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Background:Glioma is the most commonmalignant brain tumor in adults, with its tumor-
promoting immune microenvironment always being intricate to handle with. Amounts of
evidence has accumulated to suggest that alternative splicing (AS) is related to tumor
immune microenvironment. However, comprehensive analysis of immune-related AS
events and their clinical significance are still lacking in glioma.

Methods: AS events and transcriptome data of 653 glioma patients were downloaded
online. ssGSEA was performed on transcriptome data of 653 patients to divided them into
low, medium and high immune cell infiltration groups. Immune-related AS events were
filtrated based on this grouping. Then lasso Cox regression analysis and multivariate Cox
regression analysis were done to achieve an immune-related AS events prognostic
signature for glioma. Kaplan-Meier analysis, ROC analyses, univariate Cox regression
and multivariate Cox regression were performed to reveal the independent prognostic role
of this signature. Meanwhile, a nomogram was constructed to achieved better prognostic
value for glioma patients. Besides, functional enrichment analyses and correlation
analyses with immune cells infiltration were used to validated the immune-related
characteristic of this signature.

Results: 36 immune-related AS events were achieved based on the grouping mentioned
above. A nine-immune-related alternative splicing event signature was built for glioma
patients. This signature showed an independent prognostic value and a nomogram
containing gender, age, Karnofsky performance score, grade, IDH status, MGMT
promoter status and risk score derived from the signature was constructed with a
higher predictive ability for overall survival. Association with the infiltration of immune cell
subtypes was validated and functional enrichment analysis found that the signature was
mainly enriched in immune-related and pro-tumor functions.

Conclusion: Our research presented all immune-related AS events in glioma, identified
an immune-related prognostic AS events risk model and a nomogram was constructed to
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predict the prognosis individually and more precisely. Tight connection was verified
between this signature and clinical characteristics. Also, immune cells infiltration and
immune checkpoints expression level were proved to link to risk scores, which enhanced
the understanding of relationship between AS events and glioma immune
microenvironment, firstly revealing the potential role of AS in immunotherapy of glioma.
Keywords: glioma, alternative splicing, immune microenvironment, prognosis, signature
INTRODUCTION

Glioma is the most common primary brain tumor which
accounts for 50% to 60% in the central nervous system (1).
Glioblastoma (GBM), as the most malignant type of glioma, has
the worst outcome with the median survival time only
approximately 15 months (2, 3). Recently, immune suppressive
microenvironment, a complex system consisting of tumor cells
and non-tumor immune cells, was proved as a key factor for
tumor development (4). In glioma, several kinds of infiltrated
immune cells have been proved to enhance the aggressiveness of
cancer such as tumor associated macrophages (TAMs),
regulatory T cells (Tregs) and myeloid-derived suppressor cells
(MDSCs) (5, 6). Hence, an improved understanding of the
molecular mechanism underlying the immune characteristics
of glioma is urgently needed.

Alternative splicing (AS), a ubiquitous process by which a
single pre-mRNA can generate diverse mature mRNAs and then
expand the protein diversity, providing the potential for
functional and regulatory complexity in cells (7). Genome-wide
studies showed that 90% to 95% of human genes undergo some
level of alternative splicing, and almost one-third of them were
proved to generate multiple protein isoforms (8, 9). Studies
demonstrated the physiological contribution of AS to the
tissue-identity acquisition, organ development and tissue
physiology; meanwhile, studies of AS also demonstrated its
involvement in multiple pathologies, including cancer (10).
Human cancers can take advantage of aberrant AS to develop,
grow and progress into therapy-resistant tumors (11). Recently,
the importance of AS on tumor immunity is gradually being
widely supported and increasing analysis of AS events have
demonstrated the independent oncogenic effects that could be
relevant to the suppressive immune microenvironment in
cancers (12–14).

To date, several prognostic signatures derived from AS events
has been identified in glioma (15, 16). However, to our
knowledge, researches on immune-related AS events in glioma
and their prognostic value are still lacking. Therefore, we aimed
to establish a prognostic signature with immune-related AS
events which can exactly predict the prognosis of glioma. In
this study, we downloaded transcriptome and clinical data of 653
glioma patients from the Cancer Genome Atlas (TCGA) and
obtained the corresponding data of AS events from the SpliceSeq
database. Then, we conducted a comprehensive profiling of
immune-related AS events in glioma and identified a
prognostic immune-related AS events signature, laying
foundation for immunotherapy and prognosis prediction.
2

MATERIALS AND METHODS

Data Collection and Pretreatment
The RNA-seq information and the clinical and pathological
variables of 653 GBM (glioblastoma) and LGG (low grade
glioma) samples were obtained from the TCGA database. The
data of AS events corresponded with the samples were obtained
from TCGA SpliceSeq database (https://bioinformatics.
mdanderson.org/TCGASpliceSeq/PSIdownload.jsp). AS events
were automatically detected and quantified using the percent-
spliced-in (PSI) metric based on long (L) and short (S) forms of
all splicing events presents (PSI = L/(L+S)). Briefly, for each
splicing event in one given gene, a PSI value is the ratio of
normalized read counts indicating inclusion of a transcript
element over the total normalized reads for that event (both
inclusion and exclusion reads) with the quantization interval
(0-1).

Filtration of Immune-Related AS Events
Firstly, aiming to stratify the 653 patients into subgroups
according to the level of immune infiltration, we used the
packages “GSVA” and “hclust” of R software based on ssGSEA
method. Subsequently, the samples were separately into three
immune subtype groups: high-immunity group (n = 107),
medium-immunity group (n = 134), and low-immunity group
(n = 412). To validate that the immune subgroups were feasible
to reveal the immune characteristics of the 653 samples, we
calculated the stromal score, immune score, estimate score and
tumor purity using the ESTIMATE algorithm. ESTIMATE is a
method that uses gene expression signatures to infer the fraction
of stromal and immune cells in tumor samples. It outputs
stromal, immune, and ESTIMATE scores by performing
ssGSEA based on the signatures related to stromal tissue and
immune cell infiltration. The formula for calculating
ESTIMATE-based tumor purity was developed as follows:
tumor purity = cos (0.6049872018 + 0.0001467884 *
ESTIMATE score) and the results of ESTIMATE were
exhibited in the form of a heatmap and boxplots (17).
Meanwhile, the expression level of human leukocyte antigen
(HLA) and CD274 (PD-L1) of the three subtype groups were
displayed by the virtue of R software. Finally, the differences of
the immune cells compositions in three immune subgroups were
revealed with a boxplot. Based on the immune-related
subgroups , by us ing “edgeR” package , AS events
whose PSI value were significantly different between three
immune subgroups were respectively filtrated out with the
criteria (|log2FC|>1 and p <.05). A venn plot was then
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constructed to show the intersectional part in both subgroups.
Taken together, the AS events filtrated were considered as
immune-related AS events.

Establishment and Evaluation
of the Signature
Univariate Cox regression analysis was then implemented to
identify OS (overall survival)-related AS events with p <.05 as the
criterion. Using lasso Cox regression with 10-fold-cross
validation and multivariate Cox regression, a signature
involving immune-related AS events and correspondent
coefficients were finally completed.

The formula to calculate the risk score for the diffuse glioma
patients each was:

Risk score = PSI1 ∗ b1 + PSI2 ∗ b2 +… + PSIi ∗ bi

where PSIi was the PSI value of the immune-related AS event, bi
was the correspondent regression coefficient. Upon the formula
was obtained, the correspondent risk score was figured out and
the samples were classified into high- and low-risk subgroups
with the median risk score serving as cut-off value. Subsequently,
Kaplan-Meier survival analysis was conducted to compare the
OS between the risk subgroups. The ROC analysis was
conducted to evaluate the ability to predict prognosis of diffuse
glioma. The correlation between risk score and clinical variables
such as age, gender, Karnofsky performance score, IDH status
and MGMT promoter status, were analyzed by the virtue of the
correlation analyses. The packages of R software used in this
section were listed here: “survival,” “UpSetR,” “glmnet,”
“survminer,” “survivalROC,” “limma,” and “ggpubr.”

Construction and Evaluation of Nomogram
Univariable and multivariable Cox regression analysis was
applied to access the relationship between risk score and age,
gender, grade, and clinical stage. A nomogram was established by
using TCGA dataset. The calibration plots showed the
prognostic predictive accuracy of the nomogram and the C-
index was also calculated. C-index is the probability that the
predicted outcome be consistent with the actual observed
outcome, evaluating the predictive efficiency of the model. It
has a value between 0.5 and 1, demonstrating progressive
predictive efficiency of model respectively: 0.50 to 0.70 (low),
0.71 to 0.90 (intermediate), and >0.90 (high). R package “rms”
was applied during these analyses. The predicting-performance
of the nomogram and other predictive factors (risk score, age,
WHO grade, IDH mutant state, Karnofsky performance score
and MGMT promoter status) for 1/3/5-year OS were accessed
using ROC curves.

Functional Enrichment Analysis
To analyze the function enrichment of the differentially
expressed genes (DEGs) between risk subgroups, the Gene
Ontology (GO) enrichment analysis and Kyoto Encyclopedia
of Genes and Genomes (KEGG) analysis were performed. The
DEGs between risk subgroups were filtrated with the enrollment
criterion (|log2FC | > 1 and p < 0.05).
Frontiers in Oncology | www.frontiersin.org 3
Correlation Analysis
Spearman correlation analyses were implemented to analyze the
correlation between risk score and CD8+ T-cell, T-cell regulatory
(Tregs), NK cells activated, macrophage (M1, M2), and
neutrophil immune infiltration data using CIBERSORT
deconvolution algorithm with R software. And Spearman
correlation analyses between risk score and expression of
immune checkpoints were also performed with the same
manner after tests for normal distributions (Kolmogorov-
Smirnova test and Shapiro-Wilk test).

Statistical Analysis
All statistical analyses and figures were accomplished and drawn
respectively by virtue of R software (version 4.0.3). The packages
used in this section included “limma,” “ggplot2,” “ggpubr,”
“ggExtra,” and “survival.” Significant differences were identified
if met the standard of p-value <.05 (two-side). “***”means p-value
< 0.001, “**” means p-value < 0.01, “*” means p-value < 0.05.
RESULTS

Grouping of Diffuse Glioma Samples
Based on the Immune Subtypes
653 diffuse glioma samples were obtained from the TCGA
database. The infiltration of immune cells was assessed using
the ssGSEA method with transcriptome data of the 653 samples.
The richness of multiple immune cell types of glioma was
evaluated under the participation of twenty-four immune-
related terms. To strengthen the accuracy, we divided the 653
samples into three groups: the high immune cell infiltration
group (n = 107), the medium immune cell infiltration group (n =
134) and the low immune cell infiltration group (n = 412)
according to the results of the immune infiltration using
unsupervised hierarchical clustering algorithm (Figure 1A). To
make sure that the grouping method was feasible, we applied the
ESTIMATE algorithm to evaluate immune score, stromal score,
ESTIMATE score, and tumor purity based on the expression
profile of glioma (Figure 1B). Comparing the immune score,
stromal score, ESTIMATE score, and tumor purity of the three
subtypes, we found that there was a significantly positive
correlation between immune cell infiltration groups and
ESTIMATE score, and the same was true of immune score and
stromal score (p <.01). As a matter of course, there was a
significantly negative correlation between immune cell
infiltration groups and tumor purity (p <.01). Meanwhile, the
expression of HLA family and CD274 (PD-L1) in the low &
medium infiltration groups was lower than that in the high
immune cell infiltration group, and the difference was significant
(p <.01) (Figures 1C, D). The next section was concerned with
the CIBERSORT method, it was established that the kind of
immune cells in the high immune cell infiltration group was
more plentiful than that in low or medium ones (Figure 1E).
Consequently, we demonstrated that our standard of
classification was feasible to continue our following analysis.
May 2021 | Volume 11 | Article 650153
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Identification of the Immune-Related AS
Events From Diffuse Glioma Samples
The PSI difference of AS events was analyzed under the standard
of |log2FC| > 0.5 and p < 0.05. Comparing to the low immune cell
infiltration group, there were 73 significantly different AS events,
containing 11 up-regulated and 62 down-regulated ones in
medium immune cell infiltration group (Figure 2A).
Respectively, compared with medium immune cell infiltration
group, there were 1904 significantly different AS events, with 472
up-regulated and 1432 down-regulated ones in high immune cell
infiltration group (Figure 2B). As shown in the Venn plot, there
were 37 significant different AS events which were sorted out by a
two-way Venn analysis (Figure 2C). Consequently, 36 out of 37
immune-related AS events were standard-compliant as one AS
event was removed as the variation trend was not consistent
during the enrollment process, and the other 36 immune-related
AS events were finally selected for our following research.

Identification and Assessment of Nine-
Immune-Related AS Events in Glioma
Using univariate Cox regression analysis, the results revealed that
the 36 selected AS events were all OS (overall survival)-related
(p < 0.05) (Table S1). To decrease the phenomenon of over-fitting
of prognostic signature, lasso Cox regression analysis was applied
to these AS events and 15 AS events were further selected.
Meanwhile, the optimal value of the penalty parameters was
identified through 10 rounds of cross-validation (Figures 3A, B).
Using stepwise multiple Cox regression analysis, nine AS events
were further filtrated from the above 15 AS events, including
IFITM3|13647| AP, PIK3R2|48396|AT, IL1RAP|68106|AT,
MYO10|71604|AT, FCER1G|8600|AT, ARHGAP15|55490|AT,
CARD6|71874|AT, SCPEP1|42600|AA, and ATP1B3|67084|ES
(Table S2). Risk scores were calculated separately for each
sample based on the PSI data of these nine AS events. The
formula of risk score = −14.36*IFITM3|13647|AP−2.80*PIK3R2|
48396|AT−6.70*IL1RAP|68106|AT+43.35*MYO10|71604|
Frontiers in Oncology | www.frontiersin.org 5
AT+20.32*FCER1G|8600|AT−5.25*ARHGAP15|55490|AT−2.39*
CARD6|71874|AT+2.11*SCPEP1|42600|AA+2.95*ATP1B3|
67084|ES. The 653 samples were then divided into high- and
low-risk groups based on the data of calculated risk scores.
Kaplan-Meier curves showed that the overall survival (OS) of
samples in the high-risk group was worse than those in the low-
risk group, indicating that the risk score was a valid prognostic
index (p < 0.001) (Figure 3C). To assess the risk scores and
survival status of each glioma sample, we plotted the generated
risk curves and scatter plots separately, and found that samples
from the high-risk group had higher risk coefficients and
mortality rates than those from the low-risk group (Figure
3D). The time-dependent receiver operating characteristics
(ROC) analysis revealed that the risk score was an OS-
predicting index as the AUC value were 0.871, 0.860, 0.812
separately for 1, 3, and 5 years (Figure 3E).

Stratification Analysis of the Prognostic
Signature Based on Clinical Features
The heatmap of the PSI data of these nine AS events in glioma
samples show that eight AS events are down-regulated in the
high-risk subtype while the MYO10|71604|AT is up-regulated in
high-risk subtype (Figure 4A). Moreover, as the heatmap and
boxplots shown (Figures 4A–F), the high/low subtypes were
significantly correlated with age, Karnofsky performance score,
grade, IDH status and MGMT Promoter Status with the p value
were less than 0.001. To illustrate more details, the patients of
high-risk subtype had lower Karnofsky performance score,
higher age, higher WHO grade, meanwhile, tended to have
mutant IDH and unmethylated MGMT Promoter (Figures
4B–F). Further, we validated the prognosis-predicting ability of
risk signature in subgroups by age, grade, IDH status and
MGMT promoter status (without Karnofsky performance
score due to censored data) with Kaplan-Meier curves. The
results all demonstrated worse prognosis in the high-risk
groups (Figure S1).
A B C

FIGURE 2 | Identification of immune-related alternative splicing events. (A) Differential AS events between low and medium immune cell infiltration groups.
(B) Differential AS events between medium and high immune cell infiltration groups. (C) Venn plot for the ultimate immune-related AS events.
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Construction and Validation
of a Nomogram
To identify whether the selected nine-immune-related AS events
can be qualified for prognostic signature of glioma, we conducted
univariate and multivariate Cox regression analyses and the
model revealed satisfactory prognostic efficiency independent of
clinical factors, for instances, gender, age, Karnofsky performance
score, grade, IDH status, and MGMT Promoter Status, as the
hazard ratio (HR) of risk score and the 95% confidence interval
(CL) were 1.178 and 1.157 to 1.199 in univariate Cox regression
(p < 0.001) (Figure 5A), and the results in multivariate Cox
regression analysis were 1.065 and 1.012 to 1.121 (p < 0.001)
(Figure 5B). To make our prognostic signature more applicable
for clinical use, we constructed a nomogram based on the data of
risk score, age, Karnofsky performance score, grade, and IDH
status to predict the OS of 1, 3, and 5 years (Figure 5C).
Meanwhile, the nomograms showed excellent concordance in
predicting the OS of 1, 3, and 5 years as the Calibration plots
revealed (Figures 5D–F). Using time-dependent receiver
operating characteristics (ROC) analysis, we found that the
nomogram based on nine-immune-related AS events showed
excellent sensitivity and specificity for the prognosis-prediction of
glioma, as the area under the curve (AUC) of the nomogram were
0.894, 0.922, 0.902 for 1, 3, and 5 years (Figures 5G–I).
Meanwhile, we calculated the C-index of the nomogram and
Frontiers in Oncology | www.frontiersin.org 6
the value was 0.852 (reflecting upper intermediate predictive
efficiency). On this basis, we validated the prognostic predictive
ability of the nomogram in subgroups by age, grade, IDH status,
and MGMT promoter status (without Karnofsky performance
score due to censored data) with AUCs. The results showed
strong prognosis-predicting ability in all subgroups (Figure S2).
These results together revealed the satisfactory prognostic
efficiency of the nine immune-related AS events for glioma,
which was a bright spot for the prognosis for glioma patients.

Enrichment Analysis and Correlation With
Immune Infiltration Cells Subtype
As our nine selected AS events were immune-related, gene
ontology (GO) enrichment analysis were then performed based
on the differentially expressed genes filtrated from the risk score
subtypes and indicated that the differentially expressed genes
were mainly enriched in projects linked to immunity, for
instances, neutrophil degranulation, neutrophil activation
involved in immune response, antigen processing and
presentation of peptide antigen, antigen processing, and
presentation of exogenous peptide antigen (Figure 6A).
Consequently, the bar plot of Kyoto Encyclopedia of Genes and
Genomes (KEGG) analysis revealed the enrichment in Fc gamma
R−mediated phagocytosis, HIF-1 signaling pathway, MAPK
signaling pathway, and so on (Figure 6B), which demonstrated
A B C

D E

FIGURE 3 | Construction of the prognostic signature based on the immune-related AS events. The LASSO regression analysis identified nine-immune-related
prognostic AS events (A, B). (C) Kaplan-Meier curves of low and high-risk groups. (D) Risk curves and scatter plots for each glioma sample. (E) Calculation the AUC
of 1-year, 3-year and 5-year survival rate according to the ROC curve.
May 2021 | Volume 11 | Article 650153
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the close connection between the differentially expressed genes
and immunity together with tumor aggressiveness. Consequently,
correlation analysis was performed to identify the correlation of
our immune-related prognostic signature and the subtypes of
immune cell infiltration in glioma. The spearman correlation
coefficients of NK cells activated cells, macrophages M1 cells,
macrophagesM2 cells, neutrophils cells, T cells regulatory (Tregs)
Frontiers in Oncology | www.frontiersin.org 7
cells, and T cells CD8 cells with risk score were, respectively
−0.44, 0.5, 0.32, 0.29, 0.16, and 0.16 (normal distribution tests’
results in Table S3) (Figures 6C–H). In view of the positive
relation between risk score and CD8+ T cell infiltration, the
distribution of immune checkpoints was stepwise researched and
the results showed that high-risk score signify high expression of
immune checkpoints (normal distribution test results inTable S4)
A

B

D E F

C

FIGURE 4 | Correlation between signature and clinical features. (A) Heatmap for nine AS events with clinical features. (B–F) Correlations between risk scores and
age, grade, IDH status, Karnofsky performance score and MGMT promoter status. (“***” means p-value < 0.001).
May 2021 | Volume 11 | Article 650153
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(Table S5). Moreover, according to the results in stratification
analysis that the risk scores were strongly related to IDH status, we
individually evaluated the correlation of risk scores with immune
infiltration cells subtype in IDH-wild type and IDH-mutant
gliomas to maximally reduce the bias derived from IDH status.
As the results showed in Figure S3, risk scores were positively
related to infiltrations of macrophages M2 cells and neutrophils
and negatively related to infiltrations of NK cells activated and T
cells CD4 memory resting in IDH-wild type gliomas (p < 0.05);
while risk scores were positively related to infiltrations of
macrophages M1 cells, NK cells resting and negatively related to
infiltrations of NK cells activated and mast cells activated in IDH-
mutant gliomas (p < 0.05). Meanwhile, we performed the similar
analyses in different molecular classifications of IDH-mutant
gliomas: oligodendroglioma, oligoastrocytoma and astrocytoma.
In oligodendroglioma, risk scores were positively related to
infiltrations of macrophages M1 cells and dendritic cells resting
(p < 0.05). In oligoastrocytoma, risk scores were positively related
to infiltrations of NK cells resting and mast cells resting and
negatively related to infiltrations of mast cells activated (p < 0.05).
In astrocytoma, risk scores were positively related to infiltrations
of macrophages M1 and NK cells resting and negatively related to
Frontiers in Oncology | www.frontiersin.org 8
infiltrations of NK cells activated (p < 0.05) (Figure S3). These
results established that AS events prognostic signature for glioma
was exactly linked with the immune microenvironment.
DISCUSSION

Glioma is a refractory tumor in central nervous system, and
almost all patients suffer recurrence or drug resistance (18). More
efficient methods are urgently needed for glioma therapy.
Previous research has established that tumor immune
microenvironment (TIME) can largely influence the clinical
outcomes of glioma (19–21). As focus had been put on intra-
tumor immune cells, different subtypes of intra-tumor immune
cells revealed brand-new functions on tumor cells. For instance,
Liang et al. verified that neutrophils can accelerate the
progression of glioblastoma in a S100-dependent manner and
served as a tumor-induced element (22). On the opposite,
dendritic cells (DCs) had been found available to act as an
autologous tumor vaccine to play a vital role in anti-tumor
effects, which enhanced the median survival time of
A B

C D E F

G H I

FIGURE 5 | A nomogram based on the AS signature and clinical features. Univariate (A) and multivariate (B) Cox regression analyses and the model revealed
satisfactory prognostic efficiency independent of clinical factors. (C) A nomogram based on the data of risk score, age, Karnofsky performance score, grade and IDH
status. (D–F) Calibration plots revealed the concordance in predicting the OS of 1, 3, and 5 years. (G–I) ROC curves were used to evaluate the predictive ability of
nomogram and other predictors.
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glioblastoma patients to 31.4 months compared to 14.6 months
of previous conventional therapy using radiotherapy and
adjuvant temozolomide as reported (23–25). Hence,
immunotherapy, as a potential treatment in improving TIME,
offers the possibility of extending lifespan of glioma patients.

New suitable antigen, mainly derived from mutation, is the
key factor in immunotherapy (12, 26). Meanwhile, alternative
splicing also contributes to protein complexity and can also
generate possible neoepitopes that are often overlooked by
researchers (27). In glioma, tumor mutational burden is
relatively low and patients’ responses to immunotherapy vary a
lot (28). We infer that alternative splicing may regulate the tumor
immunity to a great degree and the splicing-derived neoepitope
might be used as a prognostic indicator for response to
immunotherapy. Thus, we performed a comprehensive
exploration for the relationship between alternative splicing
and immune-related feature in glioma.
Frontiers in Oncology | www.frontiersin.org 9
In this study, the entire 36 immune-related prognostic AS
events in glioma were strictly screened in TCGA splicing events
database for the first time, and the prognostic signature with
nine-immune-related AS events in glioma was purposely
identified. The results demonstrated the ability of risk
signature in predicting the 1-, 3- and 5-year survival of glioma
patients with ROC curves. In addition, a nomogram that
combined the risk signature and clinicopathological factors
(age, Karnofsky performance score, grade and IDH1 status)
was established to predict 1-, 3- and 5-year survival rate of
glioma patients. Area under ROC curves and calibration plots
showed an outstanding performance of the nomogram.
Functional analysis and immune cell infiltration analysis once
again validated that the risk signature was related to immune
response and tumor microenvironment remodeling (29). It is
noteworthy that when we turn to our nine-immune-related AS
events, some of the corresponding genes turned out to be closely
A B

C D E

F G H

FIGURE 6 | Enrichment analysis and correlation with immune infiltration cells subtype. Gene ontology (GO) enrichment (A) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) (B) analysis based on the differentially expressed genes (DEGs) between high-risk score and low-risk score groups. (C–H) Correlation between
immune cell infiltration and risk score.
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related to the features of glioma. For instances, Wang et al.
reported that IFITM3 can promote TGF-beta induced invasion
of glioma through IFITM3/STAT3 axis (30); Li et al. reported
that IL1RAP participate in the progression of glioma by affecting
the synapse development and the differentiation of neuronal cells
(31). Meanwhile, several issues that arose in this study must be
addressed. First, the study was based solely on online database
sources. There is no cross validation for the results, which is
certainly a limitation in this study. It is necessary to validate the
results using other datasets and experiment in the future. Second,
though we discovered that alternative splicing is an important
process in glioma immunity, its detailed relationship with AS
remains unclear. Thus, this requires further research.
CONCLUSION

Our study identified nine-immune-related alternative splicing
events that were associated with glioma survival. The nine-
immune-related AS events prognostic signature for glioma was
associated with the immune-related functions and infiltration of
immune cells, which may be used as an indicator for
immunotherapy efficiency in the future.
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Supplementary Figure 1 | Validation of the prognosis-predicting ability of risk
signature in subgroups by age, grade, IDH status and MGMT promoter status
with Kaplan-Meier curves. (A) Subgroups by age. (B) Subgroups by IDH status.
(C) Subgroups by MGMT promoter status. (D) Subgroups by grade.

Supplementary Figure 2 | Validation of the prognosis-predicting ability of the
nomogram in subgroups by age, grade, IDH status and MGMT promoter status
with the area under the curve (AUC). (A) Subgroups by age. (B) Subgroups by IDH
status. (C) Subgroups by MGMT promoter status. (D) Subgroups by grade.

Supplementary Figure 3 | Exploring the relationship between risk scores and
immune cell infiltration in different subgroups. (A) IDH-wild type subgroup. (B) IDH-
mutant subgroup. (C) IDH-mutant oligodendroglioma subgroup. (D) IDH-mutant
oligoastrocytoma subgroup. (E) IDH-mutant astrocytoma subgroup.
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Garcia W, et al. Inferring Tumour Purity and Stromal and Immune Cell
Admixture From Expression Data. Nat Commun (2013) 4:2612. doi: 10.1038/
ncomms3612

18. Jiapaer S, Furuta T, Tanaka S, Kitabayashi T, Nakada M. Potential Strategies
Overcoming the Temozolomide Resistance for Glioblastoma. Neurol Med
Chir (Tokyo) (2018) 58:405–21. doi: 10.2176/nmc.ra.2018-0141

19. Lieberman NAP, DeGolier K, Kovar HM, Davis A, Hoglund V, Stevens J, et al.
Characterization of the Immune Microenvironment of Diffuse Intrinsic
Pontine Glioma: Implications for Development of Immunotherapy. Neuro
Oncol (2019) 21:83–94. doi: 10.1093/neuonc/noy145

20. Klemm F, Maas RR, Bowman RL, Kornete M, Soukup K, Nassiri S, et al.
Interrogation of the Microenvironmental Landscape in Brain Tumors Reveals
Disease-Specific Alterations of Immune Cells. Cell (2020) 181:1643–60.e1617.
doi: 10.1016/j.cell.2020.05.007

21. Su J, Long W, Ma Q, Xiao K, Li Y, Xiao Q, et al. Identification of a Tumor
Microenvironment-Related Eight-Gene Signature for Predicting Prognosis in
Lower-Grade Gliomas. Front Genet (2019) 10:1143. doi: 10.3389/
fgene.2019.01143

22. Liang J, Piao Y, Holmes L, Fuller GN, Henry V, Tiao N, et al. Neutrophils
Promote the Malignant Glioma Phenotype Through S100a4. Clin Cancer Res
(2014) 20:187–98. doi: 10.1158/1078-0432.CCR-13-1279

23. Prins RM, Soto H, Konkankit V, Odesa SK, Eskin A, Yong WH, et al. Gene
Expression Profile Correlates With T-cell Infiltration and Relative Survival in
Glioblastoma Patients Vaccinated With Dendritic Cell Immunotherapy. Clin
Cancer Res (2011) 17:1603–15. doi: 10.1158/1078-0432.CCR-10-2563

24. Stupp R, Mason WP, van den Bent MJ, Weller M, Fisher B, Taphoorn MJ,
et al. Radiotherapy Plus Concomitant and Adjuvant Temozolomide for
Glioblastoma. N Engl J Med (2005) 352:987–96. doi: 10.1056/NEJMoa043330

25. Quail DF, Joyce JA. The Microenvironmental Landscape of Brain Tumors.
Cancer Cell (2017) 31:326–41. doi: 10.1016/j.ccell.2017.02.009
Frontiers in Oncology | www.frontiersin.org 11
26. Toda M. Glioma Antigen. Adv Exp Med Biol (2012) 746:77–84. doi: 10.1007/
978-1-4614-3146-6_6

27. Bhadra M, Howell P, Dutta S, Heintz C, Mair WB. Alternative Splicing in Aging
and Longevity.HumGenet (2020) 139:357–69. doi: 10.1007/s00439-019-02094-6

28. Hodges TR, Ott M, Xiu J, Gatalica Z, Swensen J, Zhou S, et al. Mutational
Burden, Immune Checkpoint Expression, and Mismatch Repair in Glioma:
Implications for Immune Checkpoint Immunotherapy. Neuro Oncol (2017)
19:1047–57. doi: 10.1093/neuonc/nox026

29. Zhao P, Wang Y, Kang X, Wu A, Yin W, Tang Y, et al. Dual-Targeting
Biomimetic Delivery for Anti-Glioma Activity Via Remodeling the Tumor
Microenvironment and Directing Macrophage-Mediated Immunotherapy.
Chem Sci (2018) 9:2674–89. doi: 10.1039/C7SC04853J

30. Li F, ZhangW,Wang M, Jia P. Il1rap Regulated by PRPRD Promotes Gliomas
Progression Via Inducing Neuronal Synapse Development and Neuron
Differentiation In Vitro. Pathol Res Pract (2020) 216:153141. doi: 10.1016/
j.prp.2020.153141

31. Wang H, Tang F, Bian E, Zhang Y, Ji X, Yang Z, et al. IFITM3/STAT3 Axis
Promotes Glioma Cells Invasion and is Modulated by TGF-b. Mol Biol Rep
(2020) 47:433–41. doi: 10.1007/s11033-019-05146-2

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Wang, Zhou, Zheng, Xiao, Zhu, Zhang and Jiang. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.
May 2021 | Volume 11 | Article 650153

https://doi.org/10.1038/ncomms3612
https://doi.org/10.1038/ncomms3612
https://doi.org/10.2176/nmc.ra.2018-0141
https://doi.org/10.1093/neuonc/noy145
https://doi.org/10.1016/j.cell.2020.05.007
https://doi.org/10.3389/fgene.2019.01143
https://doi.org/10.3389/fgene.2019.01143
https://doi.org/10.1158/1078-0432.CCR-13-1279
https://doi.org/10.1158/1078-0432.CCR-10-2563
https://doi.org/10.1056/NEJMoa043330
https://doi.org/10.1016/j.ccell.2017.02.009
https://doi.org/10.1007/978-1-4614-3146-6_6
https://doi.org/10.1007/978-1-4614-3146-6_6
https://doi.org/10.1007/s00439-019-02094-6
https://doi.org/10.1093/neuonc/nox026
https://doi.org/10.1039/C7SC04853J
https://doi.org/10.1016/j.prp.2020.153141
https://doi.org/10.1016/j.prp.2020.153141
https://doi.org/10.1007/s11033-019-05146-2
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	Identification and Validation of a Prognostic Immune-Related Alternative Splicing Events Signature for Glioma
	Introduction
	Materials and Methods
	Data Collection and Pretreatment
	Filtration of Immune-Related AS Events
	Establishment and Evaluation of the Signature
	Construction and Evaluation of Nomogram
	Functional Enrichment Analysis
	Correlation Analysis
	Statistical Analysis

	Results
	Grouping of Diffuse Glioma Samples Based on the Immune Subtypes
	Identification of the Immune-Related AS Events From Diffuse Glioma Samples
	Identification and Assessment of Nine-Immune-Related AS Events in Glioma
	Stratification Analysis of the Prognostic Signature Based on Clinical Features
	Construction and Validation of a Nomogram
	Enrichment Analysis and Correlation With Immune Infiltration Cells Subtype

	Discussion
	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


