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Abstract: The development of personalized neoantigen-based vaccines in cancer immunotherapy has shown promise. In this study, a large-scale bioinformatics analysis was performed to identify potential GBM-associated neoantigens based on abnormal alternative splicing, and then screen suitable patients for vaccination. Gene expression
profiles and clinical information were collected from TCGA. We filtered the percent-spliced-in (PSI) spectrum of
alternative splicing events in the dataset to identify abnormal alternative splicing events. MAF package was used
to identify and analyse tumour mutation burden (TMB) in cancer samples. Tumour Immune Estimation Resource
(TIMER) was used to calculate and visualize the infiltration of antigen presenting cells (APCs). In addition, consistent clustering algorithm utilized to identify immune subtypes of GBM. Five potential tumour neoantigens (LRP1,
TCF12, DERL3, WIPI2, and TSHZ3) were identified in GBM by selecting genes both with abnormal alternative splicing (upregulated) and gene frameshift mutations, in which LRP1 was significantly associated with APCs. According
to the expressions of five potential tumour neoantigens, 160 patients with GBM were divided into three immune
subtypes. Patients in cluster3 exhibited good prognoses. Furthermore, the characteristics, including TMB, abnormal
alternative splicing events, immune activity, immune cells proportion, and association with tumour biomarkers,
were unique in each immune subtypes. The characteristics of cluster3 illustrated that cluster3 participants were
more suitable candidates for vaccination. LRP1 was identified as a potential neoantigen for immunotherapy against
GBM, and patients in cluster3 were more suitable for vaccination. Our findings provide important guidance for the
development of novel neoantigens and therapeutic targets in patients with GBM.
Keywords: Personalized neoantigen-based vaccines, glioblastoma, abnormal alternative splicing

Introduction
Glioma is one of the most malignant solid
tumours, accounting for majority primary malignant brain tumours [1]. Compared with other
tumour types, glioblastoma (GBM) has a 5-year
survival rate of only 6.8%, and the median overall survival is often < 1 year [2]. Standard treatment approaches for GBM mainly include surgical resection, chemotherapy and radiotherapy
[3]. In recent years, with the development of
science and technology, the gene therapy and
immunotherapy have gradually improved clini-

cal outcomes in patients [4], however, GBM
might cause immune dysfunction and immunosuppression, leading to a highly immunosuppressive tumour microenvironment and treatment resistance.
The development and application of individual
neoantigen cancer vaccine is a new approach
of cancer immunotherapy. Neoantigens are
fragments of proteins found only on cancer
cells. Because of the unique properties of neoantigens, targeting them allows a patient’s
immune system to find and attack cancer cells
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Table 1. The sample types of 165 samples in
TCGA-GBM
Type

type
Normal
Cancer

number
5
160

rather than attacking healthy cells. Neoantigens provide a novel, precise approach to track
cancer cells, highly specific to tumours [5]. For
example, NeoVax, a tumour neoantigen vaccine, achieved efficacy in eight high-risk melanoma patients. After a mean follow-up of 4
years, all patients were alive and 6 of them
remained free of disease activity [6]. Therefore,
it is of great significance to find novel and efficient GBM-associated neoantigens to improve
the treatment efficiency in patients.
Alternative splicing events (ASEs) play an important role in the post-transcriptional regulation of genes and are one of the biological
mechanisms that maintain biodiversity and tissue specificity. Alternative splicing regulates
basic biological processes such as cell development, cell differentiation, and response to
environmental factors [7]. Abnormal alternative
splicing may alter mRNA stability and affect
protein interactions, especially in nervous system and immune system [8]. This is closely
related to the functional diversity and response
sensitivity of nervous and immune systems.
Many studies have demonstrated that the
abnormal alternative splicing events take part
in tumorigenesis and development. Changes in
migration, growth regulation, hormone responsiveness, and response to chemotherapy of
cancer cell may be all associated with abnormal alternative splicing [9]. In cancer cells, the
abnormal transcripts might generate, escape
degradation, and accumulate in large quantities when the expression and function of alternative splicing regulatory factors are often
destroyed [10-12], directly participating in the
occurrence and development of malignant tumours [13]. Interestingly, transcripts containing
abnormal alternative splicing patterns can produce antigenic peptides. Furthermore, abnormal RNA splicing represents another potential
source of novel neoepitopes in the tumor transcriptome as well, thus, exploring novel neoepitopes of tumors with abnormal alternative
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splicing will contribute to a more complete
understanding of tumor immunity [14].
In this study, we explored for potential GBMassociated neoantigens based on alternative
splicing. It was found that LRP1 was significantly associated with poor prognosis and antigenpresenting cells (APCs) infiltration of GBM, suggesting that LRP1 might be an effective GBMassociated neoantigen. Subsequently, in order
to identify patients suited for vaccination, 160
patients with GBM were divide into three distinct immune subtypes based on the expression profiles of candidate antigen genes. The
GBM patients in cluster3 subtype might be
more efficient for vaccination. The findings of
this study are expected to provide valuable
information and a reliable theoretical basis for
the development of potential GBM-associated
neoantigens, and selection suitable patients
for vaccination.
Methods
Acquisition and processing of TCGA-GBM data
Normalized gene expression and clinical followup data from 160 GBM samples were downloaded from The Cancer Genome Atlas (TCGA);
detailed information are shown in Tables 1 and
2. The UCSC Xena database (https://gdc-hub.
s3.us-east-1.amazonaws.com/download/TCGAGBM.htseq_fpkm.tsv.gz) was used to obtain
RNA-seq data. Ensembl Symbol annotation
data was downloaded from the UCSC genome browser database. (https://gdc-hub.s3.useast-1.amazonaws.com/download/gencode.
v22.annotation.gene.probeMap; Full metadata). Survival data and phenotypic data were
also obtained from the UCSC database: (https://gdc-hub.s3.us-east-1.amazonaws.com/
download/TCGA-GBM.GDC_phenotype.tsv.gz)
(https://gdc-hub.s3.us-east-1.amazonaWs.
com/download/TCGA-GBM.survival.tsv).
The Ensembl ID of RNA-seq data was converted
to gene Symbols based on the information in
the annotation file. First, the new expression
value of a gene was assigned by calculating the
mean value of the genes associated to the
same Symbol. Next, genes with 0 expression in
at least 30% of the samples were deleted.
Then, samples with a survival time of more
than 30 days were extracted, and the intersec-
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Table 2. The clinical information of 160 samples
in TCGA-GBM
type
number
OS
Alive
29
Dead
131
Gender
Female
57
Male
103
Radiation therapy
Asian
5
Black or African American
9
White
144
Not reported
2

tion of RNA-Seq data, phenotype data and survival data was recorded.
We screened GBM samples with genetic mutations from that National Cancer Institute’s
Genomic Data Commons (GDC) and cBioPortal
databases: https://gdc.cancer.gov/about-data/
publications/mc3-2017/mc3.v0.2.8.PUBLIC.
maf.gz and https://www.cbioportal.org/study/
clinicalData?id=gbm_tcga. GBM-tumour mutation burden (GBM-TMB) data were also obtained from the GDC database: https://gdc.cancer.gov/about-data/publications/PanCan-CellOfOrigin/mutation-load-updated.txt. GBM-copy
number variation (GBM-CNV) data came from
the UCSC database: https://gdc-hub.s3.useast-1.amazonaws.com/download/TCGA-GBM.
cnv.tsv.gz. Alternative splicing was recorded
from the TCGASpliceSeq database: https://bioinformatics.mdanderson.org/TCGASpliceSeq/
PSIdownload.jsp.
Identification of abnormal alternative splicing
events
Firstly, PSI spectra of alternative splicing events
in TCGA-GBM were screened. We calculated
the mean values of Percent-Spliced-In (PSI) of
the alternative splicing events in the cancer
and normal samples, respectively, and filtered
out the alternative splicing events with mean
values of 0 or 1 in the cancer samples or normal samples. Because PSI values of these
alternative splicing events were discontinuous
values in the samples, the T-test of PSI values
in the cancer samples and normal samples
could not be performed. After filtering, there
were 38052 remaining alternative splicing events. Next, we calculated the T-test and logFC
of the alternative splicing events individually. In
addition, BH correction is performed on the P
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value of the T-test. We screened FDR < 0.05
and |logFC| > 1 alternative splicing as abnormal alternative splicing events.
Correlation analysis of potential antigen candidate genes and immune cell infiltration
Tumour immune estimate resources (TIMER,
https://cistrome.shinyapps.io/timer/) is used
for analysis and visualization tumour immune
infiltrating cells (TIIC) and GBM intersection
potential neoantigen of the correlation between
candidate genes. Spearman analysis was used,
and a P < 0.05 was considered statistically
significant.
Acquisition of immune gene sets and identification of immune subtypes
Immunotyping can be used to identify immune states in tumours and their microenvironments, thus helping to identify patients suitable for therapy. From Immport database
(https://s3.immport.org/release/genelists/
GeneListGOAnnotation.txt?download=true)
(1255) and Charoentong’s study [15] (782), a
total of 1894 immune genes were obtained to
form a GBM immune gene spectrum. 1451
prognostic genes were screened from GBM
immunogene profiles. The download link is as
follows: https://s3.immport.org/release/genelists/GeneListGOAnnotation.txt?download=
true. http://icbi.at/TCIA/SupplementaryTables.
pdf.
We then used the ConsensusClusterPlus package to conduct consistent clustering of immune
gene expression profiles. The same analysis
was performed for the validation set.
Analysis of immune cells among immune subtypes
Tracking tumour immunophenotype (TIP) has
the capability to rapidly analyse and intuitively
visualize the activity of anticancer immunity
and the extent of tumour-infiltrating immune
cells across the seven-step cancer-immunity
cycle [16]. To observe immune activity differences among subtypes, we downloaded the
immune active points of TCGA-GBM samples
from the TIP database (http://biocc.hrbmu.edu.
cn/TIP/PancancerSearchAction?cancerType=G
BM). The distribution of immune activity of
samples in different subtypes was characterized by ggpubr package (ANOVA, P < 0.05).
Am J Cancer Res 2022;12(8):3581-3600
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Analysis of immunosubtypes and identified
tumour biomarkers
The existing cancer tumour biomarker and cancer gene were taken from The Cancer Genome
Interpreter (CGI; https://www.cancergenomeinterpreter.org/home) database. We analyzed
the differential distribution of existing cancer
biomarkers and cancer genes in different subtypes in the TCGA data set. An ANOVA test was
used for inter-group difference test, and a T-test
was used for between-groups comparison, with
threshold set at P < 0.05.
Result
Study design
The framework and workflow are described as
following. First, the characteristic information
and gene expression profiles of GBM cases and
healthy controls in were obtained from TCGA
database (TCGA-GBM). The alternative splicing
and GBM-tumour mutation burden (GBM-TMB)
data were downloaded from the TCGASpliceSeq
database and GDC database, respectively.
Next, we conducted the conjoint analysis of
abnormal alternative splicing events and distribution of mutated genes to explore the potential GBM-associated neoantigens. A total of
34 potential neoantigen candidate genes were
identified, among which, LRP1 might be a more
suitable neoantigen candidate gene.
Third, in order to screen the appropriate
patients that suitable for vaccination, we utilized consensus clustering to classify 160 GBM
patients into three immune subtypes according
to the expression profiles of candidate neoantigen genes. Based on the conjoint analysis of
TMB, abnormal alternative splicing events,
immune activity, and immune cells proportion,
we found that patients in cluster3 might be
more suitable for the personalized neoantigenbased vaccines.
Identification potential neoantigen candidate
genes
Acquired tumour mutation burden (TMB) may
generate and increase the chance of immunogenic neoantigen production. Therefore, we
first attempted to explore neoantigens based
on mutated genes within GBM samples. Figure
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1A revealed the distribution of mutated genes
in GBM samples; the gene with the highest
mutation rate was TP53. Figure 1B, 1C showed
the distribution of frequently mutated genes in
each sample in the sections of altered genome
fraction and mutation counts. These results
indicated that TP53 was frequently mutated
gene in the sections of altered genome fraction
and mutation counts. Figure 1D, 1E exhibited
that most patients have low proportion of genomic changes and mutation counts. According
to the above analyses, we speculated that if
tumour-associated antigens were explored only
based on the mutated genes in GBM, the immunogenicity might be low.
Next, we analyzed the abnormal alternative
splicing events in GBM samples. In a general
survey of the 38052 alternative splicing events
from TCGA-GBM cohort, it was found that Exon
skip (ES) was the most frequent, totaling 18360
pieces. The least-frequently occurring alternative splicing event was mutually exclusive exons
(ME), totaling 184 pieces (Figure 2A, 2B). ME
occurred mostly with other alternative splicing
events. In addition, 7 kinds of alternative splicing events occurred in the PTK2 gene (Figure
2C). 3789 abnormal alternative splicing events
were screened (FDR < 0.05 and |logFC| > 1);
up-regulated alternative splicing events total
1699 (including 1320 genes), and down-regulated alternative splicing events total 2090
(including 1706 genes) (Figure 3A, 3B). Figure
3C, 3D showed the distribution of abnormal
alternative splicing events in genes.
Third, genes with both abnormal alternative
splicing events (up-regulation) and frameshift
mutations were identified as potential neoantigen candidate genes for GBM. Our results discovered a total of 1320 up-regulated alternative splicing abnormalities and 319 frameshift
mutated genes. Genes classified both as upregulated alternative splicing abnormalities
and frameshift mutations were considered for
potential neoantigen candidate genes; a total
of 34 potential neoantigen candidate genes
were identified (Figure 4A). Clusterprofiler package was used for functional enrichment analysis of identified potential neoantigen candidate
genes (p.adj < 0.05). We found that potential
neoantigen candidate genes were enriched
to 16 biological processes and 4 molecular
functions (Figure 4B, 4C). These genes were
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Figure 1. Analysis of mutant genes. A. Waterfall diagram of mutant genes. B. Distribution of samples in altered genome fraction. C. Distribution of samples in mutation count groups. D. Top 10 high-frequency mutation genes in altered genome fraction. E. High frequency mutation genes in mutation count groups.
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Figure 2. Abnormal alternative splicing events identification and overview. A. The types of abnormal alternative splicing events. B, C. The overview of abnormal alternative splicing events.

enriched in regulation of GTPase activity, regulation of synaptic plasticity, and negative regulation of cell-matrix adhesion (Figure 4B). The
results of molecular function manifested that
potential neoantigen candidate genes were
mainly targeted at GTPase regulator activity
and nucleoside-Triphosphatase regulator activity (Figure 4C).
Association between potential neoantigen candidate genes and nonsense-mediated mRNA
decay (NMD) factors
Nonsense-mediated mRNA decay (NMD), a
transcriptional monitoring pathway that exists
in all eukaryotes, can reduce abnormal tran-

3586

scripts by eliminating mRNA transcripts containing premature termination codons [10]. It is
reported that NMD is closely related to tumour
immunity [17] and also a core target for tumour
therapy [18]. In order to explore the association
between NMD regulatory factors and neoantigen candidate genes, we first obtained four
confirmed NMD regulatory factors from published studies, namely UPF1, UPF2, UPF3A, and
UPF3B [19]. According to the median expression level of these four NMD factors in GBM
samples, all GBM samples were divided into
two groups - high expression group and low
expression group. Ggpubr package was used to
analyze the expression level of potential antigen candidate genes and the difference of
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Figure 3. Abnormal alternative splicing events identification (A, B) and overview (C, D).

alternative splicing events between the two
groups (T test, P < 0.05).

Association between infiltration of potential
neoantigen candidate genes and APCs

immunostimulative or inhibitory effects as candidate antigens. We used a univariate Cox proportional risk regression model to analyse
34 potential neoantigen candidate genes and
screened out five genes related to survival
(LRP1, TCF12, DERL3, WIPI2, TSHZ3). LRP1,
TCF12, DERL3, and WIPI2 were protective
genes (HR < 1). However, TSHZ3 was identified
as a risk gene (HR > 1). Figure 6A indicated the
prognostic efficacy of these five genes. Figure
6B manifested the number of alternative splicing abnormal upregulation genes, frameshift
mutated genes, and prognostic potential antigen candidate genes. Then, multivariate Cox
regression analysis was performed on five
potential neoantigen candidate genes associated with prognosis. Patients were divided into
low-risk and high-risk groups according to the
median gene expression value (P < 0.05), and
the survival period was analysed. Figure 6C
exhibited the longer survival period of the
low-risk group. Therefore, the five aforementioned prognostic potential antigen candidate
genes possessed potential immune stimulation effects.

The survival correlation of the above potential
candidate neoantigen genes facilitates further
screening of prognostic antigens that may have

TIMER is a comprehensive resource for systematic analysis of immune infiltration in different
cancer types [20]. TIMER was used to observe

The expression differences of 34 potential neoantigen candidate genes in the high expression
and low expression groups were discovered in
Figure 5A-D. We found that the top 20 potential neoantigen candidate genes were consistent with the expression trend of NMD factors.
Percent spliced in (PSI) is a quantitative index
of variable splicing. PSI enables the comparison of a single sample or multiple samples
between groups, calculated as PSI = splice_in/
(splice_in + splice_out). We obtained 238 alternative splicing events associated with 34
potential neoantigen candidate genes. The differential distribution of PSI values of 238 alternative splicing events in the high and low
expression groups was analyzed. The results
discovered that the top 20 alternative splicing
events had higher PSI values in the high expression group (Figure 5E-H).

3587

Am J Cancer Res 2022;12(8):3581-3600

Identification of personalized neoantigen-based vaccines

Figure 4. Screening of potential antigen candidate genes. A. Identification of potential antigen candidate genes. B, C. Enrichment analysis of potential antigen
candidate genes.
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Figure 5. Relationship between NMD factors and potential antigen candidate genes. A-D. The top 20 most significantly differentially expressed genes in the high-expression and low-expression groups. E-H. The top 20 most
significant differences in the distribution of splicing events in the high-expression and low-expression groups. *P ≤
0.05, **P ≤ 0.01, ***P ≤ 0.001.

the correlation between APCs infiltration and
expression of identified potential antigen candidate genes (P < 0.05). We found that the expression level of LRP1 was significantly positively correlated with the levels of immune-infiltrating cells, especially Macrophages, B cells,
and Dendritic cells (Figure 6D). These results
suggested that LRP1 could be processed and
presented by APCs to trigger a more sensitive
3589

immune response. Therefore, LRP1 might have
potential immune stimulation and might be an
effective candidate gene as a GBM-associated
neoantigen for immunotherapy.
Identification of immune subtypes
Immune subtypes can be used to reflect the
immune status of malignant tumor, thus helpAm J Cancer Res 2022;12(8):3581-3600
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Figure 6. Overall prognostic efficacy of potential antigen candidate genes. A. Overall prognostic efficacy of potential antigen candidate genes. B. An overview abnormal alternative splicing, frameshift, and potential antigen candidate genes. C. Survival curves of five prognostic potential antigen candidate genes. D. Correlation
between potential antigen candidate genes and infiltration of APC in antigen presenting cells.
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ing to screen patients suitable for vaccination.
Based on the expression profiles of five prognostic candidate neoantigen genes (LRP1,
TCF12, DERL3, WIPI2, TSHZ3), we performed
consensus clustering on 160 GBM samples
from the TCGA-GBM database and identified
immune subtypes.
According to the cumulative distribution function and function delta region, we selected k=3
of the stable cluster for immune-related genes
(Figure 7A-C), and obtained three immune subtypes named cluster1, cluster2, and cluster3,
respectively. Next, principal component analysis (PCA) was used to verify the three subtypes,
and the results discovered that three immune
subtypes could be well separated (Figure 7D).
Figure 7E illustrated the expression profiles of
immune genes in cluster1, cluster2, and cluster3. The results of survival analysis suggested
that the overall prognosis of these three subtypes was significantly different. Patients in
cluster3 had a better prognosis, while cluster2
patients had a lower survival rate (Figure 7F). In
summary, we defined three immune subtypes
that were associated with clinical outcomes
and were able to predict prognosis in GBM
patients.
Analysis of TMB and abnormal alternative
splicing events among immune subtypes
Several studies have reported that the combination of TMB and abnormal alternative splicing events can significantly predict accuracy of
immunotherapy responders [13]. Higher TMB
and somatic mutation rate are associated with
stronger anti-cancer immunity [21]. Therefore,
first, we used the mutation dataset to calculate
the TMB for each sample and analysed it in
three immune subtypes. The number of TMB
and mutant genes among the different subtypes was discovered in Figure 8A, 8B.
Figure 8C-E revealed the frequency of mutated
genes in different subtypes. We found that
TP53, EGFR, PTEN, and TTN were the most frequently mutated genes in each subtype, among
which cluster3 was the subtype with the most
frequently mutated genes. Then, we selected
samples with a copy number with an absolute
G-score greater than 0.4, and visualized the
G-score of CNV in each subtype. The chromosome distribution of CNV in cluster1, cluster2,
and cluster3 was manifested in Figure 8G-I.
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Totally, we found that significant differences
among each subtype and cluster3 possessed
higher TMB.
Subsequently, we observed the differences in
the abundance of abnormal alternative splicing
events in different subtypes and displayed the
top 20 abnormal alternative splicing events
(up-regulated; P < 0.05). A total of 51 abnormal alternative splicing events were identified
among the three immune subtypes, and 9, 20,
and 22 abnormal up-regulated alternative splicing events were found in cluster1, cluster2,
and cluster3, respectively (Figure 9A-C). We
speculated that cluster3 appeared higher TMB
and more abnormal alternative splicing events,
thus, patients in cluster3 might be more suitable for vaccination.
Analysis of immune activity, immune cells proportion among immune subtypes
It is reported that the immune activity and proportion of immune cells are major components
closely associated with prognosis of immunotherapy [22], therefore, we explored the characteristic of immune activity and proportion of
immune cells in each immune subtype.
First, to analyse the differences in immune
activity among three immune subtypes, we
downloaded the immune activity scores of
TCGA-GBM samples from TIP database, and
observed the immune cell activity of each samples in different subtypes (P < 0.05). Figure
10A revealed the obvious differences in immune activity scores among the three immune
subtypes. In particular, the scores of natural
killer (NK) cell, T cell, macrophage, T helper
type 1 (Th1) cell, and dendritic cell recruiting in
cluster3 were significantly lower than those of
the other two subtypes, indicating that after
receiving vaccination, patients in cluster3 might enhance the greatest immune response.
Second, it is considered that immune checkpoints (ICPs) and immunogenic cell death regulators (ICDs) play important roles in regulating
host anti-tumour immunity, and may influence
the efficacy of immunotherapy. Therefore, we
obtained ICPs and ICDs from previous studies
[23], and calculated the differences of their
expression levels in three subtypes. We detected the 47 ICPs were differentially expressed
among three immune subtypes (Figure 10B). In
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Figure 7. Identification of immune subtypes. A. Heat map of sample clustering. B. Cumulative distribution function curve. C. Delta area of immune-related genes.
D. Principal component analysis (PCA) distribution of GBM sample. E. Heat map of immune-related gene expressions in cluster1, cluster2, and cluster3. F. Survival
curves of cluster1, cluster2, and cluster3 in test cohort.
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Figure 8. Mutation and CNV analysis between immune subtypes. A. Distribution of TMB score in immune subtypes. B. Number of mutation genes in immune subtypes. C. G-score of three immune subtype. D-F. Waterfall diagram of mutation genes in cluster1, cluster2, and cluster3. G-I. Distribution of copy number on chromosomes in cluster1, cluster2, and cluster3.
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that totally 17 ICDs were differentially expressed among
three immune subtypes. CALR, FPR1, HGF, IFNAR1, IFNAR2, MET, TLR4, EIF2AK4,
ANXA1, PANX1, and P2RY2
were significantly downregulated in cluster3, suggesting
GBM-associated neoantigens
might be more effective for
patients in cluster3.
Third, the proportion of immune cells in each immune
subtype was evaluated as
well. We utilized the ssGSEA
to examine the abundance
differences of 28 immune
infiltrating cells among three immune subtypes (Figure
10D). Figure 10E discovered the abundance of nine immune infiltrating cells, such
as memory B cells, CD4 memory-activated T cells, Monocytes, M2 macrophages, and
neutrophils, decreased significantly in cluster3, illustrating
patients in cluster3 might be
more suitable for vaccination,
and possess the potential
to produce immune-infiltrating cells.
The immune subtypes were
compared with the tumour
biomarkers and pan-cancer
subtypes
Tumour markers can predict
cancer progression, prognosis, and recurrence. We identified multiple tumour markers from the TCGA-GBM dataset, and 23 cancer biomarkers showed significant differences among three immune
Figure 9. Alternative splicing analysis of potential antigen candidate genes
subtypes. As shown in Figure
among immune subtypes. A-C. The genes significantly up-regulated in differ11A, the expression abunent subtypes. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001.
dance of 23 cancer biomarkers was significantly different
the TCGA-GBM cohort, CTLA4, PDCD1 (PD-1),
among the three subtypes. Multiple oncogenic
and CD274 (PD-L1), the major immune checkgenes were up-regulated in cluster2 GBM sampoints in tumours, had the lowest expression
ples, while more tumour suppressor was preslevels in cluster3. Similarly, Figure 10C showed
ent in cluster3. Previous study had identified
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Figure 10. Distribution of immune activity scores among immune subtypes. (A) Immune activity, (B) ICPs, (C) ICDs in three immune subtypes, (D) Heat map and (E)
box plot of immune cell infiltration in three subtypes. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001.

Figure 11. Analysis of tumor biomarkers (A) and pan-cancer (B) between immune subtypes. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001.
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six pan-cancer subtypes, including C1 (Wound
Healing), C2 (IFN-γ Dominant), C3, C4 (Lymphocyte), C5 (Immunologically Quiet) and C6
(TGF-β Dominant) [24]. We then assessed the
distribution of these six types among the three
immune subtypes. As shown in Figure 11B, C4
occupies the largest proportion in cluster1,
cluster2 and cluster3. This result further illustrated patients in cluster3 might be more suitable for vaccination, and administration of the
neoantigens might stimulate a stronger immune
response in cluster3 patients.
Discussion
Vaccines have traditionally been used to prevent infectious diseases, interestingly, in recent
years, personalized neoantigen-based vaccine
is a promising new immunotherapy among currently available cancer vaccine strategies. In
this study, we constructed a gene profile with
abnormal alternative splicing events (up-regulated) and frameshift mutations, from which 34
targetable antigens were identified. Especially,
LRP1 is not only closely related to the poor
prognosis of GBM, but also related to the high
level of APCs and B cell infiltration. Therefore,
LRP1 may have strong immune stimulation
potential and is expected to be an effective
neoantigen candidate gene. Then, by constructing three robust immune subtypes, we determined that the patients in cluster3 were the
most suitable to receive personalized neoantigen-based vaccines.
Early therapeutic vaccination strategies focused on abnormally expressed or overexpressed
autoantigens called tumor-associated antigens
(TAA) in tumors, but such strategies were largely unsuccessful in the clinic due to TAA-specific
T cells being influenced by central and/or
peripheral tolerance. In addition, this TAAs
are also expressed to some extent in nonmalignant tissues, which increases the risk of
vaccine-induced autoimmune toxicity. Furthermore, vaccines based on neoantigens rather
than traditional TAAs have several advantages.
First, neoantigens are expressed only by tumor
cells and can trigger a true tumor-specific T-cell
response, thereby preventing “off-target” damage to non-tumor tissues. Second, the persistence of neoantigen-specific T cell responses
offers the potential for post-treatment immune
memory, which offers the possibility of longterm prevention of cancer recurrence [5].
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At present, many clinical trials of personalized neoantigen-based vaccines are underway.
These preliminary studies provide important
clues for the immunogenicity and therapeutic
potential of personalized neoantigen-based vaccines, including GEN-009 [25], RO7198457
[26], and mRNA-4157 [27]. Therefore, screening novel and effective neoantigens with higher immunogenicity, and overcoming inhibitory
tumour microenvironment are the most important future directions for the study of personalized neoantigen-based vaccines. Alternative
splicing is involved in the regulation of many
cancer genes, which is involved in various
aspects of the biological behaviour of cancer
cells, especially cell proliferation [28], apoptosis [29], angiogenesis [30], and immune escape [31]. Increasing evidence shows that unbalanced expression of splicing variants or misexpressed isomers are important features of cancer [32]. Specific and inaccurate splicing variants have been studied in many cancers as
diagnostic, prognostic and therapeutic targets
[33]. Intrigued by this evidence, we screened
for genes with aberrant alternative splicing
events (upregulation) and frameshift mutations in the hope that they would become
strong neoantigens and lead to the development of personalized vaccines. LRP1, TCF12,
DERL3, WIPI2, and TSHZ3 were were selected
as candidate factors in this study.
Transcription factor 12 (TCF12) is significantly
related to invasion and metastasis of colorectal cancer, bladder cancer and breast cancer
[34-36]. DERL3 belongs to the Derlin family
(DERL1, DERL2, and DERL3). It has been reported that DERL1 is overexpressed in nonsmall cell lung cancer [37], breast cancer [38],
and colon cancer [39]. WD Repeat Domain
Phosphoinositide-Interacting Protein 2 (WIPI2)
expression was significantly higher in HCC tissues and was associated with low survival [40].
Teashirt zinc finger family member 3 (TSHZ3)
was significantly down-regulated in glioma tissues and cell lines. Overexpression of TSHZ3
inhibits the invasiveness of U87 and U251
GBM cells [41].
Low density lipoprotein receptor (LDLR) associated protein-1 (LRP1) is a large multifunctional
endocytic cell surface receptor [42]. Low expression of LRP1 is closely related to the low
survival rate of liver cancer [43]. However, high
expression of LRP1 is associated with advanced
Am J Cancer Res 2022;12(8):3581-3600
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tumour staging of endometrial cancer [44],
breast cancer [45], and prostate cancer [46].
Therefore, the exact effect of LRP1 on tumour
cells may depend on tumour cell type. Whether
tumor neoantigens have strong immunogenicity and the ability to target and kill tumor cells
depends on whether they can induce T cell
response, especially the ability to maximize
the activation and amplification of CD8+ T
cells. One way to achieve this is to use autologous antigen-presenting cells (APCs), particularly DCs, to stimulate an immune response to
tumor neoantigens. In addition, the vaccine can
also use DCs as a vaccine delivery system, so
that the vaccine can quickly and effectively
work [47]. Therefore, we evaluated the relationships between five neoantigen candidate
genes and APCs. More interestingly, we found
that LRP1 is closely related to antigen presenting cells, especially CD8+ T cells, CD4+ T cells,
and DCs, indicating that LRP1 can be directly
processed by APCs, then presented to T cells
and recognized by B cells to trigger an immune
response. Therefore, we speculate that LRP1
may have relatively strong immunogenicity,
and can use DCs as a delivery system to kill
tumor cells quickly and in a targeted manner.
Therefore, LRP1 may be a promising candidate
for the development of neoantigen-based vaccine against GBM.
Previous studies have identified multiple potential neoantigen candidate genes for neoantigen-based vaccines based on gene profiles of
somatic mutations [48, 49]. However, studies
have shown that for many types of cancer, the
predictive accuracy of tumour mutation burden
is inadequate. Abnormal alternative splicing
and frameshift mutations have great potential
to generate large numbers of neoantigens [5052]. Therefore, we suggest that these biomarkers with abnormal alternative splicing events
(upregulation) and frameshift mutations could
more effectively serve as potential tumourassociated antigens for GBM personalized neoantigen-based vaccines. Although the potential
of these genes in vaccines for GBM has been
predicted, further clinical evaluation and validation are needed.
Due to the different therapeutic effects of vaccines on patients, we identified three immune subtypes based on candidate neoantigen
genes profiles to select the appropriate patients for vaccination. All three immune-related
subtypes exhibited different molecular, cellu3597

lar, and clinical characteristics. Patients in cluster3 showed high levels of TMB, and more
abnormal alternative splicing events. The combination of nonsense-mediated mRNA decay
and tumour mutation burden was reported to
significantly improve the predictive accuracy
of immunotherapy responders [53], suggesting
that cluster3 patients may be the most suitable candidates for vaccination. In addition, because the memory B cells, T.cells. CD4 memory
activated T cells, monocytes, M2 macrophages,
and neutrophils were lowest in the cluster3,
indicating that vaccination of patients in cluster3 might produce immune-infiltrating cells,
which make immunotherapy more effective.
These results suggest that cluster3 patients
may be beneficiaries of vaccination, making
personalized neoantigen-based vaccines therapy more responsive and effective.
Overall, LRP1 may be a potential antigen for
GBM personalized neoantigen-based vaccines
development and may benefit for patients in
cluster3. Therefore, our findings provide a valuable analysis of personalized neoantigenbased vaccines against GBM and identify suitable patients for vaccination.
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