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Running Title: TME subtypes may predict immunotherapy response in glioblastoma 

patients.  

Highlights:  

1. Studying the IDH-wt GBM tumour microenvironment (TME) transcriptome reveals 

three distinct GBM subtypes; TMEHigh,TMEMed, TMELow.  

2. Novel TME subtypes are dynamic and evolve across primary and recurrent GBMs.  

3. Interrogation of retrospective trial datasets suggest that patient response to 

immunotherapies  could be TME subtype specific  

4. TMEHigh, Med, Low GBMs manifest specific contexts of vulnerability which could 

direct  novel combinatorial treatment strategies.  

5. In the future, patient assignment to TME subtypes may support precision 

immunotherapy treatment in IDH-wt GBM. 

   

Abstract  

Background: New precision medicine therapies are urgently required for glioblastoma 

(GBM). However, to date, efforts to subtype patients based on molecular profiles, have 
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failed to direct treatment strategies. We hypothesized that interrogation of the GBM tumor 

microenvironment (TME) and identification of novel TME specific subtypes could inform 

new precision immunotherapy treatment strategies.  

Methods: A refined and validated microenvironment cell population (MCP)-counter 

method was applied to  >800 GBM patient tumours (GBM-MCP-counter). Specifically, 

partition arounds medoids (PAM) clustering of GBM-MCP-counter scores in the 

GLIOTRAIN discovery cohort identified 3 novel patient clusters, uniquely characterised 

by TME-composition, functional orientation markers and immune checkpoint proteins. 

Validation was performed in three independent GBM-RNA-seq datasets. Neo-antigen, 

mutational, and gene ontology analysis identified mutations and uniquely altered 

pathways across subtypes. The longitudinal GLASS cohort and three immunotherapy 

clinical trial cohorts (treatment with neoadjuvant/adjuvant anti-PD1 or PSVRIPO) were 

further interrogated to assess subtype alterations between primary and recurrent 

tumours, and to assess the utility of TME classifiers as immunotherapy biomarkers.  

   

Results: TMEHigh tumours (30%) displayed elevated lymphocyte, myeloid cell immune 

checkpoint, PDCD1(PD1) and CTLA4 transcripts. TMEHigh/mesenchymal+ patients 

featured tertiary lymphoid structures (TLS). TMEMed (46%) tumours were enriched for 

endothelial cell gene expression profiles and displayed heterogeneous immune 

populations. TMELow (24%) tumours were manifest as an ‘immune-desert’ group. TME-

subtype transitions upon recurrence were identified in the longitudinal GLASS cohort. 

Assessment of GBM immunotherapy trial datasets revealed that TMEHigh patients receiving 

neo-adjuvant anti-PD1 had significantly increased OS (P=0.04). Moreover, TMEHigh 
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patients treated with adjuvant anti-PD1 or oncolytic virus (PVSRIPO), showed a trend 

towards improved survival.  

   

Conclusions: We have established a novel TME-based classification system for 

application in intracranial malignancies. TME-subtypes represent canonical “termini a 

quo” (starting points) to support an improved precision immunotherapy treatment 

approach. 

   
   
Introduction  

Elucidation of IDHwt GBM disease subtypes1 based on mutational profiling, gene 

expression and DNA methylation has failed to translate into improved clinical outcomes2. 

GBM tumours are complex ecosystems composed of diverse malignant (e.g. stem) and 

non-malignant (e.g. glial, microglia, immune cells, vascular cells, reactive astrocytes) cell 

populations which exist in several niches, interact with heterogeneous tumour cells3 and 

exhibit a dynamic heterogeneity and plasticity. Of late, there has been much focus on 

targeting the GBM immune cell niche, notwithstanding a generalized immunosuppressive 

microenvironment in the intracranial setting. For example, as the immune checkpoint 

protein PD-L1 is expressed in GBM4,5 and pre-clinical data6,7 provided rationale for 

evaluation of immune checkpoint inhibitors (ICIs), multiple clinical studies have now been 

completed. Disappointingly, these trials have been negative8–12 most likely as limited 

patient stratification methods were available to rationally select patients who might benefit 

most from treatment. Nevertheless, a small multicentre randomised control trial 
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conducted in the setting of recurrent GBM (rGBM) suggests that neo-adjuvant anti-PD-1 

blockade may elicit enhanced immune responses and survival benefits13.  

   

In the current study, the GLIOTRAIN consortium (www.gliotrain.eu), together with US 

collaborators, have interrogated tissue-infiltrating immune and stromal cell populations of 

selected GBM patients using a modified targeted microenvironment cell-population 

counter (MCP-counter) RNA-seq computational method14. Unsupervised partition around 

medoids (PAM) clustering identified three novel TME-associated subtypes designated 

TMElow, TMEmed, and TMEhigh which have been validated in publicly available datasets. To 

provide insight into novel subtype-specific biology, we analyzed TME functional 

orientation markers and differentially expressed genes. Moreover, we performed 

mutational analysis and neoantigen prediction across novel subtypes, and have 

longitudinally assessed subtype switching events in primary and recurrent tumours. 

Finally, the capacity of novel TME-subtypes to predict outcome was assessed in 

retrospective immunotherapy clinical trial datasets. Our findings lay the foundation for a 

novel subtyping approach which may be applied, to direct novel combinatorial 

immunotherapy strategies in the brain tumour setting.  

   

Materials and Methods  

Patient Series (N=867 samples, N=8 cohorts)  

GLIOTRAIN Discovery cohort  

Informed consent for use of multi-omics data and associated clinical annotation was 

obtained via appropriate institutional channels. The GLIOTRAIN cohort was comprised of 
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123 retrospectively collected fresh frozen (FF) GBM samples, acquired at time of surgery, 

with corresponding clinical follow-up data. Patient samples were collected based on the 

GLIOTRAIN biobank inclusion criteria (Table 1). FF tumour samples from three 

participating institutions were collected (Table 2) and clinical data associated with 

GLIOTRAIN samples are described in Table 3.  

   

Validation and Glioma Longitudinal Analysis Consortium (GLASS) Longitudinal 

Cohorts 

Transcriptomic and clinical data from the Cancer Genome Atlas Glioblastoma Multiforme 

(TCGA-GBM) data collection was downloaded from the National Cancer Institute 

Genomic Data Commons (GDC) data portal (TCGA RNA-seq cohort)15. mRNAseq_693 

(batch 1) dataset and clinical data was downloaded from the Chinese Glioma Atlas 

database (http://www.cgga.org.cn)(CGGA  RNA-seq cohort)16. The DUKE cohort 

comprised GBM patients treated at Duke’s Preston Robert Tisch Brain Tumor Center 

(RNA sequencing performed by Caris Life Sciences). The GLASS dataset (GLASS 

cohort) was downloaded from Synapse 

(https://www.synapse.org/#!Synapse:syn17038081/wiki/585622)17.Clinical annotation for 

DUKE and GLASS datasets provided from collaborators upon request and described in 

Table 3 and 4 respectively.  

Immunotherapy Trial  Cohorts  

Transcriptomic data for GSE121810 were provided upon request (Cloughesy cohort13). 

Transcriptomic data was downloaded from SRAPRJNA482620 (Zhao cohort18). RNAseq 

bam files for the PVSRIPO clinical trial were downloaded from Genotypes and 
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Phenotypes (dbGaP) database (PVSRIPO cohort). Clinical annotation for all datasets 

was also provided. 19 (Table 5 and 6). Discovery, validation, GLASS longitudinal and 

immunotherapy clinical trial cohorts were filtered as outlined (Supplementary figure 1).  

   

For detailed descriptions of next generation sequencing methods, MCP-counter 

modification, interrogation of TME composition and validation of novel TME subtypes, 

Wang subtype classification, neoantigen prediction, multiplexed immunohistochemistry 

methods, IvyGAP dataset analysis, gene ontology analysis and statistical methods, see 

supplementary materials, at Annals of Oncology online.  

   

Results  

Modification and Validation of MCP-counter for application in GBM  

We first established the MCP-counter method for application in GBM (GBM-MCP-

counter). Specifically, we removed fibroblast scores, and a GBM-specific microglial 

signature described by KLEMM et al20, was incorporated. Next we validated GBM specific 

gene expression at the protein level by IHC and IF (Supplementary Figure 2A). 

Correlations between GBM-MCP scores of immune cell populations and corresponding 

IHC cell density (Supplementary Figure 2B) were confirmed. CD3 T cells, CD8 T cells 

and monocytic lineage showed high correlation coefficients with IHC protein cell density 

evaluations (R= 0.43, 0.52, and 0.44,  P=0.031, 0.012 and 0.048 respectively). Microglia 

expression signature significantly correlated with microglia IF panel cell density (CD68-

/Iba1+/TMEM119) (R=0.56, P=0.0047) (Supplementary Figure 2B).  
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Identification of novel TME-subtypes  

Partition around medoids (PAM) clustering, based on patient GBM-MCP-counter scores, 

was performed on the GLIOTRAIN cohort. Clustering identified 3 distinct,  novel subtypes 

with significantly different TME compositions (silhouette statistic methods and principal 

component analysis (PCA) (Supplementary Figure 3A-D). These subgroups were defined 

as TMELow, ‘Immune-Low’, (24%), TMEMed, ‘heterogenous immune populations’, (46%) and 

TMEHigh, ‘Immune-High’ (30%) (Figure 1A). These findings were reproduced in TCGA, 

CGGA and DUKE datasets (Figure 1B-D, Supplementary Figure 4, Supplementary Figure 

5). A representative cohort (N=26), from /span>GLIOTRAIN (GLIOTRAIN-IHC cohort) 

was assigned to TME-subtypes (Supplementary Figure 6A) and quantitative IHC data 

orthogonally validated each TME-subtype (Supplementary Figure 6B,C)14. Overall, GBM-

MCP-counter analysis revealed that TMEHigh cases are characterized by significantly 

increased expression of genes specific to all immune populations (Figure 1A-D). TMEMed 

cases were characterised by high endothelial cell GBM-MCP signature, and 

heterogenous abundance of immune cells. Notably, the microglial signature was enriched 

in both TMEHigh and TMEMed subtypes (Figure 1A). Finally, the TMELow subtype was 

characterised by a low expression of all immune and endothelial cell markers (Figure 1A-

D). Stratification into TMEHigh, TMEMed or TMELow subtypes showed no association with OS 

in GLIOTRAIN, TCGA, CGGA and DUKE cohorts (P=0.55, P=0.53, P=0.13, and P=0.55 

respectively)(Figure 1E-H).  
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We subsequently studied the association of proneural (PN), classical (CL)  and 

mesenchymal (Mes) gene expression subtypes21 with novel TME-subtypes  identified. 

TMEHigh tumours comprised of 23% PN, 18% CL and  59% Mes cases. TMEMed were 

comprised of 41% PN, 26% CL and 33% Mes, and TMELow 55% CL, 35% PN and 10% 

Mes (Figure 1I). Findings remained consistent across all validation cohorts (Figure1B-D). 

Survival analysis following Wang subtype patient stratification21 (PN, CL, Mes) showed no 

significant impact on OS in any cohort (Supplementary Figure 7A-C).  

   

Biological characterisation of TME-subtypes  

Next, we studied TME composition and functionality across subtypes. Expression of 

genes associated with functional orientation markers were significantly enriched in the 

TMEHigh subtype (Figure 2A) in the GLIOTRAIN cohort. Angiogenesis signature expression 

was homogenous across all TME-subtypes (P=0.38)(Figure 2A). The expression of 

immune-checkpoint-related genes showed a similar trend to immune infiltrate genes, with 

high expression of genes encoding PD1 and CTLA4 observed in the TMEHigh subtype 

(P=2.1e-05, P=1.4e-06)(Figure 2A). CD274 (which encodes PDL1) was significantly 

enriched in TMEHigh GBM and heterogeneously expressed across all TME-subtypes 

(P=0.0053), whereas TIM3 was homogenously expressed across all subtypes (Figure 2A, 

Supplementary Figure 5A-C). Notably, B7 homolog 3 protein (B7-H3/CD27622) expression 

was significantly downregulated in TCGA cohort TMEHigh patients (P=0.012; Figure S7A). 

No significant difference in B7-H3 expression was observed across novel TME subgroups 

in other cohorts (Figure 2A, Supplementary Figure 8B, C). Interestingly, several previous 

Jo
urn

al 
Pre-

pro
of



studies assessing B7-H3 expression in GBM have observed similar diverse expression 

patterns23–25.  

   

We further interrogated TME-subtype mutational landscape within the TCGA RNA-seq 

cohort, where matching WES data were available. As expected, tumour mutational 

burden (TMB) was low (median: 48 mutations)[Data not shown]. Moreover, mutational 

analysis revealed no difference in neo-antigen prediction or mutation count across TME-

subtypes (Kruskal-Wallis, P=0.14 and P=0.081 respectively)(Figure 2B,C). Nevertheless, 

a small number of genes were frequently mutated in specific TME-subtypes. Specifically, 

EGFR was most frequently mutated in TMELow GBM, TTN in TMEMed and PTEN in TMEHigh 

tumours (Figure 2D). Interestingly, IHC analyses (CD20+/CD3+), revealed tertiary 

lymphoid structures (TLS) as a possible feature of TMEHigh/Mesenchymal+ GBM 

(Supplementary Figure 9A, B). Survival analysis in the GLIOTRAIN cohort based on TLS 

associated 12-chemokine signature26,27 suggested monocytic lineage in TLSHigh patients 

display suppressed immune responses (Supplementary figure 9C, D). Furthermore, 

TLSHigh patients displayed enriched genes associated with T-cell activation and 

may  therefore be able to elicit an immune response (Supplementary figure 9E). We also 

analysed MGMT promoter methylation status across novel TME subtypes in the 

GLIOTRAIN, TCGA, CGGA and DUKE cohorts (Supplementary Figure 10). Overall, no 

significant relationship was observed between MGMT status and TME subtype.  

   

Differential gene expression analysis across TME-subtypes revealed several significantly 

down-regulated genes in the TMELow subtype when compared to non-TMELow samples 
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(Figure 2E). Interestingly, some of the most significantly downregulated genes (SLC2A5, 

CSF3R) were microglial-related. TMEMed was associated with several downregulated 

genes, including the B lymphocyte chemoattractant and TLS marker, CXCL13 compared 

to non-TMEMed samples (Figure 2F). Whereas TMEHigh GBM predominantly consisted of 

significantly upregulated genes including genes encoding for T-lymphocytes (CD6), 

surface antigens on T-cells (CD2) and cytokine CCL5 compared to non-TMEHigh samples 

(Figure 2G). Gene Ontology (GO) enrichment analysis in the GLITRAIN cohort revealed 

TME-subtype specific pathway alterations. TMELow GBM was significantly enriched in 

pathways relating to EGFR signalling (P=0.02406)(Supplementary Figure 11A), and 

showed significantly downregulated immune-related pathways (Supplementary Figure 

12A). TMEMed was enriched in pathways relating to neuronal signalling (Supplementary 

Figure 11B) and displayed downregulated immune-related pathways (Supplementary 

Figure 12B). TMEHigh GBM was significantly enriched in pathways relating to the immune 

system, including complement cascade and immunoregulatory interactions between 

lymphoid (P=2.4e-37) and non-lymphoid cells (P=7.9e-34)(Supplementary Figure 11C). 

In contrast, few significantly downregulated pathways were observed in TMEHigh 

(Supplementary Figure 12C).  

   

To address spatial heterogeneity of TME subtype expression signatures, the IvyGAP 

dataset (N=122 samples) was stratified according to novel TME classifiers 

(Supplementary Figure 13A). Spatial interrogation of TME subtype distribution (based on 

IvyGAP anatomic neighbourhoods), identified differing gene expression patterns among 

each anatomic region. TMEHigh samples were most enriched within regions defined as 
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cellular tumour (63%). TMEHigh samples also demonstrated slightly elevated proportions of 

microvascular proliferation samples (12%) compared to other subtypes. The TMEMed 

cohort manifested a moderate proportion of infiltrating tumour samples (10%) and 

elevated proportion of microvascular proliferation samples (15%) compared to TMELow 

samples (6%). In contrast, TMEMed samples displayed the highest proportion of 

pseudopalisading cells around necrosis samples (23%). Finally, the TMELow cohort 

contained the highest proportion of infiltrating tumour (14%) and leading edge (12%) 

samples. An additional subgroup (12.6%), which displayed an enriched expression of 

endothelial (P=<2.2e-16) and myeloid dendritic cells (p=3.5e-16), was further identified 

upon IvyGAP sample clustering (Cluster EC, Supplementary Figure 13). This cluster most 

frequently manifested with leading edge samples (20%) compared with TMELow, TMEMed or 

TMEHigh subtypes (Supplementary Figure 13B).  

   

Longitudinal analysis of TME-subtypes reveals TME-subtype ‘switch’ on 

recurrence  

To assess TME-subtype evolution and identify changes in TME composition at tumour 

recurrence, we next analysed a set of longitudinal transcriptomic data from the GLASS 

longitudinal cohort (N=99 patients with primary and recurrent tumours)17. FirstlyTME-

subtypes were applied to primary and recurrent GLASS cohort tumours (N=367 tumour 

samples representing primary and recurrence 1-4), followed by assessment of functional 

orientation markers and immune checkpoint expression. These analyses revealed T cells, 

CD8 T cells, B lineage and PD1 expression were significantly enriched in recurrent 

tumours (Figure 3A). Next, we categorised the GLASS cohort according to novel TME-

subtypes (Supplementary Figure 14A) identifying a higher proportion of TMEMed (39%) and 
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TMEHigh (22%) cases in recurrent samples when compared to primary tumours (33% and 

12% respectively)(Figure 3B,C). The proportion of TMELow tumour s decreased from 55% 

to 39% upon recurrence. Tumours which transitioned from TMELow to TMEMed upon 

recurrence, presented significantly elevated lymphocyte-associated gene expression. 

Specifically, T cells (P=5.4e-06), CD8 T cells (P=2.3e-10), cytotoxic lymphocytes 

(P=0.022) and B lineage (P=0.00085) expression markers were elevated (Figure 3D). 

TMELow to TMEHigh transitions revealed significantly enriched lymphocytes and monocytic 

lineage (Figure 3E). TMEMed to TMEHigh subtype transition showed a significant enrichment 

across immune and stromal cell populations (excluding microglia)(Figure 3F). 

Unsurprisingly, tumours which switched to more immune cold subtypes displayed 

significantly decreased immune populations (Supplementary Figure 14B,C).  In depth 

cell-state analysis revealed TMEMed to TMEHigh transition was influenced by a significantly 

enriched myeloid cell state (P=0.0019). Moreover, Stem-like and diff-like neoplastic states 

were significantly downregulated upon this transition (P=0.04 and P=0.00049 

respectively)(Supplementary Figure 15A-C). DEG analysis revealed several significantly 

upregulated chemokine-signalling related pathways upon TMEMed to TMEHigh switch 

(Supplementary Figure 15D). Moreover, tumour promoting chemokines, CCL18 and 

ACP5, were highly upregulated upon subtype switch (Supplementary Figure 15E). In a 

very limited number of available longitudinal  GLASS cohort samples (N=4) from  patients 

treated with immunotherapy, we assessed whether trends in TME subtype switch are 

altered following treatment (Supplementary Figure 14D).  Unsurprisingly, findings were 

inconclusive, with transitions from TMEMed to TMELow (N=1), TMEMed to TMEHigh  (N=1) and 

TMELow to TMEMed (N=2) observed. 
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TME-subtypes may inform treatment outcome in retrospective immunotherapy trial 

datasets  

We subsequently examined whether patient stratification based on TME-subtype could 

predict response to immune checkpoint blockade. To this end, we accessed RNA-seq 

and clinical annotation data from the recent neoadjuvant anti-PD1 multi-institution clinical 

trial (Cloughesy cohort)13. This trial evaluated immune responses and survival following 

neoadjuvant and/or adjuvant therapy with pembrolizumab in patients with recurrent, 

surgically-resectable GBM. Firstly, IDHmt samples (N=4) were identified and excluded. 

Subsequently, TME classifiers were assigned to the trial cohort (Figure 4A). TMEHigh 

tumour-bearing patients displayed a trend towards improved OS when compared with 

TMELow and TMEMed tumour-bearing patients (P=0.29)(Figure 4B). Importantly, TMEHigh 

patients treated with neoadjuvant anti-PD1 exhibited a significantly increased OS 

compared with neoadjuvant anti-PD1 treated non-TMEHigh (TMELow and TMEMed) patients 

and TMEMed patients treated with adjuvant anti-PD1 (P=0.028)(Figure 4C,D). 

   

Next, to further study the relationship between TME-subtype and response to ICI, we 

accessed RNA-seq data from the Zhao study (Zhao cohort) which evaluated immune 

responses and survival of longitudinally profiled patients during standard therapy and 

following treatment with PD-1 inhibitors (nivolumab or pembrolizumab)18. Firstly, the GBM-

MCP-counter was applied to pre- and post-anti-PD1 treated tumour samples 

(n=24)(Figure 5A). Comparison of pre- and post-treatment samples revealed tumours 

receiving adjuvant anti-PD1 displayed no significantly different GBM-MCP scores. Next, 
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samples were assigned to novel TME-subtypes. Survival analysis showed a trend 

towards improved OS in TMEHigh compared to non-TMEHigh patients 

(TMELow/TMEMed)(P=0.21)(Figure 5B). We subsequently assessed how TME-subtype 

proportion changes in pre- and post-anti-PD1 treatment samples, and in responders and 

non-responders (responders defined as those which revealed an inflammatory response, 

few tumour cells upon sampling and stable or shrinking tumour volume). Following anti-

PD1 treatment, the proportion of TMELow tumours remained the same (33%), the 

proportion of TMEMed tumours decreased from 27% to 22%, and the proportion of TMEHigh 

tumours increased from 40% to 44% (Figure 5C). Based on pre-treatment tumour 

samples, TMELow proportion was greater in responders (7%) compared to non-responders 

(20%). Likewise, 43% of TMEHigh were responders compared with 40% non-responders. 

No TMEMed samples were categorised as responders (Supplementary Figure 16). 

Comparison of GBM-MCP scores in non-responders and responders, and in pre- and 

post- ICI treated (N=3) samples (Supplementary Figure 17) indicated no significant 

changes in TME populations.  

   

Finally, we examined whether patient stratification based on TME-subtype could predict 

response to oncolytic virus therapy. Sequencing and clinical data were accessed from the 

Desjardins et al 19 2018 phase 1 clinical trial (NCT01491893) which evaluated convection-

enhanced, intratumoral delivery of recombinant non-pathogenic polio–rhinovirus chimera 

(PVSRIPO) in rGBM patients (PVSRIPO cohort). Samples were first assigned to TME-

subtypes (Figure 5E). Tentatively, TMEHigh patients treated with PVSRIPO showed a trend 
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towards improved OS (P=0.056) when compared with TMELow and TMEMed tumours (Figure 

5F).  

   

Discussion  

   

Notwithstanding the plausible rationale which has supported immune checkpoint inhibitor 

evaluation in GBM trials,7,28 to date, clinical studies have largely been negative9,10 with few 

exceptions13,29,30. Of these, 3132recent data from a small multi-centre trial (Cloughesy study) 

suggests that neoadjuvant nivolumab may improve OS compared to patients receiving 

adjuvant therapy13. Furthermore, mechanistic interrogation of the immunemicroenvironment 

following administration of neo-adjuvant nivolumab revealed increased immune cell 

infiltration, chemokine transcript expression and greater T-cell antigen receptor (TCR) 

diversity among TILs29. Notwithstanding these important, hypothesis generating data, 

most negative clinical trial outcomes9–12 now mandate the identification of new stratification 

methods to identify a sub-population of patients for whom immunotherapy could be a 

viable option. To this end, we hypothesized that interrogation of the TME, including the 

identification of novel TME-associated subtypes might predict which patients would be 

most responsive to immunotherapy and have generated robust hypotheses  for novel 

subtype-specific combinatorial immunotherapy treatment regimens, which now 

warrant  further testingspan style="font-family:Arial"> 2.  

   

To identify novel TME specific classifiers, we implemented a tailored, brain tumour-

specific MCP-counter14 method. Specifically, unsupervised PAM clustering was applied to 
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GBM-MCP-counter scores in discovery and validation cohorts (N=867 primary/recurrent 

patient samples) to identify three, non-overlapping TME-subtypes: TMELow, TMEMed, and 

TMEHigh. Survival analysis revealed that there was no subtype-specific prognostic 

association. This is unsurprising as discovery and validation cohorts were normalized for 

KPS and age and included only IDHwt samples. Moreover, GBM-MCP-counter scores 

are based on genes which have no clear prognostic value when assessed as individual 

biomarkers31. We observed an overlap between novel TME-subtypes and Wang 

transcriptomic classifiers. However we observed no survival differences following 

classification according to Wang-subtypes21. There was no significant difference in 

neoantigen load across TME classifiers, and a low tumour mutational burden was 

observed across all subtypes. Interestingly, Zhang et al have recently shown that 

methylated MGMT and low TIM3 expression are associated with improved survival in 

GBM32. However, in our analyses TIM3 expression was homogenous across subtypes. 

No significant relationship was observed between MGMT methylation status and novel 

TME subtype.  

   

TMELow GBM is associated with low immune and endothelial cell abundance, low 

expression of genes associated with TME functional orientation and overall 

downregulated immune-regulatory pathways TMELow tumours also manifested the  highest 

proportion of infiltrating tumour and leading-edge samples within the IvyGAP cohort 

compared to TMEHigh and TMEMed patient samples. Mutational and GO analysis showed 

that EGFR mutation and upregulated EGFR signaling pathways were dominant features 

of TMELow GBM. As TMELow patients exhibit overall low immune cell abundance, our data 
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indicate that patients categorised as TMELow may be the most suitable candidates for a 

prospective clinical trial evaluating the combination of anti-TIM3 combined with an EGFR 

inhibitor. This strategy would concurrently target the high EGFR mutational burden of 

TMELow patients whilst stimulating T-cell infiltration. Recently, it has been suggested that 

EGFR therapeutic resistance may arise due to extrachromosomal DNA (ecDNA) 

amplification, rather than classical chromosomal alterations33. Further interrogation of 

TMELow ecDNA landscape is required to uncover potential resistance mechanisms which 

may be hallmarks of this subtype.  

   

TMEMed GBM is associated with an abundance of immune populations, functional 

orientation markers, immune checkpoint and endothelial cell markers. TME subtype 

analysis of IvyGAP anatomical samples revealed TMEMed patients comprised the highest 

proportion of samples defined as ‘pseudopalisading cells around necrosis’. Interestingly, 

pseudopalisades are associated with microvascular hyperplasia and angiogeneisis, and 

may serve as predictors of poor prognosis in GBM34. Thus, despite negative outcomes 

following anti-angiogenic therapy (NCT00884741 and Checkmate-143/NCT02017717), our 

data tentatively suggests that patients identified in the ‘colder’ TMEMed subtype might  anti-

angiogenic treatment combined with immunotherapy due to high endothelial cell 

abundance, vascularity and diverse immune cell population. Additionally, titin (TTN) 

mutation was identified as a TMEMed tumour feature. While TTN mutations are associated 

with favourable prognosis in non-small cell lung cancer35, mutant TTN may be associated 

with increased risk of glioma recurrence36 suggesting that TTN mutations could influence 

GBM TMEMed tumour recurrence. GO analysis of TMEMed tumours further revealed 
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upregulated neuronal system-related and transmission across chemical synapses 

pathways. We and others have recently shown that increased GBM growth and invasion 

is facilitated by neuron-to-glioma synapses and increased neuronal interactions at 

recurrence37,38. Overall, future studies are now required to interrogate the role of TTN and 

neuronal-tumour interactions in TMEMed GBM recurrence and tumour progression.  

   

TMEHigh tumours were defined by high immune cell infiltration and abundance of 

endothelial cells. Additionally, TMEHigh tumours are enriched for markers associated with T 

cell activation, MHC I genes, myeloid cell chemotaxis, inhibitory T cells, regulatory T cells, 

tumour associated macrophage and Immune checkpoints. These markers are indicative 

of a highly immunosuppressive, tumour-promoting environment39,40. Targeting specific cell 

populations to alleviate immunosuppression in TMEHigh GBM will likely be required to 

maximize response to immunotherapy. Interestingly, 65% of TMEHigh tumours were 

identified as Mes, suggesting that a subpopulation of Mes patients may respond to ICI, 

with TME subtyping representing a more refined predictive classification approach. TME 

subtype analysis of IvyGAP anatomical samples revealed TMEHigh patients comprised the 

highest proportion of samples defined as ‘microvascular proliferation’ regions, a classical 

hallmark of GBM.  DEGs and GO analysis in TMEHigh tumours further revealed several 

upregulated genes and pathways related to immunoregulation. Interestingly, TLSs (and 

an associated transcriptomic signature) were specifically identified in 

TMEHigh/mesenchymal+ tumours. TLSs have been associated with clinical benefit and 

response to immunotherapy in solid tumours41, however the clinical relevance of TLSs in 

GBM remains unclear42. Our data suggests that monocytic lineage abundance may 
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influence mechanisms which impact OS of TLSHigh patients. The immunosuppressive role 

of TAMs27,43 and their role in inducing a mesenchymal-like state in GBM44 is well 

documented. Thus, in TMEHigh GBM, TAMs may suppress TLS anti-tumour activity, 

hindering immunotherapy response. Future studies to confirm the promiscuity of TLSs 

and associated subsets of immunosuppressive macrophages in TMEHigh tumours is 

warranted45. Overall, our data suggests that targeting anti-PD1+anti-CTLA4, may be a 

viable approach although it is noteworthy that a previous Phase 1 trial identified 

concerning treatment related adverse effects (AEs) in rGBM patients treated with 

combinatorial nivolumab and ipilimumab therapy, followed by nivolumab monotherapy, 

Specifically, grade 3/4 AEs were reported in 90% of patients who received 1mg/kg 

nivolumab plus 3mg/kg ipilimumab (NIVO1+IPI3), and 30% of patients who 

received 3mg/kg nivolumab plus 1mg/kg ipilimumab (NIVO3+IPI1)11. A rational alternative 

strategy in this sub-cohort could be anti-PD1+TAM targeting (e.g. CSFR1 inhibitor).  

   

Longitudinal assessment of TME-subtypes has also revealed their dynamic nature. 

Tumours which transitioned from TMELow to TMEMed or TMEHigh, and TMEMed to TMEHigh, were 

associated with significantly enriched lymphocytes, myeloid population abundance, T-cell 

functionality and an immunosuppressive TME. Importantly, we and others have recently 

shown that IDHwt GBM recurrence may be attributed to increased immune cell 

composition, and presence of a myeloid cell state. Moreover, this enriched myeloid cell 

state is associated with a mesenchymal subtype shift 37. Here we investigated whether 

TME subtypes are driven from a “lower to higher” TME status by changes in the neoplastic 

(Proliferative stem-like, Stem-like and Differentiated-like) and myeloid cell state upon 
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recurrence37. Our data suggests that TMEMed to TMEHigh switch is influenced by a distinct 

myeloid phenotype, decreased tumour cell differentiation and upregulated chemokine-

signallingpathways. Moreover, CCL18 (promotes glioma progression) and ACP5 

(mediator of glioma growth) were highly upregulated upon subtype switching.46,47. Overall, 

this pathway may harbour potential therapeutic avenues for the treatment of patients  with 

tumours which transition from TMEMed to TMEHigh upon recurrence. To further understand 

subtype evolution and treatment resistance, scRNA-seq analysis and construction of 

dynamic cellular models to inform TME plasticity, cellular lineage and trajectory, is now 

required. It will also be important to consider whether therapeutic pressure may truly drive 

subtype switching41,48. Additional analyses of biopsies in primary and recurrent tumours 

(post-treatment) may further unravel the impact of intra-tumoural heterogeneity on TME-

subtype classification and TME-subtype specific treatment resistance mechanisms37.  

   

Finally, the predictive potential of novel TME-subtypes was retrospectively assessed in 

interventional immunotherapy clinical trial datasets. Firstly, our analysis of the  small 

Cloughesy trial dataset tentatively suggests that TMEHigh patients who receive neoadjuvant 

anti-PD1 might show improved OS compared to patients receiving adjuvant anti-PD1 

alone. Nevertheless we acknowledge that TME stratification prior to neoadjuvant 

treatment is not without complexity. However, we hypothesize that in the future, TME 

subtyping might be performed prior to surgery by employing a blood based cell free RNA 

(cfRNA) liquid biopsy method49, or a robust TME subtype specific MRI radiomic 

signature50,51. Secondly, analysis of the Zhao cohort suggests that TMEHigh tumour-bearing 

patients  trend towards improved OS following anti-PD1 therapy. In a very limited subset 
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of matched samples collected pre- and post- ICI therapy (N=3 patients), no significant 

alterations were detected in MCP scores before or after treatment (Supplementary Figure 

17). As mentioned above, conclusions with respect to subtype switching may not be 

drawn from such a limited number of samples. Thus, further studies in expanded patient 

cohorts are now warranted. Interestingly, a relationship between TME subtype assigned 

at time of primary tumour resection and response to anti-PD1 was observed regardless 

of standard of care treatment regimen prior to anti-PD1 therapy. This observation also 

requires further validation. Thirdly, we investigated whether TME-subtypes were 

predictive of survival within the small PSVRIPO dataset (NCT01491893). Here, GBM 

patients received adjuvant anti-PD1 (newly diagnosed) or PVSRIPO therapy (recurrent 

tumours, treatment administered post biopsy). Stratification of PVSRIPO patients based 

on TME-subtypes suggest a trend towards improved OS in TMEHigh patients, compared 

with TMEMed and TMELow patients. Clearly these hypothesis generating data now require 

validation in larger clinical cohorts. Desjardins have recently shown that a low mutational 

burden was associated with increased tumor-intrinsic inflammation in rGBM and 

increased response to PVSRIPO treatment52. Interestingly, our data suggests that TMEHigh 

patients may harbour a lower mutational burden than other subtypes, yet represent the 

subtype with the highest proportion of  ICI responders.  

   

Overall as mentioned, while we observe promising trends in all trial cohorts assessed, 

sample numbers are limited. Moreover, each trial cohort  analysed has a unique study 

design and implements a specific immunotherapy regimen. Furthermore, an important 

study limitation is that validation of our findings in an expanded cohort of samples from 
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recently conducted negative Phase III trials (e.g. Checkmate-143, Checkmate-548 and 

Checkmate-498) has not been possible due to lack of availability of tissue/ RNAseq data. 

A tailored, Phase 2 study employing a rational hypothesis- driven trial design is  now 

required to validate our findings. This trial should mandate for the robust collection of 

fresh frozen tissue for retrospective molecular analysis.  

  

In conclusion, our multi-centre study introduces novel TME-subtypes which may inform 

optimal precision immunotherapy treatment strategies in the GBM setting. Our data 

provides convincing evidence that a TME-subtype classification system represents a 

canonical “terminus a quo” (starting point) to (i) deepen knowledge of GBM TME biology, 

(ii) support identification of patient subgroups who may benefit from immunotherapy 

and/or other TME targeting agents and (iii) provide a platform for the identification of new 

TME-associated contexts of vulnerability. Our findings warrant further investigation in 

additional retrospective immunotherapy trial cohorts, and in the prospective setting.  
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Figure Legends  

Figure 1. Identification and validation of novel TME subtypes in GLIOTRAIN cohort and 
validation datasets (TCGA, CGGA, DUKE). A. Partition around medoids (PAM) clustering 
of the GLIOTRAIN cohort (N=123), based on the cellular TME composition described by 
MCP-counter scores reveals 3 subgroups; TMElow, TMEmed and TMEhigh in the B. 
TCGA, C. CCGA and D. DUKE cohorts E. OS according to TMElow, TMEmed and 
TMEhigh  subtypes in the GLIOTRAIN cohort (P=0.55), F. TCGA cohort (P=0.53), G. 
CGGA cohort (P=0.13) and H. Duke cohort (P=0.55). I. Proportion of Wang subtypes22 
in the TME classifiers. Statistical test A-D: Kruskal Wallis one-way analysis of variance. 
E-H: P value of log-ranked test. CL: Classical, Mes: Mesenchymal, PN: Proneural.  
   
Figure 2. Characterisation of TME subtype specific biology. A. TME functional orientation 
markers and immune checkpoint expression across TME subtypes in the GLIOTRAIN 
discovery cohort. B. Neoantigen prediction across the TME subtypes in the TCGA cohort 
C. Mutation frequency across the TME subtypes in the TCGA cohort. D. TME subtype-
specific mutation frequency for the top 10 genes with highest frequency in the TCGA 
cohort. E. Volcano plots showing differentially expressed genes in TMELow, F. TMEMed and 
G. TMEHigh patients. Statistical test B,C: Kruskal Wallis one-way analysis of variance.  
   
Figure 3. GBM TME and associated TME subtypes exhibit cellular heterogeneity upon 
recurrence. A. Heatmap showing the expression of GBM-MCP scores, FO markers and 
immune checkpoints in Primary tumours (TP), first recurrence (R1) and combined 
second, third and fourth recurrence in the GLASS cohort. B. Continuous bar graph 
showing the distribution of TME subtypes in matching primary and recurrent tumours 
(N=99 tumour pairs). C. Sankey plot indicating the transition of TME subtypes on 
recurrence. Band size reflects sample numbers and band colours represent TME 
subtype. D. Boxplots showing the TME cell populations with significantly enriched MCP-
scores from primary to recurrent samples in patients who switch subtype; D. TMELow 
(primary) to TMEMed (recurrent) tumours, E. TMELow (primary) to TMEHigh (recurrent) 
tumours and F. TMEMed (primary) to TMEHigh (recurrent) tumours. Statistical test: Wilcoxon 
signed rank test. * P<0.05 ***P<0.001  

   
Figure 4. Trend towards improved OS  following neoadjuvant pembrolizumab in recurrent 
IDHwt GBM TMEhigh patients. A. Partition around medoids (PAM) clustering of IDHwt 
GBM samples in the Cloughesy cohort13 with available RNA-seq data (N=23), based on 
the cellular TME composition described by GBM-MCP-counter scores reveal 3 subtypes; 
TMELow, TMEMed and TMEHigh. B. OS according to TMELow, TMEMed and TMEHigh subtypes in the 
Cloughesy cohort C. OS according to TMELow/neoadjuvant anti-PD-1, 
TMEMed/adjuvant anti-PD-1, TMEHigh/adjuvant anti-PD-1 and TMEHigh/adjuvant 
patients in the Cloughesy cohort. TMEMed patients treated with neoadjuvant anti-PD1 
(N=1) and TMELow patients treated with adjuvant anti-PD1 (N=2) were excluded due to 
small patient numbers D. Boxplot representing OS of patients in the Cloughesy cohort. 
Boxplots are colour coded according to the patients TME subtype and whether they 
received Neoadjuvant + adjuvant (Neo) anti-PD1 therapy or adjuvant (Adj) anti-PD1 
alone. Orange; TMEHigh/Adj, Gold; TMEHigh/Neo, Green; TMELow/Adj, Light blue; TMELow/Neo, Dark blue; 
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TMEMed/Adj and pink; TMEMed/Neo. Statistical test: Kaplan Meier analysis; P value of log-ranked 
test.  
Figure 5.Trend towards improved OS and increased response rate in TMEHigh patients 
following adjuvant  treatment with pembrolizumab or PVSRIPO . A. TME composition in 
Zhao dataset18 pre- vs post- adjuvant anti-PD1 treatment in available tumour (N=24) 
samples. B. OS according to TMEHigh and non-TMEHigh (TMELow + TMEMed) subtypes who 
received adjuvant anti-PD1 therapy in the Zhao cohort (N=15 patients). C. Relative 
boxplots indicating the proportion of TMELow, TMEMed and TMEHigh patients before 
administration of anti-PD1 treatment (left) and after anti-PD1 treatment (right) in available 
tumour and blood samples. D. Partition around medoids (PAM) clustering of the 
PVSRIPO cohort19 with available RNA-seq data (N=12), based on the cellular TME 
composition described by GBM-MCP-counter scores reveal 3 subtypes; TMElow, TME med 
and TME high. E. OS according to TMELow and TMEMed and TMEHigh subtypes who received 
PVSRIPO therapy in the PVSRIPO cohort19. Statistical test: Wilcoxon signed rank test. 
Kaplan Meier analysis; P value of log-ranked test.  *P<0.05 ** P<0.01  

   
Supplementary Figure 1. GBM dataset filtering process for the GLIOTRAIN cohort 
(discovery), TCGA, CGGA, and Duke cohorts (validation), the GLASS longitudinal cohort, 
IvyGAP cohort, Cloughesy, Zhao and PVSRIPO cohorts (Immunotherapy clinical trial 
cohorts). 
   
Supplementary Figure 2. Refinement and immunohistochemical validation of MCP-
counter for application in GBM. A. Representative images of the IHC and IF panel 
employed for MCP validation and authentication of GBM specific microglial signature. B. 
Correlation of GBM-MCP-counter scores with corresponding cell densities measured by 
IHC. Statistical analysis B: Spearman’s rank correlation coefficient  
   
Supplementary figure 3. Confirmation of novel TME subtypes as three distinct non-
overlapping  biological entities. A. Principle component analysis clustering of the TMELow, 
TMEMed and TMEHigh subtypes in the GLIOTRAIN, B. TCGA, C. CGGA and D. DUKE 
cohorts.  
   
Supplementary figure 4. Comparison of novel TME subtypes GBM-MCP scores in the 
A. GLIOTRAIN, B. TCGA C. CGGA and D. DUKE cohorts  

   
Supplementary figure 5. Comparison of novel TME subtypes GBM-MCP scores in the 
A. GLIOTRAIN, B. TCGA C. CGGA and D. DUKE cohorts  

   
Supplementary Figure 6. Immunohistochemical validation of TME subtypes. A. Partition 
around medoids (PAM) clustering of GLIOTRAIN ”IHC sub-cohort” (N=26). GBM-MCP-
counter scores ascribes this validation cohort to TME low,med,high subtypes. B. Subtypes were 
further validated via IHC staining. Representative images demonstrating CD3/CD20, 
CD8/CD66b, CD68 and SMA/PD-L1/CD34 expression by IHC of TME low,med, high  tumours. C. 
Cell density counts showing the differences in immune and stromal composition across 
TME subtypes. Scale bar: 100um. Statistical test C: Kruskal Wallis one-way analysis of 
variance.  
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Supplementary Figure 7. Survival analysis across Wang subtypes (PN, CL and Mes), 
in the A. GLIOTRAIN cohort, B. TCGA cohort and C. CGGA cohort. Statistical test A-C: 
Kaplan Meier analysis; P value of log-ranked test.  
   
Supplementary Figure 8. Characterisation of TME subtype specific biology in validation 
cohorts. A. Functional orientation and immune checkpoint expression of the TME sub-
groups in the A. TCGA cohort, B. CGGA cohort and C. DUKE cohort.  
   
Supplementary Figure 9. Tertiary Lymphoid structures (TLSs) and the 12-chemokine 
TLS signature may be a feature of TMEHigh GBM A. TLS aggregates are observed in TME 
High tumours (N=3) in the GLIOTRAIN “IHC sub-cohort” via IHC (CD20/CD3). B. Heat map 
demonstrating expression of T cells, CD8 T cells, B lineage, NK cells and TLS-associated 
12-chemokine signature across subtypes. C. Assessment of survival in GLIOTRAIN 
cohort (N=123) based on TLS signature expression. No significant different is observed 
in OS of GBM patients according to TLS signature expression (P=0.095). TLS High and 
low subgroups were calculated based on median threshold of TLS signature. D. 
Assessment of survival in GLIOTRAIN cohort (N=123) based on TLS and monocytic 
lineage signature expression. OS of patients based on the TLS-signature and monocytic 
lineage abundance. Tumours were classified as TLS signature High and monocytic 
lineage High based on median threshold. Monocytic lineageHigh/TLSLow GBMs display a 
trend towards poorer OS (P=0.011). E. Gene expression heatmap of antigen-presenting 
cell (APC) and T cell activating and inhibitory signalling mediators in TLSLow and TLSHigh 

subgroups in GLIOTRAIN cohort (N=123). Scale bars: 500um. Statistical test C,D: Kaplan 
Meier analysis; P value of log-ranked test.  
   
Supplementary figure 10. Comparison of MGMT methylation status across the TME 
subtypes in  A. GLIOTRAIN, B. TCGA, C. CGGA and D. Duke cohorts  

   
Supplementary Figure 11. Gene Ontology (GO) analysis in TME Low, TMEMed and TMEHigh 
subtypes (GLIOTRAIN cohort). GO analysis showing the 10 most upregulated pathways 
(Bioplanet 2019) in A. TMELow, B. TMEMed and C. TMEHigh subtypes.  
   
Supplementary Figure 12. Gene Ontology (GO) analysis in TME Low, TMEMed and TMEHigh 
subtypes (GLIOTRAIN cohort). GO analysis showing the 10 most downregulated 
pathways (Bioplanet 2019) in A. TMELow, B. TMEMed and C. TMEHigh  subtypes.  
   
Supplementary Figure 13. Histological features correlate to TME subtype 
distribution.  A. Partition around medoids (PAM) clustering of the Ivy GAP GBM cohort 
(n=10 patients), based on the cellular TME composition described by MCP-counter 
scores reveal 3 subgroups; TME low, TME med and TME high in the Ivy GAP cohort. B. 
Distribution of TME subtypes based on Ivy GAP histological features. 
   
Supplementary Figure 14. Longitudinal analysis of TME subtypes and TME composition 
upon recurrence (GLASS cohort). Heatmap of GBM-MCP cell distribution in primary and 
recurrent IDHwt GBM samples  from the GLASS cohort ([17] n=99 tumour pairs). B. 
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Boxplots showing significant changes in GBM-MCP score when samples ‘switch’ from B. 
TMEMed to TMELow and C. TMEHigh to TMEMed upon recurrence. D. Sankey plot indicating the 
transition of TME subtypes on recurrence based on immunotherapy treatment. Band size 
reflects sample numbers and band colours represent TME subtype. Statistical test: 
Wilcoxon signed rank test.  
   
Supplementary Figure 15. Cell-state changes and upregulated chemokine pathways 
are associated with TME subtype transitions upon recurrence. A. Boxplots showing the 
non-neoplastic cell-states (Myeloid) and neoplastic cell-states (Prolif stem-like, Stem-like 
and Diff-like) from primary to recurrent samples in patients who switch subtype; TMELow 

(primary) to TMEMed (recurrent) tumours, B. TMELow (primary) to TMEHigh (recurrent) tumours 
and C. TMEMed (primary) to TMEHigh (recurrent) tumours. D. GO analysis showing the 10 
most upregulated pathways (Bioplanet 2019) in samples which transitioned from TMEMed 

to TMEHigh upon recurrence. E. Volcano plots showing differentially expressed genes in 
samples which transitioned from TMEMed to TMEHigh upon recurrence. Statistical test: 
Wilcoxon signed rank test.  
   
Supplementary Figure 16. Comparison of GBM-MCP scores and TME subtype 
distribution in non-responders and responders in the Zhao cohort A. GBM-MCP scores 
categorized based on non-responders and responders in the Zhao cohort. B Relative 
bargraph indicating the proportion of TMELow, TMEMed and TMEHigh patients who are classified 
as Non-responders (left) and responders (right) according to Zhao et al., in available 
tumour samples.  
   
Supplementary Figure 17. Comparison of TME composition in patients with matched 
pre- and post anti-PD1 treated samples. A. MCP scores categorized based on patients 
with matched Pre anti-PD1 treated and post-anti-PD1 treated samples in the Zhao cohort 
(N=3).  
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[1] Referred to throughout as “GBM” based on recent c-IMPACT-NOW1 recommendations  

Highlights:  

1. Studying the IDH-wt GBM tumour microenvironment (TME) transcriptome reveals 

three distinct GBM subtypes; TMEHigh,TMEMed, TMELow.  

2. Novel TME subtypes are dynamic and evolve across primary and recurrent GBMs.  

3. Interrogation of retrospective trial datasets suggest that patient response to 

immunotherapies  could be TME subtype specific  
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4. TMEHigh, Med, Low GBMs manifest specific contexts of vulnerability which could 

direct  novel combinatorial treatment strategies.  

5. In the future, patient assignment to TME subtypes may support precision 

immunotherapy treatment in IDH-wt GBM. 

   

Abstract  

Background: New precision medicine therapies are urgently required for glioblastoma 

(GBM). However, to date, efforts to subtype patients based on molecular profiles, have 

failed to direct treatment strategies. We hypothesized that interrogation of the GBM tumor 

microenvironment (TME) and identification of novel TME specific subtypes could inform 

new precision immunotherapy treatment strategies.  

Methods: A refined and validated microenvironment cell population (MCP)-counter 

method was applied to  >800 GBM patient tumours (GBM-MCP-counter). Specifically, 

partition arounds medoids (PAM) clustering of GBM-MCP-counter scores in the 

GLIOTRAIN discovery cohort identified 3 novel patient clusters, uniquely characterised 

by TME-composition, functional orientation markers and immune checkpoint proteins. 

Validation was performed in three independent GBM-RNA-seq datasets. Neo-antigen, 

mutational, and gene ontology analysis identified mutations and uniquely altered 

pathways across subtypes. The longitudinal GLASS cohort and three immunotherapy 

clinical trial cohorts (treatment with neoadjuvant/adjuvant anti-PD1 or PSVRIPO) were 

further interrogated to assess subtype alterations between primary and recurrent 

tumours, and to assess the utility of TME classifiers as immunotherapy biomarkers.  
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Results: TMEHigh tumours (30%) displayed elevated lymphocyte, myeloid cell immune 

checkpoint, PDCD1(PD1) and CTLA4 transcripts. TMEHigh/mesenchymal+ patients 

featured tertiary lymphoid structures (TLS). TMEMed (46%) tumours were enriched for 

endothelial cell gene expression profiles and displayed heterogeneous immune 

populations. TMELow (24%) tumours were manifest as an ‘immune-desert’ group. TME-

subtype transitions upon recurrence were identified in the longitudinal GLASS cohort. 

Assessment of GBM immunotherapy trial datasets revealed that TMEHigh patients receiving 

neo-adjuvant anti-PD1 had significantly increased OS (P=0.04). Moreover, TMEHigh 

patients treated with adjuvant anti-PD1 or oncolytic virus (PVSRIPO), showed a trend 

towards improved survival.  

   

Conclusions: We have established a novel TME-based classification system for 

application in intracranial malignancies. TME-subtypes represent canonical “termini a 

quo” (starting points) to support an improved precision immunotherapy treatment 

approach. 

   
   
Introduction  

Elucidation of IDHwt GBM disease subtypes1 based on mutational profiling, gene 

expression and DNA methylation has failed to translate into improved clinical outcomes2. 

GBM tumours are complex ecosystems composed of diverse malignant (e.g. stem) and 

non-malignant (e.g. glial, microglia, immune cells, vascular cells, reactive astrocytes) cell 

populations which exist in several niches, interact with heterogeneous tumour cells3 and 
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exhibit a dynamic heterogeneity and plasticity. Of late, there has been much focus on 

targeting the GBM immune cell niche, notwithstanding a generalized immunosuppressive 

microenvironment in the intracranial setting. For example, as the immune checkpoint 

protein PD-L1 is expressed in GBM4,5 and pre-clinical data6,7 provided rationale for 

evaluation of immune checkpoint inhibitors (ICIs), multiple clinical studies have now been 

completed. Disappointingly, these trials have been negative8–12 most likely as limited 

patient stratification methods were available to rationally select patients who might benefit 

most from treatment. Nevertheless, a small multicentre randomised control trial 

conducted in the setting of recurrent GBM (rGBM) suggests that neo-adjuvant anti-PD-1 

blockade may elicit enhanced immune responses and survival benefits13.  

   

In the current study, the GLIOTRAIN consortium (www.gliotrain.eu), together with US 

collaborators, have interrogated tissue-infiltrating immune and stromal cell populations of 

selected GBM patients using a modified targeted microenvironment cell-population 

counter (MCP-counter) RNA-seq computational method14. Unsupervised partition around 

medoids (PAM) clustering identified three novel TME-associated subtypes designated 

TMElow, TMEmed, and TMEhigh which have been validated in publicly available datasets. To 

provide insight into novel subtype-specific biology, we analyzed TME functional 

orientation markers and differentially expressed genes. Moreover, we performed 

mutational analysis and neoantigen prediction across novel subtypes, and have 

longitudinally assessed subtype switching events in primary and recurrent tumours. 

Finally, the capacity of novel TME-subtypes to predict outcome was assessed in 

retrospective immunotherapy clinical trial datasets. Our findings lay the foundation for a 
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novel subtyping approach which may be applied, to direct novel combinatorial 

immunotherapy strategies in the brain tumour setting.  

   

Materials and Methods  

Patient Series (N=867 samples, N=8 cohorts)  

GLIOTRAIN Discovery cohort  

Informed consent for use of multi-omics data and associated clinical annotation was 

obtained via appropriate institutional channels. The GLIOTRAIN cohort was comprised of 

123 retrospectively collected fresh frozen (FF) GBM samples, acquired at time of surgery, 

with corresponding clinical follow-up data. Patient samples were collected based on the 

GLIOTRAIN biobank inclusion criteria (Table 1). FF tumour samples from three 

participating institutions were collected (Table 2) and clinical data associated with 

GLIOTRAIN samples are described in Table 3.  

   

Validation and Glioma Longitudinal Analysis Consortium (GLASS) Longitudinal 

Cohorts 

Transcriptomic and clinical data from the Cancer Genome Atlas Glioblastoma Multiforme 

(TCGA-GBM) data collection was downloaded from the National Cancer Institute 

Genomic Data Commons (GDC) data portal (TCGA RNA-seq cohort)15. mRNAseq_693 

(batch 1) dataset and clinical data was downloaded from the Chinese Glioma Atlas 

database (http://www.cgga.org.cn)(CGGA  RNA-seq cohort)16. The DUKE cohort 

comprised GBM patients treated at Duke’s Preston Robert Tisch Brain Tumor Center 

(RNA sequencing performed by Caris Life Sciences). The GLASS dataset (GLASS 

Jo
urn

al 
Pre-

pro
of



cohort) was downloaded from Synapse 

(https://www.synapse.org/#!Synapse:syn17038081/wiki/585622)17.Clinical annotation for 

DUKE and GLASS datasets provided from collaborators upon request and described in 

Table 3 and 4 respectively.  

Immunotherapy Trial  Cohorts  

Transcriptomic data for GSE121810 were provided upon request (Cloughesy cohort13). 

Transcriptomic data was downloaded from SRAPRJNA482620 (Zhao cohort18). RNAseq 

bam files for the PVSRIPO clinical trial were downloaded from Genotypes and 

Phenotypes (dbGaP) database (PVSRIPO cohort). Clinical annotation for all datasets 

was also provided. 19 (Table 5 and 6). Discovery, validation, GLASS longitudinal and 

immunotherapy clinical trial cohorts were filtered as outlined (Supplementary figure 1).  

   

For detailed descriptions of next generation sequencing methods, MCP-counter 

modification, interrogation of TME composition and validation of novel TME subtypes, 

Wang subtype classification, neoantigen prediction, multiplexed immunohistochemistry 

methods, IvyGAP dataset analysis, gene ontology analysis and statistical methods, see 

supplementary materials, at Annals of Oncology online.  

   

Results  

Modification and Validation of MCP-counter for application in GBM  

We first established the MCP-counter method for application in GBM (GBM-MCP-

counter). Specifically, we removed fibroblast scores, and a GBM-specific microglial 

signature described by KLEMM et al20, was incorporated. Next, we validated GBM specific 
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gene expression at the protein level by IHC and IF (Supplementary Figure 2A). 

Correlations between GBM-MCP scores of immune cell populations and corresponding 

IHC cell density (Supplementary Figure 2B) were confirmed. CD3 T cells, CD8 T cells 

and monocyte lineage showed high correlation coefficients with IHC protein cell density 

evaluations (R= 0.43, 0.52, and 0.44,  P=0.031, 0.012 and 0.048 respectively). Microglia 

expression signature significantly correlated with microglia IF panel cell density (CD68-

/Iba1+/TMEM119) (R=0.56, P=0.0047) (Supplementary Figure 2B).  

   

   

Identification of novel TME-subtypes  

Partition around medoids (PAM) clustering, based on patient GBM-MCP-counter scores, 

was performed on the GLIOTRAIN cohort. Clustering identified 3 distinct,  novel subtypes 

with significantly different TME compositions (silhouette statistic methods and principal 

component analysis (PCA) (Supplementary Figure 3A-D). These subgroups were defined 

as TMELow, ‘Immune-Low’, (24%), TMEMed, ‘heterogeneous immune populations’, (46%) 

and TMEHigh, ‘Immune-High’ (30%) (Figure 1A). These findings were reproduced in TCGA, 

CGGA and DUKE datasets (Figure 1B-D, Supplementary Figure 4, Supplementary Figure 

5). A representative cohort (N=26), from /span>GLIOTRAIN (GLIOTRAIN-IHC cohort) 

was assigned to TME-subtypes (Supplementary Figure 6A) and quantitative IHC data 

orthogonally validated each TME-subtype (Supplementary Figure 6B,C)14. Overall, GBM-

MCP-counter analysis revealed that TMEHigh cases are characterized by significantly 

increased expression of genes specific to all immune populations (Figure 1A-D). TMEMed 

cases were characterised by high endothelial cell GBM-MCP signature, and 
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heterogeneous abundance of immune cells. Notably, the microglial signature was 

enriched in both TMEHigh and TMEMed subtypes (Figure 1A). Finally, the TMELow subtype was 

characterised by a low expression of all immune and endothelial cell markers (Figure 1A-

D). Stratification into TMEHigh, TMEMed or TMELow subtypes showed no association with OS 

in GLIOTRAIN, TCGA, CGGA and DUKE cohorts (P=0.55, P=0.53, P=0.13, and P=0.55 

respectively)(Figure 1E-H).  

   

We subsequently studied the association of proneural (PN), classical (CL)  and 

mesenchymal (Mes) gene expression subtypes21 with novel TME-subtypes  identified. 

TMEHigh tumours comprised of 23% PN, 18% CL and  59% Mes cases. TMEMed were 

comprised of 41% PN, 26% CL and 33% Mes, and TMELow 55% CL, 35% PN and 10% 

Mes (Figure 1I). Findings remained consistent across all validation cohorts (Figure1B-D). 

Survival analysis following Wang subtype patient stratification21 (PN, CL, Mes) showed no 

significant impact on OS in any cohort (Supplementary Figure 7A-C).  

   

Biological characterisation of TME-subtypes  

Next, we studied TME composition and functionality across subtypes. Expression of 

genes associated with functional orientation markers were significantly enriched in the 

TMEHigh subtype (Figure 2A) in the GLIOTRAIN cohort. Angiogenesis signature expression 

was homogenous across all TME-subtypes (P=0.38)(Figure 2A). The expression of 

immune-checkpoint-related genes showed a similar trend to immune infiltrate genes, with 

high expression of genes encoding PD1 and CTLA4 observed in the TMEHigh subtype 

(P=2.1e-05, P=1.4e-06)(Figure 2A). CD274 (which encodes PDL1) was significantly 
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enriched in TMEHigh GBM and heterogeneously expressed across all TME-subtypes 

(P=0.0053), whereas TIM3 was homogenously expressed across all subtypes (Figure 2A, 

Supplementary Figure 5A-C). Notably, B7 homolog 3 protein (B7-H3/CD27622) expression 

was significantly downregulated in TCGA cohort TMEHigh patients (P=0.012; Figure S7A). 

No significant difference in B7-H3 expression was observed across novel TME subgroups 

in other cohorts (Figure 2A, Supplementary Figure 8B, C). Interestingly, several previous 

studies assessing B7-H3 expression in GBM have observed similar diverse expression 

patterns23–25.  

   

We further interrogated TME-subtype mutational landscape within the TCGA RNA-seq 

cohort, where matching WES data were available. As expected, tumour mutational 

burden (TMB) was low (median: 48 mutations)[Data not shown]. Moreover, mutational 

analysis revealed no difference in neo-antigen prediction or mutation count across TME-

subtypes (Kruskal-Wallis, P=0.14 and P=0.081 respectively)(Figure 2B,C). Nevertheless, 

a small number of genes were frequently mutated in specific TME-subtypes. Specifically, 

EGFR was most frequently mutated in TMELow GBM, TTN in TMEMed and PTEN in TMEHigh 

tumours (Figure 2D). Interestingly, IHC analyses (CD20+/CD3+), revealed tertiary 

lymphoid structures (TLS) as a possible feature of TMEHigh/Mesenchymal+ GBM 

(Supplementary Figure 9A, B). Survival analysis in the GLIOTRAIN cohort based on TLS 

associated 12-chemokine signature26,27 suggested monocytic lineage in TLSHigh patients 

display suppressed immune responses (Supplementary figure 9C, D). Furthermore, 

TLSHigh patients displayed enriched genes associated with T-cell activation and 

may  therefore be able to elicit an immune response (Supplementary figure 9E). We also 
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analysed MGMT promoter methylation status across novel TME subtypes in the 

GLIOTRAIN, TCGA, CGGA and DUKE cohorts (Supplementary Figure 10). Overall, no 

significant relationship was observed between MGMT status and TME subtype.  

   

Differential gene expression analysis across TME-subtypes revealed several significantly 

down-regulated genes in the TMELow subtype when compared to non-TMELow samples 

(Figure 2E). Interestingly, some of the most significantly downregulated genes (SLC2A5, 

CSF3R) were microglial-related. TMEMed was associated with several downregulated 

genes, including the B lymphocyte chemoattractant and TLS marker, CXCL13 compared 

to non-TMEMed samples (Figure 2F). Whereas TMEHigh GBM predominantly consisted of 

significantly upregulated genes including genes encoding for T-lymphocytes (CD6), 

surface antigens on T-cells (CD2) and cytokine CCL5 compared to non-TMEHigh samples 

(Figure 2G). Gene Ontology (GO) enrichment analysis in the GLITRAIN cohort revealed 

TME-subtype specific pathway alterations. TMELow GBM was significantly enriched in 

pathways relating to EGFR signalling (P=0.02406)(Supplementary Figure 11A), and 

showed significantly downregulated immune-related pathways (Supplementary Figure 

12A). TMEMed was enriched in pathways relating to neuronal signaling (Supplementary 

Figure 11B) and displayed downregulated immune-related pathways (Supplementary 

Figure 12B). TMEHigh GBM was significantly enriched in pathways relating to the immune 

system, including complement cascade and immunoregulatory interactions between 

lymphoid (P=2.4e-37) and non-lymphoid cells (P=7.9e-34)(Supplementary Figure 11C). 

In contrast, few significantly downregulated pathways were observed in TMEHigh 

(Supplementary Figure 12C).  
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To address spatial heterogeneity of TME subtype expression signatures, the IvyGAP 

dataset (N=122 samples) was stratified according to novel TME classifiers 

(Supplementary Figure 13A). Spatial interrogation of TME subtype distribution (based on 

IvyGAP anatomic neighbourhoods), identified differing gene expression patterns among 

each anatomic region. TMEHigh samples were most enriched within regions defined as 

cellular tumour (63%). TMEHigh samples also demonstrated slightly elevated proportions of 

microvascular proliferation samples (12%) compared to other subtypes. The TMEMed 

cohort manifested a moderate proportion of infiltrating tumour samples (10%) and 

elevated proportion of microvascular proliferation samples (15%) compared to TMELow 

samples (6%). In contrast, TMEMed samples displayed the highest proportion of 

pseudopalisading cells around necrosis samples (23%). Finally, the TMELow cohort 

contained the highest proportion of infiltrating tumour (14%) and leading edge (12%) 

samples. An additional subgroup (12.6%), which displayed an enriched expression of 

endothelial (P=<2.2e-16) and myeloid dendritic cells (p=3.5e-16), was further identified 

upon IvyGAP sample clustering (Cluster EC, Supplementary Figure 13). This cluster most 

frequently manifested with leading edge samples (20%) compared with TMELow, TMEMed or 

TMEHigh subtypes (Supplementary Figure 13B).  

   

Longitudinal analysis of TME-subtypes reveals TME-subtype ‘switch’ on 

recurrence  

To assess TME-subtype evolution and identify changes in TME composition at tumour 

recurrence, we next analysed a set of longitudinal transcriptomic data from the GLASS 

longitudinal cohort (N=99 patients with primary and recurrent tumours)17. Firstly, TME-
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subtypes were applied to primary and recurrent GLASS cohort tumours (N=367 tumour 

samples representing primary and recurrence 1-4), followed by assessment of functional 

orientation markers and immune checkpoint expression. These analyses revealed T cells, 

CD8 T cells, B lineage and PD1 expression were significantly enriched in recurrent 

tumours (Figure 3A). Next, we categorised the GLASS cohort according to novel TME-

subtypes (Supplementary Figure 14A) identifying a higher proportion of TMEMed (39%) and 

TMEHigh (22%) cases in recurrent samples when compared to primary tumours (33% and 

12% respectively)(Figure 3B,C). The proportion of TMELow tumour s decreased from 55% 

to 39% upon recurrence. Tumours which transitioned from TMELow to TMEMed upon 

recurrence, presented significantly elevated lymphocyte-associated gene expression. 

Specifically, T cells (P=5.4e-06), CD8 T cells (P=2.3e-10), cytotoxic lymphocytes 

(P=0.022) and B lineage (P=0.00085) expression markers were elevated (Figure 3D). 

TMELow to TMEHigh transitions revealed significantly enriched lymphocytes and monocytic 

lineage (Figure 3E). TMEMed to TMEHigh subtype transition showed a significant enrichment 

across immune and stromal cell populations (excluding microglia)(Figure 3F). 

Unsurprisingly, tumours which switched to more immune cold subtypes displayed 

significantly decreased immune populations (Supplementary Figure 14B,C).  In depth 

cell-state analysis revealed TMEMed to TMEHigh transition was influenced by a significantly 

enriched myeloid cell state (P=0.0019). Moreover, Stem-like and diff-like neoplastic states 

were significantly downregulated upon this transition (P=0.04 and P=0.00049 

respectively)(Supplementary Figure 15A-C). DEG analysis revealed several significantly 

upregulated chemokine-signaling related pathways upon TMEMed to TMEHigh switch 

(Supplementary Figure 15D). Moreover, tumour promoting chemokines, CCL18 and 
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ACP5, were highly upregulated upon subtype switch (Supplementary Figure 15E). In a 

very limited number of available longitudinal  GLASS cohort samples (N=4) from  patients 

treated with immunotherapy, we assessed whether trends in TME subtype switch are 

altered following treatment (Supplementary Figure 14D).  Unsurprisingly, findings were 

inconclusive, with transitions from TMEMed to TMELow (N=1), TMEMed to TMEHigh  (N=1) and 

TMELow to TMEMed (N=2) observed. 

   

TME-subtypes may inform treatment outcome in retrospective immunotherapy trial 

datasets  

We subsequently examined whether patient stratification based on TME-subtype could 

predict response to immune checkpoint blockade. To this end, we accessed RNA-seq 

and clinical annotation data from the recent neoadjuvant anti-PD1 multi-institution clinical 

trial (Cloughesy cohort)13. This trial evaluated immune responses and survival following 

neoadjuvant and/or adjuvant therapy with pembrolizumab in patients with recurrent, 

surgically-resectable GBM. Firstly, IDHmt samples (N=4) were identified and excluded. 

Subsequently, TME classifiers were assigned to the trial cohort (Figure 4A). TMEHigh 

tumour-bearing patients displayed a trend towards improved OS when compared with 

TMELow and TMEMed tumour-bearing patients (P=0.29)(Figure 4B). Importantly, TMEHigh 

patients treated with neoadjuvant anti-PD1 exhibited a significantly increased OS 

compared with neoadjuvant anti-PD1 treated non-TMEHigh (TMELow and TMEMed) patients 

and TMEMed patients treated with adjuvant anti-PD1 (P=0.028)(Figure 4C,D). 
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Next, to further study the relationship between TME-subtype and response to ICI, we 

accessed RNA-seq data from the Zhao study (Zhao cohort) which evaluated immune 

responses and survival of longitudinally profiled patients during standard therapy and 

following treatment with PD-1 inhibitors (nivolumab or pembrolizumab)18. Firstly, the GBM-

MCP-counter was applied to pre- and post-anti-PD1 treated tumour samples 

(n=24)(Figure 5A). Comparison of pre- and post-treatment samples revealed tumours 

receiving adjuvant anti-PD1 displayed no significantly different GBM-MCP scores. Next, 

samples were assigned to novel TME-subtypes. Survival analysis showed a trend 

towards improved OS in TMEHigh compared to non-TMEHigh patients 

(TMELow/TMEMed)(P=0.21)(Figure 5B). We subsequently assessed how TME-subtype 

proportion changes in pre- and post-anti-PD1 treatment samples, and in responders and 

non-responders (responders defined as those which revealed an inflammatory response, 

few tumour cells upon sampling and stable or shrinking tumour volume). Following anti-

PD1 treatment, the proportion of TMELow tumours remained the same (33%), the 

proportion of TMEMed tumours decreased from 27% to 22%, and the proportion of TMEHigh 

tumours increased from 40% to 44% (Figure 5C). Based on pre-treatment tumour 

samples, TMELow proportion was greater in responders (7%) compared to non-responders 

(20%). Likewise, 43% of TMEHigh were responders compared with 40% non-responders. 

No TMEMed samples were categorised as responders (Supplementary Figure 16). 

Comparison of GBM-MCP scores in non-responders and responders, and in pre- and 

post- ICI treated (N=3) samples (Supplementary Figure 17) indicated no significant 

changes in TME populations.  
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Finally, we examined whether patient stratification based on TME-subtype could predict 

response to oncolytic virus therapy. Sequencing and clinical data were accessed from the 

Desjardins et al 19 2018 phase 1 clinical trial (NCT01491893) which evaluated convection-

enhanced, intratumoural delivery of recombinant non-pathogenic polio–rhinovirus 

chimera (PVSRIPO) in rGBM patients (PVSRIPO cohort). Samples were first assigned to 

TME-subtypes (Figure 5E). Tentatively, TMEHigh patients treated with PVSRIPO showed a 

trend towards improved OS (P=0.056) when compared with TMELow and TMEMed tumours 

(Figure 5F).  

   

Discussion  

   

Notwithstanding the plausible rationale which has supported immune checkpoint inhibitor 

evaluation in GBM trials,7,28 to date, clinical studies have largely been negative9,10 with few 

exceptions13,29,30. Of these, 3132recent data from a small multi-centre trial (Cloughesy study) 

suggests that neoadjuvant nivolumab may improve OS compared to patients receiving 

adjuvant therapy13. Furthermore, mechanistic interrogation of the immunemicroenvironment 

following administration of neo-adjuvant nivolumab revealed increased immune cell 

infiltration, chemokine transcript expression and greater T-cell antigen receptor (TCR) 

diversity among TILs29. Notwithstanding these important, hypothesis generating data, 

most negative clinical trial outcomes9–12 now mandate the identification of new stratification 

methods to identify a sub-population of patients for whom immunotherapy could be a 

viable option. To this end, we hypothesized that interrogation of the TME, including the 

identification of novel TME-associated subtypes might predict which patients would be 
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most responsive to immunotherapy and have generated robust hypotheses  for novel 

subtype-specific combinatorial immunotherapy treatment regimens, which now 

warrant  further testingspan style="font-family:Arial"> 2.  

   

To identify novel TME specific classifiers, we implemented a tailored, brain tumour-

specific MCP-counter14 method. Specifically, unsupervised PAM clustering was applied to 

GBM-MCP-counter scores in discovery and validation cohorts (N=867 primary/recurrent 

patient samples) to identify three, non-overlapping TME-subtypes: TMELow, TMEMed, and 

TMEHigh. Survival analysis revealed that there was no subtype-specific prognostic 

association. This is unsurprising as discovery and validation cohorts were normalized for 

KPS and age and included only IDHwt samples. Moreover, GBM-MCP-counter scores 

are based on genes which have no clear prognostic value when assessed as individual 

biomarkers31. We observed an overlap between novel TME-subtypes and Wang 

transcriptomic classifiers. However, we observed no survival differences following 

classification according to Wang-subtypes21. There was no significant difference in 

neoantigen load across TME classifiers, and a low tumour mutational burden was 

observed across all subtypes. Interestingly, Zhang et al have recently shown that 

methylated MGMT and low TIM3 expression are associated with improved survival in 

GBM32. However, in our analyses TIM3 expression was homogenous across subtypes. 

No significant relationship was observed between MGMT methylation status and novel 

TME subtype.  
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TMELow GBM is associated with low immune and endothelial cell abundance, low 

expression of genes associated with TME functional orientation and overall 

downregulated immune-regulatory pathways TMELow tumours also manifested the  highest 

proportion of infiltrating tumour and leading-edge samples within the IvyGAP cohort 

compared to TMEHigh and TMEMed patient samples. Mutational and GO analysis showed 

that EGFR mutation and upregulated EGFR signaling pathways were dominant features 

of TMELow GBM. As TMELow patients exhibit overall low immune cell abundance, our data 

indicate that patients categorised as TMELow may be the most suitable candidates for a 

prospective clinical trial evaluating the combination of anti-TIM3 combined with an EGFR 

inhibitor. This strategy would concurrently target the high EGFR mutational burden of 

TMELow patients whilst stimulating T-cell infiltration. Recently, it has been suggested that 

EGFR therapeutic resistance may arise due to extrachromosomal DNA (ecDNA) 

amplification, rather than classical chromosomal alterations33. Further interrogation of 

TMELow ecDNA landscape is required to uncover potential resistance mechanisms which 

may be hallmarks of this subtype.  

   

TMEMed GBM is associated with an abundance of immune populations, functional 

orientation markers, immune checkpoint and endothelial cell markers. TME subtype 

analysis of IvyGAP anatomical samples revealed TMEMed patients comprised the highest 

proportion of samples defined as ‘pseudopalisading cells around necrosis’. Interestingly, 

pseudopalisades are associated with microvascular hyperplasia and angiogenesis, and 

may serve as predictors of poor prognosis in GBM34. Thus, despite negative outcomes 

following anti-angiogenic therapy (NCT00884741 and Checkmate-143/NCT02017717), our 
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data tentatively suggests that patients identified in the ‘colder’ TMEMed subtype might  anti-

angiogenic treatment combined with immunotherapy due to high endothelial cell 

abundance, vascularity and diverse immune cell population. Additionally, titin (TTN) 

mutation was identified as a TMEMed tumour feature. While TTN mutations are associated 

with favourable prognosis in non-small cell lung cancer35, mutant TTN may be associated 

with increased risk of glioma recurrence36 suggesting that TTN mutations could influence 

GBM TMEMed tumour recurrence. GO analysis of TMEMed tumours further revealed 

upregulated neuronal system-related and transmission across chemical synapses 

pathways. We and others have recently shown that increased GBM growth and invasion 

is facilitated by neuron-to-glioma synapses and increased neuronal interactions at 

recurrence37,38. Overall, future studies are now required to interrogate the role of TTN and 

neuronal-tumour interactions in TMEMed GBM recurrence and tumour progression.  

   

TMEHigh tumours were defined by high immune cell infiltration and abundance of 

endothelial cells. Additionally, TMEHigh tumours are enriched for markers associated with T 

cell activation, MHC I genes, myeloid cell chemotaxis, inhibitory T cells, regulatory T cells, 

tumour associated macrophage and Immune checkpoints. These markers are indicative 

of a highly immunosuppressive, tumour-promoting environment39,40. Targeting specific cell 

populations to alleviate immunosuppression in TMEHigh GBM will likely be required to 

maximize response to immunotherapy. Interestingly, 65% of TMEHigh tumours were 

identified as Mes, suggesting that a subpopulation of Mes patients may respond to ICI, 

with TME subtyping representing a more refined predictive classification approach. TME 

subtype analysis of IvyGAP anatomical samples revealed TMEHigh patients comprised the 
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highest proportion of samples defined as ‘microvascular proliferation’ regions, a classical 

hallmark of GBM.  DEGs and GO analysis in TMEHigh tumours further revealed several 

upregulated genes and pathways related to immunoregulation. Interestingly, TLSs (and 

an associated transcriptomic signature) were specifically identified in 

TMEHigh/mesenchymal+ tumours. TLSs have been associated with clinical benefit and 

response to immunotherapy in solid tumours41, however the clinical relevance of TLSs in 

GBM remains unclear42. Our data suggests that monocytic lineage abundance may 

influence mechanisms which impact OS of TLSHigh patients. The immunosuppressive role 

of TAMs27,43 and their role in inducing a mesenchymal-like state in GBM44 is well 

documented. Thus, in TMEHigh GBM, TAMs may suppress TLS anti-tumour activity, 

hindering immunotherapy response. Future studies to confirm the promiscuity of TLSs 

and associated subsets of immunosuppressive macrophages in TMEHigh tumours is 

warranted45. Overall, our data suggests that targeting anti-PD1+anti-CTLA4, may be a 

viable approach although it is noteworthy that a previous Phase 1 trial identified 

concerning treatment related adverse effects (AEs) in rGBM patients treated with 

combinatorial nivolumab and ipilimumab therapy, followed by nivolumab monotherapy, 

Specifically, grade 3/4 AEs were reported in 90% of patients who received 1mg/kg 

nivolumab plus 3mg/kg ipilimumab (NIVO1+IPI3), and 30% of patients who 

received 3mg/kg nivolumab plus 1mg/kg ipilimumab (NIVO3+IPI1)11. A rational alternative 

strategy in this sub-cohort could be anti-PD1+TAM targeting (e.g. CSFR1 inhibitor).  

   

Longitudinal assessment of TME-subtypes has also revealed their dynamic nature. 

Tumours which transitioned from TMELow to TMEMed or TMEHigh, and TMEMed to TMEHigh, were 
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associated with significantly enriched lymphocytes, myeloid population abundance, T-cell 

functionality and an immunosuppressive TME. Importantly, we and others have recently 

shown that IDHwt GBM recurrence may be attributed to increased immune cell 

composition, and presence of a myeloid cell state. Moreover, this enriched myeloid cell 

state is associated with a mesenchymal subtype shift 37. Here we investigated whether 

TME subtypes are driven from a “lower to higher” TME status by changes in the neoplastic 

(Proliferative stem-like, Stem-like and Differentiated-like) and myeloid cell state upon 

recurrence37. Our data suggests that TMEMed to TMEHigh switch is influenced by a distinct 

myeloid phenotype, decreased tumour cell differentiation and upregulated chemokine- 

pathways. Moreover, CCL18 (promotes glioma progression) and ACP5 (mediator of 

glioma growth) were highly upregulated upon subtype switching.46,47. Overall, this pathway 

may harbour potential therapeutic avenues for the treatment of patients  with tumours 

which transition from TMEMed to TMEHigh upon recurrence. To further understand subtype 

evolution and treatment resistance, scRNA-seq analysis and construction of dynamic 

cellular models to inform TME plasticity, cellular lineage and trajectory, is now required. 

It will also be important to consider whether therapeutic pressure may truly drive subtype 

switching41,48. Additional analyses of biopsies in primary and recurrent tumours (post-

treatment) may further unravel the impact of intra-tumoural heterogeneity on TME-

subtype classification and TME-subtype specific treatment resistance mechanisms37.  

   

Finally, the predictive potential of novel TME-subtypes was retrospectively assessed in 

interventional immunotherapy clinical trial datasets. Firstly, our analysis of the  small 

Cloughesy trial dataset tentatively suggests that TMEHigh patients who receive neoadjuvant 
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anti-PD1 might show improved OS compared to patients receiving adjuvant anti-PD1 

alone. Nevertheless, we acknowledge that TME stratification prior to neoadjuvant 

treatment is not without complexity. However, we hypothesize that in the future, TME 

subtyping might be performed prior to surgery by employing a blood based cell free RNA 

(cfRNA) liquid biopsy method49, or a robust TME subtype specific MRI radiomic 

signature50,51. Secondly, analysis of the Zhao cohort suggests that TMEHigh tumour-bearing 

patients  trend towards improved OS following anti-PD1 therapy. In a very limited subset 

of matched samples collected pre- and post- ICI therapy (N=3 patients), no significant 

alterations were detected in MCP scores before or after treatment (Supplementary Figure 

17). As mentioned above, conclusions with respect to subtype switching may not be 

drawn from such a limited number of samples. Thus, further studies in expanded patient 

cohorts are now warranted. Interestingly, a relationship between TME subtype assigned 

at time of primary tumour resection and response to anti-PD1 was observed regardless 

of standard of care treatment regimen prior to anti-PD1 therapy. This observation also 

requires further validation. Thirdly, we investigated whether TME-subtypes were 

predictive of survival within the small PSVRIPO dataset (NCT01491893). Here, GBM 

patients received adjuvant anti-PD1 (newly diagnosed) or PVSRIPO therapy (recurrent 

tumours, treatment administered post biopsy). Stratification of PVSRIPO patients based 

on TME-subtypes suggest a trend towards improved OS in TMEHigh patients, compared 

with TMEMed and TMELow patients. Clearly- hypotheses generating data now require 

validation in larger clinical cohorts. Desjardins have recently shown that a low mutational 

burden was associated with increased tumor-intrinsic inflammation in rGBM and 

increased response to PVSRIPO treatment52. Interestingly, our data suggests that TMEHigh 

Jo
urn

al 
Pre-

pro
of



patients may harbour a lower mutational burden than other subtypes, yet represent the 

subtype with the highest proportion of  ICI responders.  

   

Overall as mentioned, while we observe promising trends in all trial cohorts assessed, 

sample numbers are limited. Moreover, each trial cohort  analysed has a unique study 

design and implements a specific immunotherapy regimen. Furthermore, an important 

study limitation is that validation of our findings in an expanded cohort of samples from 

recently conducted negative Phase III trials (e.g. Checkmate-143, Checkmate-548 and 

Checkmate-498) has not been possible due to lack of availability of tissue/ RNAseq data. 

A tailored, Phase 2 study employing a rational hypothesis- driven trial design is  now 

required to validate our findings. This trial should mandate for the robust collection of 

fresh frozen tissue for retrospective molecular analysis.  

  

In conclusion, our multi-centre study introduces novel TME-subtypes which may inform 

optimal precision immunotherapy treatment strategies in the GBM setting. Our data 

provides convincing evidence that a TME-subtype classification system represents a 

canonical “terminus a quo” (starting point) to (i) deepen knowledge of GBM TME biology, 

(ii) support identification of patient subgroups who may benefit from immunotherapy 

and/or other TME targeting agents and (iii) provide a platform for the identification of new 

TME-associated contexts of vulnerability. Our findings warrant further investigation in 

additional retrospective immunotherapy trial cohorts, and in the prospective setting.  
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Figure Legends  

Figure 1. Identification and validation of novel TME subtypes in GLIOTRAIN cohort and 
validation datasets (TCGA, CGGA, DUKE). A. Partition around medoids (PAM) clustering 
of the GLIOTRAIN cohort (N=123), based on the cellular TME composition described by 
MCP-counter scores reveals 3 subgroups; TMElow, TMEmed and TMEhigh in the B. 
TCGA, C. CCGA and D. DUKE cohorts E. OS according to TMElow, TMEmed and 
TMEhigh  subtypes in the GLIOTRAIN cohort (P=0.55), F. TCGA cohort (P=0.53), G. 
CGGA cohort (P=0.13) and H. Duke cohort (P=0.55). I. Proportion of Wang subtypes22 
in the TME classifiers. Statistical test A-D: Kruskal Wallis one-way analysis of variance. 
E-H: P value of log-ranked test. CL: Classical, Mes: Mesenchymal, PN: Proneural.  
   
Figure 2. Characterisation of TME subtype specific biology. A. TME functional orientation 
markers and immune checkpoint expression across TME subtypes in the GLIOTRAIN 
discovery cohort. B. Neoantigen prediction across the TME subtypes in the TCGA cohort 
C. Mutation frequency across the TME subtypes in the TCGA cohort. D. TME subtype-
specific mutation frequency for the top 10 genes with highest frequency in the TCGA 
cohort. E. Volcano plots showing differentially expressed genes in TMELow, F. TMEMed and 
G. TMEHigh patients. Statistical test B,C: Kruskal Wallis one-way analysis of variance.  
   
Figure 3. GBM TME and associated TME subtypes exhibit cellular heterogeneity upon 
recurrence. A. Heatmap showing the expression of GBM-MCP scores, FO markers and 
immune checkpoints in Primary tumours (TP), first recurrence (R1) and combined 
second, third and fourth recurrence in the GLASS cohort. B. Continuous bar graph 
showing the distribution of TME subtypes in matching primary and recurrent tumours 
(N=99 tumour pairs). C. Sankey plot indicating the transition of TME subtypes on 
recurrence. Band size reflects sample numbers and band colours represent TME 
subtype. D. Boxplots showing the TME cell populations with significantly enriched MCP-
scores from primary to recurrent samples in patients who switch subtype; D. TMELow 
(primary) to TMEMed (recurrent) tumours, E. TMELow (primary) to TMEHigh (recurrent) 
tumours and F. TMEMed (primary) to TMEHigh (recurrent) tumours. Statistical test: Wilcoxon 
signed rank test. * P<0.05 ***P<0.001  

   
Figure 4. Trend towards improved OS  following neoadjuvant pembrolizumab in recurrent 
IDHwt GBM TMEhigh patients. A. Partition around medoids (PAM) clustering of IDHwt 
GBM samples in the Cloughesy cohort13 with available RNA-seq data (N=23), based on 
the cellular TME composition described by GBM-MCP-counter scores reveal 3 subtypes; 
TMELow, TMEMed and TMEHigh. B. OS according to TMELow, TMEMed and TMEHigh subtypes in the 
Cloughesy cohort C. OS according to TMELow/neoadjuvant anti-PD-1, 
TMEMed/adjuvant anti-PD-1, TMEHigh/adjuvant anti-PD-1 and TMEHigh/adjuvant 
patients in the Cloughesy cohort. TMEMed patients treated with neoadjuvant anti-PD1 
(N=1) and TMELow patients treated with adjuvant anti-PD1 (N=2) were excluded due to 
small patient numbers D. Boxplot representing OS of patients in the Cloughesy cohort. 
Boxplots are colour coded according to the patients TME subtype and whether they 
received Neoadjuvant + adjuvant (Neo) anti-PD1 therapy or adjuvant (Adj) anti-PD1 
alone. Orange; TMEHigh/Adj, Gold; TMEHigh/Neo, Green; TMELow/Adj, Light blue; TMELow/Neo, Dark blue; 

Jo
urn

al 
Pre-

pro
of



TMEMed/Adj and pink; TMEMed/Neo. Statistical test: Kaplan Meier analysis; P value of log-ranked 
test.  
Figure 5.Trend towards improved OS and increased response rate in TMEHigh patients 
following adjuvant  treatment with pembrolizumab or PVSRIPO . A. TME composition in 
Zhao dataset18 pre- vs post- adjuvant anti-PD1 treatment in available tumour (N=24) 
samples. B. OS according to TMEHigh and non-TMEHigh (TMELow + TMEMed) subtypes who 
received adjuvant anti-PD1 therapy in the Zhao cohort (N=15 patients). C. Relative 
boxplots indicating the proportion of TMELow, TMEMed and TMEHigh patients before 
administration of anti-PD1 treatment (left) and after anti-PD1 treatment (right) in available 
tumour and blood samples. D. Partition around medoids (PAM) clustering of the 
PVSRIPO cohort19 with available RNA-seq data (N=12), based on the cellular TME 
composition described by GBM-MCP-counter scores reveal 3 subtypes; TMElow, TME med 
and TME high. E. OS according to TMELow and TMEMed and TMEHigh subtypes who received 
PVSRIPO therapy in the PVSRIPO cohort19. Statistical test: Wilcoxon signed rank test. 
Kaplan Meier analysis; P value of log-ranked test.  *P<0.05 ** P<0.01  

   
Supplementary Figure 1. GBM dataset filtering process for the GLIOTRAIN cohort 
(discovery), TCGA, CGGA, and Duke cohorts (validation), the GLASS longitudinal cohort, 
IvyGAP cohort, Cloughesy, Zhao and PVSRIPO cohorts (Immunotherapy clinical trial 
cohorts). 
   
Supplementary Figure 2. Refinement and immunohistochemical validation of MCP-
counter for application in GBM. A. Representative images of the IHC and IF panel 
employed for MCP validation and authentication of GBM specific microglial signature. B. 
Correlation of GBM-MCP-counter scores with corresponding cell densities measured by 
IHC. Statistical analysis B: Spearman’s rank correlation coefficient  
   
Supplementary figure 3. Confirmation of novel TME subtypes as three distinct non-
overlapping  biological entities. A. Principle component analysis clustering of the TMELow, 
TMEMed and TMEHigh subtypes in the GLIOTRAIN, B. TCGA, C. CGGA and D. DUKE 
cohorts.  
   
Supplementary figure 4. Comparison of novel TME subtypes GBM-MCP scores in the 
A. GLIOTRAIN, B. TCGA C. CGGA and D. DUKE cohorts  

   
Supplementary figure 5. Comparison of novel TME subtypes GBM-MCP scores in the 
A. GLIOTRAIN, B. TCGA C. CGGA and D. DUKE cohorts  

   
Supplementary Figure 6. Immunohistochemical validation of TME subtypes. A. Partition 
around medoids (PAM) clustering of GLIOTRAIN ”IHC sub-cohort” (N=26). GBM-MCP-
counter scores ascribes this validation cohort to TME low,med,high subtypes. B. Subtypes were 
further validated via IHC staining. Representative images demonstrating CD3/CD20, 
CD8/CD66b, CD68 and SMA/PD-L1/CD34 expression by IHC of TME low,med, high  tumours. C. 
Cell density counts showing the differences in immune and stromal composition across 
TME subtypes. Scale bar: 100um. Statistical test C: Kruskal Wallis one-way analysis of 
variance.  
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Supplementary Figure 7. Survival analysis across Wang subtypes (PN, CL and Mes), 
in the A. GLIOTRAIN cohort, B. TCGA cohort and C. CGGA cohort. Statistical test A-C: 
Kaplan Meier analysis; P value of log-ranked test.  
   
Supplementary Figure 8. Characterisation of TME subtype specific biology in validation 
cohorts. A. Functional orientation and immune checkpoint expression of the TME sub-
groups in the A. TCGA cohort, B. CGGA cohort and C. DUKE cohort.  
   
Supplementary Figure 9. Tertiary Lymphoid structures (TLSs) and the 12-chemokine 
TLS signature may be a feature of TMEHigh GBM A. TLS aggregates are observed in TME 
High tumours (N=3) in the GLIOTRAIN “IHC sub-cohort” via IHC (CD20/CD3). B. Heat map 
demonstrating expression of T cells, CD8 T cells, B lineage, NK cells and TLS-associated 
12-chemokine signature across subtypes. C. Assessment of survival in GLIOTRAIN 
cohort (N=123) based on TLS signature expression. No significant different is observed 
in OS of GBM patients according to TLS signature expression (P=0.095). TLS High and 
low subgroups were calculated based on median threshold of TLS signature. D. 
Assessment of survival in GLIOTRAIN cohort (N=123) based on TLS and monocytic 
lineage signature expression. OS of patients based on the TLS-signature and monocytic 
lineage abundance. Tumours were classified as TLS signature High and monocytic 
lineage High based on median threshold. Monocytic lineageHigh/TLSLow GBMs display a 
trend towards poorer OS (P=0.011). E. Gene expression heatmap of antigen-presenting 
cell (APC) and T cell activating and inhibitory signalling mediators in TLSLow and TLSHigh 

subgroups in GLIOTRAIN cohort (N=123). Scale bars: 500um. Statistical test C,D: Kaplan 
Meier analysis; P value of log-ranked test.  
   
Supplementary figure 10. Comparison of MGMT methylation status across the TME 
subtypes in  A. GLIOTRAIN, B. TCGA, C. CGGA and D. Duke cohorts  

   
Supplementary Figure 11. Gene Ontology (GO) analysis in TME Low, TMEMed and TMEHigh 
subtypes (GLIOTRAIN cohort). GO analysis showing the 10 most upregulated pathways 
(Bioplanet 2019) in A. TMELow, B. TMEMed and C. TMEHigh subtypes.  
   
Supplementary Figure 12. Gene Ontology (GO) analysis in TME Low, TMEMed and TMEHigh 
subtypes (GLIOTRAIN cohort). GO analysis showing the 10 most downregulated 
pathways (Bioplanet 2019) in A. TMELow, B. TMEMed and C. TMEHigh  subtypes.  
   
Supplementary Figure 13. Histological features correlate to TME subtype 
distribution.  A. Partition around medoids (PAM) clustering of the Ivy GAP GBM cohort 
(n=10 patients), based on the cellular TME composition described by MCP-counter 
scores reveal 3 subgroups; TME low, TME med and TME high in the Ivy GAP cohort. B. 
Distribution of TME subtypes based on Ivy GAP histological features. 
   
Supplementary Figure 14. Longitudinal analysis of TME subtypes and TME composition 
upon recurrence (GLASS cohort). Heatmap of GBM-MCP cell distribution in primary and 
recurrent IDHwt GBM samples  from the GLASS cohort ([17] n=99 tumour pairs). B. 
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Boxplots showing significant changes in GBM-MCP score when samples ‘switch’ from B. 
TMEMed to TMELow and C. TMEHigh to TMEMed upon recurrence. D. Sankey plot indicating the 
transition of TME subtypes on recurrence based on immunotherapy treatment. Band size 
reflects sample numbers and band colours represent TME subtype. Statistical test: 
Wilcoxon signed rank test.  
   
Supplementary Figure 15. Cell-state changes and upregulated chemokine pathways 
are associated with TME subtype transitions upon recurrence. A. Boxplots showing the 
non-neoplastic cell-states (Myeloid) and neoplastic cell-states (Prolif stem-like, Stem-like 
and Diff-like) from primary to recurrent samples in patients who switch subtype; TMELow 

(primary) to TMEMed (recurrent) tumours, B. TMELow (primary) to TMEHigh (recurrent) tumours 
and C. TMEMed (primary) to TMEHigh (recurrent) tumours. D. GO analysis showing the 10 
most upregulated pathways (Bioplanet 2019) in samples which transitioned from TMEMed 

to TMEHigh upon recurrence. E. Volcano plots showing differentially expressed genes in 
samples which transitioned from TMEMed to TMEHigh upon recurrence. Statistical test: 
Wilcoxon signed rank test.  
   
Supplementary Figure 16. Comparison of GBM-MCP scores and TME subtype 
distribution in non-responders and responders in the Zhao cohort A. GBM-MCP scores 
categorized based on non-responders and responders in the Zhao cohort. B Relative 
bargraph indicating the proportion of TMELow, TMEMed and TMEHigh patients who are classified 
as Non-responders (left) and responders (right) according to Zhao et al., in available 
tumour samples.  
   
Supplementary Figure 17. Comparison of TME composition in patients with matched 
pre- and post anti-PD1 treated samples. A. MCP scores categorized based on patients 
with matched Pre anti-PD1 treated and post-anti-PD1 treated samples in the Zhao cohort 
(N=3).  
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[1] Referred to throughout as “GBM” based on recent c-IMPACT-NOW1 recommendations  
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