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Glioblastoma Recurrence Correlates With Increased APE1 and Polarization Toward an Immuno-Suppressive Microenvironment
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While treatment with surgery, radiotherapy and/or chemotherapy may prolong life for patients with glioblastoma, recurrence is inevitable. What is still being discovered is how much these treatments and recurrence of disease affect the molecular profiles of these tumors and how these tumors adapt to withstand these treatment pressures. Understanding such changes will uncover pathways used by the tumor to evade destruction and will elucidate new targets for treatment development. Nineteen matched pre-treatment and post-treatment glioblastoma tumors were subjected to gene expression profiling (Fluidigm, TaqMan assays), MGMT promoter methylation analysis (pyrosequencing) and protein expression analysis of the DNA repair pathways, known to be involved in temozolomide resistance (immunohistochemistry). Gene expression profiling to molecularly subtype tumors revealed that 26% of recurrent post-treatment specimens did not match their primary diagnostic specimen subtype. Post-treatment specimens had molecular changes which correlated with known resistance mechanisms including increased expression of APEX1 (p < 0.05) and altered MGMT methylation status. In addition, genes associated with immune suppression, invasion and aggression (GPNMB, CCL5, and KLRC1) and polarization toward an M2 phenotype (CD163 and MSR1) were up-regulated in post-treatment tumors, demonstrating an overall change in the tumor microenvironment favoring aggressive tumor growth and disease recurrence. This was confirmed by in vitro studies that determined that glioma cell migration was enhanced in the presence of M2 polarized macrophage conditioned media. Further, M2 macrophage-modulated migration was markedly enhanced in post-treatment (temozolomide resistant) glioma cells. These findings highlight the ability of glioblastomas to evade not only the toxic onslaught of therapy but also to evade the immune system suggesting that immune-altering therapies may be of value in treating this terrible disease.
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INTRODUCTION

Glioblastoma (grade IV astrocytoma) is the most common and aggressive form of brain cancer and has a very grim prognosis. Despite aggressive treatment involving maximal surgical resection, radiation and concomitant and adjuvant chemotherapy with temozolomide (TMZ), the median survival time is approximately 15 months, and the five-year survival rate remains at a staggering 3–5% (1). While these multimodal treatments may prolong life, recurrence is inevitable with tumors either being inherently resistant, as is the case in approximately 50% of glioblastomas (2) or acquiring resistance (3).

Studies investigating mechanisms of resistance have uncovered common themes including dysregulation in DNA repair enzymes, including increased levels of O6-methylguanine DNA methyltransferase (MGMT), and over-expression or amplification of EGFR, and loss of p53 and PTEN [reviewed in (4)]. However, such investigations have generally been performed on the initial pre-treatment tumor where only inherent resistance mechanisms would be observed. Limited data exists on how much treatment affects the molecular profiles of glioblastomas and how these tumors adapt to withstand these treatment pressures (5). Such changes may have important clinical consequences for patient management. Understanding such changes will uncover pathways used by the tumor to evade destruction and will elucidate new targets for treatment development. In addition, identifying such changes will also highlight the importance of testing recurrent samples which may have important consequences to patient management.

In this study, nineteen matched pre-treatment and post-treatment glioblastoma tumors were analyzed to identify molecular changes following treatment and recurrence of disease with a particular focus on the DNA repair pathways. We hypothesize that molecular changes will correlate with resistance mechanisms and the ability of the tumor to escape from the host's immune system.

METHODS

Clinical Characteristics

Glioblastoma samples were from patients diagnosed and treated at Royal North Shore (RNS) and North Shore Private Hospitals between August 2012 and July 2013. This study was carried out in accordance with the recommendations of the Northern Sydney Local Health District Human Research Ethics Committee. The protocol was approved by the Northern Sydney Local Health District Human Research Ethics Committee under protocols 0211-171M and 1306-212M. All subjects gave written informed consent in accordance with the Declaration of Helsinki. Tumor histology was reviewed by neuropathologist (J.C.) and a diagnosis of glioblastoma confirmed. All tumor samples, both pre-treatment and post-treatment, were classified as grade 4 glioblastomas. Clinical data collected included age at diagnosis, gender, treatment and survival, with a minimum of 15 months follow-up on all cases (Table 1).


Table 1. Cohort details.
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Fresh Frozen Tumor Tissue

A cohort of 19 matched pre-treatment and post-treatment glioblastoma tumor specimens were available. During surgery, tumor specimens were taken and immediately snap frozen and stored at −80°C for further analysis.

Extraction of DNA and RNA

DNA and RNA were extracted using the Allprep DNA/RNA/Protein kit (Qiagen, Valencia, CA) as per manufacturer's instructions. For all samples, purity was assessed using a Nanodrop ND-1000 (Thermo Scientific, Wilmington, DE) and for sequencing, DNA samples were further quantified using the Qubit dsDNA HS Assay Kit (Q32851, Life Technologies, Mulgrave, Victoria), performed on the Qubit Fluorometer 1.0 (Life Technologies).

Analysis of IDH1 Mutation Status

IDH1 mutation status was determined by Sanger sequencing of exon 4. DNA was amplified by polymerase chain reaction (PCR), using primers spanning exon 4 (5′-CATTT GTCTG AAAAA CTTTG CTT-3′ (forward) and 5′-TCACA TTATT GCCAA CATGAC-3′ (reverse); amplicon size: 359 bp). PCR products were purified using the DNA Clean and Concentrator Kit (Zymo Research, Irvine, CA), and commercially sequenced (Australian Genome Research Facility, Westmead, Australia).

Determination of MGMT Promoter Methylation Status

DNA extracted from frozen tumor tissue was tested for MGMT promoter methylation by commercial pyrosequencing (University of Sydney). The assay threshold was determined by averaging the percent methylation at 4 sites in exon 1 of the human MGMT gene (Chr 10: 131,265,519-131,265,537) in 4 non-neoplastic brain tissue samples (previously confirmed as being unmethylated by both pyrosequencing and methylation-specific PCR), and applying 2 standard deviations as previously reported by Dunn et al (6). Control samples were analyzed in 3 to 5 independent pyrosequencing runs, giving a mean of 5.49% (SD 3.85) and a positive methylation assay threshold of 13% (SI Table 1 and 2).

Gene Expression Analysis

Following quality analysis and quantification, 1 μg RNA was treated with DNase 1, amplification grade (Life Technologies) and reverse transcribed using the SuperScript III First Strand Synthesis SuperMix Kit (Life Technologies) according to the manufacturer's instructions. Gene expression was then analyzed commercially using the Fluidigm 96.96 BioMark HD System (Ramaciotti Gene Analysis Centre, Randwick, NSW, Australia) or in-house using the Applied Biosystems 7900HT real time PCR as per manufacturer's instructions. Taqman assays and identification numbers are listed in SI Table 3. The NormFinder algorithm (7) was used to compare 5 endogenous control genes included on the array (TBP, ACTB, GAPDH, IPO8, and SDHA), identifying TBP as being the most stable control gene. Relative expression of target genes was determined using the 2−delta−deltaCt method (Fluidigm Real-time PCR analysis software), normalizing expression to TBP and a commercial pooled normal brain control sample (calibrator; Ambion, Life Technologies).

Classification of Transcriptional Subtypes

Ct values were imported into the HTqPCR package in Bioconductor (8) and unreliable data filtered out by applying a Ct cut off value of 40. Genes with errors detected in <1% of samples were retained in the analysis by imputing median values for those samples. Samples with Ct values greater than 40 for CCND2 were given a Ct = 40 to retain these in the analysis. TBP was used for delta Ct normalization. The Euclidean distance metric was used for hierarchical clustering of samples into transcriptional subclasses using a 30–gene panel previously published (9).

In silico Gene Analysis

Kaplan Meier survival curves were generated for genes found to be significantly different in matched pre-treatment and post-treatment tumor specimens using the REMBRANDT repository from Project Betastatis. The “all tumor” sample group was used for analysis. Low (<median) or high (≥median) gene expression was used to divide the data set for survival. Correlations between genes were assessed using the TCGA GBM dataset and two gene scatterplots available on Project Betastatis (10, 11).

Histological Analysis

Histopathological analysis was performed to assess tumor quality. A small section of each tumor (3–5 mm3) was cut, fixed in formalin, and stained with haematoxylin and eosin (H&E) for scoring by neuropathologist (J.C.). Slides were scored for percentage volume of tumor, necrosis, and non-tumor tissue with a minimum cut off of 50% tumor required for further analysis.

Immunohistological Analysis

Immunohistochemistry was performed using 4 μm sections of pre- and post-treatment tumor specimens. All antibody details and optimized conditions are listed in SI table 4. Antigen retrieval was performed using a DAKO “Pascal” pressure cooker (121°C for 30 s, then cooled to 90°C for 10 s) except for MSH6 where universal decloaker solution was used and a temperature of 97°C for 50 min. An endogenous peroxidase block using 0.3% H2O2 for 5 min was then performed. Primary antibody incubation was followed by Mouse or Rabbit Envision (Agilent Technologies, Santa Clara, CA) for 30 min. DAB (3,3′-diaminobenzidine; Agilent Technologies) or ImmPACT™ NovaRED™ (Vector Laboratories, Burlingame, CA) was used for detection according to the manufacturer's recommendations. Positive and negative control tissues and isotype reagent controls were included.

For base excision repair (BER; APE1, and PARP1) and mismatch repair (MMR; MSH2, MSH6, MLH1, and PMS2) antibodies, for each slide up to five zones of tumor cells were marked by a neuropathologist (J.C.) and scored in a blinded fashion, scoring 100 tumor cells per zone. For BER targets, both stain intensity (scored as negative (0), weak (1), moderate (2) and strong (3)) and the percentage of positive tumor nuclei (0–25% (1); >25– <50% (2); 50–75% (3), and >75-100% (4)) were evaluated, giving an overall expression score out of 12. For MMR targets, cases with nuclei staining positively >20% up to 90% were scored 3, cases with positive cytoplasmic staining and weak/negative nuclei staining were scored 2 and cases with negative tumor nuclei and cytoplasm were scored as 1.

Cell Lines

The mouse glioma cell line GL261 was obtained from the National Cancer Institute (12) and the mouse macrophage cell line RAW 264.7 was purchased from the American Type Culture Collection (ATCC; Manassas, Virginia) (13). Pre-treatment and post-treatment GL261 cells were established by harvesting tumor cells from GL261 tumor bearing C576Bl/6 mice either not treated (treatment naïve/pre-treatment) or treated (Rx) for 3 weeks with 5 mg/kg TMZ (TMZ treated/post-treatment). These TMZ treated/post treatment cells have a 4-fold higher IC50 value then the treatment naïve/pre-treatment cells using standard MTS cytotoxicity assays (123 μM v 498 μM respectively; p < 0.01; SI Figure 1). All cells were cultured and maintained in DMEM media supplemented with 10% fetal bovine serum and grown in standard conditions (37°C humidified incubator with 5% CO2).

Conditioned Media From Polarized RAW 264.7 Cells

RAW 264.7 cells were harvested (by cell scraper) and seeded at 25 × 105 cells/T25 flask. After 24h, cells were polarized in 5 ml serum free DMEM as follows: For M0 polarization, serum free media (SFM) alone was added. For M1 polarization, 20 ng/ml interferon gamma + 100ng/ml lipopolysaccharide (Stemcell Technologies, Vancouver) was added and for M2 polarization 20 ng/ml of IL-4, and 20 ng/ml IL-10 (Stemcell Technologies) was added. Cells were polarized for 24 h, thoroughly washed with PBS then 5 ml of fresh SFM was added. After another 24 hrs, the conditioned media (CM) was filtered (0.22 μm filter) and stored at −20°C until needed.

Transwell Migration Assay

Migration assays were performed in 6.5 mm transwell plates with 8 μm pore inserts in duplicate. CM (500 μL) was added to the bottom chamber as the stimulant and 10 × 104 cells in 350 μL of SFM were seeded into the upper chamber. After incubating for 24 h, the transwells were fixed in ethanol and unmigrated cells removed from the top of the membranes using cotton swabs. Membranes were then mounted onto slides using Prolong gold antifade mountant with DAPI (Life Technologies) and images taken at 200x magnification using a florescent microscope. The number of cells in 10 randomly chosen fields of view (FOV) was calculated using ImageJ.

STATISTICAL ANALYSIS

The statistical analysis package GraphPad Prism (v7) was used to perform t-tests, one-way Anova tests or log-rank (Mantel-Cox) Gehan-Breslow-Wilcoxon survival tests, with a p-value of < 0.05 indicating significance.

RESULTS

MGMT Promoter Methylation Status Changed in 10% of Cases Following Treatment and Recurrence of Disease

MGMT promoter methylation status showed that 21% of primary tumors (4/19) had a methylated promoter and this did not correlate with response to treatment or overall survival (Table 1). Of note, the MGMT status of 2/19 patients (10%) changed from methylated to unmethylated with > 6-fold reduction in percentage methylation following treatment and recurrence of disease, similar to other reported studies (14–17).

APE1 Protein Expression Increased Significantly Following Treatment and Recurrence of Disease

The BER and MMR pathways are known to play a role in the detoxification of TMZ. As such, we investigated whether treatment and recurrence of disease correlated with changes in these pathways. Gene expression analysis of the major genes in these pathways (APE1 and PARP1 [BER] and MSH2, MSH6, MLH1, and PMS2 [MMR]) revealed no significant differences (SI Figure 2). Targeted next generation sequencing of these genes also revealed no significant increase in the number of DNA sequence variants following treatment and disease recurrence (SI Figure 3). However, protein expression analysis did show a significant increase in APE1 following treatment and recurrence of disease (p < 0.05; Figure 1), a known resistance mechanism to alkylating agents and radiotherapy (18–20).
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FIGURE 1. APE1 labeling of pre-treatment and post-treatment tumor specimens. Representative immunohistochemistry images of pre-treatment ((A), average score 10.8 ± 1.58) and post-treatment ((B), average score 11.5 ± 0.70) APE1 stained tumor sections and over-all staining scores for the cohort (C). Positive and negative control tissues and isotype reagent controls were included. Staining was scored for both intensity (0-3) and percentage of positive tumor nuclei (1, 0–25%; 2, >25 – <50%; 3, 50–75%; 4, >75–100%).



The Molecular Subtype Changed in 26% of Cases Following Treatment and Recurrence of Disease

A 96-gene panel was used to molecularly profile pre- and post- treatment tumors. Genes were chosen based on previous studies as classifiers for major subtypes (proneural, mesenchymal, and classical), as well as genes involved in treatment resistance. Using a previously published method (9), hierarchical clustering was able to classify the tumors into 2 distinct groups. The highest mean expression of CHI3L1, CD44, SERPINE1, and CTGF was found in one cluster identifying the tumors as mesenchymal. The 2nd cluster was unable to be classified by key genes belonging to one particular subtype having mixed expression levels of proneural (DLL3, OLIG2, ASCL1, and PDGFR) and classical (EGFR, NOTCH3, JAG1, and GLI2) genes. We identified changing molecular profiles as a result of treatment and recurrence with 5/19 (26%) primary tumors not matching their post-treatment specimen (Figure 2). In 3 of these cases, recurrence was associated with a change to a mesenchymal subtype and in one case there was a change in both subtype and MGMT methylation status (case #26).
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FIGURE 2. Heatmap and dendrogram of hierarchical clustering of the 38 specimens in our cohort using the 30-gene panel. Tumor specimens were clustered by Euclidean distance using qPCR results and key genes used to distinguish transcriptional subtypes. The asterisks denotes paired specimens that did not cluster together into the same molecular subtype following treatment and recurrence of disease.



An Immunosuppressive Microenvironment Identified in Post-treatment Tumors

Up-regulation of a number of immune-related genes was also identified in post-treatment tumor specimens (Figure 3). Increased expression of KLRC1, CCL5, PLP1, CD163, MSR1, and GPNMB was found following treatment and tumor recurrence. To delve further into the importance of these genes, correlated gene expression and survival data was extracted from the REMBRANDT repository (10, 11). While these data include all glioma subtypes rather than matched pre-treatment and post-treatment samples, the predictive significance of these genes is evident with 6 of the 7 genes showing expression levels significantly correlated with survival (Figure 4). In addition to this, moderate to strong correlation coefficients were identified between CD163, MSR1, and GPNMB (SI Figure 4). As M2 macrophage markers, the up-regulation of CD163 and MSR1 in post-treatment tumors highlights a shift in macrophage polarization. To assess this further, the ratios of CD68, a generic macrophage marker, to CD163 and MSR1 were analyzed. Figure 5 shows increased M2 macrophage markers in post-treatment tumor samples indicative of a change in polarization of microglia/macrophages from an M1 (pro-inflammatory) phenotype to an M2 (anti-inflammatory and immune suppressive) phenotype in post-treatment samples.
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FIGURE 3. Immune related genes differentially expressed between pre-treatment and post-treatment samples. Gene expression of 96 genes was examined in tumor specimens pre- and post-treatment relative to normal brain tissue (indicated by the broken line). Results generated using TaqMan assays and normalized to TBP.
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FIGURE 4. Kaplan Meyer survival curves of genes found to be significantly differentially expressed in our cohort. Data was retrieved from Project Betestatis using the REMBRANDT repository (n = 329 with 54 censored events).




[image: image]

FIGURE 5. ΔCt values were used to calculate the CD163/CD68 and the MSR1/CD68 ratios indicative of a change in polarization of microglia/macrophages from an M1 (pro-inflammatory) phenotype to an M2 (anti-inflammatory and immune suppressive) phenotype in post treatment samples.



In vitro Migration Increased in Post-treatment Glioma Cells (TMZ Resistant) and Was Greatly Enhanced by M2 Macrophages

To determine the functional significance of the presence of M2 macrophages to glioma cells, transwell migration assays were performed. Matched pre-treatment (treatment naïve) and post-treatment (TMZ resistant) glioma cells were assessed for their ability to migrate toward conditioned media from polarized macrophages. Figure 6 demonstrates that post-treatment glioma cells are more migratory than their pre-treatment counterparts and, that this increased migratory potential is significantly enhanced by chemotactic molecules released from M2 macrophages.
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FIGURE 6. Transwell migration assays support a role for M2 macrophages in increased tumor cell migration. Matched pre-treatment/naïve glioma cells (black bars) and post-treatment/treatment resistant glioma cells (red bars) were plated into transwells and left to migrate towards control (serum free media, SFM) or conditioned media from polarized macrophages (M0, polarized with serum free media alone; M1, polarized with IFNγ/LPS; M2, polarized with IL-4/IL-10). The number of migrated glioma cells per 10 fields of view (FOV) was counted, graphed and analyzed for 3 independent experiments. The data shown is the mean ± SD of all 3 experiments combined. ***p < 0.001.



DISCUSSION

Understanding how glioblastomas change over time and in response to treatment will lay the foundations for developing better treatments for this aggressive cancer. In order to undertake such a study, matched specimens taken prior to treatment and following recurrence are required. For this study we collected and characterized 19 cases of glioblastoma with matched pre- and post-treatment tumors. We identified molecular changes following treatment and disease recurrence which correlate with treatment resistance, immune suppression and a more aggressive phenotype.

Dysregulation of DNA repair pathways are known resistance mechanisms used by tumors to allow them to withstand the assault of both radiotherapy and TMZ chemotherapy. MGMT promoter methylation status is used clinically as a predictive marker for TMZ response (21) with increased MGMT levels (i.e., decreased methylation or unmethylated status) associated with TMZ resistance (22–24). Like other studies, we observed pre-treatment methylated tumors becoming unmethylated post-treatment, suggestive of acquiring resistance mechanisms (14–17). It should be noted however that neither MGMT promotor methylation status or MGMT protein expression are necessarily predictive of its repair capabilities (17). In addition, up-regulation of the BER protein APE1 has been shown to correlate with increased resistance to both chemotherapy and radiotherapy (19, 20, 25, 26). In line with these in vitro studies, in our cohort of clinical samples we identified up-regulation of APE1 in the post-treatment tumor samples, providing further evidence for the evolution of treatment-acquiring resistance mechanisms.

Transcriptional analysis revealed a changing landscape with an immunosuppressive phenotype identified following treatment and disease recurrence. KLRC1 and CCL5 have been shown to be involved in compromising anti-tumoral responses with KLRC1 inhibiting the killing ability of CD8+ T cells (27–32) and CCL5 recruiting immunosuppressive T regulatory cells into the tumor microenvironment (33, 34). In addition, CCL5 and GPNMB have both been reported to play a role in glioma invasion, migration, and recurrence (35, 36).

We also identified a shift in macrophage polarization with increased CD163 and MSR1 identified in post treatment specimens. These M2 phenotypic conditions were also found to enhance migration of glioma cells and markedly enhance migration in post-treatment glioma cells relative to pre-treatment glioma cells. This finding is of particular significance when it is considered that glioma associated macrophages/microglia (GAMs) can comprise up to 30% of the tumor volume (37). This M2-like phenotype is also correlated with glioma grade and aggressiveness (38–40). M2 polarization is currently considered a major mechanism by which cancer cells evade the immune system (41–45). While it is well documented that GAMs have an M2-like phenotype (37, 38, 46, 47), the majority of data did not compare tumors longitudinally to understand whether GAMs begin as M2-like or whether there is a phenotypic shift. Our longitudinal clinical data confirm that GAMs assume a classically activate M1 phenotype early on in tumor growth and as the tumor progresses to a more advanced stage, these GAMs switch to resemble an alternatively activated M2 phenotype (48, 49). This has now been shown to be related to the level of hypoxia within the tumors (50–52).

Overall, these findings highlight the ability of glioblastomas to evade not only the toxic onslaught of therapy but also to evade the immune system, findings that would never have been identified if only the pre-treatment specimen was analyzed. These findings also suggest that a two-pronged approach may be needed, one treatment targeting the treatment resistance mechanism and another targeting the immune suppression. Immune-altering therapies are currently of high interest and are being investigated in many types of cancer. It remains to be determined whether such treatments are also effective in glioblastoma.

AUTHOR CONTRIBUTIONS

AH, NP, PK, JP, VH, and HW conceived the project. AH, NP, PK, TD, and RI designed and performed the experiments. AH, NP, PK, TD, RI, YZ, JC, and VH analyzed the data. HW and VH advised on the research. AH, NP, HW, and VH wrote the manuscript. All authors reviewed and revised the manuscript.

ACKNOWLEDGMENTS

AH, NP, and RI were supported by The Brain Cancer Group. Part of this work has been published as a conference proceedings abstract (53).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2018.00314/full#supplementary-material

REFERENCES

 1. Arjona D, Rey JA, Taylor SM. Early genetic changes involved in low-grade astrocytic tumor development. Curr Mol Med. (2006) 6:645–50. doi: 10.2174/156652406778195017

 2. Parker NR, Khong P, Parkinson JF, Howell VM, Wheeler HR. Molecular heterogeneity in glioblastoma: potential clinical implications. Front Oncol. (2015) 5:55. doi: 10.3389/fonc.2015.00055

 3. Oliva CR, Nozell SE, Diers A, McClugage SG, III, Sarkaria JN, Markert JM,  et al. Acquisition of temozolomide chemoresistance in gliomas leads to remodeling of mitochondrial electron transport chain. J Biol Chem. (2010) 285:39759–67. doi: 10.1074/jbc.M110.147504

 4. Messaoudi K, Clavreul A, Lagarce F. Toward an effective strategy in glioblastoma treatment. Part I: resistance mechanisms and strategies to overcome resistance of glioblastoma to temozolomide. Drug Discov Today (2015) 20:899–905. doi: 10.1016/j.drudis.2015.02.011

 5. Wang J, Cazzato E, Ladewig E, Frattini V, Rosenbloom DI, Zairis S,  et al. Clonal evolution of glioblastoma under therapy. Nat Genet. (2016) 48:768–76. doi: 10.1038/ng.3590

 6. Dunn J, Baborie A, Alam F, Joyce K, Moxham M, Sibson R,  et al. Extent of MGMT promoter methylation correlates with outcome in glioblastomas given temozolomide and radiotherapy. Br J Cancer (2009) 101:124–31. doi: 10.1038/sj.bjc.6605127

 7. Andersen CL, Jensen JL, Orntoft TF. Normalization of real-time quantitative reverse transcription-PCR data: a model-based variance estimation approach to identify genes suited for normalization, applied to bladder and colon cancer data sets. Cancer Res. (2004) 64:5245–50. doi: 10.1158/0008-5472.CAN-04-0496

 8. Dvinge H, Bertone P. HTqPCR: high-throughput analysis and visualization of quantitative real-time PCR data in R. Bioinformatics (2009) 25:3325–6. doi: 10.1093/bioinformatics/btp578

 9. Parker NR, Hudson AL, Khong P, Parkinson JF, Dwight T, Ikin RJ,  et al. Intratumoral heterogeneity identified at the epigenetic, genetic and transcriptional level in glioblastoma. Sci Rep. (2016) 6:22477. doi: 10.1038/srep22477

 10. Clark K, Vendt B, Smith K, Freymann J, Kirby J, Koppel P,  et al. The Cancer Imaging Archive (TCIA): maintaining and operating a public information repository. J Digit Imaging (2013) 26:1045–57. doi: 10.1007/s10278-013-9622-7

 11. Scarpace L, Flanders AE, Jain R, Mikkelsen T, Andrews DW. Data From REMBRANDT. The Cancer Imaging Archive (2015).

 12. Szatmari T, Lumniczky K, Desaknai S, Trajcevski S, Hidvegi EJ, Hamada H,  et al. Detailed characterization of the mouse glioma 261 tumor model for experimental glioblastoma therapy. Cancer Sci. (2006) 97:546–53. doi: 10.1111/j.1349-7006.2006.00208.x

 13. Raschke WC, Baird S, Ralph P, Nakoinz I. Functional macrophage cell lines transformed by Abelson leukemia virus. Cell (1978) 15:261–7.

 14. Parkinson JF, Wheeler HR, Clarkson A, McKenzie CA, Biggs MT, Little NS,  et al. Variation of O(6)-methylguanine-DNA methyltransferase (MGMT) promoter methylation in serial samples in glioblastoma. J Neurooncol. (2008) 87:71–8. doi: 10.1007/s11060-007-9486-0

 15. Metellus P, Coulibaly B, Nanni I, Fina F, Eudes N, Giorgi R,  et al. Prognostic impact of O6-methylguanine-DNA methyltransferase silencing in patients with recurrent glioblastoma multiforme who undergo surgery and carmustine wafer implantation: a prospective patient cohort. Cancer (2009) 115:4783–94. doi: 10.1002/cncr.24546

 16. Brandes AA, Franceschi E, Tosoni A, Bartolini S, Bacci A, Agati R,  et al. O(6)-methylguanine DNA-methyltransferase methylation status can change between first surgery for newly diagnosed glioblastoma and second surgery for recurrence: clinical implications. Neuro Oncol. (2010) 12:283–8. doi: 10.1093/neuonc/nop050

 17. Christmann M, Nagel G, Horn S, Krahn U, Wiewrodt D, Sommer C,  et al. MGMT activity, promoter methylation and immunohistochemistry of pretreatment and recurrent malignant gliomas: a comparative study on astrocytoma and glioblastoma. Int J Cancer (2010) 127:2106–18. doi: 10.1002/ijc.25229

 18. Bobola MS, Emond MJ, Blank A, Meade EH, Kolstoe DD, Berger MS,  et al. Apurinic endonuclease activity in adult gliomas and time to tumor recurrence after alkylating agent-based chemotherapy and after radiotherapy. Clin Cancer Res. (2004) 10:7875–83. doi: 10.1158/1078-0432.CCR-04-1161

 19. Naidu MD, Mason JM, Pica RV, Fung H, Pena LA. Radiation resistance in glioma cells determined by DNA damage repair activity of Ape1/Ref-1. J Radiat Res. (2010) 51:393–404.

 20. Montaldi AP, Godoy PR, Sakamoto-Hojo ET. APE1/REF-1 down-regulation enhances the cytotoxic effects of temozolomide in a resistant glioblastoma cell line. Mutat Res Genet Toxicol Environ Mutagen. (2015) 793:19–29. doi: 10.1016/j.mrgentox.2015.06.001

 21. Hegi ME, Diserens AC, Gorlia T, Hamou MF, de Tribolet N, Weller M,  et al. MGMT gene silencing and benefit from temozolomide in glioblastoma. N Engl J Med. (2005) 352:997–1003. doi: 10.1056/NEJMoa043331

 22. Pan Q, Yang XJ, Wang HM, Dong XT, Wang W, Li Y,  et al. Chemoresistance to temozolomide in human glioma cell line U251 is associated with increased activity of O6-methylguanine-DNA methyltransferase and can be overcome by metronomic temozolomide regimen. Cell Biochem Biophys. (2012) 62:185–91. doi: 10.1007/s12013-011-9280-7

 23. Jiang G, Jiang AJ, Xin Y, Li LT, Cheng Q, Zheng JN. Recurrence of O(6)-methylguanine-DNA methyltransferase and temozolomide resistance in cancer research. Mol Biol Rep. (2014) 41:6659–65. doi: 10.1007/s11033-014-3549-z

 24. Lai SW, Huang BR, Liu YS, Lin HY, Chen CC, Tsai CF,  et al. Differential characterization of temozolomide-resistant human glioma cells. Int J Mol Sci. (2018) 19: E127. doi: 10.3390/ijms19010127

 25. Silber JR, Bobola MS, Blank A, Schoeler KD, Haroldson PD, Huynh MB,  et al. The apurinic/apyrimidinic endonuclease activity of Ape1/Ref-1 contributes to human glioma cell resistance to alkylating agents and is elevated by oxidative stress. Clin Cancer Res. (2002) 8:3008–18.

 26. Bobola MS, Kolstoe DD, Blank A, Chamberlain MC, Silber JR. Repair of 3-methyladenine and abasic sites by base excision repair mediates glioblastoma resistance to temozolomide. Front Oncol. (2012) 2:176. doi: 10.3389/fonc.2012.00176

 27. Perrin G, Speiser D, Porret A, Quiquerez AL, Walker PR, Dietrich PY. Sister cytotoxic CD8+ T cell clones differing in natural killer inhibitory receptor expression in human astrocytoma. Immunol Lett. (2002) 81:125–32. doi: 10.1016/S0165-2478(02)00005-6t

 28. Wischhusen J, Friese MA, Mittelbronn M, Meyermann R, Weller M. HLA-E protects glioma cells from NKG2D-mediated immune responses in vitro: implications for immune escape in vivo. J Neuropathol Exp Neurol. (2005) 64:523–8. doi: 10.1093/jnen/64.6.523

 29. Mittelbronn M, Simon P, Loffler C, Capper D, Bunz B, Harter P,  et al. Elevated HLA-E levels in human glioblastomas but not in grade I to III astrocytomas correlate with infiltrating CD8+ cells. J Neuroimmunol. (2007) 189:50–8. doi: 10.1016/j.jneuroim.2007.07.002

 30. Ablamunits V, Henegariu O, Preston-Hurlburt P, Herold KC. NKG2A is a marker for acquisition of regulatory function by human CD8+ T cells activated with anti-CD3 antibody. Eur J Immunol. (2011) 41:1832–42. doi: 10.1002/eji.201041258

 31. He W, Kuang Y, Xing X, Simpson RJ, Huang H, Yang T,  et al. Proteomic comparison of 3D and 2D glioma models reveals increased HLA-E expression in 3D models is associated with resistance to NK cell-mediated cytotoxicity. J Proteome Res. (2014) 13:2272–81. doi: 10.1021/pr500064m

 32. Cancer Genome Atlas Research Network. Comprehensive genomic characterization defines human glioblastoma genes and core pathways. Nature (2008) 455:1061–8. doi: 10.1038/nature07385

 33. Tan MC, Goedegebuure PS, Belt BA, Flaherty B, Sankpal N, Gillanders WE,  et al. Disruption of CCR5-dependent homing of regulatory T cells inhibits tumor growth in a murine model of pancreatic cancer. J Immunol. (2009) 182:1746–55. doi: 10.4049/jimmunol.182.3.1746

 34. Pham K, Luo D, Liu C, Harrison JK. CCL5, CCR1 and CCR5 in murine glioblastoma: immune cell infiltration and survival rates are not dependent on individual expression of either CCR1 or CCR5. J Neuroimmunol. (2012) 246:10–7. doi: 10.1016/j.jneuroim.2012.02.009

 35. Szulzewsky F, Pelz A, Feng X, Synowitz M, Markovic D, Langmann T,  et al. Glioma-associated microglia/macrophages display an expression profile different from M1 and M2 polarization and highly express Gpnmb and Spp1. PLoS ONE (2015) 10:e0116644. doi: 10.1371/journal.pone.0116644

 36. Zhao L, Wang Y, Xue Y, Lv W, Zhang Y, He S. Critical roles of chemokine receptor CCR5 in regulating glioblastoma proliferation and invasion. Acta Biochim Biophys Sin. (2015) 47:890–8. doi: 10.1093/abbs/gmv095

 37. Cai J, Zhang W, Yang P, Wang Y, Li M, Zhang C,  et al. Identification of a 6-cytokine prognostic signature in patients with primary glioblastoma harboring M2 microglia/macrophage phenotype relevance. PLoS ONE (2015) 10:e0126022. doi: 10.1371/journal.pone.0126022

 38. Sorensen MD, Dahlrot RH, Boldt HB, Hansen S, Kristensen BW. Tumor-associated microglia/macrophages predict poor prognosis in high-grade gliomas and correlate with an aggressive tumor subtype. Neuropathol Appl Neurobiol. (2018) 44:185–206. doi: 10.1111/nan.12428

 39. Komohara Y, Ohnishi K, Kuratsu J, Takeya M. Possible involvement of the M2 anti-inflammatory macrophage phenotype in growth of human gliomas. J Pathol. (2008) 216:15–24. doi: 10.1002/path.2370

 40. Ding P, Wang W, Wang J, Yang Z, Xue L. Expression of tumor-associated macrophage in progression of human glioma. Cell Biochem Biophys. (2014) 70:1625–31. doi: 10.1007/s12013-014-0105-3

 41. Martinez FO, Gordon S, Locati M, Mantovani A. Transcriptional profiling of the human monocyte-to-macrophage differentiation and polarization: new molecules and patterns of gene expression. J Immunol (2006) 177:7303–11. doi: 10.4049/jimmunol.177.10.7303

 42. Nardin A, Abastado JP. Macrophages and cancer. Front Biosci. (2008) 13:3494–505. doi: 10.2741/2944

 43. Sica A, Larghi P, Mancino A, Rubino L, Porta C, Totaro MG,  et al. Macrophage polarization in tumor recurrence. Semin Cancer Biol. (2008) 18:349–55. doi: 10.1016/j.semcancer.2008.03.004

 44. Colvin EK. Tumor-associated macrophages contribute to tumor recurrence in ovarian cancer. Front Oncol. (2014) 4:137. doi: 10.3389/fonc.2014.00137

 45. Guadagno E, Presta I, Maisano D, Donato A, Pirrone CK, Cardillo G,  et al. Role of macrophages in brain tumor growth and recurrence. Int J Mol Sci. (2018) 19:1005. doi: 10.3390/ijms19041005

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

 47. Zhu C, Kros JM, van der Weiden M, Zheng P, Cheng C, Mustafa DA. Expression site of P2RY12 in residential microglial cells in astrocytomas correlates with M1 and M2 marker expression and tumor grade. Acta Neuropathol Commun. (2017) 5:4. doi: 10.1186/s40478-016-0405-5

 48. Kennedy BC, Showers CR, Anderson DE, Anderson L, Canoll P, Bruce JN,  et al. Tumor-associated macrophages in glioma: friend or foe? J Oncol. (2013) 2013:486912. doi: 10.1155/2013/486912

 49. Zhang H, Zhang W, Sun X, Dang R, Zhou R, Bai H,  et al. Class A1 scavenger receptor modulates glioma recurrence by regulating M2-like tumor-associated macrophage polarization. Oncotarget (2016) 7:50099–116. doi: 10.18632/oncotarget.10318

 50. Laoui D, Van Overmeire E, Di Conza G, Aldeni C, Keirsse J, Morias Y,  et al. Tumor hypoxia does not drive differentiation of tumor-associated macrophages but rather fine-tunes the M2-like macrophage population. Cancer Res. (2014) 74:24–30. doi: 10.1158/0008-5472.CAN-13-1196

 51. Henze AT, Mazzone M. The impact of hypoxia on tumor-associated macrophages. J Clin Invest. (2016) 126:3672–9. doi: 10.1172/JCI84427

 52. Leblond MM, Gerault AN, Corroyer-Dulmont A, MacKenzie ET, Petit E, Bernaudin M,  et al. Hypoxia induces macrophage polarization and re-education toward an M2 phenotype in U87 and U251 glioblastoma models. Oncoimmunology (2016) 5:e1056442. doi: 10.1080/2162402X.2015.1056442

 53. Hudson A, Parker N, Peter K, Parkinson J, Ikin R, Zhu Y,  et al. Glioblastoma recurrence correlates with increased ape1 and an immune-suppression microenvironment. Neuro Oncol. (2018) 19:vi34–vi35. doi: 10.1093/neuonc/nox168.132

Conflict of Interest Statement: 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.

The reviewer MH and handling Editor declared their shared affiliation.

Copyright © 2018 Hudson, Parker, Khong, Parkinson, Dwight, Ikin, Zhu, Chen, Wheeler and Howell. 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.

OPS/images/fonc-08-00314-g005.gif





OPS/images/fonc-08-00314-g006.gif
- Propoatmont glomacols -3
= Posttcatment gioma colls

B L
'RAW 264.7 conditioned media





OPS/images/fonc-08-00314-g003.gif
le=






OPS/images/fonc-08-00314-g004.gif
S N -

A AT A





OPS/images/fonc-08-00314-t001.jpg
Case # (male MGMT promoter methylation status; ~ Treatment received  Age at diagnosis  Time to recurrence  Overall survival since

o /femaleg) M: >13%, U: <13% between specimens. (vears) (diagnosis to 2nd glioblastoma
surgery, months)  diagnosis (months)
Pre-treatment Post-treatment
specimen () specimen (b)
40 u u Stupp 53 6 18
50 u u Stupp 63 35 50
100 u u Stupp 81 7 18
199 u u Stupp 57 14 15
200 u u Stupp 60 7 17
250 M M Stupp 60 7 9
290 u u Stupp 0 29 a7
33¢ u u Stupp [ 1 18
38 u u Stupp 54 3 15
409 u u Stupp 48 3 10
a2¢ U u Stupp 64 7 19
23¢ u u RTadjwvant TMZ 76 4 10
300 M M RTadjwvant TMZ [ 3 3
350 u u RT-adjwvant TMZ 78 10 12
26 M(13.78) uRo RT-TMZ Procarb 35 31 40
70 M (15.78) uRo RT-Procarb TMZ 44 18 22
Gilengtide
13¢ u u RT-Procarb TMZ 58 3 2
Gilengtide
160 u u RT-Procarb TMZ 6 4 15
Gilengtide
329 U u RT-Procarb TMZ a1 18 33
Gilengtide
Mean 584 114 19.9
Median 60 7 15

M, Methylated promoter; U, Unmethylated promoter; R, radiotherapy; TMZ, temozolommide chemotherapy; Stpp, concurrent RT+TMZ followed by adjuvant TMZ. For cases where
variability between specimens was detected;: the percentage methylation is shown in brackets.





OPS/images/fonc-08-00314-g001.gif





OPS/images/fonc-08-00314-g002.gif
i

iatiacntiescsser ey





OPS/images/cover.jpg
, frontiers
in Oncology

Glioblastoma Recurrence Correlates
With Increased APE1 and
Polarization Toward an
Immuno-Suppressive
Microenvironment









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Oncology





