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Immunological profiles of human oligodendrogliomas define
two distinct molecular subtypes
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Summary

Background Human oligodendroglioma presents as a heterogeneous disease, primarily characterized by the isocitrate
dehydrogenase (IDH) mutation and 1p/19q co-deletion. Therapy development for this tumor is hindered by
incomplete knowledge of somatic driving alterations and suboptimal disease classification. We herein aim to
identify intrinsic molecular subtypes through integrated analysis of transcriptome, genome and methylome.

Methods 137 oligodendroglioma patients from the Cancer Genome Atlas (TCGA) dataset were collected for unsu-
pervised clustering analysis of immune gene expression profiles and comparative analysis of genome and methyl-
ome. Two independent datasets containing 218 patients were used for validation.

Findings We identified and independently validated two reproducible subtypes associated with distinct molecular
characteristics and clinical outcomes. The proliferative subtype, named Oligo1, was characterized by more tumors of
CNS WHO grade 3, as well as worse prognosis compared to the Oligo2 subtype. Besides the clinicopathologic fea-
tures, Oligol exhibited enrichment of cell proliferation, regulation of cell cycle and Wnt signaling pathways, and
significantly altered genes, such as EGFR, NOTCH1 and MET. In contrast, Oligo2, with favorable outcome, presented
increased activation of immune response and metabolic process. Higher T cell/APC co-inhibition and inhibitory
checkpoint levels were observed in Oligo2 tumors. Finally, multivariable analysis revealed our classification was
an independent prognostic factor in oligodendrogliomas, and the robustness of these molecular subgroups was
verified in the validation cohorts.

Interpretation This study provides further insights into patient stratification as well as presents opportunities for
therapeutic development in human oligodendrogliomas.

Funding The funders are listed in the Acknowledgement.
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Introduction

According to the most recent World Health Organiza-
tion (WHO) classification guidelines, oligoden-
droglioma, an incurable glioma, is characterized by
mutations in IDHI or IDH2 and co-deletion of chro-
mosome arms 1p and 19q."* Accounting for 4-8% of
diagnosed primary tumors of the central nerve system
(CNS), oligodendrogliomas can be divided into two
groups based on the integrated histological and

molecular features: CNS WHO grade 2 and grade 3.
This tumor shows relatively better prognosis among
diffuse gliomas, ranging from a few years to more than
15 years.” It tends to be less aggressive and more
sensitivity to radio and chemotherapy, but remains
invariably fatal.® Recent high-throughput sequencing
has also identified FUBP1, CIC, TCF12, and Telomerase
reverse transcriptase (TERT) promoter mutations in the
majority of this glioma.”* Despite the described
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Research in context

Evidence before this study

Although oligodendroglioma shows more sensitivity to
normal therapies, it is an incurable brain tumor with high
heterogeneity. Immunotherapy has made exciting progress in
many malignant cancers, but yields very limited success in
gliomas. To explore the immune heterogeneity and establish
immune classification will facilitate the immunotherapies in
oligodendroglioma.

Added value of this study

Here, using unsupervised clustering analysis based on
immune-related gene expression profiles, we classified
oligodendrogliomas into two distinct subtypes. The stability
and reproducibility of this classification were demonstrated in
other two independent datasets. Each subtype was associated
with different somatic alterations, immune cells, and
metabolic features, as well as clinical outcomes. Oligol

molecular advances, our understanding of the biology
and molecular mechanisms underlying the behavior of
oligodendrogliomas is extremely limited.

Recent evidence shows that oligodendrogliomas are
heterogeneous in terms of clinical, histological, and
molecular profiles, and many efforts have been devoted
to identifying subgroups through multi-omics analysis.
Comparative analysis showed that the rate of shared
mutation between the primary and recurrent oligoden-
drogliomas was relatively low, ranging from 3.2 to
57.9%, indicating high genetic heterogeneity.® Single
cell transcriptome of oligodendrogliomas found that
most tumor cells were differentiated along two special-
ized glial programs, whereas a rare subpopulation of
cells was undifferentiated and associated with a neural
stem cell expression program, demonstrating the intra-
tumoral heterogeneity.” An integrated analysis of tran-
scriptome, genome and methylome revealed three
subgroups within 1p/19q co-deleted tumors, and one
group was associated with more aggressive clinical and
molecular patterns, including the MYC pathway activa-
tion." However, our knowledge about molecular char-
acteristics and subtypes of oligodendrogliomas is
incomplete.

Numerous studies have explored the classification of
tumors based on immunological profiling that may
facilitate the optimal stratification of cancer patients
responsive to immunotherapy. An extensive immuno-
genomic analysis of more than 10,000 tumors
comprising 33 diverse cancer types identified six im-
mune subtypes: wound healing, IFN-y dominant, in-
flammatory, lymphocyte depleted, immunologically
quiet, and TGF-p dominant." Based on the immune
gene expression profiles of 1368 squamous cell carci-
nomas patients, six reproducible immune subtypes
associated with distinct molecular characteristics and

subtype displayed a proliferative phenotype and higher
mutation frequency in EGFR, MET and NOTCH1. Oligo2
subtype, with better outcome, presented an immune
suppressive status and had higher metabolic activities. The
distinct features between them implied different therapeutic
strategies, and immunotherapies targeting at inhibitive
checkpoints might be effective in Oligo2 tumors.

Implications of all the available evidence

This study reported a new immune classification of
oligodendrogliomas and comprehensively characterized the
identified subtypes with genome and methylome data, which
deepened the understanding of immune heterogeneity of
human oligodendroglioma, and provided valuable
information for personalized immune-targeted therapy in this
tumor entity.

clinical outcomes were obtained."” In an analysis of he-
patocellular carcinomas samples from 956 patients, two
subclasses were characterized by adaptive or exhausted
immune responses.” Through immunogenomic
profiling of 29 immune signatures, three triple-negative
breast cancer subtypes that named immunity high,
medium, and low were identified." In gliomas, we
previously gathered published gene expression data
from diffuse lower-grade glioma (LGG) patients and
uncovered three immune subtypes characterized by
differences in somatic alterations, lymphocyte signa-
tures, and clinical outcomes.”® Three glioblastoma
(GBM) subgroups presented different adaptive immune
responses: Negative, Humoral, and Cellular-like, and
were linked to transcriptional subtypes and typical ge-
netic alterations.'® Gene signatures of infiltrating im-
mune cells and functional immune pathways clustering
revealed four distinct immune clusters: vascular,
monocytic/stromal, monocytic/T cell- and APC/NK/T
cell-dominant in pediatric and adult high-grade gli-
omas.” However, little is known regarding tumor
microenvironment (IME) heterogeneity and immune
groups in oligodendrogliomas.

Immunotherapy has been explored as a potential
treatment modality in gliomas. Numbers of immuno-
therapeutic strategies have been evaluated in various
preclinical and clinical studies of glioblastoma, but
exhibit limited efficacy, such as immune checkpoint
inhibitors, cytokine, dendritic cell vaccines, chimeric
antigen receptor T cells (CAR-T)."" For low-grade gli-
omas (LGGs) or oligodendrogliomas, checkpoint in-
hibitors, polyinosinic polycytidylic acid stabilized lysine,
and carboxymethylcellulose (poly-ICLC), peptide vac-
cines, such as a vaccine targeting mutant IDH1,*' are
being assessed, but few immunotherapies have
demonstrated a robust survival impact in clinical trials.
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LGGs or oligodendrogliomas may have unique tumor
immune phenotypes, with their IDH mutations poten-
tially making them less vulnerable to specific types of
immunotherapies. A better understanding of immune
microenvironment and molecular subtypes may provide
a solid basis for the scientific design and reasonable
choice  of immunotherapeutic  strategies in
oligodendrogliomas.

Here, using unsupervised clustering analysis based
on immune-related gene expression profiles, we classi-
fied oligodendrogliomas into two distinct subtypes. We
demonstrated the stability and reproducibility of this
classification in other two independent datasets. Each
subtype was associated with different somatic alter-
ations, immune cells, and metabolic features, as well as
clinical outcomes. Our analysis uncovered the hetero-
geneity of oligodendrogliomas in aspect of immunity,
setting the ground for a rational tailoring of immuno-
therapy in patients.

Methods

Patients and datasets

This study gathered 355 oligodendrogliomas from three
public databases: TCGA, Chinese Glioma Genome Atlas
(CGGA), and Prise en charge des oligodendrogliomas
anaplasiques (POLA). For the discovery cohort, the
RNA-seq data, DNA methylation data, somatic alter-
ations, and corresponding clinical information of 137
oligodendroglioma patients were collected from TCGA
database (http://cancergenome.nih.gov).”” The RNA-seq
data and clinical information of 124 samples were
downloaded from CGGA database (http://ww.cgga.org.cn)
for the validation cohort.* For another validation cohort,
the microarray data, DNA methylation data, and related
clinical information of 94 oligodendroglioma samples were
obtained from POLA database.”” A summary of patients of
the tumor cohorts and respective pathological features was
listed in Supplementary Table S1. All patient informed and
written consents were previously existed in these three
databases.

Ethics approval and consent to participate

This study was carried out in accordance with the Hel-
sinki declaration and approved by the ethics committee
of Tiantan hospital (KYSQ 2021-309-01), and patient
informed consents were existed in these three public
databases.

Discovery and validation of the immune subtypes
The published immune-related genes were gathered for
subsequent clustering analysis.”*** Genes significantly
associated with prognosis were identified using survival
analysis in the TCGA cohort with R package “survival”.
Then, the candidate genes with high median absolute
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deviation (MAD) value (MAD > 0.5) across all patients
were adopted for consensus clustering analysis (R
package “consensusClusterplus”).”** To identify robust
clusters, the cumulative distribution function (CDF) and
consensus heatmap were used to evaluate the optimal K.
For the validation of the immune subtypes in other
cohorts, a partition around medoids (PAM) classifier
was trained and used to predict immune subtypes for
patients with R package “pamr”. Each sample was
assigned to an immune subtype based on the Pearson
correlation with the centroid.”*° The reproducibility and
similarity of acquired immune subtypes between the
discovery and validation cohorts were assessed using the
in-group proportion (IGP) statistic with R package
“clusterRepro”.”!

Computation of immune infiltration

CIBERSORT algorithm was adopted to estimate the
relative fraction of 22 immune cell types.*** ESTIMATE
was used to evaluate the immune cell and stromal
content for each sample.** Single-sample gene-set
enrichment analysis (ssSGSEA) was performed to quan-
tify the enrichment levels of immune signatures with R
package “GSVA”."*

Computation of metabolism-relevant gene
signatures

115 metabolism-relevant gene signatures were acquired
from previously published studies.*”” By using R
package “GSVA”, the enrichment levels of metabolism-
relevant signatures were quantified for each sample.

Bioinformatic analysis

Principal components analysis (PCA) was applied to
detect the expression difference between subtypes
(R package “princomp”).*® Receiver-operating charac-
teristic (ROC) curve analysis was conducted to predict
overall survival (OS) (R package “pROC”). Gene
ontology (GO) analysis was used for functional annota-
tion of differential genes between subtypes.” GISTIC2.0
analysis was performed to detect copy number alter-
ations (CNAs) difference between subtypes,* and locus
with GISTIC value more than 1 or less than -1 was
defined as amplification or deletion, respectively.

Cell lines and culturation

LN229 and GL261 cells were obtained from American
Type Culture Collection (ATCC, Rockville, MD), and
were maintained in Dulbecco’s modified Eagle’s me-
dium (DMEM) with high glucose and sodium pyruvate
supplemented with 10% foetal bovine serum (FBS) and
1% Penicillin-Streptomycin. These cell lines had been
performed short tandem repeat (STR) profiling analysis
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and tested negative for mycoplasma contamination
(Reagent Validation Files).

Cell viability assay

Cell viability was determined using cell counting kit-8
(CCK-8) assay (ab228554, Abcam, Burlingame, CA,
USA). 3000 cells per well were seeded in a 96-well plate,
and treated with 10 uM Gefitinib (ZD1839, MedChe-
mExpress, NJ, USA), or 10 uM Crizotinib (PF-02341066,
MedChemExpress, NJ, USA). At 0 h, 24 h, and 48 h, the
CCK8 regent was added and incubated for 60 min at
37 °C, the absorbance (OD value) was detected at a
wavelength of 450 nm.

Western blotting

Protein extraction and Western blot analysis were per-
formed as described previously.*' Antibodies used were
as followed: anti-p-MET (3077, 1:1000, RRID: AB_
2143884, Cell Signaling, Danvers, Massachusetts,
USA), anti-p-EGFR (3777, 1:1000, RRID: AB_2096270,
Cell Signaling), and anti-GAPDH (60004-1-lg, 1:3000,
RRID: AB_2107436, Proteintech, Wuhan, Hubei, PR
China). All antibodies were validated by the commercial
vendor.

T cell and monocyte cell migration assay

Human T cells were isolated from peripheral blood of
normal donors using T cell Isolation Kit (130-096-535,
Miltenyi, Germany) and cultured in RPMI 1640 me-
dium supplemented with 10% FBS, 20 mM HEPES and
50 U/ml interleukin-2 (200-02, Peprotech, USA).
1x 10° T cells were seeded into the upper chamber with
5 um pore (Corning, USA), and LN229 cells treated
with 10 uM Gefitinib or 1 uM Crizotinib for 12 h were
maintained in the lower chamber. After 8-h co-
culturation, the migrated T cells were counted. THP-
1 cells were obtained from American Type Culture
Collection (ATCC, Rockville, MD) and cultured in
RPMI 1640 medium supplemented with 10% FBS and
0.1 ug/ml PMA (HY-18739, MedChemExpress, NJ,
USA). 1 x 10° THP-1 cells were seeded into the upper
chamber with 8 um pore (Corning, USA) and co-
cultured with LN229 cells. After 8-h incubation, the
migrated cells at the bottom surface were fixed and
stained with 0.1% crystal violet. 6 random fields in each
well were counted.

Xenograft studies and treatment experiments

1 x 10° GL261 cells stably expressing the luciferase re-
porter were stereotactically injected into the right stria-
tum of 6-week-old, female, C57BL/6] mice. After a
week, the mice were imaged for Fluc activity using
bioluminescence imaging through 10 ul/g D-luciferin
injection, and randomly assigned to treatment groups of

Gefitinib (oral administration, 100 mg/kg), Crizotinib
(oral administration, 50 mg/kg), and vehicle control.
Animals were treated daily for five days, followed by two
days of rest. The tumor size was detected with biolu-
minescence imaging, and the survival information was
recorded. Mice with severe symptoms including dome
head and hemiparesis were euthanized, and the brains
were fixed in 4% paraformaldehyde and embedded for
the following staining analysis. All animal care and
experimental procedures were approved by the Animal
Care and Use Committee of Tiantan hospital (VST-SY-
20220712).

Immunohistochemical staining

Paraffin-embedded tissues of 24 cases from CGGA
cohort were collected for immunohistochemical stain-
ing (Supplementary Table S2). In brief, the sections
were incubated with antibodies overnight at 4 °C, and
then with secondary antibodies at room temperature for
1 h. After staining with DAB (MXB, Fuzhou, Fujian, PR
China) for 1min, sections were counterstained with
hematoxylin (Solarbio, Tongzhou, Beijing, PR China).
The used antibodies included anti-CD163 (16646-1-AP,
1:300, RRID: AB_2756528, Proteintech, Wuhan, Hubeti,
PR China) and anti-CD206 (18704-1-AP, 1:300, RRID:
AB_10597232, Proteintech) for M2 macrophages, anti-
CD3 (ab16669, 1:300, RRID: AB_443425, Abcam, Bur-
lingame, CA, USA) for lymphocytes, anti-CD14
(ab183322, 1:300, RRID: AB_2909463, Abcam) for
monocytes, anti-TIGIT (99567, 1:300, RRID: AB_
2922806, Cell Signaling, Danvers, Massachusetts,
USA), anti-HAVCR2 (60355-1-1g, 1:300, RRID: AB_
2881464, Proteintech), anti-MET (8198, 1:300, RRID:
AB_10858224, Cell Signaling), anti-EGFR (4267, 1:300,
RRID: AB_2246311, Cell Signaling), anti-NOTCH1
(20687-1-AP, 1:300, RRID: AB_10700012, Proteintech).
All antibodies were validated by the commercial vendor.
Six fields of each section were selected for quantitative
analysis, and stained cells were counted by two in-
vestigators independently.

Statistical analysis

Kaplan—Meier analysis with log-rank test was conducted
to detect survival difference between subtypes. For
comparisons of two groups, statistical significance for
normally distributed variables was estimated by un-
paired Student t-test, and nonnormally distributed var-
iables were analyzed by Wilcon rank-sum test. The
Benjamini-Hochberg method was used to adjust the P
value. Chi-square test was performed to determine the
difference of clinical and molecular characteristics be-
tween subtypes. For univariable analysis, we selected
factors known to impact outcomes as well as patient
characteristics.”*** The clinical characteristics of pa-
tients (Supplementary Table S1) showed that MGMT
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promoter is methylated in almost all patients, and TERT
promoter status is mostly unavailable in three datasets.
So, age, sex, and grade were included for subsequent
Cox analysis. We used Cox proportional hazards model
to examine the effects of these different risk factors on
event outcomes. Schoenfeld residual was used to assess
the reliability of the model. Cox multivariable analysis
was performed to adjust for explanatory confounding
variables prognostic on univariable analysis. All statis-
tical analyses were performed with R software, Graph-
Pad Prism 6.0 (GraphPad Inc., San Diego, CA, USA) or
SPSS 16.0 (IBM, Chicago, IL, USA). P < 0.05 was
considered statistically significant.

Role of funders

The funders only provided funding, and had no role in
the study design, data collection, data analysis, decision
to publish, or preparation of the manuscript.

Results

Consensus clustering reveals two distinct tumor
subgroups in oligodendrogliomas

To delineate the immune heterogeneity within oligo-
dendrogliomas, we gathered previously reported 782
immune-relevant genes for clustering analysis.?>*
Fig. 1a showed the workflow of this study. We first
conducted survival analysis to identify genes with
prognostic significance, and a total of 84 candidate
genes were acquired for subsequent clustering analysis
in the TCGA cohort. Through unsupervised consensus
clustering analysis, two immune subtypes, Oligol and
Oligo2, were identified (Fig. 1b and Supplementary
Fig. S1). We performed PCA to assess the assign-
ments of subtypes, and further confirmed the robust
difference of expression patterns between subtypes
(Fig. 1c). Next, we determined the correlation of sub-
types with molecular and pathological characteristics.
The statistical analysis (Chi-square test) found that his-
tologic grade 3 was associated with Oligo1 subtype, and
patients in Oligol tended to be older than ones in
Oligo2 (Fig. 1b, Supplementary Table S3). We also
compared our classification with the previously reported
immune subtyping of gliomas," and found that most of
Oligo1 and Oligo2 tumors were enriched in C5 cluster
(Supplementary Fig. S2a). Notably, survival analysis
showed that Oligo1 subtype likely had a worse outcome
compared to Oligo2 subtype (P = 0.0041,
log-rank test) (Fig. 1d), and the resulting classification
was significantly associated with overall survival,
independent of other clinicopathological features
(Supplementary Table S4). Besides, the developed
grouping had higher AUC compared with factor of
histologic grade (Supplementary Figs. S2b and S2c),
which implied its superior performance of prognosis
prediction.
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Validation of immune subtypes across datasets
We evaluated the reproducibility and robustness of the
immune subtypes in two additional cohorts. The
centroid of each immune subtype was calculated, and
each sample in validation cohorts was assigned to a
subtype according to the Pearson correlation of
centroid” (Fig. 2a and d). Then, we performed IGP
statistical analysis and found high concordance of gene
expression patterns between discovery and validation
cohorts (Supplementary Table S5). PCA also confirmed
the expression profile difference between acquired im-
mune subtypes (Fig. 2b and e). Consistently, Oligol
mainly consisted of CNS WHO grade 3 and older pa-
tients, and was associated with a shorter overall survival
in CGGA cohort (P = 0.021, log-rank test) (Fig. 2c,
Supplementary Table S6). Likewise, the immune clas-
sification presented higher AUC than factor of grade,
which could not clearly distinguish patients’ outcomes
(Supplementary Fig. S2d and S2e). Univariable and
multivariable Cox regression analyses also demon-
strated that this stratification was of prognostic signifi-
cance in CGGA cohort (Supplementary Table S7). In the
POLA cohort, Chi-square test showed grade 3 was
significantly  associated ~ with  Oligol  subtype
(Supplementary Table S8). Due to the limited follow-up,
and median overall survival was not reached (Fig. 2f), it
was difficult to assess the correlation between the ac-
quired  classification and  patients’  outcome
(Supplementary Table S9). We also performed the sub-
typing of grade 2 and grade 3 tumors in TCGA and
CGGA cohorts, and found that our classification likely
differentiated the outcome in patients of CNS WHO
grade 2 (TCGA cohort), grade 2 and grade 3 (CGGA
cohort) (Supplementary Fig. S3).

Somatic variations of immune subtypes

Numerous studies have revealed the close connection
between somatic alterations and immune infiltrates.'""**
We further explored somatic variations that might drive
the immune subtypes potentially. The genomic alter-
ation data from TCGA cohort was enquired and the
correlations of immune subtypes with somatic drivers
were examined. Oligol tumors showed higher aneu-
ploidy, tumor mutation burden, and copy number
burden scores (Fig. 3a). The statistical analysis was
performed with the Fisher test (Supplementary
Table S10), and the genes with high mutation fre-
quency were shown in Fig. 3b. EGFR alterations were
significantly enriched in Oligol samples, whereas most
of common gene variations showed nonspecific associ-
ation between subtypes, such as CIC, FUBPI, and RBI.
Then, the differentially enriched genes were function-
ally annotated with GO analysis (Supplementary
Fig. S4a), and the specific altered genes of Oligol tu-
mors were mainly enriched in Wnt signaling pathway,
regulation of neurogenesis, and semaphorin-plexin
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Fig. 1: Immune gene profile of oligodendrogliomas yields two subtypes in TCGA cohort. a Flow chart of this study. A total of 355 oli-
godendroglioma samples are used in this study. TCGA cohort is used as training set, CGGA and POLA cohorts are collected as validation sets. b
Heatmap of two immune subtypes defined in TCGA cohort. 40 genes of centroid derived from PAM classifier are showed. Patients are arranged
based on the subtypes. Molecular and clinical information are also annotated for each patient. CL, classical; MES, mesenchymal; PN, proneural. ¢
Principal component analysis (PCA) of two subtypes using whole transcriptome data. d Survival analysis of immune subtypes based on OS. P
value is calculated by the log-rank test between subtypes.

Immunohistochemical staining also confirmed the
increased MET and EGFR, and decreased NOTCH1
protein levels in Oligol (Supplementary Fig. S4c).

pathway (Fig. 3b). Consistently, the expression of
amplificated genes (EGFR and MET) were higher in
Oligo1 than in Oligo2 tumors (Supplementary Fig. S4D).
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Fig. 3: Comparison of the DNA alterations between immune subtypes in TCGA cohort. a Boxplots show the difference of DNA damage
measures between subtypes of TCGA cohort (Wilcon rank-sum test). Error bars show standard error of the mean, and the middle bar represents
the median level of corresponding features. *P < 0.05, ***P < 0.001 b Oncoprint of mutation status and copy number variations between
immune subtypes. Fisher test is adopted for comparison analysis. The differentially altered genes annotated to Wnt signaling, regulation of

neurogenesis, and semaphorin-plexin pathway are displayed.

DNA methylation changes in the immune subtypes
To better understand epigenetic differences between
Oligol and Oligo2 subtypes, we investigated the differ-
entially methylated CpG sites of these samples from
TCGA cohort. 1601 CpG probes were differentially
methylated between subtypes. We ranked the probe list

by decreasing beta-value difference in order to identify
the most top differentially CpG probes (Fig. 4a). Genes
with methylation changes in Oligol tumors were highly
enriched for cell proliferation, Wnt signaling pathway,
chemical synaptic transmission, and signal transduction
(Fig. 4b). In addition, the differentially methylated genes

d Heatmap shows the immune subtypes of POLA cohort predicted by a PAM classifier trained on the TCGA cohort. The 40 centroid genes and
clinical information are also displayed. e PCA of immune subtypes using whole transcriptome data in POLA cohort. f Survival analysis of
immune subtypes in POLA cohort. P value is calculated by the log-rank test between subtypes.
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in Oligo2 tumors were highly enriched among func-
tional categories involved in immune response and in-
flammatory response (Fig. 4b). To extend these findings,
the DNA methylation data from POLA cohort (64 sam-
ples available) was also enquired, and similar results
were obtained (Fig. 4c and d). The differentially
methylated genes in Oligo2 tumors were associated with
antigen processing and presentation, metabolism
process, and B cell activation (Fig. 4d).

Transcriptome analysis of the immune subtypes

Next, we analyzed the functional context of these two
subtypes with transcriptome data of TCGA cohort. Gene
ontology (GO) analysis based on the differentially
expressed genes between subtypes, which were identi-
fied with R package “samr” (FDR <0.05, student t-test),
showed the highly expressed genes in Oligol were
mainly enriched in chemical synaptic transmission,
neurotransmitter secretion, Wnt signaling pathway,
regulation of cell cycle, and G2/M transition of mitotic
cell cycle. Instead, the upregulated genes in Oligo2 were
annotated to antigen processing and presentation,
oxidation-reduction process, metabolic process, and
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innate immune response (Supplementary Fig. S5a and
S5b). These functional analyses were then repeated on
the CGGA and POLA cohorts, and GO also reproduced
the enriched functions of these two immune subtypes
(Supplementary Fig. S5¢—S5f).

Cellular and molecular characteristics of immune
subtypes

Due to the significant difference in immune-related
functions between subtypes, we resorted to several
previously reported immune-related tools to decipher
the immune infiltration of immune subtypes. We first
determined the stromal and immune scores by
computing the ESTIMATE algorithm.** Compared with
Oligo1, Oligo2 subtype showed higher immune and
stromal scores (Fig. 5a). Then, we explored the compo-
sition of infiltrating immune cells between groups by
CIBERSORT method.”” Oligol had increased percent-
age of lymphocytes and plasma cells, whereas Oligo2
displayed higher level of macrophages and monocytes
(Fig. 5b and c). Additionally, ssGSVA scores® were
adopted to quantify the enrichment levels of immune
cells and functions. Oligo2 showed increased functions
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Fig. 5: Tumor immune infiltration dissection of two subtypes in TCGA

cohort. a Comparison of immune, stromal, and tumor purity scores

from ESTIMATE for immune subtypes (Wilcon rank-sum test). b Comparison of lymphocytes and macrophage proportion (from CIBERSORT) for

immune subtypes (Wilcon rank-sum test). Lymphocytes consist of B cells,

cells, NK cells, and plasma cells. ¢ Relative abundance fractions of the

(D4 cells, CD8 cells, follicular helper T cells, Tregs, gamma delta T
immune cell population in two subtypes using CIBERSORT tool.

d Heatmap shows enrichments of immune-related signatures in two immune subtypes. P values are labelled. e Boxplots display the expression
levels of inhibitive checkpoint genes. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, Wilcon rank-sum test.

of APC and T-cell co-inhibition (Fig. 5d). Moreover, we
detected the expression levels of several inhibitive
checkpoint genes, since T cell and natural killer cell
inhibition has been known as an important mechanism
by which cancer cells escape immunity.** We observed
that most of checkpoint genes, such as TIGIT,
HAVCR2, LAIR1, LGALS9, PDCD1LG2, and C100rf54,
were highly expressed in Oligo2 tumors (Fig. Se),

indicating an elevated level of immunosuppression in
these tumors. To validate these findings, we sought to
dissect the immune infiltrations of each subtype in
CGGA and POLA cohorts, and similar results were
obtained (Supplementary Fig. S6, Supplementary
Table S11). Immunohistochemical staining with tis-
sues from CGGA cohort also confirmed our above
findings using antibodies (CD206 and CD163 for M2
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Fig. 6: Immunostaining analyses of immune cells and checkpoints between subtypes. a 12 Oligol and 12 Oligo2 cases were collected from
CGGA cohort. NOTCH1, TIGIT, HAVCR2, CD206, CD163, CD14, and CD3 antibodies were used to assess cell proportions. b Boxplots shows the
positive cell proportion evaluated by immunostaining. Scaled bar, 50 pm **P < 0.01, ***P < 0.001, Student t-test.

macrophages, CD14 for monocytes, CD3 for  Oligo2 was highly immunosuppressive, whereas
lymphocytes, TIGIT and HAVCR2) (Fig. 6). Taken  Oligol displayed relatively moderate immune
together, these results suggested that the TME of  microenvironment.
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significant.

Metabolic profiling of the acquired immune
subtypes

We further explored the metabolic characteristics of
immune subtypes, in view of the enrichment differ-
ence of metabolic process identified by transcriptome
analysis. GSVA was conducted to assess the enrich-
ment levels of 115 metabolism-relevant gene signa-
tures reported previously.*** Differential analyses
(Supplementary Table S12) showed that Oligo2 subtype
displayed higher levels of metabolism processes that
were related to amino acid, lipids, and vitamin. In
contrast, Oligol tumors showed few enrichments of
metabolism signatures, such as hexosamine biosyn-
thesis, which indicated low metabolic activities
(Fig. 7a). Next, we further interrogated CGGA and
POLA cohorts and computed the metabolic scores,
consistent findings were observed (Fig. 7D,
Supplementary Fig. S7).

Association between gene alterations and immune
properties

Given the different immune and genomic properties
between two molecular subtypes, we further enquired

the potential association between them. Since the oli-
godendroglioma cell line is lack and hard to be estab-
lished, we chose glioblastoma cell lines LN229 (human)
and GL261 (mouse) to validate our findings. Gefitinib
and Crizotinib were used to inhibit EGFR and MET
signal pathways, respectively. The p-MET and p-EGFR
levels, and cell viability were reduced in the inhibitor
treatment groups (Supplementary Fig. S8a and S8Db).
Then, T-cell and monocyte migration were assessed by
cell co-culturation assays. LN229 cells treated with in-
hibitors showed decreased T-cell but stronger monocyte
chemotaxis ability (Supplementary Figs. S9c and S8d).

We also performed in vivo assays to validate the
immune-related functions of MET and EGFR. GL261
was intracranially injected, and the mice were treated
with inhibitors after tumor formation. As shown in
Supplementary Fig. S8e-S8g, EGFR and MET inhibi-
tion suppressed tumor growth and prolonged the
survival of mice. IHC staining displayed tumors with
inhibitor  treatment had more CD14+ cells,
TIGIT + cells, and CD206+ cells, but fewer CD3+ cells
infiltration (Supplementary Fig. S9). These results
indicated that EGFR and MET inhibition could impact
the immune cell infiltration in gliomas.
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Fig. 8: Overview of immune subtypes of human oligodendrogliomas. We identified two expression-based subgroups in oligodendrogliomas,
and the clinical characteristics, somatic variations, DNA methylation data, transcriptional data, immune infiltration, and metabolic enrichments

of these two immune subtypes were explored.

Discussion

This study represented the largest multi-platform
genomic analysis performed to date of oligoden-
drogliomas (CNS WHO grade 2 and 3). A simplified
graphical summary of the identified subtypes and their
main clinical and biological characteristics was showed
in Fig. 8. Our study identified two expression-based
subgroups in oligodendrogliomas and robustly repro-
duced this classification in two public datasets through
unsupervised analysis of immune-related gene profiles.
The clinical characteristics, somatic variations, DNA
methylation data, transcriptional data, immune infiltra-
tion, and metabolic enrichments of these two immune
subtypes were explored. Our findings extended the

www.thelancet.com Vol 87 January, 2023

molecular subtyping of oligodendrogliomas and deep-
ened our knowledge of immune heterogeneity within
this tumor.

The two acquired subtypes of oligodendrogliomas
had different patterns of DNA alterations. Oligol tu-
mors had a more aggressive histological and genomic
profile with higher mutation burden. The frequently
variated genes observed in Oligol tumors, such as
WNT2, SHH, WNTI11, FZD1, and SOXI17, were
involved in Wnt signaling pathway, which has been
implicated in the malignant progression of oligoden-
drogliomas.” EGFR mutations, which are characteristic
of approximately 40% of glioblastomas (GBMs) and
contribute to glioma behavior,”** were observed in 18%
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of Oligol tumors. Besides, altered genes annotated to
negative regulation of neurogenesis were frequently
observed in Oligol tumors. Since evidence suggests that
oligodendrogliomas originate in oligodendrocyte pre-
cursor cell (OPC),”* which can differentiate into oligo-
dendrocytes, astrocytes, and neural cells,” the
differentiation capacity would be lost in Oligol tumors.
In addition, genes involved in semaphoring-plexin
pathway, known as key regulator of GBM cell growth
and survival,””* were significantly altered in Oligol
group. Consistently, the DNA methylation and tran-
scriptome expression changes in Oligol tumors dis-
played similar signal pathway enrichments, such as Wnt
signaling pathway (Supplementary Fig. S4). These
findings suggest that Oligol tumors might be candi-
dates for therapeutic strategies aiming at Wnt signaling,
EGFR, differentiation or semaphorin-plexin pathway,
which needs further exploration and investigation.

Despite several immunotherapeutic approaches,
such as checkpoint blockade, cytokine therapy, cellular
therapy, and vaccines, have been proven to work well in
treating many malignant cancers,”** immunothera-
peutic modalities yield limited success in gliomas.
CTLA-4 and PD-1 inhibitors have failed in clinical trials
of gliomas.” EGFRvlIl-targeted peptide vaccine (Rin-
dopepimut) displays no significant improvement in
median OS of GBM patients.”® A comprehensive un-
derstanding of tumor immune microenvironment and
precise immune subtyping are critical for improving the
efficacy of current immunotherapies. Through several
immune-related tools, we enquired the immune infil-
tration of two immune subtypes. Oligo2 group showed
higher levels of immune, stromal scores, and myeloid
cells, as well as increased functions of APC and T-cell
co-inhibition. Moreover, Oligo2 tumors highly
expressed several inhibitive checkpoint genes, such as
TIGIT, HAVCR2, LAIR1, LGALS9, PDCDI1LG2, and
C10orf54. These findings suggest that the TME of
Oligo2 tumors is highly immunosuppressive, and im-
munotherapies targeting at inhibitive checkpoints might
be effective in this tumor subtype.

It is increasingly clear that tumors have heteroge-
neous metabolic preferences and dependencies. Within
the given tumor, cancer cells display various metabolic
pathway enrichments.”* In addition to the well-known
Warburg effect, growing evidence reveals that gluta-
mine, fatty acids, and ketones can be utilized by cancer
cells through tricarboxylic acid cycle (TCA) or mito-
chondrial oxidative phosphorylation.®"** Besides, several
metabolic pathways are significantly correlated with
clinical outcome and have potential prognostic value.
Carbohydrate and nucleotide metabolism, for instance,
are associated with poor prognosis, whereas TCA and
lipid metabolism imply better outcome.**** Consistently,
Oligo2 tumors, exhibiting higher levels of metabolism
involved in lipids, had favorable outcome. Oligol pa-
tients, with poor outcome, are significantly associated

with high level of hexosamine biosynthesis pathway
(HBP). HBP, a shunt pathway of glycolysis, is a meta-
bolic node in cancer cells that can promote survival.®*
Targeting HBP might be a potential therapeutic
vulnerability in Oligol tumors.

Growing studies show that metabolic heterogeneity
with the tumor environment influences the local im-
mune cell function and might lead to immunotherapy
failures. For example, lactate derived from cancer cells
inhibits T-cell and NK-cell function and suppresses
monocyte activation and differentiation of dendritic
cells.*”* Cancer cells will suppress T-cell activation by
excessive consumption of nutrients, inhibition of
glucose and glutamine will impair T-cell proliferation
and function.””° Here, Oligo2 tumors, with higher
scores of metabolism processes that were related to
amino acid, lipids, and vitamin, showed increased
functions of APC and T-cell co-inhibition. These results
implied potential correlation between the specific
metabolism processes and T-cell function, which
required to be studied further.

In order to reveal the association between genomic
alterations and immune infiltration which differed in
these two subtypes, we performed in vitro and in vivo
assays using EGFR and MET inhibitors. Our results
showed that EGFR and MET inhibition in glioblas-
toma cells reduced T-cell migration but increased
monocyte migration. Unfortunately, we lacked oligo-
dendroglioma cell lines to further validate our bio-
informatic findings, since this cell lines were
unavailable and difficult to establish. Moreover, the
molecular mechanism of EGFR and MET regulation
on T cell and monocyte migration remains unclear
and needs to be further explored. Performing secre-
tomic analysis might help us reveal the potential
regulatory mechanism.

In summary, our study introduced a new immune
classification in oligodendrogliomas, which comprised
two robust clusters with distinct prognosis, somatic
variation, immune infiltration, and metabolic pheno-
type. Further investigation of this immune classifier in a
larger cohort of patients is needed to determine its
potential use as predictive biomarker.
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