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The immune microenvironment is important for the development, progression, and prognosis of anaplastic glioma (AG). This complex milieu has not been fully elucidated, and a high-dimensional analysis is urgently required. Utilizing mass cytometry (CyTOF), we performed an analysis of immune cells from 5 patients with anaplastic astrocytoma, IDH-mutant (AAmut) and 10 patients with anaplastic oligodendroglioma, IDH-mutant and 1p/19q codeletion (AOD) and their paired peripheral blood mononuclear cells (PBMCs). Based on a panel of 33 biomarkers, we demonstrated the tumor-driven immune changes in the AG immune microenvironment. Our study confirmed that mononuclear phagocytes and T cells are the most abundant immunocytes in the AG immune microenvironment. Glioma-associated microglia/macrophages in both AAmut and AOD samples showed highly immunosuppressive characteristics. Compared to those in the PBMCs, the ratios of immune checkpoint-positive exhausted CD4+ T cells and CD8+ T cells were higher at the AG tumor sites. The AAmut immune milieu exhibits more immunosuppressive characteristics than that in AOD.
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Introduction

WHO grade III anaplastic gliomas (AGs) comprise approximately 6 to 10% of all newly diagnosed adult primary brain tumors (1). Previously, based on morphological criteria, AGs were classified into three groups: a) anaplastic oligodendroglioma, b) anaplastic oligoastrocytoma, and c) anaplastic astrocytoma. Anaplastic oligoastrocytoma accounts for 30–50% of all AGs, and the remaining 50–70% are referred to as anaplastic astrocytoma (2). In 2016, the WHO organization defined two molecular markers for histological analysis in the diagnostic and prognostic stratification of AGs (3). Based on the mutation of isocitrate dehydrogenase (IDH) and the codeletion of chromosome 1p/19q, AGs can be divided into three main distinct subgroups: 1) anaplastic astrocytoma, IDH-mutant (AAmut); 2) anaplastic astrocytoma IDH-wild-type (AAwt); and 3) anaplastic oligodendroglioma, IDH-mutant and 1p/19q codeletion (AOD) (3). The typical treatment for AGs is maximal safe resection followed by radiation therapy or chemotherapy. Despite surgery, radiation therapy and chemotherapy, the prognosis of WHO grade III glioma is still poor. The median overall survival of AGs varies widely from 3 to 12 years (4, 5).

Iris Elens investigated the immunotherapy safety and efficacy for recurrent AGs (6). After surgical resection, 39 patients received dendritic cell vaccines loaded with autologous tumor lysates (6). Compared with that of temozolomide treatment in the literature, the median progression-free survival was not significantly different after immunotherapy, although the expected outcome of immunotherapy was more pronounced than temozolomide treatment in AGs (6). The design of immunotherapy strategies for AGs requires detailed knowledge of the immune cell landscape. To our best knowledge, tumor-driven immune changes in the milieu of AGs have seldom been reported.

Patients with AOD have a more favorable prognosis than those with AAmut, even among those with the same tumor grade (7). The immune milieu acts a pivotal part in the glioma response to treatment and the prognosis (8). The difference in the immune microenvironment between these two subgroups with different prognostic estimates remains elusive.

Immunotherapy for AG is an emergent revolution that promises the prospect of highly specific and less toxic therapy compared to conventional strategies (9). Immunotherapy generically intensifies immune cell functions and facilitates improved antitumor immunity. Therefore, a wide-ranging understanding of the AG immune milieu on a high-dimensional single-cell basis is crucially needed. In the present study, we applied mass cytometry (CyTOF) to demonstrate the tumor-driven immune changes in situ to capture the cellular and molecular complexities of the AG immunosuppressive milieu. We compared the difference in immune signatures between the AAmut and AOD subgroups in the AGs. Our data will help elucidate the immune microenvironment changes in AGs and promote the development of immunotherapy.



Materials and Methods


Anaplastic Glioma Tissue and Blood Samples Collection

From June 2018 to March 2019, we enrolled patients with WHO grade III AAmut or AOD who underwent craniotomy surgery at Beijing Tiantan Hospital (Beijing, China), and blood and tumor tissues were obtained. All these patients were diagnosed and confirmed by histopathological and molecular analysis. Before sampling, none of these enrolled patients used glucocorticoids. The current study was approved by the Institutional Review Board and Ethics Committee of Beijing Tiantan Hospital, Capital Medical University. Written informed consent was obtained from all patients.



AG Tumor Specimen Single-Cell Preparation

After the operation, the ice-cold Dulbecco’s phosphate-buffered saline (DPBS, Sigma-Aldrich) was immediately used to wash AAmut or AOD tumor tissues. In brief, type IV collagenase (Gibco) was used to dissociate the AG specimens. Next, Dulbecco’s modified Eagle’s medium (DMEM, Sigma-Aldrich) was used to wash the specimens. After centrifugation, the specimens were filtered through a 40 µm cell strainer with DPBS and washed with red blood cell (RBC) lysis buffer (BD Biosciences). Next, DPBS was used to wash the dissociated cell suspension. Finally, the cells were resuspended in staining buffer (DPBS containing 5% fetal bovine serum; ScienCell).



Blood Specimen Single-Cell Preparation

Peripheral blood specimens were gathered with ethylenediaminetetraacetic acid anticoagulation tubes. To remove plasma, the blood specimens were centrifuged first. Then, the blood specimens were transferred into SepMate peripheral blood mononuclear cell (PBMC) isolation tubes containing Ficoll (STEMCELL Technologies). After centrifugation, RBC lysis buffer was used to wash the cells. Finally, these cells were washed with staining buffer twice.



CyTOF Examination

A panel of 33 antibodies was used as previously reported (10). Preconjugated antibodies were purchased from Fluidigm Company. Purified antibodies were purchased from Biolegend Company and then conjugated with metals using the Maxpar® X8 Multimetal Labeling Kit (Fluidigm) according to the manufacturer’s protocol. Supplementary Figure S1 demonstrates the list of the antibodies and reporter isotopes. In brief, the cell specimens were rewarmed quickly. Anti-CD45 antibody conjugated with 156Gd was used to stain cells from AG tissues, while anti-CD45 antibody conjugated with 89Y was used to stain cells from PBMCs. We mixed together the cells from the AG and PBMC samples and then stained the specimens with cell surface antibodies. Subsequently, the mixed specimens were permeabilized and stained with intracellular antibodies. Then 0.125 nM Intercalator-Ir (Fluidigm) diluted in phosphate-buffered saline (PBS; Sigma-Aldrich) containing 2% formaldehyde was used to wash and incubate the antibody-labeled specimens. Specimens were stored at 4°C until CyTOF examination. Before acquisition, deionized water was used to wash the specimens. The specimens were resuspended in deionized water containing a 1:20 dilution of EQ Four Element Beads (Fluidigm) at a concentration of 1 × 106 cells/ml. The specimens were examined by CyTOF2 mass cytometry (Fluidigm Company).



Mass Cytometry Data Analysis

The.fcs files of CyTOF data were uploaded and analyzed with Cytobank (www.cytobank.org). As previously described (11), based on EQ Four Element Beads, we can use the MATLAB-based normalization technique according to the bead intensities. T cells were characterized as CD45+CD3+; natural killer (NK) cells were characterized as CD45+CD3−CD16+CD56+ (8, 12); B cells were characterized as CD45+CD19+; monocytes were characterized as CD45+CD14+CD16+ (13); macrophages or microglial cells were characterized as CD45+CD11b+CD3−CD19− CD66b−CD16− (14); regulatory t cells (Tregs) were characterized as CD45+CD4+CD25+CD127− (15) and granulocytes were characterized as CD45+CD66b+. Mononuclear phagocytes are composed of monocytes and macrophages (16). Immunocyte populations of interest were manually gated as previously reported (17). The viSNE analysis of T cells or glioma-associated microglia/macrophages (GAMs) was performed based on patients with more than 500 cell events in both PBMC and AG tumor lesions. Automatic cluster gate functionality was applied for the hierarchical cluster analysis. R software (version 3.4.0) was used to generate the heatmaps of marker expression or relative marker expression.



Normalization for Heatmap Data

For Figures 2E, D we used log10-scaled values to normalize the data.

For Figure 3A, we first calculated the ratio of the value of each GAM cytokine or marker to that of the paired mononuclear phagocytes in PBMCs. Then we log10-scaled the ratio to normalize the values.



Polychromatic Immunofluorescence Staining

Three AAmut and three AOD samples were collected for polychromatic immunofluorescence staining. Four percent formalin was used to fix the AG specimens and the specimens were embedded in paraffin blocks. For polychromatic immunofluorescence, 3 µm paraffin sections were washed in PBS twice, and permeabilized in 0.2 to 0.5% Triton X-100 (Solarbio). Then the paraffin sections were blocked in 5% normal donkey serum (Jackson Lab) and stained with primary antibody. Fluorescent-conjugated secondary antibodies (ZSGB-Bio) were used to detect the primary antibodies. Fluorescence mounting medium (Dako) was used to mount the sections. As previously described (18), we used the Opal 4-Color Manual IHC Kit (Perkin Elmer) for the analysis of formalin-fixed paraffin-embedded AG sections following the manufacturer’s protocols. Zeiss LSM880 NLO microscope was used to acquire fluorescent images. Primary antibodies were anti-CD45 (OriGene), anti-lba1 (CST), and anti-CD206 (Proteintech). GAMs were defined based on cells that costained with CD45 and lba1. CD206+ GAMs were defined based on cells that were costained with CD45, lba1, and CD206. The percentage of CD206+ GAMs was defined by (CD206+ GAMs)/GAMs.



Statistical Analysis

For the CyTOF data, five AAmut samples and the paired PBMCs and 10 AOD samples and the paired PBMCs were analyzed. The paired t-test was used to determine significant differences between the AG and paired PBMC samples. The unpaired t-test was used to determine significant differences between the AAmut and AOD lesions. GraphPad Prism software (version 7.00) was used to perform statistical analysis. P values less than 0.05 were considered to be statistically significant.




Results


High-Dimensional Single-Cell Immunophenotyping of AG Samples Using CyTOF

We obtained 10 AOD tumor tissues, all of which had paired peripheral blood samples (oPBMCs). We also obtained five AAmut tumor tissues and paired PBMC (aPBMC) samples (Figure 1A). The baseline characteristics of all AG patients are summarized in Table 1.




Figure 1 | Suppressive immune response to AG tumor lesions. (A) Schematics for defining the immune cell composition of AAmuts and AODs. AG tumor lesions and paired PBMC specimens were collected from AG patients. The specimens were prepared and stained with metal isotope-conjugated antibodies. CyTOF single-cell data were analyzed to identify the immune features of the AG patients. (B) Constitution of the immunocyte compartment showing the average frequencies of the major immunocyte lineages. (C) Bar plots displaying the average frequencies of AG patients and paired PBMC specimens (by paired t-tests and unpaired t-tests). Bar plots show the mean ± SEM (NS, no significance; *p < 0.05; **p < 0.01 and ***p < 0.001).




Table 1 | Basic characteristics of the AAmut and AOD patients.



We mapped the immune compartments of the AOD and AAmut lesions and their paired PBMCs at the same time (Figure 1A). The initial gating hierarchies for CD45+ immunocytes are demonstrated in Supplementary Figure S2A, and Supplementary Figure S2B summarizes the gating strategies for the indicated immunocytes. The viSNE map of the CD45+ immunocytes collected from all AG specimens demonstrated differential abundances of infiltrating immunocyte populations in the tumor immune milieu compared to those in the PBMCs (Supplementary Figure S2C).



Mononuclear Phagocytes and T Cells Are the Most Abundant Immunocytes in the AG Immune Microenvironment

We mapped the immune compartment of the AG tumor lesion and the paired peripheral blood specimens at the same time to distinguish the tumor-driven immune changes from the AG immune environment. In the AG immune microenvironment, mononuclear phagocytes (64.16% in AAmut and 56.76% in AOD) and T lymphocytes (25.92% in AAmut and 31.9% in AOD) were the most abundant immunocytes. There were no significant differences in the compartments of immunocytes between the AAmut and AOD immune microenvironments, and the immunocyte compartments in the peripheral blood were also similar. Compared with that in the PBMCs, the ratio of mononuclear phagocytes was notably increased in the AG lesions (p < 0.001 in both AAmuts and AODs), while the ratios of T cells (p < 0.01 in AAmuts and p < 0.001 in AODs) and B cells (p < 0.05 in AAmuts and p < 0.01 in AODs) were notably decreased, and the ratios of NK cells and granulocytes were similar (Figures 1B, C).



T Cells Demonstrate Immunosuppressive Phenotypes in AG

Compared with those in the PBMCs, the percentages of CD4+ T cells (p < 0.01 in both AODs and AAmuts) declined, while those of CD8+ T cells (p < 0.01 in both AAmuts and AODs) increased in the AAmuts and AODs. As expected, the proportions of Tregs in the AG lesions were significantly increased in both the AAmuts and AODs (p < 0.05 and p < 0.001, respectively). PD-1-, TIM-3-, or LAG-3- positive T cells are recognized as exhausted subgroups (19–21). Compared to that in the PBMCs, the proportions of PD-1- or TIM-3- positive exhausted T cells were substantially higher at the AG tumor sites (Figure 2A).




Figure 2 | Exhausted T cell compartment in the AAmut and AOD lesions. (A) Bar plots displaying the frequencies of the T cell subsets in the AAmut and AOD tumor sites and their paired PBMCs (by paired t-test and unpaired t-test). Bar plots show the mean ± SEM (NS, no significance; *p < 0.05; **p < 0.01; ***p < 0.001 and ****p < 0.0001). (B) ViSNE map, colored by specimen source (top) or specimen type (bottom), showing T cell subsets in five AAmut and five AOD patients. (C) ViSNE map demonstrating the expression level of PD-1 on T cells. (D) ViSNE map displaying T cell subgroups in five AAmut and five AOD patients. The map was colored by clusters. (E) Heatmap displaying the normalized indicated marker expression levels for the 21 T cell clusters identified in tumor lesions of the five AAmut and five AOD patients.



We employed the viSNE map tool (22) to convert the high-dimensional CyTOF data into a two-dimensional atlas. ViSNE analysis was performed on the patients who gathered more than 500 T cells in both the tumor sites and PBMCs. Finally, five AAmut patients and five AOD patients were analyzed. The viSNE map demonstrates that T cells in the AAmut and AOD groups displayed similar distributions (Figure 2B). Compared with the PBMCs, the AG lesions had a certain group of T cells that highly expressed PD-1 (Figure 2C).

Based on the hierarchical cluster analysis of the T cells using automatic cluster gate functionality, the T cells were subdivided into 21 subgroups according to the surface markers (Figure 2D). The heatmap visualized the expression profiles of these T cell clusters (Figure 2E). We identified seven CD4+ phenotypes, eleven CD8+ phenotypes, one Treg phenotype, and two CD4+/ CD8+ double-negative phenotypes with this approach.



Glioma-Associated Microglia/Macrophages in Anaplastic Astrocytomas Exhibit More Immunosuppressive Characteristics Than Those in Anaplastic Oligodendroglioma

Previous studies have shown the strong infiltration of peripheral macrophages and resident microglia within gliomas (23), and macrophages and microglia are collectively termed GAMs. In the current research, GAMs were the most enriched immune cell population in the AG tumor sites compared to the other immune cells. These cells were obviously distinguishable from the mononuclear phagocytes in PBMCs; the GAMs in both AAmut and AOD had higher expression levels of PD-L1, IDO, LAG-3, TIM-3, CD206, and TNFα than mononuclear phagocytes in the PBMCs (Figure 3A). Moreover, the GAMs showed intertumoral heterogeneity since CD206, immune checkpoints (PD-L1, TIM-3, and LAG-3), immunosuppressive cytokines (IL-10 and TGFβ), TNFα, and VEGF were expressed at various levels in the AG patients (Figure 3A). Compared to the mononuclear phagocytes in the PBMCs, GAMs in AOD lesions expressed higher levels of TGFβ (p < 0.05). Although TGFβ is an immunosuppressive agent (24), there was no significant difference in TGFβ expression levels in GAMs between AAmut and ADO lesions (Supplementary Figure S3A).




Figure 3 | Depiction of the GAM phenotypes in AG. (A) Heatmap displaying the relative expression levels of the indicated markers in the 5 AAmut and 10 AOD patients. The relative marker expression levels were defined by the ratios of the indicated marker expression levels of GAMs in AG lesions to those of the mononuclear phagocytes in PBMCs. (B) ViSNE map, colored by sample type, demonstrating the GAM subsets in four AAmut and four AOD patients. (C) ViSNE map, colored by clusters, demonstrating the GAM subset distribution in the AG tumor sites and the PBMCs. (D) Heatmap demonstrating the normalized indicated marker expression levels of the 17 GAM clusters identified in the four AAmut and four AOD patients. (E) ViSNE map demonstrating GAMs in AAmut and AOD colored to show the expression level of CD206. (F) Representative AAmut and AOD tissues stained for CD45 (purple), lba1 (red), and CD206 (green). Costaining of CD45, lba1, and CD206 (upper) indicated more CD206+ GAMs in AAmut lesions than in ADO lesions. The scale bar corresponds to 50 μm.



Four AAmut patients and four AOD patients gathered more than 500 GAM or mononuclear phagocyte event counts in both the AG tumor lesions and the PBMCs, and viSNE analysis was performed based on these cells. The viSNE map demonstrated that the GAMs were obviously distinguishable from the mononuclear phagocytes in PBMCs (Figure 3B). With automatic cluster gate functionality, the GAMs or mononuclear phagocytes could be subdivided into 17 subgroups based on the surface markers, and the expression levels of these GAM subpopulations were visualized in a heatmap (Figures 3C, D). At the single-cell level, the viSNE map demonstrated a cluster involving M-1, which was described as high expression of CD206, a marker that is expressed by protumor GAMs and may promote a tumor-supportive microenvironment (25). This cluster was excluded from the PBMCs, and there were more CD206+ GAMs in the AAmut lesions than in the AOD lesions (p < 0.05) (Figure 3E and Supplementary Figure S3B). Polychromatic immunofluorescence confirmed that there were more CD206+ GAMs in the AAmut lesions than in the AOD lesions (p < 0.01) (Figure 3F and Supplementary Figure S3C).



NK Cells Act a Complicated Part in the AG Immune Response

It has been reported that CXCR3 is required for NK cell infiltration (26). The expression level of CXCR3 between AAmut and AOD was not significantly different whereas the infiltrated NK cells in the AAmut or AOD lesions expressed higher CXCR3 levels (p < 0.05 or p < 0.001 respectively) than those in their paired PBMCs (Figure 4). Although the difference in IFNγ expression level between NK cells in AAmut and ADO lesions was not significant, the NK cells that infiltrated the AOD lesion seemed to demonstrate higher levels of cytolytic activities, as these NK cells expressed higher levels of IFNγ than the paired PBMCs (p < 0.01). Notably, granzyme B expression levels were similar between AAmut and AOD tumor sites, whereas granzyme B expression level was significantly lower in the AOD samples than in the peripheral blood samples (p < 0.05) (Figure 4).




Figure 4 | Cytolytic NK cells are dysfunctional at AG lesions. Bar plots demonstrating the expression levels of CXCR3, granzyme B, and IFNγ in the NK cells from AG patients and their paired PBMCs (by paired t-test and unpaired t-test). Bar plots show the mean ± SEM (*p < 0.05; **p < 0.01; ***p < 0.001; and NS, no significance).






Discussion

In our study, using CyTOF analyses, we analyzed infiltrating immunocytes from surgically resected initial AG tissues, including AAmut and AOD samples. Based on a panel of 33 markers, we present a single-cell view of the complicated AAmut and AOD immune microenvironment. Our study verified that mononuclear phagocytes and T cells were the most abundant groups in the immune microenvironment of AGs. The GAMs in both AAmut and AOD showed substantial inter- and intratumoral heterogeneity with highly immunosuppressive characteristics. Compared to that in the PBMCs, the ratios of immune checkpoint-positive exhausted CD4+ T cells and CD8+ T cells were distinctly higher at the AG tumor sites. The immune microenvironment in AAmut exhibits more immunosuppressive characteristics than that in AOD.

AGs are regarded as intermediate-grade gliomas, whose malignancy is between low-grade gliomas and glioblastomas (GBMs) (27). Furthermore, AGs are infiltrative neoplasms with a highly invasive nature, in which the disruption of the blood-brain barrier (BBB) is between that of low-grade gliomas and GBMs (28). Both the malignancy of the tumor and the breakdown of the BBB contribute to the unique and specific immune microenvironment in low-grade gliomas and GBMs (8). In our study, mononuclear phagocytes and T cells were the most abundant groups in the immune microenvironment of the AGs. The GAMs in the AGs present highly with various immunosuppressive cytokines and chemokines among the patients and among GAM subsets. Compared to those in the PBMCs, the ratios of exhausted CD4+ T cells and CD8+ T cells were distinctly higher at the AG tumor lesions. CyTOF technology provides a high-dimensional view of the composition of the immunosuppressive microenvironment in AGs, which may be vital for effectively targeting the immunosuppressive subpopulation in a clinical setting and for the special design of future immunomodulators for AGs.

It has been reported that the prognosis between WHO grade III AAmuts and AODs is significantly different, and AOD patients have a better overall survival time than AAmuts patients (7). Glioma cells promote the infiltration of a range of immune cells into the tumor site by secreting numerous cytokines, chemokines, and growth factors (29–31); these nonneoplastic elements create a specific niche called an immune microenvironment. The immune microenvironment plays a vital role in the glioma response to treatment and prognosis (8, 32, 33). A systematic view of the immune milieu that differs between AAmuts and AODs is still lacking. Using the CyTOF method, on a single-cell basis, we showed that GAM clusters in AAmut were characterized by higher expression of CD206 than those in AOD. CD206 is a prominent prognostic marker that is specifically expressed by protumor GAMs, meanwhile the immune milieu plays a vital role in glioma progression and prognosis (8, 25). Our results implied that immunocytes especially GAMs in AAmut exhibit more immunosuppressive characteristics than those in AOD and that the different immune microenvironments of AOD and AAmuts might be partial reasons for their different prognoses.

Granzyme B has been traditionally viewed as a primary mechanism used by NK cells to eliminate tumor cells (34). NK cells in both AAmut and AOD lesions expressed lower levels of granzyme B than those in PBMCs. Meanwhile granzyme B in NK cells between AAmut and ADO lesions demonstrated similar expression levels. This suggests that in the AG immune microenvironment NK cells might act a complicated part in the immune response which needs further exploration.

Our study has several limitations. The IDH status of glioma was shown to affect the tumor immune state and progression (35, 36). Deciphering the immune milieu of AGs and clarifying the differences between AAmuts and AAwts and patient prognosis requires further research and the small number of cases may not be enough to identify the immune microenvironment differences between AAmuts and AODs, which needs the collection of more cases and further exploration. Although CyTOF makes the concurrent measurement of more than 30 parameters per single cell possible (37), the limited number of surface markers measured simultaneously still restricts the analysis. In-depth studies such as single-cell RNA sequencing are needed to further validate our findings.
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Supplementary Figure 1 | Mass cytometry panel. Markers used to characterize AAmut and AOD immune phenotypes.

Supplementary Figure 2 | Analysis of the immune microenvironment of AG using CyTOF. (A) Gating hierarchy for identifying the CD45+ cells. a) EQ3 beads and EQ4 beads were utilized to recognize cell events from all events. b) Single living cells were recognized by gating the cell events positive for 193Ir and negative for 195Pt. c) CD45+ cells from AGs and PBMCs were gated from the single living cells. (B) Cell type identification strategies. (C) ViSNE plots of the immunocytes in all samples based on the relative expression levels of the CyTOF markers. The cell colors show the expression level of the indicated markers. The immunocyte populations are indicated as well (left). Five hundred CD45+ immunocytes per specimen were included in the viSNE analysis.

Supplementary Figure 3 | Comparison of the immune microenvironment between AAmut and AOD samples. (A) Bar plots displaying TGFβ expression from GAMs or mononuclear phagocytes in the AAmut and AOD tumor sites and their paired PBMCs (by paired t-test and unpaired t-test). Bar plots show the mean ± SEM (*p < 0.05 and NS, no significance). (B) Bar plots displaying the frequencies of the CD206+ GAMs the AAmut and AOD tumor sites using CyTOF (by unpaired t-test). Bar plots show the mean ± SEM (*p < 0.05). (C) Bar plots displaying the frequencies of the CD206+ GAMs the AAmut and AOD tumor sites using polychromatic immunofluorescence staining (by unpaired t-test). Bar plots show the mean ± SEM (**p < 0.01).



References

1. Ostrom, QT, Cioffi, G, Gittleman, H, Patil, N, Waite, K, Kruchko, C, et al. CBTRUS statistical report: primary brain and other central nervous system tumors diagnosed in the United States in 2012-2016. Neuro Oncol (2019) 21:v1–100. doi: 10.1093/neuonc/noz150

2. Louis, DN, Ohgaki, H, Wiestler, OD, Cavenee, WK, Burger, PC, Jouvet, A, et al. The 2007 WHO classification of tumours of the central nervous system. Acta Neuropathol (2007) 114:97–109. doi: 10.1007/s00401-007-0243-4

3. 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

4. Chang, S, Zhang, P, Cairncross, JG, Gilbert, MR, Bahary, JP, Dolinskas, CA, et al. Phase III randomized study of radiation and temozolomide versus radiation and nitrosourea therapy for anaplastic astrocytoma: results of NRG Oncology RTOG 9813. Neuro Oncol (2017) 19:252–8. doi: 10.1093/neuonc/now236

5. van den Bent, MJ, Brandes, AA, Taphoorn, MJ, Kros, JM, Kouwenhoven, MC, Delattre, JY, et al. Adjuvant procarbazine, lomustine, and vincristine chemotherapy in newly diagnosed anaplastic oligodendroglioma: long-term follow-up of EORTC brain tumor group study 26951. J Clin Oncol (2013) 31:344–50. doi: 10.1200/JCO.2012.43.2229

6. Elens, I, De Vleeschouwer, S, Pauwels, F, and Van Gool, S. Resection and immunotherapy for recurrent grade III glioma. ISRN Immunol (2012) 2012:1–9. doi: 10.5402/2012/530179

7. Back, MF, Jayamanne, D, Back, E, Kastelan, M, Khasraw, M, Wong, M, et al. Reflecting on survivorship outcomes to aid initial decision making in patients treated for IDH-mutated anaplastic glioma. Cancer (2019) 125:3457–66. doi: 10.1002/cncr.32352

8. Gieryng, A, Pszczolkowska, D, Walentynowicz, KA, Rajan, WD, and Kaminska, B. Immune microenvironment of gliomas. Lab Invest (2017) 97:498–518. doi: 10.1038/labinvest.2017.19

9. Jackson, CM, Lim, M, and Drake, CG. Immunotherapy for brain cancer: recent progress and future promise. Clin Cancer Res (2014) 20:3651–9. doi: 10.1158/1078-0432.CCR-13-2057

10. Fu, W, Wang, W, Li, H, Jiao, Y, Weng, J, Huo, R, et al. High dimensional mass cytometry analysis reveals characteristics of the immunosuppressive microenvironment in diffuse astrocytomas. Front Oncol (2020) 10:78. doi: 10.3389/fonc.2020.00078

11. Finck, R, Simonds, EF, Jager, A, Krishnaswamy, S, Sachs, K, Fantl, W, et al. Normalization of mass cytometry data with bead standards. Cytometry A (2013) 83:483–94. doi: 10.1002/cyto.a.22271

12. Poli, A, Kmiecik, J, Domingues, O, Hentges, F, Blery, M, Chekenya, M, et al. NK cells in central nervous system disorders. J Immunol (2013) 190:5355–62. doi: 10.4049/jimmunol.1203401

13. Loems, ZH, Petronela, A, Suzanne, C, Marc, D, Veronika, G, Hart, DN, et al. Nomenclature of monocytes and dendritic cells in blood. Blood (2010) 116:74–80. doi: 10.1182/blood-2010-02-258558

14. 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

15. Lamble, AJ, Dietz, M, Laderas, T, McWeeney, S, and Lind, EF. Integrated functional and mass spectrometry-based flow cytometric phenotyping to describe the immune microenvironment in acute myeloid leukemia. J Immunol Methods (2018) 453:44–52. doi: 10.1016/j.jim.2017.11.010

16. Jardine, L, Wiscombe, S, Reynolds, G, McDonald, D, Fuller, A, Green, K, et al. Lipopolysaccharide inhalation recruits monocytes and dendritic cell subsets to the alveolar airspace. Nat Commun (2019) 10:1999. doi: 10.1038/s41467-019-09913-4

17. Korin, B, Ben-Shaanan, TL, Schiller, M, Dubovik, T, Azulay-Debby, H, Boshnak, NT, et al. High-dimensional, single-cell characterization of the brain’s immune compartment. Nat Neurosci (2017) 20:1300–9. doi: 10.1038/nn.4610

18. Li, W, Yang, L, He, Q, Hu, C, Zhu, L, Ma, X, et al. A Homeostatic Arid1a-dependent permissive chromatin state licenses hepatocyte responsiveness to liver-injury-associated YAP signaling. Cell Stem Cell (2019) 25:54–68.e5. doi: 10.1016/j.stem.2019.06.008

19. Martin-Manzo, MV, Lara, C, Vargas-de-Leon, C, Carrero, J, Queipo, G, Fonseca-Sanchez, M, et al. Interaction of breast cancer and insulin resistance on PD1 and TIM3 expression in peripheral blood CD8 T cells. Pathol Oncol Res (2019) 25:1233–43. doi: 10.1007/s12253-019-00610-7

20. Kurachi, M. CD8(+) T cell exhaustion. Semin Immunopathol (2019) 41:327–37. doi: 10.1007/s00281-019-00744-5

21. Graves, M, CelliMarchett, G, van Zyl, B, Tang, D, Vilain, RE, van der Westhuizen, A, et al. Monitoring patient response to pembrolizumab with peripheral blood exhaustion marker profiles. Front Med (Lausanne) (2019) 6:113. doi: 10.3389/fmed.2019.00113

22. Amir el, AD, Davis, KL, Tadmor, MD, Simonds, EF, Levine, JH, Bendall, SC, et al. viSNE enables visualization of high dimensional single-cell data and reveals phenotypic heterogeneity of leukemia. Nat Biotechnol (2013) 31:545–52. doi: 10.1038/nbt.2594

23. Ostuni, R, Kratochvill, F, Murray, PJ, and Natoli, G. Macrophages and cancer: from mechanisms to therapeutic implications. Trends Immunol (2015) 36:229–39. doi: 10.1016/j.it.2015.02.004

24. Morris, J, Tan, A, Olencki, T, Shapiro, G, Dezube, B, Reiss, M, et al. Phase I study of GC1008 (fresolimumab): a human anti-transforming growth factor-beta (TGFβ) monoclonal antibody in patients with advanced malignant melanoma or renal cell carcinoma. PloS One (2014) 9:e90353. doi: 10.1371/journal.pone.0090353

25. Enninga, EAL, Chatzopoulos, K, Butterfield, JT, Sutor, SL, Leontovich, AA, Nevala, WK, et al. CD206-positive myeloid cells bind galectin-9 and promote a tumor-supportive microenvironment. J Pathol (2018) 245:468–77. doi: 10.1002/path.5093

26. Wendel, M, Galani, IE, Suri-Payer, E, and Cerwenka, A. Natural killer cell accumulation in tumors is dependent on IFN-gamma and CXCR3 ligands. Cancer Res (2008) 68:8437–45. doi: 10.1158/0008-5472.CAN-08-1440

27. Gittleman, H, Sloan, AE, and Barnholtz-Sloan, JS. An independently validated survival nomogram for lower grade glioma. Neuro Oncol (2019) 22:665–74. doi: 10.1093/neuonc/noz191

28. Nduom, EK, Yang, C, Merrill, MJ, Zhuang, Z, and Lonser, RR. Characterization of the blood-brain barrier of metastatic and primary malignant neoplasms. J Neurosurg (2013) 119:427–33. doi: 10.3171/2013.3.JNS122226

29. Fecci, PE, Mitchell, DA, Whitesides, JF, Xie, W, Friedman, AH, Archer, GE, et al. Increased regulatory T-cell fraction amidst a diminished CD4 compartment explains cellular immune defects in patients with malignant glioma. Cancer Res (2006) 66:3294–302. doi: 10.1158/0008-5472.CAN-05-3773

30. Alexiou, GA, Vartholomatos, G, Karamoutsios, A, Batistatou, A, Kyritsis, AP, and Voulgaris, S. Circulating progenitor cells: a comparison of patients with glioblastoma or meningioma. Acta Neurol Belg (2013) 113:7–11. doi: 10.1007/s13760-012-0097-y

31. Wainwright, DA, Dey, M, Chang, A, and Lesniak, MS. Targeting tregs in malignant brain cancer: overcoming IDO. Front Immunol (2013) 4:116. doi: 10.3389/fimmu.2013.00116

32. Heimberger, AB, Abou-Ghazal, M, Reina-Ortiz, C, Yang, DS, Sun, W, Qiao, W, et al. Incidence and prognostic impact of FoxP3+ regulatory T cells in human gliomas. Clin Cancer Res (2008) 14:5166–72. doi: 10.1158/1078-0432.CCR-08-0320

33. Vauleon, E, Tony, A, Hamlat, A, Etcheverry, A, Chiforeanu, DC, Menei, P, et al. Immune genes are associated with human glioblastoma pathology and patient survival. BMC Med Genomics (2012) 5:41. doi: 10.1186/1755-8794-5-41

34. Voskoboinik, I, Whisstock, JC, and Trapani, JA. Perforin and granzymes: function, dysfunction and human pathology. Nat Rev Immunol (2015) 15:388–400. doi: 10.1038/nri3839

35. Amankulor, NM, Kim, Y, Arora, S, Kargl, J, Szulzewsky, F, Hanke, M, et al. Mutant IDH1 regulates the tumor-associated immune system in gliomas. Genes Dev (2017) 31:774–86. doi: 10.1101/gad.294991.116

36. 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

37. Simoni, Y, Chng, MHY, Li, S, Fehlings, M, and Newell, EW. Mass cytometry: a powerful tool for dissecting the immune landscape. Curr Opin Immunol (2018) 51:187–96. doi: 10.1016/j.coi.2018.03.023



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

Copyright © 2021 Fu, Wang, Li, Jiao, Weng, Huo, Yan, Wang, Xu, Wang, Wang, Chen, Cao and Zhao. 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



      		

        CyTOF Analysis Reveals a Distinct Immunosuppressive Microenvironment in IDH Mutant Anaplastic Gliomas

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Anaplastic Glioma Tissue and Blood Samples Collection

          



          		

            AG Tumor Specimen Single-Cell Preparation

          



          		

            Blood Specimen Single-Cell Preparation

          



          		

            CyTOF Examination

          



          		

            Mass Cytometry Data Analysis

          



          		

            Normalization for Heatmap Data

          



          		

            Polychromatic Immunofluorescence Staining

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            High-Dimensional Single-Cell Immunophenotyping of AG Samples Using CyTOF

          



          		

            Mononuclear Phagocytes and T Cells Are the Most Abundant Immunocytes in the AG Immune Microenvironment

          



          		

            T Cells Demonstrate Immunosuppressive Phenotypes in AG

          



          		

            Glioma-Associated Microglia/Macrophages in Anaplastic Astrocytomas Exhibit More Immunosuppressive Characteristics Than Those in Anaplastic Oligodendroglioma

          



          		

            NK Cells Act a Complicated Part in the AG Immune Response

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc-10-560211-g004.jpg
A e





OEBPS/Images/fonc-10-560211-g002.jpg
o ".l,.g!;}l anafutls






OEBPS/Images/logo.jpg
’ frontiers
in Oncology





OEBPS/Images/fonc.2020.560211_cover.jpg
, frontiers
in Oncology

CyTOF Analysis Reveals a Distinct
Immunosuppressive
Microenvironment in IDH Mutant
Anaplastic Gliomas





OEBPS/Images/fonc-10-560211-g003.jpg





OEBPS/Images/table1.jpg
AAmutN =5

41825-61)
4(B0%)
1(20%)

5(100%)
00%)

0%
5(100%)

10%)
0(0%)
4(B0%)

5(100%)
0(0%)

AODN =10

459 (31-69
4(40%
6(60%)

10(100%)
00%)

00%)
10(100%)

7(0%)
000%)
3(30%)

00%)
10(100%)





OEBPS/Images/fonc-10-560211-g001.jpg
An-CO48 - 156Gc.

s Q]
g iy 107 ot shrrn
o

‘,\‘& ‘.# L g %

WM&MIMMMMM,JW - v:’ - - 6
R

.-
L






