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Abstract: Immunocharacteristics-based typing strategies can be used to reflect the similar status of tumors.
Therefore, we aimed to demonstrate whether the immune subtypes of GBM have independent prognostic efficacy
and whether these subtypes can be used as clinical guidance for predicting the progression of GBM and determin-
ing drug sensitivity. In this study, we found that patients with GBM were divided into three conserved immune-relat-
ed subtypes based on the infiltration level of immune cells, including immunosuppressed, moderate immunoactiv-
ity, and high immunoactivity. Regarding the relevant clinical significance, the high immunoactivity in GBM indicates
the worst survival, which exhibited the highest levels of oncogenic activity, including angiogenesis, tumor-associated
macrophages and tumor-associated fibroblasts, indicated worst survival. The immunosuppressive subtype of GBM
was more likely to carry epidermal growth factor receptor mutations and MGMT methylation, and belong to the clas-
sical and proneural subtypes; however, but the high immunoactivity subtype was not. The immune subtype-specific
transcription factors (TFs) regulatory network indicates that specific TFs drive the construction of each immune
subtype, and that these subtype-specific TFs are more prone to internal TFs regulation. Furthermore, the immuno-
suppressed and moderate immunoactivity subtypes were significantly correlated with the drugs sensitivity, whereas
the high immunoactivity subtype was not, indicating that GBMs with high immunoactivity were refractory. We also
found that obatoclax mesylate, NPK76-11-72-1, gemcitabine, TAK-715 are potential drugs for the treatment of refrac-
tory GBM based on drug sensitivity models of different immune subtypes. Therefore, we demonstrated that the
immune subtypes of GBM have independent prognostic efficacy and can be used as clinical guidance for predicting
the progression of GBM and drug sensitivity. Most importantly, this study is expected to provide a pathway for the
development of effective drugs for treatment of refractory GBM.
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Introduction

Glioblastoma multiforme (GBM) is the most
common primary malignant brain tumor, which
accounts for approximately 57% of all gliomas
[4, 2]. Since GBM is highly susceptible to recur-
rence after the maximal safe surgical resec-
tion, can develop resistance to the convention-
al fractionated radiotherapy and standard
temozolomide chemotherapy, and exhibits an

extremely poor clinical prognosis [3, 4]. Cancer
immunotherapy is a newly advanced therapy
that results in effective clinical outcomes by
achieving long-lasting tumor remission in many
defined cancer types [5]. However, many stud-
ies have shown that immunotherapy has a
great difference in the therapeutic effects on
the same cancer, especially in GBM [6, 7].
Monoclonal antibodies against PD-1, PD-L1
and CTLA-4 have been used in clinical trials. A
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Phase Il trial showed that nivolumab, a mono-
clonal antibody against PD-1, did not prolong
the median overall survival in recurrent GBM
compared with bevacizumab [8]. Nivolumab in
combination with ipilimumab, a monoclonal
antibody against CTLA-4, did not significantly
improve the clinical outcome as well [9]. Two
other retrospective studies revealed that anti-
PD-1 salvage therapy did not provide survival
benefits to patients with recurrent high-grade
gliomas [10, 11]. Thus, understanding why
GBM outcomes differ among patients receiving
the same treatment, especially the underlying
mechanism, is the cornerstone of a more com-
prehensive approach to improve diagnostic
accuracy and individualized treatments.

In this study, we analyzed the correlation
between the immune microenvironment of
GBM and drug sensitivity. Patients with GBM
were clustered into three conserved immune-
related subtypes based on the level of immune
cells infiltration: immunosuppressed, moderate
immunoactivity, and high immunoactivity. We
found that these immune-related subtypes
could predicts the survival status with higher
levels of immune infiltration, higher protumor
activity, and worse overall survival (0S) and the
progression free survival (PFS). For the underly-
ing mechanism, we found that specific tran-
scription factors (TFs) drive the formation of
different immune subtypes in GBM, and there
is a significant relationship between immune
subtype-specific TFs and anti-tumor drug sensi-
tivity. TFs that drive high immunoactivity tend to
exhibit poor drug sensitivity. However, there
was a high level of anti-tumor drug sensitivity in
the driving TFs of the other two immune sub-
types. Therefore, this study is the first to reveal
that there are three conserved immune-related
subtypes in GBM, and that the immune infiltra-
tion status could predict clinical prognosis.
Most importantly, we were the first to identify
the relationship between the specific immune-
related subtype driving TFs and the sensitivity
of anti-tumor drugs. Most importantly, we
believe that these findings may provide impor-
tant scientific clues for GBM treatment in the
future studies.

Materials and methods
Databases and preprocessing

The Cancer Genome Atlas (TCGA) GBM (TCGA-
GBM) genome transcriptome data (RNA-seq),
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genome mutation data (WES) and the related
clinical information obtained from 153 patients
with GBM, were downloaded from the cBioPor-
tal database (https://www.cbioportal.org/) and
used as the analysis set. RNA-seq data includ-
ed the count and Fragments Per Kilobase of
transcript per Million mapped reads (FPKM)
expression profiles [12]. For genome mutation
data, silent mutations were removed by prepro-
cessing. The FPKM expression spectrum was
log-processed (log2FPKM). Survival data, OS,
PFS, and clinical phenotype data (including
age, sex, and whether radiotherapy had been
received) of patients with GBM, and the ex-
pression subtype, MGMT methylation status,
and IDH1/TP53/EGFR mutation status of GBM
samples, were also downloaded. A dataset that
included the clinical information and transcrip-
tome data (GSE4412) of 85 patients was down-
loaded from the Gene Expression Omnibus
(GEO) resources platform (https://www.ncbi.
nim.nih.gov/gds) and used as the validation set
[13].

Construction of immune subtypes in GBM

We obtained 22 gene sets of immune cell
types based on previous human studies and
29 gene sets of tumor microenvironment char-
acteristics (TME 29 FGEs) based on previous
studies, including 20 immune cell characteris-
tics and nine cancer-promoting characteristics
based on mRNA expression levels (log2FPKM)
of the related immune cells in these GBM
samples [14-16]; The infiltration level (also
called immunoactivity) and oncogenic charac-
teristic activity of these immune cells in these
samples were calculated using the single-sam-
ple Gene Set Enrichment Analysis (SSGSEA)
method. In addition, we calculated the infiltra-
tion level of immune cells according to the
MCP-counter and Timer2.0 methods [17, 18].
For TCGA-GBM analysis and GSE4412 GBM
independent validation set samples, the unsu-
pervised hierarchical clustering method was
used to perform cluster analysis on GBM sam-
ples according to 22 immune cell infiltration
levels, and the optimal cluster number of sam-
ples was determined using inflection point
method.

Evaluation of the characteristic of TMZ among
immune subtype-specific GBM

To evaluate the FPKM expression profile data,
the R package ESTIMATE was used to calculate
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the immune and stromal scores based on the
proportion of stromal and immune cells [19].
The CYT activity score was calculated using
the mean of GZMA and PRF1 gene expression
(log2FPKM) [20, 21]. The IFN-y pathway and its
genes were collected from the Molecular
Signature Database (V7.4), and the activity
score of IFN-y pathway was calculated using
the ssGSEA method. Two tumor-promoting
features, angiogenesis and cancer-associated
fibroblasts, were isolated from the TME 29
FGES. Statistical tests were used to explore
differences in these characteristics between
immune subtypes: the Kruskal_Wallis test was
used for significance analysis between multiple
groups, and the Wilcoxon rank sum test was
used for significance analysis between two
groups. We used the expression levels of the
samples (log2FPKM) to conduct a classification
analysis of GBM samples using the Louvain
community classification method and then
mapped the immune subtypes into the Louvain
community classification [16]. By extracting
the activity levels of some tumor microenviron-
ment features (including natural killer cells,
oncogenic features, and angiogenesis), their
distributions in different sample subtypes were
characterized. In addition, we used heat maps
to show the activity levels of nine oncogenic
features in the TME and their distribution in dif-
ferent immune subtypes.

Compatrison of clinical features and prognostic
efficacy among immune subtype-specific GBM

Based on the immune subtypes of GBM sam-
ples, we used the log-rank test to explore the
differences in survival time, including OS and
PFS, among immune subtypes, and then used
the R-package survival to draw Kaplan-Meier
curves of the patients with different subtypes.
Univariate Cox regression analysis was used to
characterize the prognostic efficacy of immune
subtypes. Clinical characteristics (including
age, sex, and whether radiotherapy has been
received), the distribution of expression sub-
types, MGMT methylation status, and IDH1/
TP53/EGFR mutation status in different sub-
types were explored. Multivariate Cox regres-
sion analysis was used to explore whether the
immune subtypes were independent of other
clinical variables.

Analysis of functional enrichment among im-
mune subtype-specific GBM

DESeq2 based on gene expression level
(count), and differential expression genes
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between subtypes were screened based on
thresholds (FC >1.5 or FC <2/3, FDR <0.05,
Benjamini & Hochberg corrected significance
level). The differentially expressed genes of all
subtypes were extracted from the samples
compared with other samples, and those of the
GBM immune subtypes were obtained through
intersection processing. Subsequently, these
differentially expressed genes were analyzed
for gene ontology (GO) functional enrichment
(BP, CC, and MF) and KEGG pathway enrich-
ment using the R-packet ClusterProfiler. The
topl5 GO terms and top 20 enrichment path-
ways were screened out and displayed accord-
ing to the significance level.

Construction of immune subtype-specific TFs
regulatory network

The GBM regulator was downloaded from Viper
(http://califano.c2b2.columbia.edu/viper). The
master regulator of each immune subtype was
identified according to the genome expression
level of GBM samples (log2FPKM) based on
the Viper algorithm (each subtype was com-
pared with all other subtypes) [22], and TFs
specific to the immune subtype were extracted.
Finally, we calculated the mutual information
between TFs using the R package (MINET). In
general, the correlation number reflects the lin-
ear correlation between variables, whereas
mutual information directly considers the mutu-
al independence between variables from the
perspective of the probability distribution.
Mutual independence is not necessarily corre-
lated and non-correlation is not necessarily
independent. Using the mutual information
method can eliminate information loss caused
by correlation. Therefore, a regulatory network
between TFs was constructed according to the
mutual information between TFs (weight > 0.1).

Drug sensitivity analysis based on immune
subtypes

We expressed data from the Genomic of Drug
Sensitivity in Cancer (GDSC) database (https://
www.cancerrxgene.org/), cell lines (array data),
drug response information (logIC50), and joint
TCGA-GBM sample expression spectrum (FP-
KM), using the R package to eliminate the sva
batch effect. Combined with this information, a
ridge regression model was constructed using
the Ridge package to predict drug sensitivity in
patients within the TCGA-GBM dataset [23].
During processing, more than 10 drug sample
with values of O were removed. Spearman’s
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rank correlation was calculated according to
the expression levels of TFs specific for each
immune subtype in the GBM samples (log2FP-
KM). We selected each specific immune sub-
type TF according to the correlation coefficient
of |R| >=0.2 and significant P.adj < =0.01 and
the relationship between drugs on. To charac-
terize the specificity of drug-related TFs of
each immune subtype, we required that the
number of TFs related to a certain drug in the
same subtype should exceed 60% of the num-
ber of TFs specific to all subtypes, and then
determine the relationship between TFs and
drugs for subsequent analysis. Information on
the interactions between drugs targets and
pathways was downloaded from the GDSC
database. By calculating the Pearson correla-
tion between the expression level of immune
subtype-specific TFs and the expression level
of corresponding drug targets, significant TFs
and target pairs were selected, and a network
diagram of the TFs-drug-target-pathway was
drawn using Cytoscape (V3.5.0) software com-
bined with drug and pathway information.

Statistical analysis

GraphPad Prism 8 (GraphPad Software Inc.,
USA) was used to perform the statistical analy-
ses and chart making. All statistical analyses
were performed using R statistical language
(version 4.0.5). Wilcoxon and Kruskal-Wallis
tests was used for the significance comparison
between two groups and multiple groups,
respectively. The Kaplan-Meier plotter was
used to draw the prognostic survival curve, and
the log-rank test was used to evaluate the sig-
nificance of the statistical difference. Spear-
man’s test was used for correlation analysis
and calculation of correlation coefficient. All
survivorship curves were generated using R
package. The OS and risk scores were calcu-
lated using the R package survival and cutoff
values determined. Based on the dichotomized
risk scores, patients were grouped into high or
low risk score in each data set, and the compu-
tational batch effect was reduced by the R
package sva. In all analyses, each group of
experiments was repeated at least three times,
standard deviation (SD) was calculated to indi-
cate the variation within each experiment and
data, and values represent mean + SD. P <
0.05 was considered statistically significant.
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Results

Immune subtypes of GBM and their oncogenic
features

Subgroup analysis can be used to reflect the
similar state of tumors, thus, helping personal-
ize treatment. In this study, we analyzed the
level of immune infiltration in GBM samples
and constructed a cluster spectrum. Briefly, 22
immune cell-specific marker gene sets were
obtained based on previous studies, and the
infiltration level of immune cells was calculated
using the ssGSEA method. The 153 TCGA-
GBM samples were then divided into three
classes (immune subtypes) using unsupervised
hierarchical clustering based on the level of
immune cell infiltration. Cluster 1 was charac-
terized by immunosuppression and included 58
cases; Cluster 2 was characterized by moder-
ate immunoactivity and included 58 cases;
and Cluster 3 was characterized by high immu-
noactivity and included 17 cases (Figure 1A,
top panel). In addition, we used the McP-
counter and Timer2.0 methods to calculate the
infiltration level of immune cells in these GBM
samples, and found that consistent classes
were constructed compared to hierarchical
clustering (Figure 1, middle and below panel).

To explore the oncogenic features of different
immune subtypes in GBM, we firstly performed
a survival analysis on these identified immune
subtypes. We found significant differences in
0OS and PFS among different immune subty-
pes in patients with GBM, which were charac-
terized by the worst OS and PFS in Cluster 3,
indicating that high immunoactivity in GBM
predicts poor clinical prognosis (Figure 1B). To
explain this phenomenon, we obtained nine
cancer-promoting signatures of TMEs from pre-
vious studies, including angiogenesis, endo-
thelium, matrix remodeling, cancer-associated
fibroblasts, matrix, neutrophil signature, tumor-
associated macrophages, protumor cytokines,
and granulocyte traffic. Oncogenic activity was
calculated using the ssGSEA method, and we
found that patients in Cluster 3, who exhibited
shorter survival time, showed stronger onco-
genic characteristics, whereas patients in
Cluster 1 who exhibited longer survival time,
showed inhibition of oncogenic characteristics
(Figure 1C).
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Figure 1. Unsupervised hierarchical cluster analysis based on immune activity levels in TCGA-GBM samples and the clinical relevance analysis. A. Heat map of the
immune activity levels calculated using the single-sample GSEA (ssGSEA) method, MCP-counter, and Timer2.0 methods. B. GBM sample survival analysis among dif-
ferentimmune subtypes, including OS and PFS. C. Heat map showing activity levels of oncogenic features among immune subtypes. The activity levels of oncogenic
characteristics were calculated using the ssGSEA method.

1282 Am J Cancer Res 2023;13(4):1278-1294



The signature of immune subtype recommends drugs for refractory glioblastoma

A Cluster3 Cluster2

B o

cws

c\““’ c\““'ﬂ

A
flie

RN e Cluster
NK cells

lls
8 cells
| Th1 signature

Ill Il 1

hib
mf =

Al_._#

.'u‘.

MHCII

Effector cell traffic
M1 signature
ppression of M

Th2 signature
I I II | Treg

Antitumor cytokines

yeloid
|[ Madophageand DC traffic

cells traffic
[ TregandThZuafﬁc

,|||I M g e
| Covsumulato:ymepms

Checkpoint molecules
Co—stmulaloty ligands

Cells

Cluster1
l

Ly,

Cluster
Th2 cells
iDC
B-cells
| Eosinophils
CD4+ Tem
| Monocytes
CD4+ T-cells
Memory B-cells
feDC
CD8+ Tecm
CD4+ Tem
Tgd cells
CD8+ Tem
aDC
Tregs
Macrophages
1 NK cells
Th1 cells
Mast cells
Neutrophils
CD8+ T-cells
NKT

Lt

i LI

Immune Cluster
=k Cluster1
= Cluster2
= Clusterd

e
bt
o

<0.0001

0.787

o
g

Overall survival

o
n
&

0.00

40
Time in Months

0 20

No. at risk:

56
15

2
2
14 0

=X-T

Figure 2. Unsupervised hierarchical cluster analysis based on immune activity levels in validation set and the clini-
cal relevance analysis. A. Unsupervised hierarchical cluster analysis based on immune activity level in validation
set (GSE4412-GBM sample). The level of immune activity was calculated using the ssGSEA method. B. Heat map
display of immune signature activity levels. The level of immune activity was calculated using the ssGSEA method.
C. Kaplan-Meier curve represents survival analysis between subtypes of confirmatory concentrated immunity.

These results indicated that GBM can be clas-
sified into subtypes based on the level of
immune cell infiltration.

Validation analysis of the immune subtypes in
GBM

To confirm the conservation of these immune
subtypes in GBM, we downloaded a data set of
85 GBM samples as an independent validation
set. The infiltration level of the gene set of 22
immune cell markers, according to previous
studies, was calculated using ssGSEA. Using
unsupervised hierarchical cluster analysis, the
GBM samples were grouped into three Clusters:
Cluster 1 with 55 samples, Cluster 2 with 15
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samples, and Cluster 3 with 14 samples.
Among these Clusters, patients in Cluster 3
showed the highest immunoactivity (Figure
2A). We obtained immune signatures of TMEs
from previous studies and found that the activ-
ity level of immune signatures was the highest
in Cluster 3, which was consistent with hierar-
chical clustering (Figure 2B). In addition, based
on this validation set data, we also found that
patients’ OS showed significant differences
among different immune subtypes, and OS was
significantly worse in Clusters 3 than Cluster 1
(Figure 2C).

These results indicate that the immune sub-
types in GBM is conserved.

Am J Cancer Res 2023;13(4):1278-1294
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Figure 3. Louvain community classification analysis. A. Louvain community classification map shows the classifica-
tion of different immune subtypes of GBM samples. B-D. Natural killer cell activity, oncogenic characteristic activity,
and angiogenic activity level in DIFFERENT immune subtypes of GBM samples. The activity levels of each feature
was calculated using the ssGSEA method. The bluer the color, the lower the activity, and the redder the color, the

higher the activity.

Characteristics of TME among immune sub-
types

To explore the characteristics of the TME among
these immune subtypes, we first used the
Louvain community classification method to
conduct a classification analysis of GBM sam-
ples, and these GBM samples were mapped as
immune subtypes into the Louvain community
classification (Figure 3A). Next, we described
the distribution of the activity levels of some
immune and oncogenic traits in different
immune subtypes. The results showed that the
natural killer cells (Figure 3B), oncogenic fea-
tures (Figure 3C), and angiogenic features
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(Figure 3D) showed higher activity levels in
Cluster 3 patients. Next, we demonstrated the
distribution of immunoactivity and the activity
levels of oncogenic characteristics among dif-
ferent immune subtypes using a box diagram.
The results showed that there were significant
differences in immunoactivity and activity lev-
els of oncogenic traits, and the patients in
Cluster 3 had significantly stronger immune
score, matrix score, CYT activity and IFN-y activ-
ity, as well as the tumor-associated fibroblasts
activity and angiogenesis activity (Figure 4A-F).
However, the patients in Cluster 1 showed sig-
nificantly lower levels of the above immunoac-
tivity and oncogenic characteristics.
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ity and angiogenesis activity. Kruskal-Wallias test was used for significance analysis between multiple groups, and
Wilcoxon rank sum test was used for significance analysis between two groups.

Thus, these results indicate that the activation
of immune infiltration in GBM is accompanied
by active pro-cancer features.

Clinical features and independent prognostic
efficacy among immune subtypes

We described the distribution of clinical fea-
tures among the different immune subtypes,
including age, sex, and whether radiotherapy
had been administered. We also described the
correlation between immune subtypes and
GBM sample expression subtypes, MGMT me-
thylation status, and IDH1/TP53/EGFR muta-
tion status (Figure 5A). The results showed that
patients in Clusters 1 and 3 were more likely to
be male, accounting for 61.4% and 85.7% of
patients, respectively, whereas the proportion
of male patients in Cluster2 subtype was
53.7%. The age distribution results showed
patients in Cluster 2 were more likely to be
elderly patients (age > 60 years), accounting for
61.1%, whereas Clusters 1 and 3 patients
accounted for 43.2% and 57.1%, respectively.
Genome mutation analysis revealed that pa-
tients in Cluster 1 were more likely to carry
EGFR mutations (39.7%), whereas patients in
Cluster 3 were more likely to carry TP53 muta-
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tions (41.2%). Through MGMT methylation sta-
tus analysis, we found that patients in Cluster
1 were more prone to MGMT methylation,
accounting for 12.3%, whereas patients in
Clusters 2 and 3 accounted for 3.9% and 0%,
respectively. Analysis of known expression
spectrum subtypes showed that patients in
Cluster 1 were more likely to belong to the
classical and proneural subtypes, accounting
for 49.1% and 31.6%, respectively. Patients in
Cluster 3 were more likely to belong to the
mesenchymal subtype, accounting for 93.8%.
Notably, a significant correlation was observed
between the immune subtypes and subtypes
with known expression profiles.

We then analyzed the prognostic efficacy of
the immune subtypes and found that Cluster 3
was a significant risk factor, with worse OS
(Figure 5B) and PFS (Figure 5C) than Cluster 1.
Moreover, Cluster 2 was a significant risk factor
for worse PFS than Cluster 1 (Figure 5C). Next,
we adjusted for the effects of clinical factors
(including age, sex, and radiotherapy) and
found that Cluster 3 had a worse OS (Figure
5D) and PFS (Figure 5E) than Cluster 1 as an
independent risk factor.

Am J Cancer Res 2023;13(4):1278-1294
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These results suggest that GBM immune sub-
types have independent prognostic efficacy.

Enrichment analysis of functional pathways of
differential genes between immune subtypes

To explore the underlying mechanism for driv-
ing these three immune-specific types in GBM,
we performed the enrichment analysis of differ-
entially expressed genes according to the
expression level of genes in immune subtypes,
and differentially expressed genes among sub-
types were screened according to thresholds
(FC>1.50r FC<2/3, FDR £0.05). We obtained
137 differentially expressed genes of the GBM
immune subtypes by the intersection of differ-
entially expressed genes of the three subtypes.
Functional enrichment analysis was conducted
on genes differentially expressed in the GBM
immune subtypes, which were enriched in 61
BP, 21 MF, 11 CC, and 24 KEGG pathways. The
top 15 GO terms and Top 20 Pathways were
screened and displayed according to their
significance rankings. GO terms showed that
GBM immune subtype-specific differentially
expressed genes were mainly enriched in extra-
cellular matrix organization and signaling rece-
ptor regulator activity (Figure 6A-C). KEGG
pathway terms showed that PI3K-Akt signaling
Pathway and TGF-B signaling pathways were
mainly enriched (Figure 6D).

Thus, these results indicated that there were
significant differences in the expression pat-
terns of genes involved in driving these specific
immune infiltration subtypes.

Immune subtype-specific TFs regulatory net-
work contributes to drug sensitivity analysis

Because of the significant differences in the
expression patterns of the genes involved in
driving these specific immune infiltration sub-
types, we further explored the related TFs.
Based on the Viper algorithm, we identified the
master regulator and specific TF of each im-
mune subtype. The result showed that Clusters
1, 2, and 3 contained 29, 18, and 64 specific
TFs, respectively. Next, we calculated the mutu-
al information between these TFs based on
their expression levels and constructed a regu-
latory network among these TFs (Figure 7). For
example, The TF. SMARCA of Cluster 1 has a
mutual regulatory relationship with multiple the
TF. TFZNF696 in Cluster 2 and TF. TCF7L2 of
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Cluster 1 internal subtype, EWSR1 and other
subtypes, and TF. PKNOX2 and TF. SREBF2 in
Cluster 3 (Figure 7). In addition, Figure 7 shows
that subtype-specific TFs are more prone to
internal TFs regulation.

To explore the drug sensitivity based on the
above TFs, pharmacogenomic data were down-
loaded from the GDSC, and ridge regression
was used to predict drug sensitivity in patients
with GBM based on lung adenocarcinoma cell
line expression data and drug response infor-
mation (loglC50). By analyzing the correlation
between the expression levels of each immune
subgroup-specific TFs and drug sensitivity, we
found that different immune subtype-specific
TFs presented different correlation patterns
with the drugs (Figure 8). For Cluster 2-specific
TFs, the expression level showed a significant
negative correlation with drugs, such as TGIF2
and temozolomide, commonly used as anti-
cancer drugs for GBM. Cluster 1-specific TFs
showed significant correlation with more drugs,
especially positive correlation with some drugs,
such as the PI3BK/MTOR drugs temsirolimus
and GSK690693 and IGF1R inhibitor BMS-
536924. However, there was no significant cor-
relation between Cluster 3-specific TFs and
their susceptibility to these drugs, indicating
that GBM in Cluster 3 is refractory. Only four
drugs-obatoclax mesylate, NPK76-11-72-1, gem-
citabine, and TAK-715-were significantly corre-
lated with Cluster 3-specific TFs.

Thus, these results indicate that TFs that drive
the formation of different subtypes of immune
infiltration are specific, and that differences in
TFs affect therapeutic sensitivity to drugs. GBM
cells which with high immune-infiltration activi-
ty have poor drug sensitivity.

Discussion

GBM is the most aggressive malignant tumor of
human central nervous system; however, its
prognosis is poor [7]. It should be noted that
there is a significant difference in the survival
prognosis of patients with GBM. One important
reason is that patients with GBM have large dif-
ferences in sensitivity to postoperative adju-
vant drug therapy. The classification of immune
subtypes and clinical significance of gliomas
have been extensively studied in recent years.
Zhou’s study revealed that diffuse gliomas
could be divided into different immune-associ-

Am J Cancer Res 2023;13(4):1278-1294
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ated subtypes based on the expression profil-
ing of immune-related genes, and they demon-
strated that these immune-associated sub-
types could independently predict the clinical
prognosis and provide potential immunothera-
py targets for diffuse gliomas [24]. Zhu's study
found that lower-grade gliomas could be divid-
ed into four immunotypes, and the “immune-
rich” subtype that exhibits the highest immune
infiltration indicates poor survival expectation
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[25]. However, few reports exist on the classifi-
cation of the immune-infiltrating subtypes of
GBM and their sensitivity to drug therapy.

In this study, we found that GBMs can be con-
servatively divided into three immune subtypes
based on the level of immune cell infiltration
inside the tumor: immunosuppressed, moder-
ate immunoactivity, and high immunoactivity.
Clinical relevance shown that a high level of

Am J Cancer Res 2023;13(4):1278-1294
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Figure 7. Regulatory relationships among TFs specific to immune subtypes. Red: Cluster 1 specific TF; Green: Cluster
2 specific TF; Blue: Cluster 3 specific TF. The orange line represents the immune subtype TF belongs to; the grass
green line represents the regulatory relationship between TF based on mutual information analysis.

immune cells infiltrating is associated with poor
survival outcomes, including OS and PFS.
Previous studies have shown that immune infil-
tration in the TME affects cancer progression
and patient prognosis, and that tumor-infiltrat-
ing immune cells could be an independent pre-
dictor of cancer prognosis [26, 27]. In most
cases, tumors with high immune activity are
associated with better prognosis [28]; however,
our study indicated a contrasting phenomenon.
Similar studies have reported that high immune
activity or immune cell infiltration is associated
with worse prognosis in certain cancer types,
including gliomas [29-31]. Matsuo found that
higher immune activity was associated with
worse OS in patients with uveal melanoma and
low-grade glioma, and the underlying mecha-
nism is that epithelial or endothelial mesenchy-
mal transition was mainly induced in retinal pig-
ment cells or endothelial cells that comprise
the blood-retinal and blood-brain barriers,
which are unique structures of the eye and cen-
tral nervous system, respectively. Furthermore,
the expression of inflammatory chemokines,
particularly CCL5, was strongly correlated with
immune activity and was associated with poor
survival, particularly in these cancers [32]. Our
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study revealed that GBM with high immune
activity exhibited much stronger oncogenic
characteristics, including angiogenesis, endo-
thelium, matrix remodeling, cancer-associated
fibroblasts, matrix, neutrophil signature, tumor-
associated macrophages, protumor cytokines,
and granulocyte traffic.

Owing to the above relationship, immune-asso-
ciated subtypes have independent prognostic
efficacy in GBM. Based on these results, we
were interested in the molecular signaling path-
ways are involved in driving the emergence of
immune-associated subtypes in GBM and how
these molecular signaling pathways affect the
therapeutic outcome of GBM. We performed
enrichment analysis of differentially expressed
genes according to their expression levels in
these immune-specific subtypes. We found
that GBM immune subtype specific differen-
tially expressed genes were mainly enriched
through biological processes and pathways
which are highly correlated with cancer im-
mune microenvironment and clinical prognosis,
including extracellular matrix organization and
signaling receptor regulator activity, PI3K-Akt
signaling pathway, ECM-receptor interaction,

Am J Cancer Res 2023;13(4):1278-1294
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Wnt signaling pathway, and TGF-B signaling
pathway. The PI3K-Akt signaling pathway that
regulates the immune and inflammatory res-
ponses in glioma and other cancers has been
identified, and this pathway regulates the sen-
sitivity to immunotherapy [33-36]. The ECM-
receptor interaction pathway was found to be
highly correlated with immune cell-related
pathways in ovarian cancer and had significant
prognostic differences and immunological
characteristics [37]. The Wnt signaling pathway
is involved in regulating the treatment out-
come of IDH1 wild-type glioblastoma, as block-
ing the Wnt signaling pathway could improving
the hostile immunosuppressive microenviron-
ment [38]. The TGF-B signaling pathway is also
involved in glioma immune microenvironment
by regulating the regulatory T cells and further
promoting glioma cell stemness [39]. The TGF-3
signaling pathway have been shown to mediate
immune suppression, and its inhibition could
restore the immune surveillance in glioma
models [40]. These results revealed the critical
signaling pathways that drive the construction
of immune subtypes in GBM.

To explain how these immune-associated sig-
naling pathways affect the sensitivity of GBM to
chemotherapy, we analyzed the characteristics
of TFs upstream of the signaling pathway and
identified TFs specific to different immune
subtypes. The result revealed that specific TFs
are important factors driving the formation of
different immune subtypes in GBM, and that
these TFs are prone to internal regulation.
Among these immune subtype-specific TFs, 29
TFs driving the construction of a high immuno-
activity microenvironment showed no obvious
drug sensitivity to most anticancer compounds,
and did not react with these TFs. However, TFs
that drive the immunosuppressive and moder-
ate immunoactivity immune subtypes showed
significant sensitivity to anticancer compounds,
including temozolomide. Since MGMT methyla-
tion status is an important indicator for predict-
ing the sensitivity of temozolomide chemother-
apy in patients with GBM, we also evaluated
the correlation between the driving TFs of dif-
ferent immune statuses and the methylation
status of MGMT, and found that the TFs driving
the construction of a high immunoactivity
microenvironment in cluster 3 were prone to
the unmethylated status of MGMT compared to
the other two clusters.
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In this study, we also found four drugs with
potential therapeutic value for GBM that exhib-
ited a high immunoactivity microenvironment:
obatoclax mesylate, NPK76-11-72-1, gemcita-
bine, TAK-715. Obatoclax mesylate is a Bcl-2
family antagonist that exhibits anti-tumor
effects in small-cell and non-small cell lung
cancers [41-43]. Previous studies have indicat-
ed that Bcl-2 inhibitors, including obatoclax
mesylate, can restore temozolomide sensitivity
and inhibit GBM stem-like cells [44, 45].
NPK76-11-72-1 regulates the cell cycle by target-
ing PLK3, which has a lower IC50 in GBM than
in glioma according to the GDSC dataset.
However, there are few reports on its therapeu-
tic effects in GBM. Gemcitabine is an inhibitor
of DNA replication that mostly exhibits clinical
value in pancreatic cancer, non-small cell lung
cancers, breast cancer, and ovarian cancer
[46-49]. Gemcitabine has also been reported
to have an adjuvant therapeutic effect on glio-
mas [50, 51]. TAK-715 is an inhibitor of p38
MAP kinase [52], and p38 MAP kinase plays an
important role in cancer, such as stemness
maintenance of cancer cells and cancer metas-
tasis, indicating that TAK-71 has a potential
anti-tumor effect; however, there are few
reports to date [53]. Thus, these results sug-
gest a potential therapeutic drug for the refrac-
tory GBM.

In summary, this is the first study to explore the
relationship between the clinical prognosis of
GBM and the level of immune infiltration. The
activation of immune infiltration is closely relat-
ed to the poor prognosis of GBM, and the level
of immune infiltration can be used as an inde-
pendent predictor of the clinical prognosis of
GBM. Secondly, we analyzed the correlation
between drug sensitivity and TFs and found
that the relevant TFs that drive the activation of
immune infiltration subtypes were significantly
correlated with the insensitivity of GBM to
chemical drugs. Most importantly, we identified
four drugs for refractory GBM treatment, which
may provide new clues for the personalized
treatment of GBM in the future.
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