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            Abstract
Diffuse gliomas are the most common malignant brain tumours in adults and include glioblastomas and World Health Organization (WHO) grade II and grade III tumours (sometimes referred to as lower-grade gliomas). Genetic tumour profiling is used to classify disease and guide therapy1,2, but involves brain surgery for tissue collection; repeated tumour biopsies may be necessary for accurate genotyping over the course of the disease3,4,5,6,7,8,9,10. While the detection of circulating tumour DNA (ctDNA) in the blood of patients with primary brain tumours remains challenging11,12, sequencing of ctDNA from the cerebrospinal fluid (CSF) may provide an alternative way to genotype gliomas with lower morbidity and cost13,14. We therefore evaluated the representation of the glioma genome in CSF from 85 patients with gliomas who underwent a lumbar puncture because they showed neurological signs or symptoms. Here we show that tumour-derived DNA was detected in CSF from 42 out of 85 patients (49.4%) and was associated with disease burden and adverse outcome. The genomic landscape of glioma in the CSF included a broad spectrum of genetic alterations and closely resembled the genomes of tumour biopsies. Alterations that occur early during tumorigenesis, such as co-deletion of chromosome arms 1p and 19q (1p/19q codeletion) and mutations in the metabolic genes isocitrate dehydrogenase 1 (IDH1) or IDH21,2, were shared in all matched ctDNA-positive CSFâ€“tumour pairs, whereas growth factor receptor signalling pathways showed considerable evolution. The ability to monitor the evolution of the glioma genome through a minimally invasive technique could advance the clinical development and use of genotype-directed therapies for glioma, one of the most aggressive human cancers.
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                    Fig. 1: Genomic landscape of glioma in the CSF.[image: ]


Fig. 2: CSF ctDNA documents evolution of the glioma genome.[image: ]
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                Data availability

              
              All genomic results and associated clinical data for all patients in this study are publically available in the cBioPortal for Cancer Genomics at the following URL: http://www.cbioportal.org/study?id=glioma_msk_2018. The MSK-IMPACT data analysis pipeline can be found here: https://github.com/rhshah/IMPACT-Pipeline. The source data for TableÂ 1 and Extended Data Fig.Â 1 are available in Supplementary TableÂ 1. The source data for the multivariable analysis (Extended Data TableÂ 2) are available in Supplementary TableÂ 2. The source data for the matched pair analysis (Fig.Â 2a, b) are available in Supplementary TableÂ 5 (separate MS Excel file).
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Extended data figures and tables

Extended Data Fig. 1 Interval between diagnosis and CSF collection, grouped by glioma subtype.
For the comparison between the GBM (IDH WT) and the LGG (IDH WT) groups, P not significant at 0.16; between GBM (IDH WT) and LGG (IDH mutant), PÂ =Â 0.0000000689; between LGG (IDH WT) and LGG (IDH mutant), PÂ =Â 0.0054. Wilcoxon two-sample test was used for two-way comparisons. No adjustments were made for multiple comparisons. The box-plot elements are as follows: all patients (nÂ =Â 85, grey): median, 510; minimum, 62; maximum, 9,122; 25th percentile, 273; 75th percentile, 1,606. GBM (IDH WT) (nÂ =Â 44, red): median, 355; minimum, 62; maximum, 1,606; 25th percentile, 193; 75th percentile, 528. LGG (IDH WT) (nÂ =Â 12, green): median, 473; minimum, 79; maximum, 2,982; 25th percentile, 292; 75th percentile, 1,013. LGG (IDH mutant) (nÂ =Â 24, blue): median, 2,077; minimum, 63; maximum, 7,669; 25th percentile, 1,061; 75th percentile, 4,274. *Five patients were excluded from sub-group analysis owing to unknown IDH statusÂ (nÂ =Â 3) or IDH mutant GBM (nÂ =Â 2).


Extended Data Fig. 2 Glioma growth towards CSF spaces.
Representative brain MRI examples (T1 post-contrast) from patients with distinct patterns of tumour spread. Spread of enhancing disease to the pial, subependymal and subarachnoid spaces was used as an imaging surrogate to estimate tumour spread into the CSF, which is otherwise not visible by MRI. a, Enhancing leptomeningeal spread along bilateral cranial nerves VII and VIII (arrows). b, Enhancing pial spread to the surface of the pons (arrows). c, Nodular and curvilinear enhancing subependymal spread along both lateral ventricles (arrows).


Extended Data Fig. 3 Interval between CSF collection and death for patients with positive (blue) and negative (red) CSF ctDNA.
a, AllÂ patients with glioma. Median overall survival (OS): for CSF ctDNA-positive patients, 3.15 months (95% confidence interval, 1.97â€“4.63); for CSF ctDNA-negative patients, 11.91 months (95% confidence interval, 8.40â€“30.81). The log-rank P value for comparing the survival experience of all patients withÂ glioma stratified by ctDNA status was 0.0000078675. b, Patients withÂ GBM (IDH WT). Median overall survival: for CSF ctDNA-positive subjects, 2.04 months (95% confidence interval, 0.98â€“3.77); for CSF ctDNA-negative subjects, 9.89 months (95% confidence interval, 5.54â€“12.39). The log-rank P value for comparing the survival experience of patients withÂ GBM (IDH WT) by ctDNA status was 0.000062396 (log-rank test, two-sided).


Extended Data Fig. 4 Concordance between CSF and tumour in glioma subtype-defining genes.
Shown are combinations of genetic alterations (LGG signatures) that are consistently congruent between the CSF and tumour (10/10). This was also the case in glioblastoma (20/20).


Extended Data Fig. 5 DNA hypermutation signature in CSF.
Disease course for patient 36Â with GBM with two tumour resections and one CSF collection. The patient received 14 monthly cycles of temozolomide (TMZ) following the initial tumour resection and postoperative radiation (RT)/TMZ. The initial tumour harboured five mutations, the recurrent tumour 120 mutations and the CSF 132 mutations. MRIs (T1 post-contrast) are shown from the time of diagnosis, first recurrence and second recurrence. The original tumour was in the right parietal lobe and recurrence was in the right frontal lobe. Diamond,Â tumour samples profiled; circle,Â CSF sample profiled. Bev, bevacizumab. The bar graph shows the precise number of SNVs that were called by the IMPACT pipeline in the recurrent tumour (nÂ =Â 120 independent somatic SNVs) and in CSF ctDNA (nÂ =Â 132 independent somatic SNVs; INDELs were excluded). Bar graphs show the precise number of SNVs for each of the possible trinucleotide combinations.


Extended Data Fig. 6 Variant allelic frequencies for all SNVs in two independently collected CSF samples from patient 34 with DNA hypermutation.
Scatter plot of variant allelic frequencies for all SNVs in two independently collected CSF samples from patient 34. Both CSF replicates harboured more than 200 SNVs. Pearson correlation coefficient (r2Â =Â 0.966) was calculated using a linear regression model in R (following Gist (https://gist.github.com/rhshah/3f4965a80886affb96d847dc2ecf69f5)).


Extended Data Fig. 7 Divergence of tumour and CSF profiles over time.
The histogram (top) depicts the interval (in days) between tumour and CSF collection. The pie charts (bottom) show that the samples that were collected at a very close interval (<3 weeks; red) had a higher percentage of shared mutations (79%) than the samples that were collected at a longer interval (>1,000 days; blue)(29%).


Extended Data Fig. 8 Evolution of the glioma genome.
a, Disease course of patient 28 (GBM (IDH WT)) who received treatment with concurrent RT/TMZ, bevacizumab, and a PD-1 inhibitor. The patient underwent three tumour resections and one CSF collection and all four biospecimens were sequenced. The CDK4 amplification was seen in all four samples. Amplifications of PDGFRA/KIT were observed in tumour sample 3, whereas the later CSF sample (4) no longer showed the PDGFRA/KIT amplification. b, Disease course of patientÂ 7 (IDH mutant anaplastic astrocytoma). The patient underwent four tumour resections and two CSF collections. All six samples were profiled. MRIs (T1 post-contrast) correspond to the time of each tissue resection or CSF recollection. Bottom, heat map shows all mutations across the six samples. Diamond,Â tumour samples profiled; circle,Â CSF samples profiled. HeatÂ map indicates the variant allelic frequency of the indicated SNVs.


Extended Data Table 1 Sequencing of CSF samples collected from individuals with non-malignant neurological conditions (controls)Full size table


Extended Data Table 2 Results from multivariable model for overall survival from the time of CSF collectionFull size table





Supplementary information
Supplementary Tables
This file contains Supplementary Tables 1-4. Supplementary Table 1 includes the demographic data for the patients in our glioma cohort. Supplementary Table 2 contains the source data for the multivariable model for overall survival from the time of CSF collection. Supplementary Table 3 contains comparison data between plasma and CSF ctDNA. Supplementary Table 4 details the sequence variants detected in the plasma ctDNA


Reporting Summary

Supplementary Table 5
Matched pair analysis complete mutation list. SNVs detected in tumor and CSF from 36 patients withÂ glioma with positive CSF ctDNA and available tumor tissue for comparison
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