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Background: Pancreatic adenocarcinoma (PAAD) is referred to as an immunologically “cold” tumor that 
responds poorly to immunotherapy. A fundamental theory that explains the low immunogenicity of PAAD 
is the dramatically low tumor mutation burden (TMB) of PAAD tumors, which fails to induce sufficient 
immune response. Alternative splicing of pre-mRNA, which could alter the proteomic diversity of many 
cancers, has been reported to be involved in neoantigen production. Therefore, we aim to identify novel 
PAAD antigens and immune subtypes through systematic bioinformatics research.
Methods: Data for splicing analysis were downloaded from The Cancer Genome Atlas (TCGA) SpliceSeq 
database. Among the available algorithms, we chose CIBERSORT to evaluate the immune cell distribution 
among PAADs. The TCGA-PAAD expression matrix was used to construct a co-expression network. Single-
cell analysis was performed based on the Seurat workflow.
Results: Integrated analysis of aberrantly upregulated genes, alternatively spliced genes, genes associated 
with nonsense-mediated RNA decay (NMD) factors, antigen presentation and overall survival (OS) in 
TCGA-PAAD revealed that PLEC is a promising neoantigen for PAAD-targeted therapy. We identified a 
C2 TCGA-PAAD subtype that had better prognosis and more CD8+ T-cell infiltration. We propose a novel 
immune subtyping system for PAAD to indicate patient prognosis and opportunities for immunotherapy, 
such as immune checkpoint (ICP) inhibitors.
Conclusions: In conclusion, the present study used a transcriptome-guided approach to screen neoantigen 
candidates based on alternative splicing, NMD factors, and antigen-presenting signatures for PAAD. A 
prognosis model with guidance of immunotherapy will aid in patient selection for appropriate treatment.
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Introduction

Pancreatic adenocarcinoma (PAAD) remains one of the 
most malignant cancers, with dismal prognosis (1,2). In 
the era in which immunotherapy is a widely recognized 
approach to treat many cancers, scarce convincing evidence 
has illustrated the clinical value of immunotherapy, 
especially immune checkpoint (ICP) inhibitors, for PAAD 
patients (3). In this context, PAAD is commonly referred 
to as an immunologically “cold” tumor that lacks sufficient 
response towards immunotherapy (4).

Tumors have long been regarded as a “self” component 
without immunogenicity (5,6). However, with an increasing 
number of studies revealing that genome alterations occur 

in malignant cells, it seems that some tumor-derived 
peptides can trigger immune responses (7,8). Despite some 
controversies, the tumor mutation burden (TMB) has been 
widely reported as a factor that can predict the clinical 
outcomes of patients receiving immunotherapy (9,10), and 
a fundamental theory explaining the low immunogenicity 
of PAAD is the dramatically low TMB of PAAD tumors. 
PAAD is characterized by the mutations of four driver 
genes: KRAS, SMAD4, TP53 and CDKN2A (11,12). Partial 
mutations of these genes have been reported to show a mild 
association with immune infiltrates in PAAD; however, no 
stringent findings support promising translational value 
for clinical decision-making. Nonetheless, not all PAADs 
feature a “desert” tumor microenvironment, and abundant 
immune infiltrates can still be found in a portion of 
patients with PAAD (13,14). Notably, Bailey et al. identified 
a pancreatic ductal adenocarcinoma (PDAC) subtype 
designated as immunogenic tumors with altered immune 
pathways (13). Hence, tumor antigens generated by other 
genomic events beyond mutations with high frequencies 
may play an important role in immune cell recruitment in 
PAAD. Alternative splicing of pre-mRNA, which can alter 
the proteomic diversity of many cancers, has been reported 
to be involved in neoantigen production (15,16). Recent 
studies have revealed the correlation between alternative 
splicing and both immune cell infiltration and patients’ 
prognosis in multiple cancers (17-20). Aberrant alternative 
splicing is associated with poor prognosis of cancer patients 
(21-23). The interplay of alternative splicing, immune 
microenvironment and patients’ prognosis seemed to be 
promising in patients’ clinical management (24). Integrated 
analysis of such events and the transcriptome will contribute 
to the exploration of potential targets for immunotherapy.

In this study, we performed systematic bioinformatic 
analyses to explore alternative splicing events, novel 
PAAD antigens and immune subtypes. Our findings 
identified a subpopulation of PAADs that is associated 
with better prognosis and may benefit from antigen-based 
immunotherapy. We present this article in accordance with 
the MDAR reporting checklist (available at https://jgo.
amegroups.com/article/view/10.21037/jgo-24-340/rc).

Highlight box

Key findings
• We performed an integrated analysis of aberrantly upregulated 

genes, alternatively spliced genes, genes associated with nonsense-
mediated RNA decay factors, antigen presentation and overall 
survival in The Cancer Genome Atlas-pancreatic adenocarcinoma 
(PAAD). We revealed that PLEC is a promising neoantigen for 
PAAD-targeted therapy. We also propose a novel immune subtyping 
system for PAAD to indicate patient prognosis and opportunities for 
immunotherapy, such as immune checkpoint inhibitors.

What is known and what is new? 
• PAAD is referred to as an immunologically “cold” tumor that 

responds poorly to immunotherapy. Some previous studies have 
shown that PAAD patients with long-term survival have specific 
neoantigen profiles, and suggested that the interaction between 
neoantigens and the immune system plays an important role in 
prognosis. Alternative splicing of pre-mRNA, which could alter 
the proteomic diversity of many cancers, has been reported to be 
involved in neoantigen production. However, related neoantigens 
have not been studied in PAAD.

• Our work identified a promising neoantigen via aberrant 
alternative splicing, and provides guidance for immunotherapy 
which will aid in patient selection for appropriate treatment.

What is the implication, and what should change now? 
• Overall, mRNA vaccines based on neoantigens derived from PLEC 

may become a promising strategy to boost the immunogenicity of 
PAAD.
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Methods

Biological sources

The data used for splicing analysis were downloaded from 
The Cancer Genome Atlas (TCGA) SpliceSeq database 
(https://bioinformatics.mdanderson.org/TCGASpliceSeq/
singlegene.jsp) in 3rd January 2022, of which percent spliced 
in (PSI) with 0 or 1 was filtered out. The TCGA-PAAD 
expression and mutation profile data were downloaded from 
Xena (https://xenabrowser.net/datapages/). In addition, 
clinical and follow-up information was acquired from the 
same database. The bulk transcriptome dataset GSE62452 
and single-cell dataset GSE154778 were downloaded 
from the Gene Expression Omnibus (GEO) database 
(https://www.ncbi.nlm.nih.gov/geo/). We performed 
pretreatment for gene chip data as follows: (I) the probe 
was mapped to the gene according to the annotation file; 
(II) the empty probe was removed; and (III) the maximum 
value corresponding to the same gene was selected as the 
expression level of the gene. The study was conducted in 
accordance with the Declaration of Helsinki (as revised  
in 2013).

Analysis of alternative splicing events

According to the grouping of samples, we used the Wilcox 
test to detect the difference in alternative splicing events 
between two groups. P<0.05 was considered significant 
when screening alternative splicing events. The packages 
“clusterProfiler” and “ReactomePA” were used for Gene 
Ontology (GO) and Reactome enrichment analysis.

Detection of differentially expressed genes (DEGs)

DESeq2 was performed to explore DEGs between PAAD 
and normal pancreas samples. The threshold to screen 
DEGs was set as |log fold change (FC)| >1 and P.adj 
<0.05. Transcriptome data of the normal pancreas were 
downloaded from the Genotype-Tissue Expression (GTEx) 
dataset (https://www.gtexportal.org/home/index.html) in 3rd 
January 2022.

Cox regression analysis

Univariate Cox analysis was performed using the coxph 
function of the “survival” R package, which analyzes 
the impact of the expression value of a single gene or 
feature gene on the overall survival (OS) or disease-free 

survival (DFS) of patients. The regression model was 
based on prognosis-related genes with P<0.05, extracting 
corresponding modeling parameters, and a forest plot was 
obtained by using the R package “forestplot”. Multivariate 
Cox analysis was used to construct a multiple gene-involved 
model based on the coxph function of the survival package.

Estimation of immune cell infiltration in PAAD

Immune  s core s ,  inc lud ing  ce l l  i n f i l t r a t ion  and 
microenvironment scores, were downloaded from the 
TIMER database (http://timer.comp-genomics.org/). 
Among the available algorithms, we chose CIBERSORT 
to evaluate the immune cell distribution among PAADs. 
We calculated the correlation between candidate gene 
expression and immune cell percentage using Spearman 
statistics. The cytolytic activity (CYT) score was calculated 
with the average expression level of GZMA and PRF1 (25).  
For International Cancer Genome Consortium (ICGC) 
data, immune cell infiltration was calculated using 
CIBERSORT algorithms. Signature based on 28 tumor-
infiltrating lymphocyte (TIL) subpopulations [effector 
and memory T cells and immunosuppressive cells Tregs, 
myeloid-derived suppressor cells (MDSCs)] was collected 
from a previous study (26) and used to score each sample. 
Pseudotime analysis was performed using the R package 
“monocle”, and the top two principal components 
correlated with immune signatures.

Consensus clustering

An immune gene set was downloaded from ImmPort, and 
univariate Cox regression was used to screen prognosis-
related genes. The expression profile was normalized using 
the median value. The R package “ConsensusClusterPlus” 
was employed to perform consensus clustering based on 
the Partitioning Around Medoids (PAM) method with 200 
bootstraps.

Somatic mutation, copy number variation (CNV) analysis 
and genome signature score

The maf file was downloaded from TCGA with the Mutect 
analytic version, and nonsynonymous mutations were 
screened among tumor samples. TMB was calculated using 
the R package “maftools” with visualization. The CNV 
calculated by Genomic Identification of Significant Targets 
in Cancer (GISTIC) was downloaded from the Xena 
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database. The frequency of CNV gain and loss samples 
was calculated and visualized. The DNA damage repair 
(DDR) score was downloaded from the website https://gdc.
cancer.gov/about-data/publications/PanCan-DDR-2018. 
The neoantigen list for PAAD was downloaded from The 
Cancer Immunome Atlas (TCIA) database (https://tcia.
at/home). Chromosome instability genes were collected 
from a previously published paper (27). The chromosome 
instability score was calculated as the average value of the 
expression level of these genes; the stemness score of PAAD 
samples was calculated according to a previously published 
algorithm (28).

Single-cell analysis

Single-cell analysis was performed based on the Seurat 
workflow. Feature gene >1,000, mitochondrial gene <5%, 
and RNA count <10,000 were the criteria for cell quality 
control. To investigate intercellular communication 
pathways within our samples, we utilized the “CellChat” 
R package, a comprehensive framework for inferring, 
visualizing, and analyzing cell-cell communication networks 
based on single-cell RNA sequencing data. This tool 
identifies potential signaling interactions between cells 
by analyzing the expression patterns of known ligands, 
receptors, and corresponding cofactors.

Construction of the weighted gene co-expression network 
analysis (WGCNA) co-expression network

We screened the expression levels of immune genes in 
TCGA-PAAD using the WGCNA package, and the PAAD 
expression matrix was used to construct a co-expression 
network. The soft power was calculated from 1 to 10, and 
the scale-free fitting index and the average connectivity of 
the network varied with the soft threshold parameters. With 
the scale-free fitting index >0.8 as the threshold, the soft 
power was set to 4 to meet the scale-free network. Next, the 
co-expression network was constructed, and the prognostic 
module was identified. The minimum number of genes in 
the module was 30. Modules with correlation coefficients 
greater than 0.75 were merged. Then, we calculated the 
Pearson correlation between the genes in the module and 
the module feature genes. Hub genes were defined as |cor| 
>0.8, P<0.001. A risk score was calculated based on the 
multivariate regression of these hub genes.

Statistical analysis

GraphPad Prism 9.0 and SPSS 23.0 were applied for 
statistical analysis. Student’s t-test was utilized to analyse 
differences between two groups, and one-way analysis of 
variance (ANOVA) was used for multi-group comparisons. 
The differences in proportion were determined by the χ2 
test and Fisher’s exact test. Correlations were evaluated 
by Pearson correlation analysis. Survival was analysed by 
Kaplan-Meier method, and significance was evaluated 
with the log-rank test. A P value of <0.05 was considered 
statistically significant for all tests. 

Results

Identification of deregulated alternative splicing events in 
PAAD

Among the seven alternative splicing events in TCGA-
PAAD, the frequency and number of genes involved in exon 
skipping were the highest, whereas the event of mutually 
exclusive exons had the lowest frequency (Figure 1A-1C). 
Using the Wilcox test, we detected 1,144 upregulated 
alternative splicing events and 873 downregulated alternative 
splicing events in the tumors compared with adjacent 
pancreas samples (Figure S1A). The top 100 differential 
alternative splicing events are shown in a heatmap in  
Figure S1B, and the list of detailed information on the 
alternative splicing events is provided in available online: 
https://cdn.amegroups.cn/static/public/jgo-24-340-1.xlsx.

Exploration of the mutation landscape in PAAD

We displayed genes with the highest mutation frequencies in 
Figure 1D. Nonetheless, only five genes showed a mutation 
percentage over 10%, supporting the low mutation burden 
of PAAD. The frequency of missense mutations was much 
higher than that of other types of point mutations, followed 
by nonsense mutations (Figure 1E). Multiple types of 
mutations may often occur in the same individual at the 
same time, with missense mutations, nonsense mutations, 
and deletions having the highest probability of frameshift 
mutation (Figure 1F). Then, we visualized the constitution 
of mutation types for the top 10 genes with the highest 
mutation percentage (Figure S1C). In addition, we analyzed 
the proportion of each specified type of gene variation in 
all samples, and KRAS missense mutation was still the most 
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Figure 1 Landscape of alternative splicing events in PAAD. (A) Seven alternative splicing events. (B) Statistics on the frequency of alternative 
splicing events and the number of genes involved. (C) Upset plot showing the intersection of genes involved in different alternative splicing 
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predominant (Figure S1D).

Identification of candidate tumor antigens for PAAD

By intersecting genes with upregulated alternative splicing 
events and genes with frameshift mutations, we detected 25 
potential tumor antigen genes (Figure 1G). Both biological 
process (BP) and molecular function (MF) analyses of GO 
enrichment indicated that these genes are involved in actin 
binding and structural interactions. Reactome analysis 
showed that these genes are associated with VEGF/VEGFR 
signaling and the AKT pathway (Figure 1H).

Differential expression analysis screening of upregulated 
tumor antigens

To explore whether these candidate tumor antigens are 
indeed upregulated in PAAD, we performed a differential 
expression analysis for all transcripts between tumor and 
normal samples. Given that the TCGA dataset includes 
few normal samples, we incorporated the transcriptome 
information of the normal pancreas in the GTEx dataset 
into our analysis and detected 6,268 upregulated genes in 
PAAD, of which 11 encode the candidate tumor antigens 
mentioned above (Figure 1I,1J and available online: https://
cdn.amegroups.cn/static/public/jgo-24-340-2.xlsx).

Nonsense-mediated RNA decay (NMD) is associated 
with candidate tumor antigens and genes involved in 
alternative splicing events

NMD is referred to as an RNA surveillance pathway that 
targets aberrant mRNAs with premature termination 
codons (PTCs) for degradation, and understanding the 
relationship between NMD and candidate tumor antigen 
expression is important. We divided the TCGA-PAAD 
datasets into two subgroups based on the median expression 

levels of five NMD mediators, including UPF1, SMG5, 
SMG7, SMG9, and DHX34 (29). Then, we compared 
the mRNA expression of the candidate tumor antigens 
between the two subgroups. The results showed different 
expression patterns associated with NMD regulators for nine 
candidate tumor antigens. Overall, INF2, PLCB3, PLEC, 
RPS6KB2, SLC4A2, and SSH3 were overexpressed in groups 
with high expression of all NMD mediators. In contrast, 
TRPS1 and GAS7 were not expressed in PAAD samples with 
high expression of NMD mediators (Figure S1E). We also 
investigated the relationship between genes involved in 
alternative splicing events and NMD mediators based on 
splicing data. In addition to the genes encoding candidate 
tumor antigens mentioned above, we observed that 
ADGRG6, BIN1, COL1A1, CTNND1, KIF16B, MAP4K4, 
MUC1, PDE4D, and ZNF28 were deregulated in PAAD 
samples with higher or lower expression of NMD regulators 
(Figure S2A-S2E).

Prognostic implications of candidate tumor antigens

Next, we explored the relationship between genes for 
candidate tumor antigens and patient OS and DFS. 
Through performing Cox regression analysis, we detected 
14 OS-associated genes and 10 DFS-associated genes. 
Among them, nine genes were simultaneously associated 
with both OS and DFS, which showed a significant 
association with survival (Figure 2A). Using the median 
expression level as the cutoff value, Kaplan-Meier curves for 
these genes revealed ADGRG6, MAP1LC3A, and TRPS1 to 
be the most significant survival-related genes (Figure 2B).

The relationship between candidate tumor antigens and 
infiltrates of antigen-presenting cells (APCs)

APCs play an important role in presenting tumor antigens 
to adaptive immune cells, inducing immune memory and 

events. (D) The genetic mutation landscape for PAAD-TCGA dataset. (E) Overlap of genes for different mutation events. (F) Overlap 
of patients for different mutation events. (G) Intersection of genes upregulated in alternative splicing events and genes with frameshift 
mutations. (H) Enrichment analysis for potential antigen candidate gene, which are intersection of genes upregulated in alternative splicing 
events and genes with frameshift mutations. (I) Volcano plot showing differential genes between PAAD and adjacent pancreas. (J) Heatmap 
showing differentially expressed genes associated with tumor antigens. The gene is not significantly upregulated (threshold: logFC >1, adj.
P<0.05). AA, alternative acceptor site; AD, alternative donor site; AP, alternative promoter; AT, alternative terminator; RI, retained intron; 
ES, exon skip; ME, mutually exclusive exons; AS, alternative splicing; TMB, tumor mutation burden; PSI, percent spliced in; FC, fold 
change; BP, biological process; MF, molecular function; Reg, regulation; PAAD, pancreatic adenocarcinoma; TCGA, The Cancer Genome 
Atlas.
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Figure 2 Survival analysis for potential antigen candidates. (A) Cox regression analysis of the OS and DFS of patients with PAAD. (B) 
Survival curve for prognosis-related genes. OS is represented in the left three K-M curves, and DFS is depicted in the right three K-M 
curves. (C) Correlation between potential antigen candidates and immune cell infiltration. (D) Venn plot showing that PLEC is a potential 
tumor antigen for PAAD. HR, hazard ratio; CI, confidence interval; NMD, nonsense-mediated RNA decay; DEG, differentially expressed 
genes; APC, antigen-presenting cell; OS, overall survival; DFS, disease-free survival; PAAD, pancreatic adenocarcinoma; K-M, Kaplan-
Meier.
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antitumor activities. Using the TIMER algorithm, we 
calculated the percentage of infiltrating APCs within PAAD 
and correlated them with the expression of the candidate 
tumor antigens. The results showed that PLEC, COL1A1, 
and MAP4K4 were positively associated with macrophage 
M0 infiltration, but ADGRG6 and PLEC correlated 
negatively with B-naïve infiltration, which suggests that 
these antigens may be preferentially presented by M0 
macrophages in TCGA-PAAD (Figure 2C). According to 
our results, PLEC is upregulated in PAAD and correlates 
highly with NMD mediators; it also appears to be associated 
with poor prognosis and low recruitment of APCs. Hence, 
PLEC is the most promising candidate tumor antigen in 
PAAD (Figure 2D). Using the TCIA database, we confirmed 
that many peptides of PLEC may serve as neoantigens that 
can be recognized by the immune system (available online: 
https://cdn.amegroups.cn/static/public/jgo-24-340-3.xls).

Identification of immune subtypes for PAAD

Although PAAD is widely recognized as a “cold” tumor, we 
attempted to perform unsupervised clustering for PAAD 
samples based on immunity-related genes (available online: 
https://cdn.amegroups.cn/static/public/jgo-24-340-4.xls). First, 
we conducted Cox regression for genes involved in immune 
activities, screening out 349 prognosis-relevant immune genes. 
Based on the expression levels of these genes, we identified two 
independent subclusters for TCGA-PAAD (C1 and C2) (Figure 
3A-3E), which exhibited a significant difference in OS (Figure 
3F). To explore whether such subtyping may be applied to other 
PAAD cohorts, we performed clustering for the PAAD samples 
in a GEO dataset (GSE62452) based on the same procedures  
(Figure 3G). Notably, the subtyping revealed a more stringent 
trend in terms of OS between C1 and C2, suggesting that such 
subtyping has predictive value for the prognostic evaluation 
of PAAD. Next, we compared the percentages of clinical 
parameters, including stage, pancreatitis, diabetes, tumor, node, 
metastasis (TNM) stage, and grade, between the C1 and C2 
subgroups and observed a mild enrichment of PAAD patients 
with a history of pancreatitis (P=0.006) in the C1 subgroup and 
that C1 featured overall higher grade (P<0.001) (Figure 3H).

The mutation and CNV characteristics of the C1 and C2 
immune subtypes

We then sought to determine whether different immune 

subtypes of PAAD have distinct genetic landscapes. 
Interestingly, the C1 subtype, with worse prognosis, showed 
a higher TMB and numerous mutated genes (Figure 4A,4B), 
and we drew a waterfall plot to show the differences in 
mutated genes and their types between the C1 and C2 
samples (Figure 4C,4D). Globally, more mutations in driver 
genes were found in the C1 subcluster, including KRAS, 
TP53, SMAD4, and CDKN2A. Notably, for C2 samples, the 
mutation frequency of TTN surpassed that of SMAD4 and 
CDKN2A, becoming the third gene with a high mutation 
frequency. Fifteen percent of PAAD samples harbor TTN 
mutations, of which most are missense. We further assessed 
CNV peaks across chromosomes in TCGA-PAAD, of which 
integrated analysis showed that the C1 group had higher 
CNV frequencies (Figure 4E,4F). We also calculated the 
PSI for candidate tumor antigens according to the spliced-
seq data and compared the PSI of these genes between 
the C1 and C2 subgroups using the Wilcox test. A total of 
18 genes with deregulated PSI were identified, with the 
PSI of ADGRG6, COL1A1, GAS7, INF2, PLCB3, RASA1, 
RPS6KB2 and SLC4A2 being significantly increased in the 
C1 subgroup (Figure 4G).

Assessment of homologous recombination deficiency (HRD), 
TMB, chromosome instability and the stemness index 
between C1 and C2 PAAD subclusters

We calculated HRD, TMB, chromosome instability and 
the stemness index for each PAAD sample and found these 
biomarkers to be tightly associated with the malignant 
behavior and therapeutic strategies for PAAD. The 
results showed that all four indexes were higher in the 
C1 subcluster, suggesting that the C1 samples have more 
obvious genome disturbance (Figure 4H).

Evaluation of immune activities between C1 and C2 
PAAD subclusters

The Tracking Tumor Immunophenotype (TIP) algorithm 
allows researchers to evaluate the stage of immune response 
of tumor samples. We found that many immune procedures 
differed between the C1 and C2 subgroups. For example, 
recruitment of T cells, dendritic cells, macrophages and Th17 
cells was significantly increased in C2 subgroup but that of 
basophils and eosinophils decreased (Figure 5A). Overall 
immune activity was stringently elevated in the C2 group.

https://cdn.amegroups.cn/static/public/jgo-24-340-3.xls
https://cdn.amegroups.cn/static/public/jgo-24-340-4.xls
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Figure 3 Identification of two independent immune subtypes for PAAD. (A) ConsensusClusterPlus clustering plot of prognostic immune genes 

in TCGA-PAAD. (B) CDF plot. (C) Trend of relative change in the area under the CDF curve. (D) Heatmap showing differences in expression 

of the two subclusters. (E) PCA showing the distinction between the two immune subtypes. (F,G) A survival curve showing that the C2 subtype is 

associated with prolonged survival compared to C1 counterparts in the TCGA and GSE62452 cohorts. P value was calculated using the log rank 

test. (H) Distribution of clinical parameters between the C1 and C2 subtypes. Statistical significance was evaluated using χ2 test. CDF, cumulative 

distribution function; PCA, principal component analysis; PAAD, pancreatic adenocarcinoma; TCGA, The Cancer Genome Atlas.
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between C1 and C2 subtypes. (H) Decreased HRD, TMB, CIN and mRNAsi were found in C2 subtypes. *, P<0.05; **, P<0.01; ***, P<0.001. 
TMB, tumor mutation burden; PSI, percent spliced in; HRD, homologous recombination deficiency; CIN, chromosomal instability; 
mRNAsi, stemness index; TCGA, The Cancer Genome Atlas; PAAD, pancreatic adenocarcinoma; CNV, copy number variation. 

**

Im
m

un
e 

ac
tiv

ity

subclass
C1
C2** ****** *** * ** ** *****

Ste
p1

Ste
p2

Ste
p3

Ste
p4 T

h1
 ce

ll r
ec

ru
itin

g

Ste
p4 T

 ce
ll r

ec
ru

itin
g

Ste
p4 B

 ce
ll r

ec
ru

itin
g

Ste
p4 m

ac
ro

pha
ge

 re
cr

uit
ing

Ste
p4 m

on
oc

yte
 re

cr
uit

ing

Ste
p4 N

K ce
ll r

ec
ru

itin
g

Ste
p4 e

os
ino

phil
 re

cr
uit

ing

Ste
p4 b

as
op

hil
 re

cr
uit

ing

Ste
p4 n

eu
tro

phil
 re

cr
uit

ing

Ste
p4 C

D4 T
 ce

ll r
ec

ru
itin

g

Ste
p4 C

D8 T
 ce

ll r
ec

ru
itin

g

Ste
p4 T

h2
2 c

ell
 re

cr
uit

ing

Ste
p4 T

h2
 ce

ll r
ec

ru
itin

g

Ste
p4 T

re
g 

ce
ll r

ec
ru

itin
g

Ste
p4 M

DSC re
cr

uit
ing

Ove
ra

ll a
ct

ivi
ty

Ste
p5

Ste
p6

Ste
p7

Ste
p4 T

h1
7 c

ell
 re

cr
uit

ing

Ste
p4 d

en
drit

ic 
ce

ll r
ec

ru
itin

g

40

30

20

10

0

−10

−20

−30

G
en

e 
ex

pr
es

si
on

G
en

e 
ex

pr
es

si
on

subclass

subclass

C1
C2

C1
C2

**

** **

**

**
***

***

***

*** ***

**

***

***

***

***

***

***

***
*

*

*

*

*
*

*

*

**
**

**

***

***

***
***

***

*** ***
***

***

***
***

16

12

8

4

14

12

10

A

C D

E

B

PDCD1L
G2

VTC
N1

VSIR

TN
FS

F9

TN
FS

F4

TN
FS

F1
8

TN
FS

F1
5

TN
FS

F1
4

TN
FR

SF9

TN
FR

SF8

TN
FR

SF4

TN
FR

SF2
5

TN
FR

SF1
8

TN
FR

SF1
4

TIG
IT

TM
IG

D2

ADORA2A
BTL

A

CD16
0

CD20
0

CD20
0R

1

CD24
4
CD27

CD27
4

CD27
6
CD28

CD40

CD40
LG
CD44

CD48
CD70

CD80
CD86

CTL
A4

HAVCR2

HHLA
2
IC

OS

IC
OSLG

ID
O1
ID

O2

KIR
3D

L1
LA

G3
LA

IR
1

LG
ALS

9
NRP1

PDCD1

G
en

e 
ex

pr
es

si
on

***

*

*

*

* *

***

***

***

***

***

***

******

***
***

***

***

**

**

**

***

**

AGER

ANXA1
CALR

CCL2

CGAS

CXCL1

CXCL1
0

CXCR3
EIF2

A

EIF2
AK1

EIF2
AK2

EIF2
AK3

EIF2
AK4

FP
R1

HGF

HM
GB1

HSP90
AA1

HSPA
1A

IFN
A1

IFN
AR1

IFN
AR2

IFN
E
IL1

B
LR

P1

M
AVS

M
ET

P2R
X7

P2R
Y2

PA
NX1

PDIA
3

STIN
G1
TF

AM
TL

R2
TL

R3
TL

R4
TL

R5
TL

R7
TL

R9

20

15

10

5

subclass
C1
C2

DHX34

SM
G5

SM
G7

SM
G9

UPF1

M
ye

loi
d d

en
drit

ic 
ce

ll a
ct

iva
te

d

T 
ce

ll r
eg

ula
to

ry 
(Tr

eg
s)

T 
ce

ll g
am

m
a d

elt
a

T 
ce

ll f
oll

icu
lar

 he
lper

T 
ce

ll C
D8

+

T 
ce

ll C
D4

+  na
ive

T 
ce

ll C
D4

+  m
em

or
y r

es
tin

g

T 
ce

ll C
D4+

 m
em

or
y a

ct
iva

te
d

NK ce
ll r

es
tin

g

NK ce
ll a

ct
iva

te
d

Neu
tro

phil

M
ye

loi
d d

en
drit

ic 
ce

ll r
es

tin
g

B ce
ll m

em
or

y

B ce
ll n

aiv
e

B ce
ll p

las
m

a

Eos
ino

phil

M
ac

ro
pha

ge
 M

0

M
ac

ro
pha

ge
 M

1

M
ac

ro
pha

ge
 M

2

M
as

t c
ell

 ac
tiv

at
ed

M
as

t c
ell

 re
sti

ng

M
on

oc
yte

***

***

3000

2000

1000

0

−1000

−2000

Immune

S
co

re

Stromal

1.1

0.9

0.7

0.5

***

Tu
m

or
 p

ur
ity

C1 C2

subclass

10

9

8

7

6

C1
C2

**

C
Y

T 
sc

or
e

C1 C2

subclass

C1

C2

0.6

0.4

0.2

0.0

C
el

l p
ro

po
rt

io
n

**

**

**

**
*

*

**
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Comparison of expression levels of ICP genes, mediators of 
immunogenic cell death (ICD) and NMD factors between 
the C1 and C2 PAAD subclusters

ICP inhibitors have been widely applied in clinical practice 
for many cancers. In addition, our previous studies 
summarized the role of ICD in antitumor immunity (5,6). 
We acquired a gene list consisting of 47 ICP genes and 43 
ICD genes from published literature (30-34) and compared 
the expression levels of these factors between the C1 and 
C2 groups in both the TCGA and GEO cohorts. A total of 
35 differentially expressed ICP, 23 ICD and 5 NMD factors 
(Figure 5B-5D) were identified in the TCGA cohort, while 
18 ICP, 17 ICD and 3 NMD factors were identified in the 
GSE62452 dataset (Figure S3A-S3C).

Immune subtypes feature different patterns of immune cell 
infiltration

Infiltrating immune cells play an important role in 
antitumor procedures, influencing patient prognosis. 
Hence, we evaluated the differences between immune 
subtypes. The C2 subtype had fewer tumor components and 
was enriched with more immune and stromal components 
(Figure 5E). Notably, the C2 subtype had higher cytotoxic 
scores than its counterparts, which suggests that the C2 
subtype exhibits more sophisticated antitumor activity in 
the immune microenvironment (Figure S3D). Supportively, 
we found more CD8+ T cell infiltration in the C2 subtype, 
whereas enrichment of Treg cells, which are recognized as 
immune inhibitory cells, was increased in the C1 subtype 
(Figure S3D).

Immune subtypes are associated with multiple biomarkers 
in PAAD

Previous studies have reported multiple diagnostic 
and prognostic biomarkers for PAAD, including VHL, 
CDKN2A, KRAS, SMAD4, TP53, GNAS, RNF43, PIK3CA, 
and PTEN, and we compared the expression levels of these 
biomarkers between the C1 and C2 subtypes (35,36). In 
the TCGA dataset, GNAS, PTEN, and SMAD4 were 
significantly upregulated in the C2 subtype, but higher 
expression of KRAS and RNF43 was observed in the C1 
subtype. Thorsson et al. reported immune subtypes at 
the pan-cancer level (37), and by using their classification 
method, this study analyzed the percentage of their six 
subtypes in the classifier generated. The results showed 

more immunoC3 and fewer immunoC1 subtypes in the 
C2 subgroup (Figure 6A), of which immunoC1 subtypes 
displayed a high proliferation rate, while ImmunoC3 
displayed an activation of type I immune response and had 
the most favorable prognosis.

Characterization of the immune landscape for PAAD

According to the definition of 28 immune cell clusters in 
a previous study (26), we performed ssGSEA to quantify 
enrichment of immune cells in TCGA-PAAD. We 
conducted dimensionality reduction using DDRTree, 
followed by pseudotime analysis (Figure 6B,6C). Then, we 
calculated the correlation between principal components 
and 28 immune cells, with PCA1 correlating positively with 
activated B cells, immature B cells, and type 1 T helper 
cells and PCA2 correlating negatively with central memory 
CD4 T cells, activated dendritic cells, and natural killer 
T cells (Figure 6D). Principal component analysis (PCA) 
identified three cell states, of which PAADs in cellstate2 
showed prolonged survival time (Figure 6E). Based on the 
same principal components, the C1 and C2 subtypes that 
we identified were further divided into two subtypes each. 
Interestingly, C2b patients showed a significantly prolonged 
survival time compared to C2a patients, with no differences 
between C1a and C2a in terms of survival time. Next, 
we studied the differential distribution of immune cells 
between the two subtypes for both C1 and C2. Although 
the prognoses for C1a and C1b were similar, more immune 
cells were infiltrated in the C1b subtype. In addition, the 
C2b subtype showed a prolonged survival rate compared 
with the C2a subtype. Nonetheless, the C2a subtype showed 
superior enrichment of pan-immune cells, suggesting that 
an overactivated inflammatory microenvironment may not 
predict better survival in “noncold” PAAD (Figure 6F,6G). 
Hence, we further investigated whether immune gene 
modules are able to characterize PAAD prognosis.

Identification of immune gene modules associated with the 
prognosis of PAAD

A co-expression network was constructed based on 
WGCNA using the transcriptome of TCGA-PAAD 
samples (Figure 7A-7C). The modules including black, 
brown, red, and turquoise showed higher strength in 
the C2 subgroup, while genes in the blue and yellow 
modules had lower expression levels in the C1 subgroup. 
The number of specific genes in the turquoise module 

https://cdn.amegroups.cn/static/public/JGO-24-340-Supplementary.pdf
https://cdn.amegroups.cn/static/public/JGO-24-340-Supplementary.pdf
https://cdn.amegroups.cn/static/public/JGO-24-340-Supplementary.pdf
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Figure 6 The immunological landscape of PAAD revealed further subdivision of C1/2 subtypes. (A) Distribution of immune subtypes 
reported previously in C1 and C2 subtypes. (B) Pseudotemporal analysis after DDRTree dimensionality reduction of TCGA-PAAD data; 
PCA distribution of different subtypes. (C) Further subdivision of C1/2 subtypes based on PCA distribution. (D) Correlation between 
PCA1/2 and different immune cell subtypes. (E) Distribution and survival analysis of samples at extreme positions in PCA. (F) Survival 
difference analysis between subdivided subgroups of ImmunoC1/2 subtypes. (G) Enrichment difference of 28 pan-cancer immune cell 
subtypes among subdivided subgroups of ImmunoC1/2 subtypes based on PCA. *, P<0.05; **, P<0.01; ***, P<0.001. MDSC, myeloid-derived 
suppressor cell; PAAD, pancreatic adenocarcinoma; PCA, principal component analysis; TCGA, The Cancer Genome Atlas.



Du et al. Neoantigen and immune subtypes of PAAD 1192

© Journal of Gastrointestinal Oncology. All rights reserved.   J Gastrointest Oncol 2024;15(3):1179-1197 | https://dx.doi.org/10.21037/jgo-24-340

F G

10.0
12.5
15.0
17.5
20.0

1.0e−08

7.5e−09

5.0e−09

2.5e−09

−1   0    1   2    3   4    5

Module

Blue 

Green 

Red 

Black 

Grey 

Yellow 

Brown 

Turquoise

3.33 (1.66–5.01) 

2.4 (1.04–3.77) 

−0.74 (−1–0.19) 

1.01 (−0.12−2.2) 

−0.31 (−0.89–0.67) 

−0.33 (−0.89–0.73) 

0.24 (−0.64–1.33) 

0.17 (−0.68–1.25)

9.88e−05 

0.000592 

0.0889 

0.0961 

0.453 

0.465 

0.701 

0.809

HR (95%CI) P value

Response to virus

 

Regulation of hormone levels

Defense response to virus 

Defense response to symbiont

Leukocyte proliferation

Positive regulation of response to 
external stimulus

Negative regulation of immune 
system process

Regulation of response to biotic 
stimulus

Cytokine-mediated signaling 
pathway

Positive regulation of cytokine 
production

0.12     0.14     0.16     0.18     0.20 0.12      0.16        0.20       0.24
Gene ratio Gene ratio

Count

P.adjust

Positive regulation of MAPK cascade 

Ameboidal-type cell migration 

Mesenchyme development 

Mesenchymal cell differentiation

Semaphorin-plexin signaling pathway

Exocrine system development

Transmembrane receptor protein 
serine/threonine kinase signaling 

pathway

Regulation of transmembrane 
receptor protein serine/threonine 

kinase signaling pathway
Regulation of pathway-restricted 

SMAD protein phosphorylation
Pathway-restricted SMAD protein 

phosphorylation

Cluster dendrogram

Cluster dendrogram

Module colors

A B

C D E

80

70

60

50

40

30

20

H
ei

gh
t

1.0

0.9

0.8

0.7

0.6

H
ei

gh
t

S
ca

le
 fr

ee
 to

po
lo

gy
 m

od
el

 fi
t, 

si
gn

ed
 R

2

M
ea

n 
co

nn
ec

tiv
ity

N
um

be
r 

of
 g

en
es

M
od

ul
e 

ei
ge

ng
en

es

Tu
rq

uo
ise

Blac
k

Blue BlueGre
y

Bro
wn

Bro
wn

Gre
en

Ye
llo

w
Gre

y

Gre
en RedRed

Tu
rq

uo
ise

Blac
k

Ye
llo

w

Scale independence Mean connectivity

5          10         15         200 0 5          10         15         20
Soft threshold (power)

* ***
*** *** *** ***

Soft threshold (power)

Subclass
C1
C2

1.0

0.8

0.6

0.4

0.2

0.0

450

400

350

300

250

200

150

100

50

0

24

22

20

18

16

14

12

10

8

6

4

2

250

200

150

100

50

0

J

H

I

3000

2000

1000

0

Ti
m

e,
 d

ay
s

Patients

Risk

Patients

5

4

3

2

1

0

R
is

k

High
Low

0    20   40   60   80  100 120 140 160  180 0    20   40   60   80  100 120 140 160  180

Alive
Dead

Low
High

Type
Type

SSTR2

GREM1

PDGFC

LTBP1

INHBA

PDGFRB

EDNRA

LTBP2

OSMR

ITGAV

LIMS1 

TNFRSF10A

PLAUR

PLAU

2

1

0

−1

−2

AUC=0.81

Time

5 years

0.00      0.25    0.50    0.75     1.00
FPR

TP
R

1.00

0.75

0.50

0.25

0.00

Low

High

0                 1000              2000              3000

Number at risk

S
ur

vi
va

l r
at

e

P<0.001

1.00

0.75

0.50

0.25

0.00

0                 1000              2000              3000
Time, days

Low

High

90

89

16

7

4

2

0

0

Time, days
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surpassed 400, and the yellow module had the least number 
of specific genes (Figure 7D,7E). Next, we performed Cox 
regression for the eigengenes in each module to screen 
for prognosis-relevant modules (Figure 7F). The results 
showed that both the blue and green modules are associated 
with poor prognosis in PAAD. Based on GO analysis, the 
genes in the blue module are mostly relevant to cytokine-
mediated signaling pathways; those in the green module are 
associated with positive regulation of the MAPK cascade 
(Figure 7G and available online: https://cdn.amegroups.
cn/static/public/jgo-24-340-5.xlsx; https://cdn.amegroups.
cn/static/public/jgo-24-340-6.xlsx). Next, we screened hub 
genes of the modules with prognostic value and constructed 
a predictive tool to classify TCGA-PAAD samples with 
different prognoses (Figure 7H,7I). According to the ROC 
curve analysis, the area under the curve (AUC) value of the 
generated predictive tool for prognosis prediction reached 
0.81, suggesting that the predictive tool constructed based 
on hub genes of each module has high accuracy (Figure 7J).

Single-cell analysis reveals the relationship between risk 
scores and trajectory in tumor cells

After a series of quality controls, we acquired an expression 
matrix of 7,530 cells from single-cell dataset GSE154778 
samples (Figure 8A,8B). Then, we extracted tumor cells 
from these cells and labeled risk scores based on the model 
described above (Figure 8C). Pseudotime trajectory analysis 
showed that the four subclusters of tumor cells may have 
stringent evolutionary differences (Figure 8D). Moreover, 
tumor cells with lower risk scores displayed an evolutionary 
tendency towards tumor cells with higher risk scores  
(Figure 8D). We showed similar results by using t-distributed 
stochastic neighbor embedding (t-SNE) clustering methods 
(Figure 8E,8F). We divided tumor cells into high- and low-
risk types according to the risk score and compared their 
differences in terms of cell-cell communication. Tumor 
cells with lower risk scores are more likely to communicate 

with macrophages through MIF signaling, and those with 
higher risk scores tend to communicate with monocytes, 
T cells and natural killer (NK) cells via MDK, SPP1 and 
GALECTIN signaling (Figure 8G).

Discussion

Although immunotherapy has become a promising 
treatment modality for multiple cancers, it has failed to 
achieve satisfactory efficacy in pancreatic cancer. Many 
factors undermine the response of pancreatic cancer cells 
to immunotherapy, including a fibrotic microenvironment, 
low immune cell infiltration, and low immunogenicity. Low 
TMB has been seen as an essential element to explain why 
pancreatic cancer cells barely show immune induction and 
can easily evade immune surveillance. Unlike other solid 
tumors, pancreatic cancer does not have common drug 
targets. Most genome mutations of pancreatic cancer cannot 
be targeted due to undruggable molecular structures, such 
as KRAS G12D. Hence, finding genomic targets beyond 
the driver genes of pancreatic cancer is a promising way to 
guide immunotherapy for PAAD.

The present study systematically explored aberrantly 
upregulated genes, alternatively spliced genes, and genes 
associated with NMD factors, antigen presentation, and 
OS in TCGA-PAAD, revealing that PLEC is a promising 
neoantigen for PAAD-targeted therapy. Previous studies 
have shown that PAAD patients with long-term survival 
have specific neoantigen profiles (38,39). Evolution analysis 
revealed that reduced levels of high-quality neoantigens 
are characteristic of recurrent disease in PAAD patients 
with long survival, suggesting that the interaction between 
neoantigens and the immune system plays an important role 
in prognosis. Huang et al. and Rojas et al. recently described 
potential neoantigen and mRNA vaccine candidates in 
PAAD and cholangiocarcinoma based on public sequencing 
data (30,40). However, they did not take alternative splicing 
and NMD factors into consideration when screening 

with respect to the soft thresholding parameter. (C) Clustered heatmap of differentially expressed gene modules. (D) Number of genes 
in each module. (E) Distribution of differences in characteristic vectors of each module among TCGA-PAAD subtypes. (F) Univariate 
Cox analysis of module characteristic vectors. (G) Bubble plots of GO biological processes enriched in prognosis-related modules (blue 
and green). (H) Survival statistics and correlation analysis of expression levels of TCGA-PAAD samples based on risk scores. (I) Survival 
analysis of TCGA-PAAD samples with different risk scores. (J) ROC curve analysis revealed the accuracy for predicting the 5-year survival 
rate of patients with PAAD. *, P<0.05; ***, P<0.001. HR, hazard ratio; CI, confidence interval; TPR, true positive rate; FPR, false positive 
rate; AUC, area under the curve; TCGA, The Cancer Genome Atlas; PAAD, pancreatic adenocarcinoma; WGCNA, weighted gene co-
expression network analysis; GO, Gene Ontology; ROC, receiver operating characteristic.
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translational targets. Wang et al. reported six prognostic 
splicing biomarker, including UBA1, S100A13, SH3KBP1, 
COPSTA, GSE1 and NISCH. The risk model based on 
the six genes with alternative splicing events showed broad 
association with the fractions of macrophages M1, resting 
mast cells, CD8 T cells, T cells regulatory, naive B cells 
and memory B cells (41). In cancer, alternative splicing 
is often dysregulated, leading to the production of novel 
protein isoforms that can serve as tumor-specific antigens. 
Several studies have highlighted the role of alternative 
splicing-derived neoantigens in eliciting immune responses 
against tumors. For instance, alternative splicing can 
create novel peptides that are presented on the surface of 
tumor cells by major histocompatibility complex (MHC) 
molecules, making them recognizable by T cells (42,43). 
These suggested alternative splicing could be a vital factor 
for immune microenvironment, which should be taken 
into considered in analysis. Here, we report that PLEC 
is a promising target with therapeutic value for PAAD. 
Although some published studies have recognized PLEC 
as a biomarker for tumorigenesis of PAAD, few studies 
have addressed its immunogenicity. As an immunologically 
“cold” tumor, PAAD shows poor immunogenicity and a 
low response to immunotherapy. Overall, mRNA vaccines 
based on neoantigens derived from PLEC may become a 
promising strategy to boost the immunogenicity of PAAD.

Notably, we describe a novel immune subtyping system 
for PAAD to indicate patient prognosis and present 
opportunities for immunotherapy, such as ICP inhibitors. 
TCGA-PAAD classified as the C2 subtype showed better 
prognosis and more CD8+ T-cell infiltration. In addition, 
mutational profiles, immune infiltrations, NMD factor 
expression levels and genomic parameters were distinct 
between the two immune subgroups. By using single-
cell sequencing-based trajectory analysis, we further 
classified two minor subgroups each from the C1 and C2 
subtypes, of which the C2b subtype had the best prognosis. 
We also identified prognosis-related immune modules 
through WGCNA, whereby blue and green modules were 
associated with the shortest OS duration. Enrichment 
analysis showed the hub genes in the blue module to be 
associated with cytokine-mediated signaling pathways 
and those in the green module to be associated with 
positive regulation of the MAPK cascade. Many studies 
have established the complicated role of cytokines in the 
immune microenvironment of cancers (44,45). Recently, an 
increasing number of studies have uncovered that MAPK 
activation fuels immune evasion during tumorigenesis. 

In contrast, the combination of MAPK inhibition and 
immunotherapy contributes to synergistically increased 
efficacy (46,47). Our results reinforce the combinational 
value of applying MAPK inhibition and ICP inhibitors. 
Moreover, based on the hub genes for each immune 
module, we constructed a prognostic model to predict the 
OS of patients with PAAD, which showed a high accuracy 
for the 5-year survival rate. The greatest advantage of our 
prognosis model is its applicability for researchers aiming 
to investigate the immunogenicity of PAAD samples. The 
biggest challenge we currently face is the lack of clinical 
validation, which we plan to address in future studies. 
Although the accuracy of the generated model is not the best 
in the literature, it is applicable in cases in which researchers 
aim to investigate the immunogenicity of PAAD samples.

Conclusions

In conclusion, the present study used a transcriptome-
guided approach to screen out neoantigen candidates 
based on alternative splicing, NMD factors and antigen-
presenting signatures. The prognostic model established 
in the present study can predict patient prognosis and the 
immune microenvironment and indicate the selection of 
patients for clinical trials of immunotherapy.
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