlm.nih.gov/geo/), The Cancer Genome Atlas (TCGA, https://portal.gdc.cancer.gov), and Chinese Glioma Genome Atlas (CGGA, http://www.cgga.org.cn) provide us with the opportunity and resources to explore, integrate, and reanalyze the existing data for new GBM biomarker discovery.

Although genomic analysis of cancers is at the forefront of drug and molecular pathogenesis discovery (8), much of the research has focused on biomarkers related to GBM prognosis. Only a few studies have explored potential therapeutic options related to novel molecular signatures.

In this study, bioinformatics methods were used, and we found two potential markers, PTPRN and RIM-BP2, associated with OS in patients with GBM. Furthermore, our goal was to provide information for designing radiotherapy and chemotherapy regimens by monitoring these biomarkers.



Materials and Methods


Data Source

The Series Matrix Files for gene expression microarray datasets were downloaded from the National Center of Biotechnology Information (NCBI) Gene Expression Omnibus(GEO). GBM tumor samples smaller than 6 and without normal or adjacent tumor tissue in GEO data were considered inappropriate samples in this study. In addition, to rule out interference, samples that had undergone chemotherapy or radiotherapy were also excluded.Among them, 3 independent GEO datasets, GSE12657, GSE90886, and GSE90598, including 7 samples of GBM and 5 samples of normal brain tissue, 9 samples of GBM and 9 samples of normal brain tissue, and 16 samples of GBM and 7 samples of normal brain tissue, respectively, were included. The dataset was based on the GPL8300, GPL15207, and GPL17692 platforms of the Affymetrix Human Genome U133 Plus 2.0 Array (Affymetrix, Santa Clara, CA, United States). Then, gene profiles were standard normalized by spatially variant apodization (SVA) within and among samples. To analyze the sensitivity of radiotherapy based on hub genes, the Gene expression microarray dataset GSE46531, which is only qualified and relevant data, was extracted for subsequent analysis. Glioma stem cell(GSC)culture lines were established from fresh GBM tumors. Treatment-resistant clones, including sensitive clones (n=6), RT-resistant clones (n = 3) and RT+TMZ-resistant clones (n = 3), obtained by irradiating the cultured cells with a certain dose of radiation and adding TMZ to the cell culture, were used for microarray analysis to explore different molecules involved in response therapy (9). The GBM RNA sequencing data (RNA-seq) were downloaded from the TCGA database (https://portal.gdc.cancer.gov). A total of 174 RNA-seq datasets were extracted for subsequent validation.



Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) Annotation

GO and KEGG enrichment analyses were performed on the survival-related genes. The Metascape database (www.metascape.org) was used to annotate and visualize GO terms and KEGG pathways. Min overlap≥3 and P < 0.01 were set as threshold values.



Identification of Optimal Diagnostic Gene Biomarkers

The LASSO algorithm was applied with the glmnet package (https://cran.r-project.org/web/packages/glmnet/) (10). The Boruta algorithm (https://cran.r-project.org/web/packages/Boruta/) employs a wrapper approach built around a random forest classifier (11). The DEGs between GBM and normal controls were retained for feature selection, and biomarker genes for GBM were identified with the above algorithms. The optimal biomarker genes for GBM were then identified by overlapping the biomarkers derived from these two algorithms. Based on these optimal gene biomarkers, the Boruta package was used further to evaluate the diagnostic value of these biomarkers in GBM.



Tumor-Infiltrating Immune Cell Analysis

The CIBERSORT package was used to explore the differences in immune cell subtypes including B cells, T cells, natural killer (NK) cells, macrophages, and dendritic cells (DCs), based on the expression data (12). Samples with P < 0.05 in CIBERSORT analysis results were used for further analysis. Spearman analysis was used to compare differences in immune cell subtypes in the high hub-gene and low hub-gene groups.



Gene Set Variation Analysis (GSVA)

The gene set variation analysis (GSVA) method is nonparametric and unsupervised and bypasses the conventional approach of explicitly modeling phenotypes within the enrichment scoring algorithm (13). GSVA calculates samples gene set enrichment scores as a function of the genes inside and outside the gene set. Furthermore, it estimates the variation in gene set enrichment over the samples independently of any class label. In this study, gene sets were obtained from the Molecular Signatures Database v7.0. GSVA was used to compute single-sample enrichment scores to describe the potential changes in biological function.



Drug Sensitivity Analysis

The largest publicly available pharmacogenomics database, Genomics of Drug Sensitivity in Cancer (GDSC, https://www.cancerrxgene.org/) has characterised 1000 human cancer cell lines and screened them 100s of compounds, was used to obtain drug IC50 values and predict the chemotherapeutic response of each sample (14). The prediction procedure was performed by the R software package “prophetic”. Tenfold cross-validation was used to assess the prediction accuracy based on the GDSC training set (15).



Tumor Mutational Burden Analysis

The TMB was defined as the number of somatic, coding, base substitution, and indel mutations identified by next-generation sequencing (NGS). Mutations obtained from SNPs in GBM samples were downloaded from the database using VarScan2 and SAMtools (16). To estimate the TMB of the training set, we counted all coding somatic base substitutions and indels in the targeted regions, including “stop/start-loss/frameshift/missense/inframe” alterations.



GeneMANIA Analysis

GeneMANIA (http://genemania.org) is a flexible, user-friendly website for generating hypotheses about gene functions, analyzing gene lists, and prioritizing genes for functional assays (17).Given a query gene list, GeneMANIA finds functionally similar genes using a wealth of genomics and proteomics data. In this mode, it weights each functional genomic dataset according to its predictive value for the query. In this study, GeneMANIA was used to visualize the molecular network analyses to explore possible hub genes and their mechanisms in GBM.



Statistical Analysis

All P-values were two-sided, and values lower than 0.05 were considered significant. Statistical significance is indicated in the figures as follows: * P <0.05, * * P < 0.01. R Studio (version 3.6) and corresponding packages was used for all statistical analyses. The glmnet R package was used for LASSO analysis. Survival curves plotted by the Kaplan–Meier method were compared to the log-rank test. The mutation were analyzed by cBioportal package. The CIBERSORT package was used to explore the differences in immune cell subtypes. The prophetic package was performed to predict the chemotherapeutic response.




Results


Construction of a Prognostic Classifier Based on DEGs in GBM

GBM gene expression microarray data (GSE12657, GSE90886, and GSE90598) with a total of 53 samples (32 GBM and 21 control) were downloaded from the NCBI GEO. The spatial variant apodization (SVA) algorithm was used to normalize the datasets, and the principal component analysis (PCA) plot shows the batch effect before and after normalization (Figures 1A, B). The package limma was used to perform the data analysis. Fold change > 1 and p < 0.05 were set as the cutoffs to screen for DEGs. Compared with normal brain tissues, the limma package identified 141 DEGs (Supplementary Table 1) in GBM, of which 30 were upregulated and 111 were downregulated (Figure 1C). GO and KEGG pathway enrichment analyses suggested that these genes mainly participated in the following pathways: chemical synaptic transmission, presynapse, postsynapse, synaptic membrane, and axon (Figures 1D, E). Biological processes of DEGs were mainly associated with the chemical synaptic transmission that affects the neuronal activity and neurotransmitters to participate in the onset and progression of GBM (18, 19). Some synapse-related genes, such as RIM-BP2 and CACNG3, have been less studied in tumors.




Figure 1 | Identification of DEGs among GBM datasets from TCGA and GEO. (A, B) The SVA algorithm was used to normalize the datasets, and the PCA plot shows the batch effect. (C) Volcano plots of DEGs created by using the limma package. (D, E) GO and KEGG pathway enrichment analysis performed by the Metascape database.



The results of the GSVA database analysis showed that differential expression of PTPRN and RIM-BP2 was involved in DNA repair and the APICAL_JUNCTION and APICAL_SURFACE ESTROGEN_RESPONSE_EARLY pathways (Figures 2A, B). Metascape was used to construct protein-protein interaction (PPI) networks (Figure 2C). The coexpression network of the DEGs is shown in Figure 2D.




Figure 2 | The pathway and coexpression networks of different levels of PTPRN and RIM-BP2 expression. (A, B) The GSVA database shows the pathways associated with different expression levels of PTPRN and RIM-BP2. (C) The coexpression network of the two-gene signature. (D) Visualization of the coexpression network of the DEGs was generated using Cytoscape. Based on weights, not all genes corresponding to each module were represented.



Next, we identified 14 DEGs as GBM survival-related genes to be included in the classifier using the LASSO analysis (Figures 3A, B). Boruta algorithm analysis identified 17 DEGs as survival-related genes (Figure 3C). Then, we obtained five DEGs, including SLC8A2, PTPRN, F2R, RIM-BP2, and IFI44, by overlapping the two analyses (Figure 3D); of these, PTPRN and RIM-BP2 were highly expressed in GBM (p<0.05) (Figures 3E, F). Kaplan-Meier survival curves from the TCGA database were used to explore the potential roles of individual DEGs in GBM OS. Among the five genes, high expression of PTPRN (p=7.632e-06) or RIM-BP2 (p=1.669e-03) significantly predicted poor overall survival (Figures 3G, H). Combined analysis of PTPRN and RIM-BP2 showed no significant advantage for the prediction of GBM prognosis compared with either gene individual analysis. In addition, PTPRN was found to play the dominant role in prognosis prediction in the combined analysis of the two genes (Figure 4).




Figure 3 | Identification of optimal survival biomarker genes (A, B). Determination of the number of factors by LASSO analysis. (C) Determination of the number of elements by the Boruta algorithm. (D) The Venn diagram of DEGs among the LASSO analysis and Boruta algorithm defined 5 hub genes. Among them, 2 genes (PTPRN and RIM-BP2) were associated with survival. (E, F) Expression of PTPRN and RIM-BP2 in normal and GBM tissues. (G, H) Kaplan–Meier analysis using the median risk score cutoff to divide patients into low gene expression and high gene expression groups.






Figure 4 | PTPRN and RIM-BP2 predict the prognosis of GBM. Kaplan-Meier curves of overall survival for GBM patients with different PTPRN and RIM-BP2 (combined) expression levels.





Expression of PTPRN and RIM-BP2 in Response to Radiation Treatment (RT) and Drug Therapy in GBM

To explore the relationship between expression of PTPRN and RIM-BP2 and the sensitivity to RT or TMZ, we first wanted to know whether the PTPRN and RIM-BP2 genes were differentially expressed in RT-resistant and RT+TMZ-resistant patients than RT-sensitive and RT+TMZ- sensitive patients. Six sensitive groups (three patients, two clones per patient), three RT-resistant groups, and three RT+TMZ-resistant groups were used for the analysis. The results showed that expression of PTPRN was significantly higher in the RT-resistant patient group and RT+TMZ-resistant group than in the sensitive groups (p<0.05). There were no differences in the expression of PTPRN between the RT-resistant group and the RT+TMZ-resistant group (Figure 5A). Moreover, the difference in the expression of RIM-BP2 was also not significant among the three groups (Figure 5B). These results suggested that the patients with higher PTPRN expression were more resistant to RT. TMZ treatment did not change the resistance to RT, suggesting that PTPRN expression was not associated with sensitivity to TMZ.




Figure 5 | Expression of PTPRN and RIM-BP2 in response to radiation treatment (RT) and anticancer drugs in GBM. (A, B) Expression of PTPRN and RIM-BP2 insensitive, RT-resistant and RT+TMZ-resistant groups. (C, D) GBM sensitivity to standard chemotherapy drugs with respect to PTPRN and RIM-BP2 expression. *p < 0.05; ns, no significant.



Chemotherapy is a common treatment for GBM. We further analyzed the sensitivity of PTPRN and RIM-BP2 to chemotherapy drugs, including AKT inhibitor VIII, cisplatin, erlotinib, gefitinib, and gemcitabine. The prediction model on the GDSC was used. 10-fold cross-validation for TCGA GBM cohort resulted in satisfactory prediction. The results showed that there were significant differences in PTPRN and RIM-BP2 expression in response to several drugs, suggesting that both PTPRN and RIM-BP2 were sensitive to common chemotherapy drugs (p < 0.05). According to the predictive model of chemotherapy drugs in TCGA dataset, the order of sensitivity responses PTPRN to chemotherapy drugs was AKT inhibitor VIII > cisplatin > erlotinib > gefitinib > gemcitabine. In contrast, the order of sensitivity responses of RIM-BP2 to chemotherapy drugs was AKT inhibitor VIII > cisplatin > dasatinib > erlotinib > gefitinib > gemcitabine (Figures 5C, D).



Expression of PTPRN and RIM-BP2 in Response to Anticancer Drugs in LGG With IDH Mutation

LGG accounts for approximately 20% of primary malignant tumors of the CNS and occurs most commonly in young adults. According to the RTOG 9802 standard, LGG is clinically divided into a low-risk group and a high-risk group according to patient age, the occurrence of subtotal resection, and histology findings (20). RT is necessary to treat high-risk LGG, and the treatment appears to be effective in patients with IDH mutations. For patients with high-risk LGG, National Comprehensive Cancer Network (NCCN) guidelines recommend postoperative RT + procarbazine, lomustine, and vincristine (PCV) chemotherapy or RT + adjuvant TMZ chemotherapy or RT + synchronous adjuvant TMZ chemotherapy (20, 21). The appropriate postoperative treatment for patients with high-risk LGG remains under debate.

Therefore, we evaluated the relationship between PTPRN and RIM-BP2 expression and chemotherapy in LGG, and the order of sensitivity in cases with high PTPRN and RIM-BP2 was as follows: AKT inhibitor VIII > cisplatin > dasatinib > erlotinib > gefitinib > gemcitabine (p < 0.05) (Figures 6A, B).




Figure 6 | The gene expression and IDH mutation response to anticancer drugs in LGG. (A, B) Sensitivity to standard chemotherapy drugs relative to PTPRN and RIM-BP2 in LGG. (C) Sensitivity to traditional chemotherapy drugs comparable to IDH mutation in LGG.



IDH mutations are common in LGG; thus, we analyzed the sensitivity of LGG tumors with IDH mutations to chemotherapy drugs. We found that tumors with IDH mutations were more sensitive to cisplatin, dasatinib, and erlotinib than those without IDH mutations (IDH-wt, Figure 6C).

Moreover, we found that LGG was most sensitive to cisplatin and erlotinib when high expression of PTPRN or RIM-BP2 was combined with the IDH mutation. Therefore, cisplatin and erlotinib are preferred chemotherapies in LGG with IDH mutations and high PTPRN and RIM-BP2 expression.



Tumor Mutational Burden of PTPRN and RIM-BP2

After demonstrating the effect of PTPRN and RIM-BP2 expression on the response to RT and chemotherapy, we identified the PTPRN and RIM-BP2 mutations in tumors. All GBM data sets were derived from the TCGA-Pancancer database, and TMB of PTPRN and RIM-BP2 was estimated using CIBERSORT (https://cibersort.stanford.edu/). The results showed that PTPRN and RIM-BP2 coding mutations existed in a total of 15 patients with GBM (10%). The mutation frequencies were 8% and 6% for PTPRN and RIM-BP2, respectively, in 15 patients (Figure 7A). Subsequently, we analyzed the relationship between PTPRN or RIM-BP2 expression and TMB score. The results showed that the TMB score in patients with GBM and low PTPRN expression was significantly higher than that of patients with high PTPRN expression (Figure 7B). The difference in the RIM-BP2 expression group was not statistically significant (Figure 7C).




Figure 7 | Relationship between the expression of PTPRN and RIM-BP2 and TMB score. (A) PTPRN and RIM-BP2 mutations in tumors. (B, C) The TMB score of the high PTPRN expression group was significantly higher than that of the low expression group (p=0.013). TMB score was not significantly related to the expression of RIM-BP2.





Correlation Between Immune Cell Subtypes and of the Expression of PTPRN and RIM-BP2

The immune microenvironment has been shown to play a critical role in tumor biology. Recently, numerous promising preclinical and clinical immunotherapeutic treatments and gene therapy have been achieved for GBM. However, the role of immunotherapy in gliomas needs to be further clarified (22, 23). Hence, the molecular profiles within the tumor microenvironment may be valuable predictive biomarkers.

The CIBERSORT algorithm acquired the relative proportions of 22 immune cell subsets in GBM. The correlations between the proportions of the 22 immune cell subtypes and PTPRN and RIM-BP2 expression are shown in Figure 8A. There was a large degree of tumor immune cell infiltration, including M0 macrophages, M2 macrophages, activated mast cells, neutrophils, and resting memory CD4 T cells, in patients with GBM and high PTPRN expression. At the same time, there was also massive tumor immune cell infiltration, such as M2 macrophages, M0 macrophages, resting memory CD4 T cells, and gamma delta T cells, in patients with GBM and high expression of RIM-BP2 (Figure 8B). Combining the prognosis analysis, RT and chemotherapy sensitivity analysis, and tumor infiltrated immune cell subsets analysis, we concluded that patients with higher expression of PTPRN and RIM-BP2 were resistant to RT and chemotherapy, potentially due to poor tumor microenvironment; therefore, their prognosis was very poor.




Figure 8 | Profiling Tumor-Infiltrating Immune Cells with CIBERSORT. (A, B) Summarizing immune cell subset proportions in GBM against the expression of PTPRN and RIM-BP2 status and CIBERSORT p-value.






Discussion

By normalizing and analyzing the GSE12657, GSE90886, and GSE90598 datasets, we identified 141 significantly overlapping DEGs in GBM. By overlapping biomarkers derived from the LASSO algorithm and the Boruta algorithm, we obtained five GBM biomarkers. According to Kaplan-Meier survival curve analysis, high PTPRN or RIM-BP2 expression was shown to predict poor OS.

RIM-binding protein 2 (RIM-BP2), a multidomain cytomatrix protein, is present at the inner hair cell active zones (24). RIM-BP2 has diversified functions in neurotransmitter release at different central murine synapses and thus contributes to synaptic diversity (25). However, little work has been done to elucidate the expression and role of RIM-BP2 in cancer. Our study found for the first time that RIM-BP2 was significantly downregulated in GBM and that high RIM-BP2 expression was strongly associated with poor prognosis in patients with GBM. These results suggested that in the molecular pathogenesis, progression, and prognosis of GBM, RIM-BP2 may play an important role. PTPRN is a gene that encodes the protein tyrosine phosphatase receptor type N, a 105.8-kDa protein from the tyrosine phosphatase (PTP) family responsible for signaling related to cancer initiation and progression (26, 27). PTPRN is abnormally expressed in many tumors, including small cell lung cancer (SCLC), breast cancer, and liver cancer, and affects tumor progression. We found that high PTPRN expression is strongly associated with a poor prognosis in patients with GBM, which was consistent with previous findings (28–30).

Studies to identify and validate protein targets to improve the therapeutic options are underway. We further analyzed whether the current treatment options for GBM, including RT and chemotherapy, are beneficial even when the PTPRN or RIM-BP2 expression in glioma is abnormal.

The RT regimen of 60 Gy for six weeks has long been the standard adjuvant approach for GBM. It remains the primary treatment modality for unresectable GBM and prolongs survival (31, 32). The results showed that the expression of PTPRN was related to the sensitivity of RT. The GSVA database showed that the differential expression of PTPRN is involved in the DNA repair pathway. Moreover, our results also showed that the activation of DNA repair pathways is correlated with low PTPRN expression (p=1.989e-04). An enhanced cellular DNA repair system is recognized as a major cause of RT failure and, accordingly. GBM is often resistant to RT due to enhanced DNA repair activity (33). Our results implied that low PTPRN expression in GBM is associated with the activation of DNA repair systems as defense mechanisms underlying radioadaptive protection.

TMZ is part of the standard chemotherapeutic regimen for GBM (34). As an alternative, targeted therapies can limit harmful toxicity and more effectively block tumor proliferation. The use of existing clinical data to model the tumor dynamic response to antitumor treatments is a promising approach toward improving treatment efficacy and accelerating the development of antitumor drugs. To identify targets for GBM treatment, Andrea Shergalis, using data from TCGA, discovered 20 genes, including PTPRN, that correlated with poor survival outcomes, which was consistent with our findings (35). However, the author did not further discuss the possible chemotherapy drugs that might target these genes. In our study, the prediction model of the GDSC was used to evaluate chemotherapy drugs according to the IC50 value. There were significant differences for several drugs according to the PTPRN and RIM-BP2 expression. PTPRN in GBM is more susceptible to AKT inhibitor VIII, cisplatin, erlotinib, gefitinib, and gemcitabine. RIM-BP2 may be more sensitive to AKT inhibitor VIII, cisplatin, dasatinib, erlotinib, gefitinib, and gemcitabine. To explore the chemotherapy drugs targeting IDH mutation in LGG, we identified drugs with different estimated IC50 values for the IDH mutation compared to IDH-wt. Our results showed that the estimated IC50 values of chemotherapeutic drugs (cisplatin, dasatinib, and erlotinib) are different between the IDH-wt and IDH-mutation groups. The chemotherapy drugs cisplatin and erlotinib had significant impact in GBM, LGG, and tumor with IDH mutations. There is no standard approach for the successful treatment of recurrent brain tumors. Cisplatin and erlotinib may provide a new line of chemotherapy for gliomas.

Cisplatin has been approved for use as an antitumor drug for approximately forty years, and the antitumor efficacy of cisplatin is unquestionable (36). The proposed treatment protocol based on a combination of carboplatin and vincristine, first reported in 1993, has achieved high objective response rates of 52% and 62%, respectively, in relapsed and newly diagnosed LGG patients (37). Although cisplatin is used for adjuvant chemotherapy against glioma, intrinsic and acquired resistance restricts cisplatin application (38). Erlotinib, a tyrosine kinase inhibitor, has shown promising response rates in malignant gliomas. Among glioma patients, those with glioblastoma multiforme tumors who have high EGFR expression levels and low levels of phosphorylated PKB/Akt had a better response to erlotinib treatment (39). However, although this targeted compound performed well in preclinical studies, it has failed phase II clinical trials in humans (40, 41). Ultimately, several factors are responsible for drug treatment failure, including toxicity and the failure of the compounds to reach effective concentrations in the brain (40).

TMB is a promising marker of response to immune therapy (IT) that is emerging as a new predictive biomarker to select patients who may benefit from immune checkpoint inhibitor therapy (ICI) (42). High TMB can increase the number of neoantigens that recruit the adaptive immune system and thus provide a potential biomarker for response to IT. In recent years, an association between clinical benefit and high TMB was observed in some human cancers (43, 44). The TMB cutoff points associated with improved survival vary markedly between cancer types, and there may not be one universal definition of high TMB (45). Interestingly, our results showed that the TMB score of the low PTPRN expression group was significantly higher than that of the high expression group (p=0.013). M0 macrophages, M2 macrophages, activated mast cells, neutrophils, and resting memory CD4 T cells comprise a large proportion of PTPRN-related immune cell infiltrates. The difference in the RIM-BP2 expression group was not statistically significant. Whether PTPRN expression, identified in our study as a novel biomarker,is a potential predictor of GBM prognosis related to TMB needs further investigation. PTPRN-related immune cell infiltration is more likely to be a response to immunotherapy, providing us with new insights and opportunities to further investigate its association with disease course and response to therapy.

There are some limitations to our work. First, the sample size included in our analysis was small, which might lead to the omission of some potential messenger RNAs (mRNAs). Moreover, the expression of PTPRN and RIM-BP2 was only detected using bioinformatics analysis and require further experimental verification in more patients with GBM. Third, we did not validate the prognostic value of PTPRN and RIM-BP2. Furthermore, we provided some potential treatment options relating to PTPRN, including radiotherapy and chemotherapy. The molecular mechanisms of how the gene signatures and treatment selection affect the prognosis of GBM should be further elucidated.

In conclusion, we identified two novel biomarkers (PTPRN and RIM-BP2) that can potentially be used for prognosis prediction in GBM. These genes have potential clinical implications for radiotherapy and chemotherapy GBM treatment. However, the molecular mechanism and function of these genes need to be confirmed in further experiments.
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Caseno. Age Sex Sample Location Peritumoral

(vear) edema
1 56.5 M Vestibular schwannoma R Yes
2 502 M Vestioular schwannoma L Yes
3 566 M Vestibular schwannoma L Yes
4 516 F Vestibular schwannoma L Yes
5 758 F Vestibular schwannoma L Yes
6 60.0 F Vestioular schwannoma L Yes
7 566 F Vestibular schwannoma R Yes
8 253 M Vestibular schwannoma L Yes
9 432 M Vestioular schwannoma L Yes
10 272 F Vestioular schwannoma L Yes
11 532 M Vestibular schwannoma R Yes
12 64.6 F Vestibular schwannoma R Yes
13 333 M Vestioular schwannoma L Yes
14 656.3 M Vestibular schwannoma R Yes
15 384 F Vestibular schwannoma R Yes
16 46.0 F Vestibular schwannoma R No
17 539 F Vestioular schwannoma L No
18 538 F Vestioular schwannoma L No
19 435 M Vestioular schwannoma R No
20 56.8 F Vestibular schwannoma R No
21 76 F Vestibular schwannoma R No
22 704 F Vestioular schwannoma L No
2 28 M Vestioular schwannoma R No
24 276 F Vestibular schwannoma L No
25 57.8 F Vestibular schwannoma R No
2 289 M Vestibular schwannoma L No
27 619 F Vestioular schwannoma R No
28 67.1 F Vestibular schwannoma R No
29 26.4 M Vestibular schwannoma L No
30 649 F Vestioular schwannoma L No
31 46.1 F Vestibular schwannoma L No
32 50.8 M Vestioular schwannoma L No
33 425 F Vestibular schwannoma R No
34 702 F Vestibular schwannoma L No
35 708 M Vestibular schwannoma L No
36 239 M Vestioular schwannoma L No
37 202 F Vestibular schwannoma R No
38 506 F Vestibular schwannoma R No
39 62.1 M Vestibular schwannoma R No
40 61.4 M Vestibular schwannoma L No

M, male; F, female; R, right; L, left.
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Parameter PTBE (1 = 15) Non-PTBE (1 = 25) p-value

VEGF 1.14£021 052 £0.09 <0.001
MVD 1133+ 1.59 6.28+1.77 <0.001

VEGF, vascular endothelial growth factor; MVD, microvessel density; PTBE, peritumoral
brain edema.
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SNU.AT/RT-1 M 13m Lt. CPA M3 MYC
SNU.AT/RT-2 M 18m Vermis M3 TYR/MYC
SNU.AT/RT-3 F 32m Rt. CPA MO MYC
SNU.AT/RT-4 M 17m Vermis MO SHH
SNU.AT/RT-5 M 20m Lt. LV M3 TYR/MYC
SNU.AT/RT-6 F 2 Lt. cbll MO TYR/MYC
SNU.AT/RT-7 F 2m Rt. cbll MO TYR/MYC
SNU.AT/RT-8 M 11m Lt. LV M3 TYR/MYC
SNU.AT/RT-9 F 2m Rt. cbll M3 TYR/MYC
SNU.AT/RT-10 M 10m 4V MO TYR
SNU.AT/RT-11 M 28m Rt. parietal MO undefined
SNU.AT/RT-12 F 14m Rt. CPA M3 undefined
SNU.AT/RT-13 M 23m Rt. LV MO undefined
SNU.MBL-1 M 3 4v M3 Group3
SNU.MBL-2 F 3 4V M2 Group3
SNU.MBL-3 M 8 4V MO WNT
SNU.MBL-4 F T4 4v MO WNT
SNU.MBL-5 F 31m 4V M3 Group4
SNU.MBL-6 M 74 4v MO Group4
SNU.MBL-7 M 7 4V M1 Group4
SNU.MBL-8 F 17m 4v MO SHH
SNU.MBL-9 M 9m Lt. cbll MO SHH
SNU.MBL-10 M 8 Rt. cbll MO SHH
SNU.MBL-11 F 4 4V MO undefined
SNU.MBL-12 F 15 Rt. CPA MO undefined
SNU.MBL-13 M 11 4v MO undefined

MB, medulloblastoma; AT/RT, atypical teratoid/rhabdoid tumor; M, male; F, female; m,
month; Rt, right; Lt, left; V, ventricle; cbll, cerebellum; LV, lateral ventricle.
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Characteristic

Age
<40
40-60
> 60
Sex
Female
Male
Tumor stage
-l
-V
Seizure
Absent
Present
ICP
Absent
Present
Cystic degeneration
Absent
Present
MTD
<5cm
>5cm
Chemoradiotherapy sensitivity
No
Yes

IHC-UBE2S (-) N (%)

18 (50.0)
35 (54.7)
3(21.4)

37 (52.1)
19 (44.2)

8(13.1)
48 (90.6)

IHC-UBE2S (+) N (%)

18 (50.0)
29 (45.3)
1(78.6)

P value

0.078

0.869

0.000

0.596

0.194

0.562

0.412

0.000
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Group

No. of specimens

Immunoreactivity

UBE2S- pAkt- UBE2S+ pAkt- UBE2S- pAkt+ UBE2S+ pAkt+
Grade -l n=54 43 (79.63%) 2(3.70%) 6(11.11%) 3 (5.56%)
Grade Ill-IV n=60 3 (5%) 10 (16.67%) 7 (11.67%) 40(66.67%)
Total n=114 46 (40.35%) 12 (10.53%) 13 (11.40%) 43 (37.72%)
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Payload type Mechanism of action

Common toxicities

DM1 Inhibits tubulin polymerization and causes
destabilization of microtubule structures

DM4

MMAE

MMAF

Calicheamicin Binds to the DNA minor groove cleaving the
double-stranded DNA

Duocarmycin
derivative
PBD

SN-38 Prevents DNA unwinding by inhibition of
DNA topoisomerase | resulting in irreversible
double strand breaks

Thrombocytopenia, fatigue, increased levels of transaminases, anemia, nausea, hemorrhage, abdominal
pain, pyrexia, musculoskeletal pain, vomiting, and dyspnea (28, 29)

Elevated transaminases; ocular toxicity (including decreased visual acuity, corneal deposits, keratitis);
generalized symptoms (including headache, confusion, fatigue), mucositis (30)

Infections, nausea, fatigue, diarrhea, peripheral sensory neuropathy, neutropenia, peripheral motor
neuropathy, rash, cough, vomiting, myalgia, pyrexia, abdominal pain, arthralgia, pruritus, constipation,
dyspnea, loss of weight, and upper respiratory tract infection (31)

Neutropenia, thrombocytopenia, ocular toxicity (including comeal deposits, keratopathy) (30)
Lymphopenia, skin toxicity, neutropenia, thrombocytopenia; pyrexia, chills, nausea, infection,
hemorrhage, fatigue, headache, increased transaminases and hyperbilirubinemia, vomiting, abdominal
pain, stomatitis, veno-occlusive disease/sinusoidal obstruction syndrome and diarrhea (32, 33)
Hypersensitivity, hyperpigmentation (34)

Hypocellular marrow, epistaxis, fatigue, thrombocytopenia, transaminitis, oedema, hypoalbuminemia,
dyspnoea (35)
Thyphilitis, neutropenia, nausea, vomiting (36)

DM1, Mertansine/emtansine; DM4, Ravtansine/soravtansine; MMAE, Monomethyl auristatin E; MMAF, Monomethyl auristatin F; PBD, Pyrrolobenzodiazepine; SN38,

Irinotecan metaholite.
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Drug Class Phase Date Toxicities Efficacy Comments
ADGs i
ABT-414 Anti-EGFR ADC with MMAF | 2015 Lymphopenia, ocular toxicity, brain oedema, Monotherapy: RR  Data in EGFR amplified. Phase
(14) increased transaminases 8%, mOS N/A, 2 and 3 studies in progress

PFS-6 24%

With TMZ: RR

17%, mOS N/A,

PFS-6 25%
AMG-595 Anti-EGFR ADC with DM1 | 2014 Thrombocytopenia, LFT abnormalities RR 8%; mOS N/
(15) A; PFS-6 N/A
Immunotoxins
Cintredexin IL13-PE38QQAR I 2010 Pulmonary embolism (8% including one fatal) RR N/A; mOS
Besudotoxin 11.3 months;
(16) PFS-6 N/A
NBI-3001 Circularized IL4-PE38KDEL 7l 2003 Neurological deficits (Weakness, aphasia, RR N/A; mOS
(17 confusion, coma), seizures, headaches, cerebral 5.8months*; PFS-

oedema, nausea, meningitis) 6 48%

TP-38 (VAX) TGFa + PE38 | 2008 Fatigue, neurological deterioration (seizures, RR 13%; mOS 5
(18) hemiparesis) months*; PFS-6

N/A
T-CRM107  Transferrin-DT I 2003 Cerebral oedema, seizures RR 35%; mOS 9  Phase 3 studies were aborted
(19) months; PFS-6 N/ or remain unreported (20)

A
Radioimmunoconjugates
125_Mab IV murine anti-EGFR (with RT- Il 2010 Occasional nausea, flushing, hypotension, skin -~ RR  N/A; mOS A sequential cohort with RT
425 (21) ™Z) irritation. Only 4 pts had HAMA 20.4 months alone had mOS 10.2 months
1318106 LR murine anti-tenascin (with Pilot 2008 Seizures (including status epilepticus), RR N/A; mOS
(22) RT-chemo) haematological, neurological, infective, 22.6 months

thrombotic

81.gco/ LR murine anti-tenascin (with " 1999 Headaches, HAMA reactions RR N/A; mOS 19 Data shown for GBM patients;
BC4 (23) conventional surgery and post- months mOS was 25 months in small

operative treatment)

volume disease

ADC, Antibody drug conjugate; EGFR, Epidermal growth factor receptor; HAMA, human anti-mouse antibody; LFTs, liver function tests; mOS, median overall survival; mPFS, median
progression free survival: N/A; Not Available, RR, Response rate; RT, Radiotherapy; TMZ, temozolomide.
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NCT Number Target Delivery Age Study Results Toxicity

NCT04510051 IL13Ra2 IT 4 Years to 25 Years No Results Available No Results Available
NCT04185038 B7-H3 [T, IC 1 Year to 26 Years Stable clinical disease with detectable CAR T cells in CSF (27) No DLTs (27)
NCT03638167 EGFR  IT,IC 1 Year to 26 Years No Resuilts Available No Results Available
NCT04099797 GD2 \% 12 Months to 18 Years No Results Available No Results Available
NCT04196413 GD2 \% 2 Years to 30 Years Durable clinical responses and marked CAR T cell expansion (28)  CRS (Grade 1-3) ICANS
(Grade 1-2)
TIAN

No other DLTs (28)
NCT03500991 HER2 IT,IC 1 Year to 26 Years Clinical and laboratory evidence of local CNS immune activation No DLTs (29)

(29)
NCT02442297 HER2  IT,IC 3 Years and older No Resuits Available No Results Available
NCT01109095 HER2 v Child, Adult, Older 1/16 partial response, 7/16 stable disease (6, 30) No DLTs (6, 30)

Adult

(IV, Intravenous; IT, Intrathecal/ventricular; IC, Intratumor/cavity; DLT, Dose limiting toxicity; CRS, Cytokine release syndrome; TIAN, Tumor Inflammation-Associated Neurotoxicity; ICANS,
Immune effector cell-associated neurotoxicity syndrome).
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Demographic NSCLC (nondriven mutation) Melanoma (non-BRAF mutated) RCC TNBC
ICIs Non- p- ICIls Non-ICIs p- ICIs Non-ICIs p- ICIs Non-ICIs p-
ICIs Value Value Value Value
Number 13,401 13,429 3,617 3,702 1,338 5,624 3,449 3,461
Age 65.0 £ 64.8 + 0.18 63.5 626 + 0.07 63.7 63.3 0.26 59.0 £ 61.8 0.33
10.1 1 13.7 143 10.3 10.8 12.4 12.7
Sex
Female 51.6% 52.6% 0.10 32.8% 33.3% 0.74 271% 28.5% 0.41 99.8% 99.8% 0.97
Male 48.3% 47.4% 0.10 67.1% 66.6% 0.74 72.8% 71.4% 0.43 0.2% 0.2% 0.83
Race
White 75.1% 76.0% 0.67 78.7% 782% 0.68 71.0% 75.0% 0.36 77.3% 771% 0.88
Non-White 24.9% 24.0% 0.65 21.3% 21.7% 0.69 29.0% 25.0% 0.40 22.7% 22.9% 0.61
Smoking 93.2% 94.1% 0.53 46.9% 512% 0.08 31.8% 40.3% 0.19 13.2% 12.9% 0.30
Cardiovascular 52.3% 55.6% 0.73 56.2% 55.5% 0.62 67.8% 66.4% 0.23 51.5% 55.4% 0.25
COPD 41.4% 42.6% 0.92 19.4% 19.2% 0.90 10.7% 8.9% 0.08 14.3% 13.6% 0.41
Liver disease 9.9% 9.2% 0.33 21.4% 21.5% 0.97 18.8% 19.0% 0.88 13.4% 12.0% 0.13
ECOG =2 15.0% 16.2% 0.17 26.7% 28.9% 0.50 13.1% 11.3% 0.1 32.1% 26.5% 0.21
Brain radiation 62.5% 64.1% 0.26 40.7% 40.5% 0.85 28.1% 27.9% 0.89 37.2% 43.5% 0.19
Brain surgery 10.1% 9.7% 0.21 9.3% 8.7% 0.56 6.2% 5.3% 0.27 6.3% 3.5% 0.46
Chemo/targeted 38.0% 35.2% 0.19 3.5% 2.6% 0.09 33.0% 30.8% 0.33 80.6% 81.4% 0.53

therapy
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Class of drugs Setting Trial Description Target Phase NCT Response rate os Toxicity

(months)
Immunotherapy
Nivolumab (67) Neoadjuvant Neoadjuvant Nivolumab PD-1 I NCT02550249 No clinical benefit was NR
(n=30) in Glioblastoma substantiated following
salvage surgery
(68)
Pembrolizumab ~ Neoadjuvant Neoadjuvant anti-PD-1 PD-1 Pilot - 137 10 patients (67%) in the
(69) (n= 35) immunotherapy in neoadjuvant group experienced
recurrent glioblastoma grade 3-4 adverse events likely
attributable pembrolizumab
Autologous Recurrent Assess the tolerability and | NCT01588769 DCR 50%* NR 5/23 (22%) experienced grade 4/5
lymphoid effector  (n = 25) efficacy of ALECSAT in toxicity including: pneumonia,
cells specific GBM patients (ALECSAT- respiratory insufficiency, cerebral
against tumor GBM) vascular lesion and general
cells (ALECSAT) physical health deterioration
(70)
CART-cell Recurrent Anti- interleukin-13 IL13Ro2 | NCT00730613 NR
therapy (71) (NR) receptor alpha 2 chimeric
antigen receptor (CAR) T-
cells
CART-cell Recurrent CMV-specific cytotoxic T HER2 | NCT01109095 DCR 50% 1141 TRAESs were grade 1-2 and
therapy (72) (n=17)* lymphocytes expressing included 3 patients with headache
CAR targeting HER2 and seizures. No > grade 3 TRAEs
(HERT-GBM) reported. No DLT observed
IMA950 multi- New Trial of IMA950 Multi- Human 7] NCT01920191 DCR 42% 19 Grade 1-2 TRAEs: inflammatory
peptide vaccine + diagnosis peptide Vaccine Plus leukocyte reactions at injection sites (53%),
poly-ICLC (73) Poly-ICLC antigen headache (37%), fatigue (63%),
(HLA)-A2 and flu-like syndrome (21%)
n=1916 restricted 1 x Grade 4 - interstitial
GBM and 3 peptides pneumonia due to pneumocystic
grade lll infection
astrocytoma)
Monoclonal antibodies
Onartuzumab Recurrent Onartuzumab in c-MET I NCT01632228 8.8 (Onartuzumab + Grade > 3 TRAEs: 38.5%
(74) Combination With Bevacizumab) vs 12.6 (experimental arm) vs 35.9%
Bevacizumab Compared (Bevacizumab) (bevacizumab)
(n=129 to Bevacizumab Alone or Experimental arm had higher rates
Onartuzumab of drug withdrawal + drug
Monotherapy interruptions
Tanibirumab (75)  Recurrent Trial to Evaluate the VEGFR-2 Il NCT03033524 NR NR No dose limiting toxicities
(n=10) Safety of TTAC-0001 Cutaneous hemangiomas (83%) -
(Tanibirumab) < grade 2 No drug-related G3 or 4
AEs
Nanoparticles
DNX-2401 Recurrent DNX-2401 for Recurrent ~ Oncolytic | NCT00805376 Group A (n = 25): 20% of NR
(tasadenoturev) Malignant Gliomas adenovirus patients survived > 3 years
(76) n=37) Group A (n = 25) - single Group B (n=12) -NR

intratumoral injection of
DNX-2401 into biopsy of
confirmed recurrent

tumor

Group B (n =12) -
intratumoral injection post
resection

*10 of the 25 recruited patients were evaluable.

*17 patients included 10 adults and 7 children.

CAR-T cells, Chimeric Antigen Receptor (CAR) T-Cell Therapy; DLT, Dose limiting toxicity; GSC, glioma stem cells; NR, not reported; ORR, Overall response rate; TRAE, treatment related
adverse event; VEGFR, vascular endothelial growth factor receptor.
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