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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 hypothesised that
interrogation of the GBM tumour microenvironment (TME) and identification of novel TME-specific subtypes could
inform new precision immunotherapy treatment strategies.

Materials and methods: A refined and validated microenvironment cell population (MCP) counter method was applied
to >800 GBM patient tumours (GBM-MCP-counter). Specifically, partition around medoids (PAM) clustering of GBM-
MCP-counter scores in the GLIOTRAIN discovery cohort identified three novel patient clusters, uniquely
characterised by TME composition, functional orientation markers and immune checkpoint proteins. Validation was
carried out in three independent GBM-RNA-seq datasets. Neoantigen, mutational and gene ontology analysis
identified mutations and uniquely altered pathways across subtypes. The longitudinal Glioma Longitudinal AnalySiS
(GLASS) cohort and three immunotherapy clinical trial cohorts [treatment with neoadjuvant/adjuvant anti-
programmed cell death protein 1 (PD-1) 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: TME"" tumours (30%) displayed elevated lymphocyte, myeloid cell immune checkpoint, programmed cell
death protein 1 (PD-1) and cytotoxic T-lymphocyte-associated protein 4 transcripts. TME™€"/mesenchymal+ patients
featured tertiary lymphoid structures. TMEM®® (46%) tumours were enriched for endothelial cell gene expression
profiles and displayed heterogeneous immune populations. TME'®Y (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 TME™®" patients receiving neoadjuvant anti-PD-1
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had significantly increased overall survival (P = 0.04). Moreover, TME™®" patients treated with adjuvant anti-PD-1 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.

Key words: IDHwt glioblastoma, tumour microenvironment, subtypes, immunotherapy, precision therapy

INTRODUCTION

Elucidation of isocitrate dehydrogenase wild-type (IDHwt)
glioblastoma (GBM) (referred to throughout as ‘GBM’ based
on recent c-IMPACT-NOW® recommendations) disease
subtypes® based on mutational profiling, gene expression
and DNA methylation has failed to translate into improved
clinical outcomes.> 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 cells®
and exhibit a dynamic heterogeneity and plasticity. Of
late, there has been much focus on targeting the GBM
immune cell niche, notwithstanding a generalised immu-
nosuppressive microenvironment in the intracranial setting.
For example, as the immune checkpoint protein pro-
grammed death-ligand 1 (PD-L1) is expressed in GBM**° and
pre-clinical data®’ provided rationale for evaluation of im-
mune checkpoint inhibitors (ICls), multiple clinical studies
have now been completed. Disappointingly, these trials
have been negative®* most likely, as limited patient
stratification methods were available to rationally select
patients who might benefit most from treatment. Never-
theless, a small multicentre randomised controlled trial
conducted in the setting of recurrent GBM (rGBM) suggests
that neoadjuvant anti-programmed cell death protein 1
(PD-1) blockade may elicit enhanced immune responses and
survival benefits."?

In the current study, the GLIOTRAIN consortium (www.
gliotrain.eu), together with US collaborators, have interro-
gated tissue-infiltrating immune and stromal cell populations
of selected GBM patients using a modified targeted micro-
environment cell population counter (MCP-counter) RNA-seq
computational method.*® Unsupervised partition around
medoids (PAM) clustering identified three novel TME-
associated subtypes designated TME™™ TMEM®® and
TME™®" which have been validated in publicly available
datasets. To provide insight into novel subtype-specific
biology, we analysed TME functional orientation markers
and differentially expressed genes. Moreover, we carried out
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.

Volume 34 m Issue 3 m 2023

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 GLIO-
TRAIN cohort comprised 123 retrospectively collected fresh
frozen (FF) GBM samples, acquired at the time of surgery,
with corresponding clinical follow-up data. Patient samples
were collected based on the GLIOTRAIN biobank inclusion
criteria (Supplementary Table S1, available at https://doi.
org/10.1016/j.annonc.2022.11.008). FF tumour samples
from three participating institutions were collected
(Supplementary Table S2, available at https://doi.org/10.
1016/j.annonc.2022.11.008) and clinical data associated
with GLIOTRAIN samples are described in Supplementary
Table S3, available at https://doi.org/10.1016/j.annonc.
2022.11.008.

Validation and Glioma Longitudinal AnalySiS consortium
longitudinal cohorts. Transcriptomic and clinical data from
The Cancer Genome Atlas Glioblastoma Multiforme (TCGA-
GBM) data collection were downloaded from the National
Cancer Institute Genomic Data Commons (GDC) data portal
(TCGA RNA-seq cohort)."> mRNAseq_693 (batch 1) dataset
and clinical data were downloaded from the Chinese Glioma
Genome Atlas database (http://www.cgga.org.cn) (CGGA RNA-
seq cohort).'® The DUKE cohort comprised GBM patients
treated at Duke’s Preston Robert Tisch Brain Tumor Center
(RNA sequencing carried out by Caris Life Sciences, Phoenix,
AZ). The Glioma Longitudinal AnalySiS (GLASS) dataset (GLASS
cohort) was downloaded from Synapse (https://www.synapse.
org/#!Synapse:syn17038081/wiki/585622)."” Clinical annota-
tion for DUKE and GLASS datasets was provided by collabo-
rators upon request and are described in Supplementary
Tables S3 and S4, available at https://doi.org/10.1016/].
annonc.2022.11.008, respectively.

Immunotherapy trial cohorts. Transcriptomic data for
GSE121810 were provided upon request (Cloughesy
cohort™). Transcriptomic data were downloaded from
SRAPRINA482620 (Zhao cohort*®). RNA-seq bam files for
the PVSRIPO clinical trial were downloaded from the
Genotypes and Phenotypes (dbGaP) database (PVSRIPO
cohort). Clinical annotation for all datasets was also
provided®® (Supplementary Tables S5 and S6, available at
https://doi.org/10.1016/j.annonc.2022.11.008). Discovery,
validation, GLASS longitudinal and immunotherapy clinical
trial cohorts were filtered as outlined (Supplementary
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Figure S1, available at https://doi.org/10.1016/j.annonc.
2022.11.008).

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 (IHC) methods, IvyGAP dataset
analysis, gene ontology (GO) analysis and statistical
methods, see Supplementary Materials, available at https://
doi.org/10.1016/j.annonc.2022.11.008.

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 al.”° was incorporated. Next, we
validated GBM-specific gene expression at the protein level
by IHC and immunofluorescence (Supplementary Figure S2A,
available at https://doi.org/10.1016/j.annonc.2022.11.008).
Correlations between GBM-MCP scores of immune cell
populations and corresponding IHC cell density
(Supplementary Figure S2B, available at https://doi.org/10.
1016/j.annonc.2022.11.008) were confirmed. CD3 T cells,
CD8 T cells and monocytic lineage showed high correlation
coefficients with IHC protein cell density evaluations (R =
0.43,R=0.52and R=10.44,P =0.031,P=0.012and P =
0.048, respectively). Microglia expression signature signifi-
cantly correlated with microglia immunofluorescence panel
cell density (CD68—/Ibal+/TMEM119) (R = 0.56, P =
0.0047) (Supplementary Figure S2B, available at https://doi.
org/10.1016/j.annonc.2022.11.008).

Identification of novel TME subtypes

PAM clustering, based on patient GBM-MCP-counter scores,
was carried out on the GLIOTRAIN cohort. Clustering iden-
tified three distinct, novel subtypes with significantly
different TME compositions (silhouette statistic methods
and principal component analysis) (Supplementary
Figure S3A-D, available at https://doi.org/10.1016/j.annonc.
2022.11.008). These subgroups were defined as TME™",
‘immune-low’, (24%), TMEMEd, ‘heterogeneous immune
populations’, (46%) and TME"®", ‘immune-high’, (30%)
(Figure 1A). These findings were reproduced in TCGA, CGGA
and DUKE datasets (Figure 1B-D, Supplementary Figures S4
and S5, available at https://doi.org/10.1016/j.annonc.2022.
11.008). A representative cohort (N = 26) from GLIOTRAIN
(GLIOTRAIN-IHC cohort) was assigned to TME subtypes

(Supplementary Figure S6A, available at https://doi.org/10.
1016/j.annonc.2022.11.008) and quantitative IHC data
orthogonally validated each TME subtype (Supplementary
Figure S6B and C, available at https://doi.org/10.1016/j.
annonc.2022.11.008).** Overall, GBM-MCP-counter anal-
ysis revealed that TME™" cases are characterised by
significantly increased expression of genes specific to all
immune populations (Figure 1A-D). TMEM®? cases were
characterised by high endothelial cell GBM-MCP signature
and heterogeneous abundance of immune cells. Notably,
the microglial signature was enriched in both TME"€" and
TMEM®? subtypes (Figure 1A). Finally, the TME"" subtype
was characterised by a low expression of all immune and
endothelial cell markers (Figure 1A-D). Stratification into
TME"E", TMEM®? or TME"" subtypes showed no associa-
tion with overall survival (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
subtypes®® with novel TME subtypes identified. TME"e"
tumours comprised 23% PN, 18% CL and 59% Mes cases.
TMEMed comprised 41% PN, 26% CL and 33% Mes cases,
and TME"*Y 55% CL, 35% PN and 10% Mes cases (Figure 11).
The findings remained consistent across all validation
cohorts (Figure 1B-D). Survival analysis following Wang
subtype patient stratification®® (PN, CL, Mes) showed no
significant impact on OS in any cohort (Supplementary
Figure S7A-C, available at https://doi.org/10.1016/j.annonc.
2022.11.008).

Biological characterisation of TME subtypes

Next, we studied TME composition and functionality across
subtypes. Expression of genes associated with functional
orientation markers was significantly enriched in the
TME™&" 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 PD-1 and cytotoxic T-lymphocyte-associated
protein 4 (CTLA-4) observed in the TME"e" subtype
(P = 2.1e—05, P = 1.4e—06) (Figure 2A). CD274 (which
encodes PD-L1) was significantly enriched in TME™&" GBM
and heterogeneously expressed across all TME subtypes
(P = 0.0053), whereas TIM3 was homogenously expressed
across all subtypes (Figure 2A, Supplementary Figure S5A-C,
available at https://doi.org/10.1016/j.annonc.2022.11.008).
Notably, B7 homolog 3 protein (B7-H3/CD276%) expression
was significantly reduced in TCGA cohort TME"" patients

Figure 1. Identification and validation of novel TME subtypes in the 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
three subgroups TMEY, TMEMe® and TME™" in the (B) TCGA, (C) CGGA and (D) DUKE cohorts. OS according to TME"", TMEM®? and TME™®" subtypes in the (E)
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 subtypes®” in the TME
classifiers. Statistical test: (A-D) Kruskal—Wallis one-way analysis of variance; (E-H) P value of log-rank test.

CGGA, Chinese Glioma Genome Atlas; CL, classical; Mes, mesenchymal; NK, natural killer; OS, overall survival; PN, proneural; TCGA, The Cancer Genome Atlas; TME,

tumour microenvironment.
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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. Volcano plots showing differentially expressed genes in (E) TME'" (F) TMEM®® and (G) TME""" patients. Statistical

test: (B, C) Kruskal—Wallis one-way analysis of variance.

CTLA4, cytotoxic T-lymphocyte-associated protein 4; FO, functional orientation; KW, Kruskal—Wallis; MHC, major histocompatibility complex; PD-1, programmed cell
death protein 1; PD-L1, programmed death-ligand 1; TCGA, The Cancer Genome Atlas; TLS, tertiary lymphoid structures; TME, tumour microenvironment.
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(P = 0.012; Supplementary Figure S7A, available at https://
doi.org/10.1016/j.annonc.2022.11.008). No significant dif-
ference in B7-H3 expression was observed across novel TME
subgroups in other cohorts (Figure 2A, Supplementary
Figure S8B and C, available at https://doi.org/10.1016/].
annonc.2022.11.008). Interestingly, several previous
studies assessing B7-H3 expression in GBM have observed
similar diverse expression patterns.”>?

We further interrogated TME subtype mutational land-
scape within the TCGA RNA-seq cohort, where matching
whole exome sequencing data were available. As expected,
tumour mutational burden (TMB) was low (median: 48
mutations) (data not shown). Moreover, mutational analysis
revealed no difference in neoantigen prediction or mutation
count across TME subtypes (Kruskal—Wallis, P = 0.14 and
P = 0.081, respectively) (Figure 2B and C). Nevertheless, a
small number of genes were frequently mutated in specific
TME subtypes. Specifically, epidermal growth factor recep-
tor (EGFR) was most frequently mutated in TME"" GBM,
TTN in TMEM®® and PTEN in TME™&" tumours (Figure 2D).
Interestingly, IHC analyses (CD20+/CD3+) revealed tertiary
lymphoid structures (TLS) as a possible feature of TME™E"/
mesenchymal+ GBM (Supplementary Figure S9A and B,
available at https://doi.org/10.1016/j.annonc.2022.11.008).
Survival analysis in the GLIOTRAIN cohort based on
TLS-associated 12-chemokine signature’®?’ suggested that
monocytic lineage in TLSMien patients displays suppressed
immune responses (Supplementary Figure S9C and D,
available at https://doi.org/10.1016/j.annonc.2022.11.008).
Furthermore, TLS"8" patients displayed enriched genes
associated with T-cell activation and may therefore be able
to elicit an immune response (Supplementary Figure S9E,
available at https://doi.org/10.1016/j.annonc.2022.11.008).
We also analysed MGMT (0O-6-Methylguanine-DNA Meth-
yltransferase) promoter methylation status across novel
TME subtypes in the GLIOTRAIN, TCGA, CGGA and DUKE
cohorts (Supplementary Figure S10, available at https://doi.
org/10.1016/j.annonc.2022.11.008). Overall, no significant
relationship was observed between MGMT status and TME
subtype.

Differential gene expression analysis across TME subtypes
revealed several genes with significantly reduced expression
in the TME"" subtype when compared to non-TME""
samples (Figure 2E). Interestingly, some of the most signifi-
cantly altered genes (SLC2A5, CSF3R) were microglial-related.
TMEM®? was associated with several genes with significantly
reduced  expression, including the  B-lymphocyte
chemoattractant and TLS marker, CXCL13 compared to
non-TMEM®? samples (Figure 2F), whereas TME"" GBM
predominantly consisted genes with significantly increased
expression including genes encoding for T lymphocytes (CD6),
surface antigens on T cells (CD2) and cytokine CCL5
compared to non-TME"®" samples (Figure 2G). GO enrich-
ment analysis in the GLIOTRAIN cohort revealed TME
subtype-specific pathway alterations. TME'®Y GBM was
significantly enriched in pathways relating to EGFR signalling
(P = 0.02406) (Supplementary Figure S11A, available at
https://doi.org/10.1016/j.annonc.2022.11.008) and showed
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significantly reduced expression of immune-related pathways
(Supplementary Figure S12A, available at https://doi.org/10.
1016/j.annonc.2022.11.008). TMEM®® was enriched in path-
ways relating to neuronal signalling (Supplementary
Figure S11B, available at https://doi.org/10.1016/j.annonc.
2022.11.008) and displayed down-regulated immune-related
pathways (Supplementary Figure S12B, available at https://
doi.org/10.1016/j.annonc.2022.11.008). TME"'&" GBM was
significantly enriched in pathways relating to the immune
system, including complement cascade and immunoregula-
tory interactions between lymphoid (P = 2.4e—37) and non-
lymphoid cells (P = 7.9e—34) (Supplementary Figure S11C,
available at https://doi.org/10.1016/j.annonc.2022.11.008).
In contrast, few significantly down-regulated pathways were
observed in TME™®" (Supplementary Figure $12C, available at
https://doi.org/10.1016/j.annonc.2022.11.008).

To address spatial heterogeneity of TME subtype
expression signatures, the IvyGAP dataset (N = 122
samples) was stratified according to novel TME classifiers
(Supplementary Figure S13A, available at https://doi.org/
10.1016/j.annonc.2022.11.008). Spatial interrogation of
TME subtype distribution (based on IvyGAP anatomic
neighbourhoods) identified differing gene expression pat-
terns among each anatomic region. TMEEn samples were
most enriched within regions defined as cellular tumour
(63%). TME"8" samples also demonstrated slightly elevated
proportions of microvascular proliferation samples (12%)
compared to other subtypes. The TMEM® cohort man-
ifested a moderate proportion of infiltrating tumour sam-
ples (10%) and an elevated proportion of microvascular
proliferation samples (15%) compared to TME"*" samples
(6%). In contrast, TMEM® samples displayed the highest
proportion of pseudopalisading cells around necrosis sam-
ples (23%). Finally, the TME"" cohort contained the highest
proportion of infiltrating tumour (14%) and leading edge
(12%) samples. An additional subgroup (12.6%), which dis-
played 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 S13, available at https://doi.org/10.
1016/j.annonc.2022.11.008). This cluster most frequently
manifested with leading edge samples (20%) compared with
TME™™ TMEM®® or TME"®" subtypes (Supplementary
Figure S13B, available at https://doi.org/10.1016/j.annonc.
2022.11.008).

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).’” Firstly, TME 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
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revealed that T cells, CD8 T cells, B lineage and PD-1
expression were significantly enriched in recurrent tu-
mours (Figure 3A). Next, we categorised the GLASS cohort
according to novel TME subtypes (Supplementary
Figure S14A, available at https://doi.org/10.1016/j.annonc.
2022.11.008) identifying a higher proportion of TME™ed
(39%) and TME™®" (22%) cases in recurrent samples when
compared to primary tumours (33% and 12%, respectively)
(Figure 3B and C). The proportion of TME"*Y tumours
decreased from 55% to 39% upon recurrence. Tumours
which transitioned from TME"Y to TMEM®? upon recur-
rence presented significantly elevated Ilymphocyte-
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). TME™" to TME"®" transitions
revealed significantly enriched lymphocytes and monocytic
lineage (Figure 3E). TMEM®® to TME"&" subtype transition
showed a significant enrichment across immune and stro-
mal cell populations (excluding microglia) (Figure 3F). Un-
surprisingly, tumours which switched to more immune cold
subtypes displayed significantly decreased immune pop-
ulations (Supplementary Figure S14B and C, available at
https://doi.org/10.1016/j.annonc.2022.11.008).  In-depth
cell-state analysis revealed that TMEM®® to TME™®" transi-
tion was influenced by a significantly enriched myeloid cell
state (P = 0.0019). Moreover, stem-like and diff-like
neoplastic states were significantly depressed upon this
transition (P = 0.04 and P = 0.00049, respectively)
(Supplementary Figure S15A-C, available at https://doi.org/
10.1016/j.annonc.2022.11.008). Differiential gene expres-
sion (DEG) analysis revealed several significantly up-
regulated chemokine signalling-related pathways upon
TMEM®? to TME"&" switch (Supplementary Figure S15D,
available at https://doi.org/10.1016/j.annonc.2022.11.008).
Moreover, tumour-promoting chemokines, CCL18 and ACP5,
were highly up-regulated upon subtype switch
(Supplementary Figure S15E, available at https://doi.org/10.
1016/j.annonc.2022.11.008). 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 treat-
ment (Supplementary Figure S14D, available at https://doi.
org/10.1016/j.annonc.2022.11.008).  Unsurprisingly, the
findings were inconclusive, with transitions from TMEMed to
TME""Y (n = 1), TMEM®? to TME"™®" (n = 1) and TME*®" to
TMEM®? (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-
PD-1 multi-institution clinical trial (Cloughesy cohort).*?
This trial evaluated immune responses and survival
following neoadjuvant and/or adjuvant therapy with
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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). TME™&" tumour-
bearing patients displayed a trend towards improved OS
when compared with TME*" and TMEM®? tumour-bearing
patients (P = 0.29) (Figure 4B). Importantly, TME"&" pa-
tients treated with neoadjuvant anti-PD-1 exhibited a
significantly increased OS compared with neoadjuvant anti-
PD-1-treated non-TME"®" (TME*" and TMEM®Y) patients
and TMEM® patients treated with adjuvant anti-PD-1 (P =
0.028) (Figure 4C and D).

Next, to further study the relationship between TME
subtype and response to ICI, we accessed RNA-seq data
from the Zhao et al.’s 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).*®
Firstly, the GBM-MCP-counter was applied to pre- and
post-anti-PD-1-treated tumour samples (n = 24)
(Figure 5A). Comparison of pre- and post-treatment sam-
ples revealed that tumours receiving adjuvant anti-PD-1
displayed no significantly different GBM-MCP scores. Next,
samples were assigned to novel TME subtypes. Survival
analysis showed a trend towards improved OS in TME™E"
compared to non-TME"" patients (TME"*/TMEM®%) (P =
0.21) (Figure 5B). We subsequently assessed how TME
subtype proportion changes in pre- and post-anti-PD-1
treatment samples, and in responders and non-responders
(responders defined as those which revealed an inflamma-
tory response, few tumour cells upon sampling and stable
or shrinking tumour volume). Following anti-PD-1 treat-
ment, the proportion of TME"*Y tumours remained the
same (33%), the proportion of TMEM® tumours decreased
from 27% to 22% and the proportion of TME"&" tumours
increased from 40% to 44% (Figure 5C). Based on pre-
treatment tumour samples, TME"W proportion was
greater in responders (7%) compared to non-responders
(20%). Likewise, 43% of TME™&" were responders
compared with 40% of non-responders. No TMEM®® sam-
ples were categorised as responders (Supplementary
Figure S16, available at https://doi.org/10.1016/j.annonc.
2022.11.008). Comparison of GBM-MCP scores in non-
responders and responders and in pre- and post-ICl-
treated (n = 3) samples (Supplementary Figure S17, avail-
able at https://doi.org/10.1016/j.annonc.2022.11.008)
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.”® 2018 phase | clinical trial (NCT01491893)
which evaluated convection-enhanced intratumoural de-
livery of recombinant non-pathogenic polio—rhinovirus
chimera (PVSRIPO) in rGBM patients (PVSRIPO cohort).
Samples were first assigned to TME subtypes (Figure 5SE).
Tentatively, TME"'&" patients treated with PVSRIPO showed a
trend towards improved OS (P = 0.056) when compared
with TME*®" and TMEM®® tumours (Figure SE).
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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-F) Boxplots showing the TME cell
populations with significantly enriched MCP scores from primary to recurrent samples in patients who switch subtype: (D) TME™" (primary) to TMEM® (recurrent) tumours, (E)
TME*" (primary) to TME"E" (recurrent) tumours and (F) TMEMed (primary) to TMEMEn (recurrent) tumours. Statistical test: Wilcoxon signed rank test. *P < 0.05; ***P < 0.001.
CTLA4, cytotoxic T-lymphocyte-associated protein 4; FO, functional orientation; GBM, glioblastoma; GLASS, Glioma Longitudinal AnalySiS; MCP, microenvironment cell population;
MHC, major histocompatibility complex; NK, natural killer; PD-1, programmed cell death protein 1; PD-L1, programmed death-ligand 1; TLS, tertiary lymphoid structures; TME,
tumour microenvironment.
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Figure 4. Trend towards improved OS following neoadjuvant pembrolizumab in recurrent IDHwt GBM TMEHiER patients.
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DISCUSSION

Notwithstanding the plausible rationale which has sup-
ported ICI evaluation in GBM trials,” to date, clinical
studies have largely been negative™® with few
exceptions.’*?%?° Of these,**>* recent data from a small
multicentre trial (Cloughesy et al’s study) suggest that
neoadjuvant nivolumab may improve OS compared to pa-
tients receiving adjuvant therapy.’®> Furthermore, mecha-
nistic interrogation of the immune microenvironment
following administration of neoadjuvant nivolumab
revealed increased immune cell infiltration, chemokine
transcript expression and greater T-cell antigen receptor
diversity among  tumour-infiltrating  lymphocytes.®
Notwithstanding these important hypothesis-generating
data, most negative clinical trial outcomes®® now
mandate the identification of new stratification methods to
identify a subpopulation of patients for whom immuno-
therapy could be a viable option. To this end, we hypoth-
esised 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 testing.’

To identify novel TME-specific classifiers, we imple-
mented a tailored, brain tumour-specific MCP-counter**
method. Specifically, unsupervised PAM clustering was
applied to GBM-MCP-counter scores in discovery and vali-
dation cohorts (N = 867 primary/recurrent patient samples)
to identify three non-overlapping TME subtypes: TME™",
TMEM®? and TME"8". Survival analysis revealed that there
was no subtype-specific prognostic association. This is un-
surprising as discovery and validation cohorts were nor-
malised for Karnofsky Performance score (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 biomarkers.>® We
observed an overlap between novel TME subtypes and
Wang transcriptomic classifiers. However, we observed no
survival differences following classification according to
Wang subtypes.”’ There was no significant difference in
neoantigen load across TME classifiers, and a low TMB was
observed across all subtypes. Interestingly, Zhang et al.
recently showed that methylated MGMT and low TIM3
expression are associated with improved survival in GBM.>!
However, in our analyses, TIM3 expression was homoge-
nous across subtypes. No significant relationship was
observed between MGMT methylation status and novel
TME subtype.

TME"" GBM is associated with low immune and endo-
thelial cell abundance, low expression of genes associated
with TME functional orientation and overall down-regulated
immune-regulatory pathways. TME"°Y tumours also man-
ifested the highest proportion of infiltrating tumour and
leading edge samples within the IvyGAP cohort compared
to TME™&" and TMEM®? patient samples. Mutational and
GO analysis showed that EGFR mutation and up-regulated
EGFR signalling pathways were dominant features of
TME"™" GBM. As TME"Y patients exhibit overall low im-
mune cell abundance, our data indicate that patients
categorised as TME™" may be the most suitable candidates
for a prospective clinical trial evaluating the combination of
anti-TIM3 with an EGFR inhibitor. This strategy would
concurrently target the high EGFR mutational burden of
TME"Y 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
alterations.?” Further interrogation of TME"*" ecDNA land-
scape is required to uncover potential resistance mecha-
nisms which may be hallmarks of this subtype.

TMEM®? GBM is associated with an abundance of im-
mune populations, functional orientation markers, immune
checkpoint and endothelial cell markers. TME subtype
analysis of IvyGAP anatomical samples revealed that
TMEM®® patients comprised the highest proportion of
samples defined as ‘pseudopalisading cells around necrosis’.
Interestingly, pseudopalisades are associated with micro-
vascular hyperplasia and angiogenesis, and may serve as
predictors of poor prognosis in GBM.>* Thus, despite
negative outcomes following anti-angiogenic therapy
(NCT00884741 and CheckMate-143/NCT02017717), our
data tentatively suggest that patients identified in the
‘colder’ TMEM®? subtype may benefit from 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 TMEM®® tumour feature. While TTN muta-
tions are associated with favourable prognosis in non-small-
cell lung cancer,®* mutant TTN may be associated with an
increased risk of glioma recurrence® suggesting that
TTN mutations could influence GBM TMEM®® tumour
recurrence. GO analysis of TMEM®® tumours further
revealed up-regulated neuronal system-related and trans-
mission across chemical synapses pathways. We and others
have recently shown that increased GBM growth and in-
vasion is facilitated by neuron-to-glioma synapses and
increased neuronal interactions at recurrence.>®>’ Overall,

(A) Partition around medoids (PAM) clustering of IDHwt GBM samples in the Cloughesy cohort'® with available RNA-seq data (N = 23), based on the cellular TME
composition described by GBM-MCP-counter scores, reveals three subtypes: TME™", TMEM®? and TME"€". (B) OS according to TME'®", TMEM®® and TME™e" subtypes in
the Cloughesy cohort. (C) OS according to TME'®"/neoadjuvant anti-PD-1, TMEM®/adjuvant anti-PD-1, TME""&"/adjuvant anti-PD-1 and TME"€"/adjuvant patients in the
Cloughesy cohort. TMEM®? patients treated with neoadjuvant anti-PD-1 (N = 1) and TME'®Y patients treated with adjuvant anti-PD-1 (N = 2) were excluded due to small
patient numbers. (D) Swimmer plot representing OS of patients in the Cloughesy cohort. Bars are colour coded according to the patients’ TME subtype and whether
they received neoadjuvant + adjuvant (neo) anti-PD-1 therapy or adjuvant (adj) anti-PD-1 alone. Statistical test: Kaplan—Meier analysis; P value of log-rank test.

GBM, glioblastoma; IDHwt, isocitrate dehydrogenase wild type; NK, natural killer; OS, overall survival, PD-1, programmed cell death protein 1, TME, tumour
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future studies are now required to interrogate the role of
TTN and neuronal-tumour interactions in TMEV®® GBM
recurrence and tumour progression.

TME™&" tumours were defined by high immune cell
infiltration and abundance of endothelial cells. Additionally,
TME"™®" tumours are enriched for markers associated with
T-cell activation, major histocompatibility complex | genes,
myeloid cell chemotaxis, inhibitory T cells, regulatory T cells,
tumour-associated macrophage and immune checkpoints.
These markers are indicative of a highly immunosuppres-
sive, tumour-promoting environment.>®3° Targeting specific
cell populations to alleviate immunosuppression in TME™&"
GBM will likely be required to maximise response to
immunotherapy. Interestingly, 65% of TME"" 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 that TME™&" patients comprised the
highest proportion of samples defined as ‘microvascular
proliferation’ regions, a classic hallmark of GBM. DEG and
GO analysis in TME"&" tumours further revealed several up-
regulated genes and pathways related to immunoregula-
tion. Interestingly, TLSs (and an associated transcriptomic
signature) were specifically identified in TME™&"/mesen-
chymal+ tumours. TLSs have been associated with clinical
benefit and response to immunotherapy in solid tumours;*°
however, the clinical relevance of TLSs in GBM remains
unclear.** Our data suggest that monocytic lineage abun-
dance may influence mechanisms which impact OS of
TLSH&" patients. The immunosuppressive role of TAMs?”**?
and their role in inducing a mesenchymal-like state in
GBM*® are well documented. Thus, in TME™€" GBM, TAMs
may suppress TLS antitumour activity, hindering immuno-
therapy response. Future studies to confirm the promiscuity
of TLSs and associated subsets of immunosuppressive
macrophages in TME™&" tumours are warranted.** Overall,
our data suggest that targeting anti-PD-1 + anti-CTLA4 may
be a viable approach although it is noteworthy that a pre-
vious phase | 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 1 mg/kg nivolu-
mab plus 3 mg/kg ipilimumab (NIVO1 + IPI13), and 30% of
patients who received 3 mg/kg nivolumab plus 1 mg/kg
ipilimumab (NIVO3 + IPI1)."* A rational alternative strategy
in this sub-cohort could be anti-PD-1 + TAM targeting (e.g.
colony-stimulating factor-1 receptor inhibitor).

Longitudinal assessment of TME subtypes has also
revealed their dynamic nature. Tumours which transitioned
from TME""™ to TMEM® or TME"®" and TMEM®® to
TME"&" were associated with significantly enriched lym-
phocytes, myeloid population abundance, T-cell function-
ality 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 mesen-
chymal subtype shift.>® 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
recurrence.’® Our data suggest that TMEM®® to TME™E"
switch is influenced by a distinct myeloid phenotype,
decreased tumour cell differentiation and up-regulated
chemokine signalling pathways. Moreover, CCL18 (pro-
motes glioma progression) and ACP5 (mediator of glioma
growth) were highly up-regulated upon subtype switch-
ing.*>*® Overall, this pathway may harbour potential ther-
apeutic avenues for the treatment of patients with tumours
which transition from TMEM®® to TME"€" upon recurrence.
To further understand subtype evolution and treatment
resistance, single-cell RNA-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 switching.*®*’ Additional analyses of
biopsies in primary and recurrent tumours (post-treatment)
may further unravel the impact of intratumoural hetero-
geneity on TME subtype classification and TME subtype-
specific treatment resistance mechanisms.>®

Finally, the predictive potential of novel TME subtypes
was retrospectively assessed in interventional immuno-
therapy clinical trial datasets. Firstly, our analysis of the
small Cloughesy trial dataset tentatively suggests that
TMmEHEN patients who receive neoadjuvant anti-PD-1 might
show improved OS compared to patients receiving adjuvant
anti-PD-1 alone. Nevertheless, we acknowledge that TME
stratification before neoadjuvant treatment is not without
complexity. However, we hypothesise that in the future,
TME subtyping might be carried out before surgery by using
a blood-based cell-free RNA liquid biopsy method,*® or a
robust TME subtype-specific magnetic resonance imaging
radiomic signature.*>”° Secondly, analysis of the Zhao
cohort suggests that TME"€" tumour-bearing patients trend
towards improved OS following anti-PD-1 therapy. In a
very limited subset of matched samples collected pre- and

Figure 5. Trend towards improved OS and increased response rate in TME"" patients following adjuvant treatment with pembrolizumab or PVSRIPO.

(A) TME composition in Zhao dataset*® pre- versus post-adjuvant anti-PD-1 treatment in available tumour (N = 24) samples. (B) OS according to TME"®" and non-
TMEME" (TMEY 4 TMEMed) subtypes who received adjuvant anti-PD-1 therapy in the Zhao cohort (N = 15 patients). (C) Relative boxplots indicating the proportion of
TME"™ TMEMe? and TME'E patients before administration of anti-PD-1 treatment (left) and after anti-PD-1 treatment (right) in available tumour and blood samples.
(D) Partition around medoids (PAM) clustering of the PVSRIPO cohort'® with available RNA-seq data (N = 12), based on the cellular TME composition described by GBM-
MCP-counter scores, reveals three subtypes: TME™", TMEM®? and TME™€". (E) 0S according to TME"" and TMEM®? and TME™e" subtypes who received PVSRIPO
therapy in the PVSRIPO cohort.'? Statistical test: Wilcoxon signed rank test. Kaplan—Meier analysis; P value of log-rank test.

GBM, glioblastoma; MCP, microenvironment cell population; NK, natural killer; OS, overall survival, PD-1, programmed cell death protein 1; TME, tumour
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post-ICl therapy (n = 3 patients), no significant alterations
were detected in MCP scores before or after treatment
(Supplementary Figure S17, available at https://doi.org/10.
1016/j.annonc.2022.11.008). As mentioned previously,
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 the time of primary tumour resection and response to
anti-PD-1 was observed regardless of the standard-of-care
treatment regimen before anti-PD-1 therapy. This observa-
tion also requires further validation. Thirdly, we investigated
whether TME subtypes were predictive of survival within
the small PSVRIPO dataset (NCT01491893). Here, GBM pa-
tients received adjuvant anti-PD-1 (newly diagnosed) or
PVSRIPO therapy (recurrent tumours, treatment adminis-
tered post-biopsy). Stratification of PVSRIPO patients based
on TME subtypes suggests a trend towards improved OS in
TME"®" patients, compared with TMEM®® and TME""
patients. Clearly, these hypothesis-generating data now
require validation in larger clinical cohorts. Desjardins et al.
recently showed that a low mutational burden was associ-
ated with increased tumour-intrinsic inflammation in rGBM
and increased response to PVSRIPO treatment.” Interest-
ingly, our data suggest that TME™®" patients may harbour a
lower mutational burden than other subtypes, yet repre-
sent the subtype with the highest proportion of ICl
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 Il trials (e.g.
CheckMate-143, CheckMate-548 and CheckMate-498) has
not been possible due to lack of availability of tissue/RNA-
seq data. A tailored phase Il study using a rational
hypothesis-driven trial design is now required to validate
our findings. This trial should mandate for the robust
collection of FF tissue for retrospective molecular analysis.

In conclusion, our multicentre study introduces novel TME
subtypes which may inform optimal precision immuno-
therapy treatment strategies in the GBM setting. Our data
provide 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 immuno-
therapy trial cohorts and in the prospective setting.
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