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There has been no significant improvements for immune checkpoint inhibitors since its first use. Tumour-associated macrophages (TAMs) are critical mediators in the PD-1/PD-L1 axis, contributing to the immunosuppressive tumour microenvironment. This study aims to investigate the potential role of PD-L1 in regulating TAMs in glioblastoma. Gene expression data and clinical information of glioma patients were collected from TCGA (n = 614) and CGGA (n = 325) databases. Differentially expressed genes between PD-L1high and PD-L1low groups were identified and subjected to bioinformatical analysis. We found that PD-L1 was frequently expressed in gliomas with a grade-dependent pattern. Higher PD-L1 expression predicted shorter overall survival. Moreover, PD-L1 was positively correlated with immunosuppressive cells (macrophage, neutrophil and immature DC) and negatively correlated with cytocidal immune cells (CD8+ T cell and Th1). Importantly, PD-L1 high expression was significantly correlated with M2-polarization of macrophages (M2-TAMs). We conclude that PD-L1 is an unfavourable prognostic marker for patients with glioblastoma; PD-L1-mediated immunosuppression may attribute to the infiltration and M2-polarization of TAMs.
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Introduction

Glioblastoma multiforme (GBM) is the most common malignant primary brain tumor in adults. It accounts for 30% of all the brain tumors and more than 50% of gliomas (1, 2). The current standard of care for GBM patients includes surgical tumor resection followed by radiotherapy with concomitant and adjuvant temozolomide (3). Even with aggressive and comprehensive treatment, tumor recurrence is inevitable. The median overall survival of patients diagnosed with GBM is less than two years (1). Given the poor survival of GBM patients and inefficiency of the current therapy regimen, alternative treatment strategies, and novel therapeutic targets are clearly needed.

Immunotherapy is a revolutionary anti-cancer therapy in the past decade. Various immunotherapy modalities have been established, including immune checkpoint inhibitors, CAR-T, vaccine and oncolytic virus (4). The most well-known checkpoint inhibitors are antibodies of cytotoxic T lymphocyte antigen 4 (CTLA-4), programmed cell death protein 1 (PD-1), and its ligand programmed death-ligand 1 (PD-L1) (5). Upon activation, the checkpoints induce inhibitory or even apoptotic effects within immune cells (mainly effector T cells) (6, 7). Immune-checkpoint inhibitors can block the interaction between the ligands and the immune-repressive receptors, thus overcome the inhibition of immune cells and reactivate the cytocidal immune response (8). Currently, immune-checkpoint inhibitors have shown remarkable benefits in prolonging survival in many cancers such as lung cancer, breast cancer, and melanoma (9–11).

In GBM, however, therapeutic response to checkpoint inhibitors is variant and mostly ineffective. All the large phase 3 clinical studies on PD-1 inhibitors in GBM have failed to show survival benefits (12, 13). Less than 10% of patients with recurrent GBM respond to PD-1 inhibitors (14). It is recognized that GBM is highly genetically heterogeneous and unresponsive to immunotherapy approaches (15). The underlying mechanisms remain elusive and can be multifaceted, wherein the immunosuppressive tumor microenvironment (TME) represents a critical factor (13). The engagement of PD-1 and PD-L1 is an essential mechanism that contributes to the immune-suppressive TME. Multiple suppressive effects can be triggered, such as the induction of cellular apoptosis, the impairment of T lymphocyte proliferation, and the inhibition of “effector” cytokine generation (7). The majority of PD-L1 expression is contributed by tumor-infiltrating myeloid cells (TIMs, including TAM, tumor associated neutrophils and myeloid-derived suppressor cells) (16). Recent studies reported that PD-L1 inhibitor could skew TAMs towards a pro-inflammatory M1 status (17, 18), expanding its canonical T cell suppression function. Currently, the relationship between PD-L1 and TAMs in GBM remains poorly understood.

The dissatisfied efficacy of anti-PD-1 antibodies in GBM necessitates the basic research on PD1/PD-L1 axis-mediated immune resistance. This study aims to delineate the role of PD-L1 in the immunosuppressive TME, focusing on its relationship with TAMs. By using transcriptional gene expression data from CGGA (The Chinese Glioma Genome Atlas) and TCGA (The Cancer Genome Atlas) databases, we depicted the immune landscape associated with PD-L1 in GBM and proposed that PD-L1-mediated immunosuppression may correlate with the infiltration and M2-polarization of macrophages.



Methods and Materials


Data Acquisition

Glioma gene expression profile and patients’ clinical information were downloaded from TCGA (http://cancergenome.nih.gov) and CGGA (http://www.cgga.org.cn) databases. In the TCGA dataset, the transcriptome expression data of 150 GBM and 464 lower gliomas were collected. In the CGGA dataset, the total number of samples is 325, including 144 GBM and 181 lower gliomas. Patients’ information on age, gender, World Health Organization (WHO) grade, diagnosis with molecular characteristics, treatment, and patient prognoses were organized (Table S1). PD-L1 and other gene expression profiles were obtained as described previously (19, 20). Gene expression level was presented as PRKM (reads per kilobase transcriptome per million reads).



Bioinformatic Analysis

Genes that showed consistent differential expression in both TCGA and CGGA cohorts were extracted. Overlapped highly expressed genes in the PD-L1high (807 over-expressed genes) and PD-L1low (559 over-expressed genes) GBMs were subjected to KEGG enrichment analysis (Table S2). Gene annotation and pathway enrichment analysis were performed by Database for Annotation, Visualization, and Integrated Discovery (DAVID), and Kyoto Encyclopedia of Genes and Genomes (KEGG, http://www.kegg.jp/kegg/pathway.html). Gene Set Variation Analysis (GSVA package of R http://www.bioconductor.org/) was used to explore the correlation between PD-L1 and the predefined, highly distinctive transcriptional profile of each immune cell type (21–24). The classical chemokines and surface markers of both M1- and M2- macrophages were also included (25–28). Twenty-six types of immune cells with corresponding gene signatures were utilized for analyses (Table S3).



Statistical Analysis

R language (v. 3.4.3, AT&T BellLaboratories, Lucent Technologies), SPSS software (v. 22.0, IBM company), and GraphPad Prism (v. 8.0, LLC) for Windows were used for statistical analyses and figure generation. Samples from the TCGA and CGGA datasets were analysed separately. Genes differentially expressed between PD-L1 high and low groups (PD-L1high and PD-L1low, stratified by median value) were estimated by a two-tailed Student’s t-test. The Significance Analysis of Microarrays (SAM) package of R was performed to control the FDR (False Discovery Rate). Statistically significant was considered when FDR <0.01 and norm p <0.05. The prognostic value of these differentially expressed genes was evaluated by the survival package of R. A multivariate Cox proportional hazard model was performed to evaluate the independent prognostic variables. Kaplan-Meier curves were utilized to depict the survival distributions. PD-L1-correlated genes and immune cells were explored by Pearson’s correlation coefficient (r) using R. A significant correlation was indicated by an absolute r-value greater than 0.3 and a p-value less than 0.05.




Results


PD-L1 Is Frequently Expressed in Gliomas and Predicts Unfavorable Overall Survival in GBM

Firstly, we found that PD-L1 mRNA was frequently expressed in different grades of gliomas with a grade-dependent pattern in TCGA cohorts (Figure 1A). A similar trend was found in CGGA cohort, although the difference was of no statistical significance (Figure S1A). Of note, when compared with other GBM subtypes, the proneural subtype has particularly lower PD-L1 expression whereas the mesenchymal subtype has a relatively higher level (Figure 1B, S1B). In both cohorts, GBM patients with higher PD-L1 expression had shorter overall survival (Figure 1C TCGA, median survival: PD-L1high vs PD-L1low, 375 vs 453 days, p = 0.0272; Figure 1D CGGA, median survival: PD-L1high vs PD-L1low, 315 vs 567 days, p = 0.0021). Cox regression analysis further showed that PD-L1 was an independent prognostic marker in GBM (Table S4). The results suggested that PD-L1 was frequently expressed in gliomas and could serve as a prognostic biomarker in GBM.




Figure 1 | The expression of PD-L1 in gliomas in TCGA dataset. (A). The expression of PD-L1 in each grade of glioma, G2 (Grade II) mean = 3.321, G3 (Grade III) mean = 3.870, G4 (Grade IV) mean = 4.915. (B). Expression of PD-L1 in GBM subtypes, proneural mean = 3.365, neural mean = 4.669, classical mean = 5.078, mesenchymal mean = 5.442; one-way ANOVA followed by Tukey’s multiple comparisons test was used. (C, D). Kaplan-Meier analysis showed the prognosis value of PD-L1 in GBM, median survival days of PD-L1high vs. PD-L1low: 375 days vs 453 days (C, TCGA cohort) and 315 days vs 567 days (D, CGGA cohort); Log-rank test was used; ****p < 0.0001.





PD-L1 Is Positively Correlated With Immunosuppressive M2-Macrophage and Suppresses Effector T Cells in GBM

PD-L1 is the ligand of the well-known immune checkpoint PD-1, which mediates the suppression on effector T cell (7). To investigate the immune cells that may correlate with PD-L1 in GBM, we identified PD-L1-associated immune components in GBM microenvironment by utilizing GSVA analysis (Figure 2 and Table S5). The results showed that PD-L1 expression was positively correlated with the infiltration of macrophages (CGGA r = 0.3024, p = 0.0002; TCGA r = 0.30818, p = 0.0001), M1-macrophage (CGGA r = 0.25567, p = 0.002; TCGA r = 0.36842, p < 0.0001), M2-macrophage (CGGA r = 0.30057, p = 0.0003; TCGA r = 0.36069, p < 0.0001), neutrophil (CGGA r = 0.33619, p < 0.0001; TCGA r = 0.26032, p = 0.0013), and Treg (CGGA, r = 0.02204, p > 0.05; TCGA, r = 0.21973, p = 0.0069). In contrast, PD-L1 was negatively correlated with the infiltration of CD8+ T cell (CGGA, r = -0.19901, p = 0.0168; TCGA, r = -0.35739, p < 0.0001), Tfh (CGGA, r = -0.3092, p = 0.0002; TCGA, r = -0.25058, p = 0.0020), Tgd (CGGA, r = -0.30892, p = 0.0002; TCGA, r = -0.36625, p < 0.0001), and B cell (CGGA r = -0.32434, p < 0.0001; TCGA r = –0.26846, p = 0.0009). These results indicated that PD-L1 was positively correlated with the infiltration of macrophages in GBM and negatively correlated with effector T immune cells.




Figure 2 | Heatmap indicates the correlation of PD-L1 with 26 immune cell subpopulations in CGGA dataset (A) and TCGA dataset (B). Each coloured square illustrates the correlation between PD-L1 and the transcriptional profile of the corresponding immune cell type. Red colour illustrates a positive correlation (r = 1), white indicates no correlation (r = 0), and blue a negative correlation (r = −1). Immune cells in the ranking list: (A), eosinophil, Tcm, Tem, CD8+T cell, Tfh, Th, Th2, B cell, Tgd (γδT cell), Th1, NK CD56bright cell, iDC, NK cell, NK CD56dim cell, DC, pDC, T cell, Cytotoxic T cell, Microglia, aDC, Treg, Th17, neutrophil, M2-like-Macrophage, Macrophage,M1-like-Macrophage; (B), neutrophil, M2-like-Macrophage, M1-like-Macrophage, Microglia, Macrophage, DC, T cell, Cytotoxic T cell, iDC, pDC, Th, Th2, CD8+T cell, Tgd, Tcm, Tem, Th1, B cell, NK CD56dim cell, Treg, aDC, Th17, Tfh, eosinophil.





PD-L1 Correlates With M2-Macrophages-Related Chemokines

The M2-polarization of TAM is recognized as an immune-suppressive phenotype (29). It is striking to notice the correlation between PD-L1 and M2-macrophages. To verified the above findings, we investigated the correlation between PD-L1 and canonical chemokines of both M1-macrophages (IL-12, IL-23, TNF, IFNG) and M2 macrophages (IL-10, TGF-β, IL-4, IL-13). In TCGA cohort (Figure 3), PD-L1 was positively correlated with M2-macrophage chemokines, such as TGF-β1 (r = 0.34433, p < 0.0001), TGF-β3 (r = 0.22328, p = 0.0049), and IL-10 (r = 0.18208, p = 0.0225). However, no significant correlation was found between PD-L1 and M1-macrophage chemokines (|r| < 0.1, p > 0.05). In CGGA cohort, PD-L1 also showed positive correlation with M2 chemokines, although the differences were not statistically significant (Figure S2B). These findings supported that PD-L1 was intimately correlated with M2-macrophages in the microenvironment of GBM.




Figure 3 | Pearson’s correlation of PD-L1 and TAM-related chemokines in TCGA glioblastoma dataset. (A) Chemokine of M1-TAM: IL12A (r = 0.117796, p > 0.05), IL12B (r = 0.140694, p > 0.05), IL23A (r = 0.149971, p > 0.05), IL23R (r = 0.107516, p > 0.05), TNF (r = -0.00741, p > 0.05), IFNG (r = 0.129588, p < 0.0001). (B) Chemokine of M2-TAM: TGF-β1 (r = 0.34433, p < 0.0001), TGF-β2 (r = 0.12637, p = 0.1148), TGF-β3 (r = 0.22328, p < 0.0049), IL-10 (r = 0.18208, p = 0.0225), IL-4 (r = 0.0748, p > 0.05), IL-13 (r = -0.05977, p > 0.05).





PD-L1 Is Associated With Signalling Pathways That Modulate Macrophage Polarization

In order to investigate the function of PD-L1 in modulating TAM M2 polarization, genes highly expressed in PD-L1high and PD-L1low GBMs were used to identify potential biological pathways (Table S2). As shown in Figure 4, the pathways enriched in PD-L1high GBM include (1) NF-kappa B signalling pathway; (2) apoptotic process; (3) positive regulation of interferon-gamma production; (4) Fc gamma R-mediated phagocytosis; (5) positive regulation of interleukin-10 production; (6) response to interferon-gamma; (7) negative regulation of ERK1 and ERK2 cascade; (8) mTOR signalling pathway; (9) innate immune response; (10) Cytokine-cytokine receptor interaction. Enriched pathways in PD-L1low GBM contain (1) nervous system development; (2) regulation of transcription, DNA-templated; (3) spinal cord oligodendrocyte cell fate specification; (4) negative regulation of transcription from RNA polymerase II promoter; (5) neurogenesis; (6) mRNA splicing, via spliceosome; (7) negative regulation of neuron differentiation; (8) Oxidative phosphorylation. In sum, critical pathways involved in macrophage polarization were enriched in PD-L1high GBMs, while biological pathways enriched in PD-L1low GBMs were less relevant with macrophages functions.




Figure 4 | The top bioinformatics hits of biological pathways derived from genes enriched in GBM patients with PD-L1high (A) and PD-L1low (B). Plot sizes show gene counts enriched in the enrichment of pathway. Colour depth indicates the p value from low (red) to high level (blue). The p values of all presented hits are less than 0.05.






Discussion

The continuous failure of clinical trials on PD-1 antibodies in GBM necessitates basic researches on the mechanism of immunotherapies resistance. This study depicts the immune features associated with PD-L1 in the TME of GBM. Firstly, the PD-L1 mRNA expression shows a grade-dependent pattern in gliomas. Higher PD-L1 expression predicted a poorer outcome in patients with GBM. Moreover, PD-L1 expression is associated with the infiltration of immune-suppressive macrophages and neutrophils. We further found that PD-L1 high expression was positively correlated with the M2-polarization of TAMs, evidenced by the increased M2-related gene signatures and canonical chemokines. Signalling pathways that correlated with macrophage polarization were enriched in PD-L1high GBMs, indicating a critical role of PD-L1 in modulating macrophage activation. The present study provides preliminary evidence on the intimate correlation between PD-L1 and M2-TAMs, supporting the notion that PD-L1 inhibitors could enhance the efficacy of prevalent PD-1 antibodies for GBM therapy.

It is important to determine the expression pattern of PD-L1 in GBM. The protein level of PD-L1 has been considered as a critical predictive marker for therapeutic response to PD-1/PD-L1 antibody in multiple types of cancer (30). However, the positive rate and expression level of PD-L1 in GBM can be influenced by many factors, such as the selected anti-PD-L1 antibody; the positive criteria; and the intrinsic tumoral heterogeneity (31). For instance, the percentage of GBM patients with detectable PD-L1 protein expression level varies from 61 to 88% according to different reports (32, 33), while the median percentage of PD-L1-expression cells in GBM is only 2.77% (32). Thus, a more comprehensive landscape of PD-L1 expression in glioma is needed. In this study, we found that PD-L1 mRNA was frequently expressed in all grades of gliomas and exhibited a grade-dependent manner. This finding is in line with previous studies that PD-L1 is positively correlated with glioma grades (34). We also noticed that the proneural GBM subtype had lower PD-L1 expression among all the GBM subgroups whereas the mesenchymal subtype had a relatively higher level. These findings are in agreement with other reports that the proneural subtype has a better outcome and the immunosuppressive genes are predominant in mesenchymal subtype (35, 36).

Whether PD-L1 represents a stable prognosis predictor in glioma is still under debate. Over half of the published reports proposed the negative correlation of PD-L1 expression and survival time of glioma patients, while other studies showed no significant correlation between PD-L1 and patient survival (31, 33, 37). This study shows that higher PD-L1 mRNA expression is correlated with shorter overall survival. The Cox regression analysis further indicates that PD-L1 is an independent unfavourable prognostic marker in GBMs.

Intra-tumor heterogeneity and unresponsive to immunotherapy represent the major obstacles for immune-checkpoint antibodies in GBM. The WHO 2016 glioma diagnosis scheme based on molecular characteristics represents a big step towards precise diagnosis and tailored therapy for patients with diffused glioma (38). GBMs are well-known insensitive “cold” tumors with relatively low tumor mutation burden and quiescent immune reactivity (13, 39). The highly immune-suppressive TME with a paucity of infiltrating CTLs has been considered a pivotal mediator of the insensitivity (40), wherein TAMs play an indispensable role (16). Classically, TAMs can polarize to M1 macrophages (the classical activation) which exhibit pro-inflammatory and cancer-inhibiting effects. Alternatively, stimuli such as IL-4, IL-14, IL-10 can induce macrophages towards an anti-inflammatory and cancer-promoting M2 phenotype (41, 42). In GBM, TAMs were the predominant infiltrating immune cells and usually polarized to an immunosuppressive M2-like phenotype (43, 44). This study shows that PD-L1 may be an important regulator of macrophages in GBM, supported by the positive correlation between them. Moreover, PD-L1 is positively correlated with the canonical markers of M2 macrophages, while has insignificant correlation with M1 markers. Thus, PD-L1 may participate in the induction and maintenance of macrophage M2-polarization.

The tumor infiltrating neutrophils could also inhibit T cells activity via the PD-1/PD-L1 pathway in hepatocellular carcinoma (45) and was associated with pro-inflammatory cytokine in lung cancer (46). The positive correlation between PD-L1 and neutrophil in the study implies that neutrophil-mediated immunosuppression may also occur in GBM. Regulatory T cells (Treg) are emerging as a mediator of immunosuppression in glioblastoma by inhibiting the generation of IL-12 and IFN-γ and suppressing tumor infiltrating T cells (47). PD-L1-mediated immunosuppression may also involve Treg.

In contrast, PD-L1 shows negative correlations with CD8+ cytotoxic T cells, T follicular helper cells (Tfh), gamma delta (γδ) T cells (Tgd), and B cells. CD8+ T cells represent the major tumoricidal T lymphocyte. The immunosuppressive TME is feathered by the exhaustion, anergy, and apoptosis of CD8+ T cells (48). Tfh belongs to CD4+ T cells which play a critical immune protective role via facilitating B cell generating antibody (49). Tgd produces various cytokines and chemokines (IFN-γ, TNF-α, IL-17) and can lysate infected or malignant cells (50). Thus, the immunosuppression mediated by PD-L1 may involve in a broader range of anti-tumor lymphocytes.

Genes that highly expressed in PD-L1high GBMs enriched in multiple critical polarizing-related signalling pathways. For instance, The classical activation of macrophages (M1) is induced by LPS and interferon-gamma (IFN-γ) (51). NF-kappa B is a critical transcription factor that transduces activation signals from LPS/TLR4 (52). Meanwhile, Shen J et al. also showed that NF-kappa B mediated IL-17 induced M2 macrophage polarization (53). IL-10 represents one of the canonical M2 stimuli. Upon ligating with its receptor IL-10R, IL-10 activates the transcription factor STAT3, which suppresses the production of pro-inflammatory cytokine (54, 55). The key role of mTORC1 in macrophage polarization has been reported, constitutive mTORC1 activation impaired the M2 polarization and increase pro-inflammatory response (56); depletion of mTORC1 decreased inflammation and pathogenic immune response during infection (57).

Translationally, targeting PD-L1 may represent a promising approach to re-educate TAM towards the anti-tumor M1 phenotype. Inhibition of PD-L1 would, therefore, abrogate the immune-suppression induced by M2 macrophage. It has been reported that PD-L1 involved in constitute negative signals pathways and led to immune-suppressive phenotypes in macrophages. Inhibition of PD-L1 promoted the proliferation, survival, and activation of macrophages (18). A similar remodeling of intratumoral macrophages was observed in a murine sarcoma model treated with anti-PD1/anti-CTLA-4 antibodies (17). Our study and others imply that targeting the PD-1/PD-L1 axis may yield additional anti-cancer effects mediated by TAM polarization. This notion can be exploited in the treatment of GBM since the combinations of PD-L1 and PD-1 antibodies have shown potent anti-GBM efficacy in pre-clinical studies (58–60).

Experimental studies are needed to validate the findings of this study. Ex vivo profiling of the cell components in GBM tissues would provide valuable information of TME. In addition, the correlation analysis can only provide preliminary evidence of the relationship rather than determine the causal relationship between PD-L1 and M2 macrophages. One of the major challenges of exploiting PD-L1 for prognosis prediction in GBM is to determine the positive criteria and cut-off value of PD-L1 expression, which necessitates large-scale studies. Lastly, it remains elusive whether M2-TAM polarization causally induces PD-L1 expression or vice versa, further studies are needed to delineate the relationship between PD-L1 and macrophage polarization.

This study provides preliminary evidence that PD-L1 is intimately correlated the infiltration and M2-polarization of macrophages. This notion represents an underappreciated immunosuppressive mechanism in the context of GBM. One brave but reasonable speculation is that PD-L1 inhibitors may enhance the efficacy of the prevalent PD-1 antibodies in GBM. It would be worthy to evaluate the efficacy of combining PD-L1 and PD-1 antibodies in future clinical trials.



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 authors.



Author Contributions

ZYZ and MG designed the study and wrote the manuscript. HZ designed the study, interpreted the results, and revised the manuscript. XL and MG performed the analysis and prepared the figures. BC, SZ, and ZTZ designed and supervised the study. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the funding: Basic research of Shenzhen Science and technology plan project (No. JCYJ2017306091310788).



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2020.588552/full#supplementary-material



References

1. Ostrom, QT, Cioffi, G, Gittleman, H, Patil, N, Waite, K, Kruchko, C, et al. CBTRUS Statistical Report: Primary Brain and Other Central Nervous System Tumors Diagnosed in the United States in 2012-2016. Neuro Oncol (2019) 21:v1–v100. doi: 10.1093/neuonc/noz150

2. Tan, AC, Ashley, DM, Lopez, GY, Malinzak, M, Friedman, HS, and Khasraw, M. Management of glioblastoma: State of the art and future directions. CA Cancer J Clin (2020) 70(4):299–312. doi: 10.3322/caac.21613

3. Stupp, R, Mason, WP, van den Bent, MJ, Weller, M, Fisher, B, Taphoorn, MJ, et al. Radiotherapy plus concomitant and adjuvant temozolomide for glioblastoma. N Engl J Med (2005) 352:987–96. doi: 10.1056/NEJMoa043330

4. Dougan, M, and Dranoff, G. Immune therapy for cancer. Annu Rev Immunol (2009) 27:83–117. doi: 10.1146/annurev.immunol.021908.132544

5. Pardoll, DM. The blockade of immune checkpoints in cancer immunotherapy. Nat Rev Cancer (2012) 12:252–64. doi: 10.1038/nrc3239

6. Dong, H, Strome, SE, Salomao, DR, Tamura, H, Hirano, F, Flies, DB, et al. Tumor-associated B7-H1 promotes T-cell apoptosis: a potential mechanism of immune evasion. Nat Med (2002) 8:793–800. doi: 10.1038/nm730

7. Zou, W, Wolchok, JD, and Chen, L. PD-L1 (B7-H1) and PD-1 pathway blockade for cancer therapy: Mechanisms, response biomarkers, and combinations. Sci Transl Med (2016) 8:328rv4. doi: 10.1126/scitranslmed.aad7118

8. Wei, SC, Duffy, CR, and Allison, JP. Fundamental Mechanisms of Immune Checkpoint Blockade Therapy. Cancer Discovery (2018) 8:1069–86. doi: 10.1158/2159-8290.CD-18-0367

9. Iams, WT, Porter, J, and Horn, L. Immunotherapeutic approaches for small-cell lung cancer. Nat Rev Clin Oncol (2020) 17:300–12. doi: 10.1038/s41571-019-0316-z

10. Emens, LA. Breast Cancer Immunotherapy: Facts and Hopes. Clin Cancer Res (2018) 24:511–20. doi: 10.1158/1078-0432.CCR-16-3001

11. Hodi, FS, Chiarion-Sileni, V, Gonzalez, R, Grob, JJ, Rutkowski, P, Cowey, CL, et al. Nivolumab plus ipilimumab or nivolumab alone versus ipilimumab alone in advanced melanoma (CheckMate 067): 4-year outcomes of a multicentre, randomised, phase 3 trial. Lancet Oncol (2018) 19:1480–92. doi: 10.1016/S1470-2045(18)30700-9

12. Reardon, DA, Brandes, AA, Omuro, A, Mulholland, P, Lim, M, Wick, A, et al. Effect of Nivolumab vs Bevacizumab in Patients With Recurrent Glioblastoma: The CheckMate 143 Phase 3 Randomized Clinical Trial. JAMA Oncol (2020) 6(7):1003–10. doi: 10.1001/jamaoncol.2020.1024

13. Lim, M, Xia, Y, Bettegowda, C, and Weller, M. Current state of immunotherapy for glioblastoma. Nat Rev Clin Oncol (2018) 15:422–42. doi: 10.1038/s41571-018-0003-5

14. Le, DT, Uram, JN, Wang, H, Bartlett, BR, Kemberling, H, Eyring, AD, et al. PD-1 Blockade in Tumors with Mismatch-Repair Deficiency. N Engl J Med (2015) 372:2509–20. doi: 10.1056/NEJMoa1500596

15. Wang, X, Guo, G, Guan, H, Yu, Y, Lu, J, and Yu, J. Challenges and potential of PD-1/PD-L1 checkpoint blockade immunotherapy for glioblastoma. J Exp Clin Cancer Res (2019) 38:87. doi: 10.1186/s13046-019-1085-3

16. Antonios, JP, Soto, H, Everson, RG, Moughon, D, Orpilla, JR, Shin, NP, et al. Immunosuppressive tumor-infiltrating myeloid cells mediate adaptive immune resistance via a PD-1/PD-L1 mechanism in glioblastoma. Neuro Oncol (2017) 19:796–807. doi: 10.1093/neuonc/now287

17. Gubin, MM, Esaulova, E, Ward, JP, Malkova, ON, Runci, D, Wong, P, et al. High-Dimensional Analysis Delineates Myeloid and Lymphoid Compartment Remodeling during Successful Immune-Checkpoint Cancer Therapy. Cell (2018) 175:1014–30.e19. doi: 10.1016/j.cell.2018.09.030

18. Hartley, GP, Chow, L, Ammons, DT, Wheat, WH, and Dow, SW. Programmed Cell Death Ligand 1 (PD-L1) Signaling Regulates Macrophage Proliferation and Activation. Cancer Immunol Res (2018) 6:1260–73. doi: 10.1158/2326-6066.CIR-17-0537

19. Zhao, Z, Meng, F, Wang, W, Wang, Z, Zhang, C, and Jiang, T. Comprehensive RNA-seq transcriptomic profiling in the malignant progression of gliomas. Sci Data (2017) 4:170024. doi: 10.1038/sdata.2017.24

20. Gao, M, Lin, Y, Liu, X, Li, Y, Zhang, C, Wang, Z, et al. ISG20 promotes local tumor immunity and contributes to poor survival in human glioma. Oncoimmunology (2019) 8:e1534038. doi: 10.1080/2162402X.2018.1534038

21. Bindea, G, Mlecnik, B, Tosolini, M, Kirilovsky, A, Waldner, M, Obenauf, AC, et al. Spatiotemporal dynamics of intratumoral immune cells reveal the immune landscape in human cancer. Immunity (2013) 39:782–95. doi: 10.1016/j.immuni.2013.10.003

22. Chtanova, T, Newton, R, Liu, SM, Weininger, L, Young, TR, Silva, DG, et al. Identification of T cell-restricted genes, and signatures for different T cell responses, using a comprehensive collection of microarray datasets. J Immunol (2005) 175:7837–47. doi: 10.4049/jimmunol.175.12.7837

23. Hyrcza, MD, Kovacs, C, Loutfy, M, Halpenny, R, Heisler, L, Yang, S, et al. Distinct transcriptional profiles in ex vivo CD4+ and CD8+ T cells are established early in human immunodeficiency virus type 1 infection and are characterized by a chronic interferon response as well as extensive transcriptional changes in CD8+ T cells. J Virol (2007) 81:3477–86. doi: 10.1128/JVI.01552-06

24. Wendt, K, Wilk, E, Buyny, S, Buer, J, Schmidt, RE, and Jacobs, R. Gene and protein characteristics reflect functional diversity of CD56dim and CD56bright NK cells. J Leukoc Biol (2006) 80:1529–41. doi: 10.1189/jlb.0306191

25. Mantovani, A, Sica, A, Sozzani, S, Allavena, P, Vecchi, A, and Locati, M. The chemokine system in diverse forms of macrophage activation and polarization. Trends Immunol (2004) 25:677–86. doi: 10.1016/j.it.2004.09.015

26. Murray, PJ, Allen, JE, Biswas, SK, Fisher, EA, Gilroy, DW, Goerdt, S, et al. Macrophage activation and polarization: nomenclature and experimental guidelines. Immunity (2014) 41:14–20. doi: 10.1016/j.immuni.2014.06.008

27. Li, W, and Graeber, MB. The molecular profile of microglia under the influence of glioma. Neuro Oncol (2012) 14:958–78. doi: 10.1093/neuonc/nos116

28. Gabrusiewicz, K, Rodriguez, B, Wei, J, Hashimoto, Y, Healy, LM, Maiti, SN, et al. Glioblastoma-infiltrated innate immune cells resemble M0 macrophage phenotype. JCI Insight (2016) 1(2):e85841,1–19. doi: 10.1172/jci.insight.85841

29. Chen, Y, Song, Y, Du, W, Gong, L, Chang, H, and Zou, Z. Tumor-associated macrophages: an accomplice in solid tumor progression. J BioMed Sci (2019) 26:78. doi: 10.1186/s12929-019-0568-z

30. Herbst, RS, Soria, JC, Kowanetz, M, Fine, GD, Hamid, O, Gordon, MS, et al. Predictive correlates of response to the anti-PD-L1 antibody MPDL3280A in cancer patients. Nature (2014) 515:563–7. doi: 10.1038/nature14011

31. Chen, RQ, Liu, F, Qiu, XY, and Chen, XQ. The Prognostic and Therapeutic Value of PD-L1 in Glioma. Front Pharmacol (2018) 9:1503. doi: 10.3389/fphar.2018.01503

32. Nduom, EK, Wei, J, Yaghi, NK, Huang, N, Kong, LY, Gabrusiewicz, K, et al. PD-L1 expression and prognostic impact in glioblastoma. Neuro Oncol (2016) 18:195–205. doi: 10.1093/neuonc/nov172

33. Berghoff, AS, Kiesel, B, Widhalm, G, Rajky, O, Ricken, G, Wohrer, A, et al. Programmed death ligand 1 expression and tumor-infiltrating lymphocytes in glioblastoma. Neuro Oncol (2015) 17:1064–75. doi: 10.1093/neuonc/nou307

34. Xue, S, Hu, M, Li, P, Ma, J, Xie, L, Teng, F, et al. Relationship between expression of PD-L1 and tumor angiogenesis, proliferation, and invasion in glioma. Oncotarget (2017) 8:49702–12. doi: 10.18632/oncotarget.17922

35. Wang, Z, Zhang, C, Liu, X, Wang, Z, Sun, L, Li, G, et al. Molecular and clinical characterization of PD-L1 expression at transcriptional level via 976 samples of brain glioma. Oncoimmunology (2016) 5:e1196310. doi: 10.1080/2162402X.2016.1196310

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

37. Jan, CI, Tsai, WC, Harn, HJ, Shyu, WC, Liu, MC, Lu, HM, et al. Predictors of Response to Autologous Dendritic Cell Therapy in Glioblastoma Multiforme. Front Immunol (2018) 9:727. doi: 10.3389/fimmu.2018.00727

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

39. Alexandrov, LB, Nik-Zainal, S, Wedge, DC, Aparicio, SA, Behjati, S, Biankin, AV, et al. Signatures of mutational processes in human cancer. Nature (2013) 500:415–21. doi: 10.1038/nature12477

40. Hao, C, Parney, IF, Roa, WH, Turner, J, Petruk, KC, and Ramsay, DA. Cytokine and cytokine receptor mRNA expression in human glioblastomas: evidence of Th1, Th2 and Th3 cytokine dysregulation. Acta Neuropathol (2002) 103:171–8. doi: 10.1007/s004010100448

41. Cheng, H, Wang, Z, Fu, L, and Xu, T. Macrophage Polarization in the Development and Progression of Ovarian Cancers: An Overview. Front Oncol (2019) 9:421. doi: 10.3389/fonc.2019.00421

42. Guadagno, E, Presta, I, Maisano, D, Donato, A, Pirrone, CK, Cardillo, G, et al. Role of Macrophages in Brain Tumor Growth and Progression. Int J Mol Sci (2018) 19(4):1005,1–19. doi: 10.3390/ijms19041005

43. Fu, W, Wang, W, Li, H, Jiao, Y, Huo, R, Yan, Z, et al. Single-Cell Atlas Reveals Complexity of the Immunosuppressive Microenvironment of Initial and Recurrent Glioblastoma. Front Immunol (2020) 11:835. doi: 10.3389/fimmu.2020.00835

44. Hussain, SF, Yang, D, Suki, D, Aldape, K, Grimm, E, and Heimberger, AB. The role of human glioma-infiltrating microglia/macrophages in mediating antitumor immune responses. Neuro Oncol (2006) 8:261–79. doi: 10.1215/15228517-2006-008

45. He, G, Zhang, H, Zhou, J, Wang, B, Chen, Y, Kong, Y, et al. Peritumoural neutrophils negatively regulate adaptive immunity via the PD-L1/PD-1 signalling pathway in hepatocellular carcinoma. J Exp Clin Cancer Res (2015) 34:141. doi: 10.1186/s13046-015-0256-0

46. Koyama, S, Akbay, EA, Li, YY, Aref, AR, Skoulidis, F, Herter-Sprie, GS, et al. STK11/LKB1 Deficiency Promotes Neutrophil Recruitment and Proinflammatory Cytokine Production to Suppress T-cell Activity in the Lung Tumor Microenvironment. Cancer Res (2016) 76:999–1008. doi: 10.1158/0008-5472.CAN-15-1439

47. Humphries, W, Wei, J, Sampson, JH, and Heimberger, AB. The role of tregs in glioma-mediated immunosuppression: potential target for intervention. Neurosurg Clin N Am (2010) 21:125–37. doi: 10.1016/j.nec.2009.08.012

48. Mirzaei, R, Sarkar, S, and Yong, VW. T Cell Exhaustion in Glioblastoma: Intricacies of Immune Checkpoints. Trends Immunol (2017) 38:104–15. doi: 10.1016/j.it.2016.11.005

49. Qin, L, Waseem, TC, Sahoo, A, Bieerkehazhi, S, Zhou, H, Galkina, EV, et al. Insights Into the Molecular Mechanisms of T Follicular Helper-Mediated Immunity and Pathology. Front Immunol (2018) 9:1884. doi: 10.3389/fimmu.2018.01884

50. Zhao, Y, Niu, C, and Cui, J. Gamma-delta (gammadelta) T cells: friend or foe in cancer development? J Transl Med (2018) 16:3. doi: 10.1186/s12967-018-1491-x

51. Orecchioni, M, Ghosheh, Y, Pramod, AB, and Ley, K. Macrophage Polarization: Different Gene Signatures in M1(LPS+) vs. Classically and M2(LPS-) vs. Alternatively Activated Macrophages. Front Immunol (2019) 10:1084. doi: 10.3389/fimmu.2019.01084

52. Lawrence, T, and Natoli, G. Transcriptional regulation of macrophage polarization: enabling diversity with identity. Nat Rev Immunol (2011) 11:750–61. doi: 10.1038/nri3088

53. Shen, J, Sun, X, Pan, B, Cao, S, Cao, J, Che, D, et al. IL-17 induces macrophages to M2-like phenotype via NF-kappaB. Cancer Manag Res (2018) 10:4217–28. doi: 10.2147/CMAR.S174899

54. Lang, R, Patel, D, Morris, JJ, Rutschman, RL, and Murray, PJ. Shaping gene expression in activated and resting primary macrophages by IL-10. J Immunol (2002) 169:2253–63. doi: 10.4049/jimmunol.169.5.2253

55. Wang, N, Liang, H, and Zen, K. Molecular mechanisms that influence the macrophage m1-m2 polarization balance. Front Immunol (2014) 5:614. doi: 10.3389/fimmu.2014.00614

56. Byles, V, Covarrubias, AJ, Ben-Sahra, I, Lamming, DW, Sabatini, DM, Manning, BD, et al. The TSC-mTOR pathway regulates macrophage polarization. Nat Commun (2013) 4:2834. doi: 10.1038/ncomms3834

57. Haloul, M, Oliveira, ERA, Kader, M, Wells, JZ, Tominello, TR, El Andaloussi, A, et al. mTORC1-mediated polarization of M1 macrophages and their accumulation in the liver correlate with immunopathology in fatal ehrlichiosis. Sci Rep (2019) 9:14050. doi: 10.1038/s41598-019-50320-y

58. Saha, D, Martuza, RL, and Rabkin, SD. Macrophage Polarization Contributes to Glioblastoma Eradication by Combination Immunovirotherapy and Immune Checkpoint Blockade. Cancer Cell (2017) 32:253–67.e5. doi: 10.1016/j.ccell.2017.07.006

59. Reardon, DA, Gokhale, PC, Klein, SR, Ligon, KL, Rodig, SJ, Ramkissoon, SH, et al. Glioblastoma Eradication Following Immune Checkpoint Blockade in an Orthotopic, Immunocompetent Model. Cancer Immunol Res (2016) 4:124–35. doi: 10.1158/2326-6066.CIR-15-0151

60. Wainwright, DA, Chang, AL, Dey, M, Balyasnikova, IV, Kim, CK, Tobias, A, et al. Durable therapeutic efficacy utilizing combinatorial blockade against IDO, CTLA-4, and PD-L1 in mice with brain tumors. Clin Cancer Res (2014) 20:5290–301. doi: 10.1158/1078-0432.CCR-14-0514



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

Copyright © 2020 Zhu, Zhang, Chen, Liu, Zhang, Zong and Gao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        PD-L1-Mediated Immunosuppression in Glioblastoma Is Associated With the Infiltration and M2-Polarization of Tumor-Associated Macrophages

      

        		

          Introduction

        



        		

          Methods and Materials

        

          		

            Data Acquisition

          



          		

            Bioinformatic Analysis

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            PD-L1 Is Frequently Expressed in Gliomas and Predicts Unfavorable Overall Survival in GBM

          



          		

            PD-L1 Is Positively Correlated With Immunosuppressive M2-Macrophage and Suppresses Effector T Cells in GBM

          



          		

            PD-L1 Correlates With M2-Macrophages-Related Chemokines

          



          		

            PD-L1 Is Associated With Signalling Pathways That Modulate Macrophage Polarization

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu.2020.588552_cover.jpg
, frontiers
in Immunology

PD-L1-Mediated Immunosuppression
in Glioblastoma Is Associated With
the Infiltration and M2-Polarization
of Tumor-Associated Macrophages





OEBPS/Images/fimmu-11-588552-g001.jpg
B e I
” 3 WIS .
= T |
L = i [T
i :hé ¥ ] e
= .
c [rS— ° [ps——
w -
o
i -
§ s
o}
S






OEBPS/Images/fimmu-11-588552-g003.jpg
M1-TAM chemokine

ATCGA conery

(GBM (TCGA cohort)






OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/fimmu-11-588552-g004.jpg
i U
f SRR B

.






OEBPS/Images/fimmu-11-588552-g002.jpg





