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Purpose: Pancreatic ductal adenocarcinoma (PDAC) is one of the highest fatality rate
cancers with poor survival rates. The tumor microenvironment (TME) is vital for tumor
immune responses, leading to resistance to chemotherapy and poor prognosis of PDAC
patients. This study aimed to provide a comprehensive evaluation of the immune genes
and microenvironment in PDAC that might help in predicting prognosis and guiding clinical
treatments.

Methods:We developed a prognosis-associated immune signature (i.e., PAIS) based on
immune-associated genes to predict the overall survival of patients with PDAC. The
clinical significance and immune landscapes of the signature were comprehensively
analyzed.

Results: Owing to gene expression profiles from TCGA database, functional enrichment
analysis revealed a significant difference in the immune response between PDAC and
normal pancreas. Using transcriptome data analysis of a training set, we identified an
immune signature represented by 5 genes (ESR2, IDO1, IL20RB, PPP3CA, and PLAU)
related to the overall survival of patients with PDAC, significantly. This training set was well-
validated in a test set. Our results indicated a clear association between a high-risk score
and a very poor prognosis. Stratification analysis and multivariate Cox regression analysis
revealed that PAIS was an important prognostic factor. We also found that the risk score
was positively correlated with the inflammatory response, antigen-presenting process,
and expression level of some immunosuppressive checkpoint molecules (e.g., CD73, PD-
L1, CD80, and B7-H3). These results suggested that high-risk patients had a suppressed
immune response. However, they could respond better to chemotherapy. In addition,
PAIS was positively correlated with the infiltration of M2 macrophages in PDAC.
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Conclusions: This study highlighted the relationship between the immune response and
prognosis in PDAC and developed a clinically feasible signature that might serve as a
powerful prognostic tool and help further optimize the cancer therapy paradigm.
Keywords: immune-related genes, immune signature, pancreatic ductal adenocarcinoma, prognosis,
tumor microenvironment
INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) is the fourth leading
contributing factor of cancer -related death worldwide,
exhibiting an extremely poor 5-year survival (less than 9%) (1).
By 2030, PDAC is estimated to rise to the second leading cause of
cancer mortality (2) owing to its aggressive malignancy and
limited therapeutic options. Although various systemic therapies
have been developed, their overall efficacy and survival benefits
remain limited, probably owing to the abundance of the stromal
content of the tumor (3, 4). Therefore, it is important to develop
new treatments for patients with pancreatic cancer.

Immunotherapies, which can fight tumors by activating the
immune system, have achieved great success in recent years.
Although immune checkpoint inhibitors (ICIs) have shown
demonstrated clinical affection in the management of several
malignancies (5–8) to date, they have been generally ineffective
in PDAC (9). However, some clinical trials have shown that
therapies targeting the tumor microenvironment (TME) might
ameliorate the prognosis of patients with PDAC. Among a
retrospective research, patients in the ICIs plus chemotherapy
set showed a better prognosis than those in the single
chemotherapy set (10). Compounds or therapeutic approaches
that target the P450 cytochrome (11) or immune mediators,
including legumain (12) and Toll-like receptors (13), were also
demonstrated to decrease the impact of the TME on tumor
progression. In a phase II adjuvant study, GVAX, which is
composed of allogenic irradiated pancreatic cancer cells, can
generate granulocyte-macrophage colony stimulating factor
(GM-CSF), result in the expansion of CD8+ T-cells and help
patients to achieve longer survival times (14–16). Another study
showed that ruxolitinib, a JAK/STAT inhibitor, combined with
capecitabine was reported to improve the survival of patients
with metastatic PDAC who insensitive to chemotherapy with
gemcitabine (17).

The TME of PDAC is unique, consisting of cancer cells,
stromal cells, and extracellular components and might promote
tumor evasion, conferring resistance to therapeutic agents and
immune therapies (18). Recent studies have demonstrated that
TME is vital for PDAC progression (19). Tumor-infiltrating
immune cells (TIICs), migration from peripheral blood or exist
in PDAC, could also implicate positive or negative regulation of
tumor growth and progression according to the type and their
functional interactions (20). Up-regulating of tumor supporting
cells, for example, tumor-associated macrophages (TAMs), while
down-regulating of the killers of tumor cells, such as CD8+ T-cells
and natural killer (NK) cells, is necessary for immunosuppressive
microenvironment in PDAC (21).
2

These findings have supported the importance of TME in
PDAC, but the molecular mechanisms behind it, particularly
those relevant to the effects of immune-related genes (IRGs),
remain unclear. With the available large-scale public gene
expression datasets, researchers can identify potential
biomarkers for tumor surveillance much faster and more
accurately (22, 23). Recently, the prognostic value of IRGs-in
patients with nonsquamous non-small cell lung cancer has been
developed (24). Thus, we examined whether IRGs could form a
prognostic-associated gene signature in PDAC

In this study, we executed gene set enrichment analysis
(GSEA) in gene expression profiles from the TCGA and GTEx
datasets. We found significant differences in the immune
response that could be used to distinguish PDAC from a
healthy pancreas. We then developed a prognosis-associated
immune signature (PAIS) in 163 PDAC samples obtained from
the TCGA dataset. This signature was validated using an
independent set of 95 tumor samples from the ICGC dataset.
We also analyzed the enrichment pathway and transcription
factor (TF) regulation network of survival-associated IRGs. We
comprehensively analyzed the clinical significance, immune
checkpoint profiles, and immune cell infiltration of the PAIS.
The results of our analysis might provide an opportunity to
further optimize the paradigm of cancer therapy and effectively
develop a prognostic tool for PDAC.
MATERIALS AND METHODS

Public Gene Expression Datasets
Gene expression profiles of patients with PDAC and healthy
donors were acquired from the TCGA database (https://tcga-
data.nci.nih.gov/tcga), GTEx database (https://www.gtexportal.
org/home/index.html), and ICGC Data Portal (https://dcc.icgc.
org/), respectively. In total, 163 samples of PDAC tissues from
TCGA, 95 samples of PDAC tissues from ICGC-AU, and 165
samples of normal pancreatic tissues from the GTEx dataset were
included in this study. The transcriptome data were log 2
transformed and standardized across patients using a quantile
normalized method. All corresponding characteristics and
clinical outcomes of enrolled patients were publicly obtainable.
The patient information from the TCGA and ICGC databases
are presented in Table S1.

Analysis of Differentially Expressed
Immune-Related Genes
We extracted the list of IRGs using the publicly accessible
Immunology Database and Analysis Portal (ImmPort)
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database (https://www.immport.org) (25). This database can
provide a set of IRGs participating in the immune activity. We
used the DEseq2 package to screen for differentially expressed
IRGs between PDAC samples from TCGA and normal pancreas
tissue samples (26). Differential gene analysis was subjected to all
transcriptional data, we chose the false discovery rate (FDR) < 0.01
and a log2 |fold change| > 1 as the cutoff values.

Enrichment Analysis of
Immune-Related Genes
Kyoto Encyclopedia of Genes and Genomes (KEGG) and gene
set enrichment analysis (GSEA) are two commonly used
enrichment analysis methods We extracted GSEA between
PDAC sample and normal pancreas, and high- and low risk
PDAC samples for better understanding of entirety changes (27).
On the other hand, we chose KEGG analysis of the differentially
expressed IRGs and to conducted the exploration of molecular
mechanisms to further exploring different immune-related
pathways between different expressed IRGs.

Construction and Validation of the
Prognosis-Associated Immune Signature
Considering the generally poor prognosis of most cases of
PDAC, we chose the overall survival (OS) for the PAIS
building, deriving all data from the TCGA’s Pan-Cancer
Atlas (28). TCGA was the train set with 163 patients while
the ICGC was the test set with 165 patients. We performed
univariate Cox proportional hazards regression modeling to
evaluate their prognostic value for OS in the training set (29).
Based on minimal criteria, the least absolute shrinkage and
selection operator (LASSO) Cox proportional hazards
regression model was used to select the genes with the
largest predictive values (30). Next, we applied a multivariate
Cox proportional hazards regression model to determine the
target genes forming a PAIS for prognostication. To calculate
the PAIS value of each patient, we designed a formula that
included weighting the normalized expression value of the
target genes by their respective coefficients. In the formula, the
expression values of the target genes were normalized with a
mean value = 0 and a standard deviation (SD) = 1 to obtain a
uniform cutoff value to assign patients into low-risk or high-
risk sets (31). The prognostic power of the novel PAIS for OS
was evaluated in two different cohorts using receiver operating
characteristic curve (ROC) and Kaplan-Meier survival
analyses. We also performed univariate and multivariate Cox
regression analyses to assess whether PAIS was an independent
prognostic risk factor.

Analysis of Differentially Expressed
Transcription Factors
Transcription factors (TFs) can control the intensity of gene
expression directly. Hence, exploration of the status of TFs which
may have the potential ability to regulate these survival-relevant
IRGs is necessary. Cistrome Cancer (http://cistrome.org/
CistromeCancer/) is a public database that includes 318 TFs,
thus making it valuable for cancer biology research (32).
Frontiers in Oncology | www.frontiersin.org 3
CIBERSORT and Assessment of Tumor-
Infiltrating Immune Cells
CIBERSORT(https://cibersort.stanford.edu/) is one of the
methods for calculating the infiltration of immune cells. It
used a deconvolution algorithm according to the standardized
gene expression, thus could be able to predict the proportion of
different immune cells in samples (33–35). Here, we used
CIBERSORT to transform the gene expression of PDAC to an
abundance of TIICs in PDAC tissue samples. Selected the filtered
data (75 cases, P<0.05) for further analysis. We calculated the
correlation between immune cells and clinical characteristics and
the association between the infiltration of immune cells
and PAIS.

Clinical Drug Response Prediction
We performed the prediction analysis of Paclitaxel, one of the
commonly used drugs for chemotherapy in PDAC, using the
“pRRophetic” R package. Our analysis used ridge regression to
estimate the half-maximal inhibitory concentration (IC50) of
each sample. The prediction accuracy of the model was tested
using 10-fold cross-validation based on the Genomics of Drug
Sensitivity in Cancer (GDSC) (https://www.cancerrxgene.org/)
training set. All parameters in the program were set based on
default values and duplicate gene expression was identified as the
mean value (36).

Statistical Analysis
GraphPad Prism software (version 8.0) and R software (version
3.6.2) were used to perform the statistical analyses. The survival
curves for OS from the Kaplan-Meier survival analysis were
compared using log-rank tests. Chi-square and Mann-Whitney
U tests were applied for between-set comparisons. All reported
P-values were two-tailed. For all analyses, P-values of less
than 0.001(***), 0.01(**), or 0.05(*) were considered
statistically significant.
RESULTS

Relationships of Immune Phenotype
Between Pancreatic Ductal
Adenocarcinomaand Normal Pancreas
To examine the distinct features of biological processes in PDAC
compared with normal pancreas, we analyzed the gene
expression between 163 PDAC samples obtained from TCGA
and 165 samples from GTEx. Accordingly, we performed GSEA
of PDAC and normal pancreatic tissue samples. The GSEA
results revealed that PDAC was strongly correlated with
positive regulation of the immune response, including the
induction of T-cells to natural killer cells (NES = 1.86, P <
0.001) and activation of the innate immune system (NES = 1.84,
P < 0.001) (Figure 1A). To further investigate the association
between PDAC and immune phenotypes, we chose the 871
immune-related genes extracted from the ImmPort database
for further calculation. We found that among these genes, 837
were differentially expressed between PDAC samples and normal
February 2021 | Volume 10 | Article 618215
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pancreas (Figures 1B, C, Table S2). Next, we used KEGG
enrichment analysis to identify immune-related pathways
associated with these 837 significant genes. These genes were
identified to be involved in cytokine-cytokine receptor
interaction, Th17 cell differentiation, Th1 and Th2 cell
differentiation, as well as in the expression of PD-L1 and the
PD-1 checkpoint pathway (Figure 1D).

In addition, we observed that the JAK-STAT, NF-kB, PI3K-
AKT, and MAPK signaling pathways were enriched (Figure 1D).

Development of a Prognosis-Associated
Immune Signature for Pancreatic Ductal
Adenocarcinoma in the Training Cohort
We found significant differences in the immune response and
immune-related signaling pathway between PDAC tissues and
normal pancreas. Therefore, we sought to develop a PAIS to
improve the prognostic prediction for PDAC. As the 5-year
survival rate of patients with PDAC is extremely poor, we
chose the postoperation overall survival (OS) as the clinical
outcome. To this end, we performed univariate Cox
proportional hazards regression analysis to identify IRGs
correlated with OS. All the prognosis-associated IRGs
analyzed by Kaplan-Meier and Univariable Cox regression
were shown in Tables S3 and S4, respectively. Based on a P-
value < 0.01, 10 immune-related genes were identified as
prognostic genes for OS. Subsequently, we used LASSO Cox
proportional hazards regression modeling to select genes with
Frontiers in Oncology | www.frontiersin.org 4
the greatest predictive values. Based on the minimum criteria,
6 genes were selected (Figures 2A, B). We then performed
multivariate Cox regression analysis to further generate a PAIS
for prognostication, and accordingly a novel prognostic
signature consisting of 5 genes (ESR2, IDO1, IL20RB,
PPP3CA, and PLAU) was built (Figure 2D). Subsequently,
we generated the PAIS model for each patient using the
formula: PAIS = −0.298 × normalized expression value of
ESR2 + 0.259 × normalized expression value of IDO1 +
0.298 × normalized expression value of IL20RB + 0.172 ×
normalized expression value of PPP3CA + 0.184 × normalized
expression value of PLAU (Figure 2E). PDAC patients were
assigned into low- and high-risk sets based on the optimal
cutoff value (0.931), which was obtained from the median
value of the PAIS in the training set (Figure 2F).

To evaluate the predictive power of the novel PAIS, we
obtained the area under the curve (AUC) values of the ROC
and performed the Kaplan-Meier survival analysis. Our results
revealed that the AUC value at 1-year OS was 0.728 (Figure 2C).
Patients in the high-risk set were shown to have a significantly
worse OS than those in the low-risk set (P = 0.018; Figure 2D).
Next, to examine whether the PAIS was an independent risk
factor for OS in patients with PDAC, we performed univariate
and multivariate Cox regression analyses of the training set. The
results of Cox regression analysis indicated that both PAIS and
lymph node metastasis were predictor factors (PAIS: P < 0.001;
age: P = 0.044; lymph node metastasis: P = 0.038; Figure 2G).
A B

DC

FIGURE 1 | Relationships between pancreatic ductal adenocarcinoma (PDAC) and normal pancreatic tissues. (A) Significant enrichment of immune-related
pathways in tissues from patients with PDAC, compared with normal pancreatic tissues. NES, normalized enrichment score. (B) Volcano plot of 871 metabolism-
related genes differentially expressed in PDAC and normal pancreatic samples. (C) Heatmap showing the expression of IRGs in each sample. (D) Functional analysis
of 838 metabolism-related genes.
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However, after adjusting for clinicopathological factors,
including age, gender, grade, stage, T–staging, and lymph node
metastasis, our results indicated that PAIS was a major
independent predictor factor of OS (P < 0.001; Figure 2H). In
addition, PAIS was observed to be significantly higher in patients
with advanced stage (Table 1).

Validation of the Prognosis-Associated
Immune Signature for Pancreatic Ductal
Adenocarcinoma in the Verification Cohort
To verify the discriminatory power of PAIS for PDAC, we
applied the same formula to the test set consisting of 95 cases
used in verification. All the prognosis-associated IRGs analyzed
by Kaplan-Meier and Univariable Cox regression from ICGC
database were shown in Tables S5 and S6, respectively. Based on
the cutoff values obtained from the training cohort, the 95
patients were separated to the low-set (n = 48) or high-risk set
(n = 47) (Figure 3C). The PAIS for PDAC in the test cohort was
identified as a robust prognostic model, with its AUC value at 1-
year OS being found to be 0.721 (Figure 3A). Moreover, Kaplan-
Meier survival analysis revealed that patients in High risk set
PAIS also had significantly poorer OS than other patients (P <
0.001; Figure 3B). Next, we examined whether PAIS was an
independent risk factor of OS in patients with PDAC in the test
set. To this end, we performed univariate and multivariate Cox
regression analyses using the data from these 95 patients. Our
results revealed that both PAIS and lymph node metastasis not
only served as predictor factors (PAIS: P = 0.005; lymph node
Frontiers in Oncology | www.frontiersin.org 5
metastasis: P = 0.006; Figure 3D; PAIS: P = 0.084; lymph node
metastasis: P = 0.012; Figure 3E).

Regulatory Network of Survival-
Associated Immune-Related Genes
We investigated the regulatory mechanisms of survival-associated
IRGs to explore their potential underlying molecular mechanisms.
KEGG analysis showed that the MAPK and PI3K signaling
pathways were the most enriched KEGG pathways, consistent
with our results of differentially expressed IRGs (Figure 4A).

We then analyzed the expression of 318 TFs from the Cistrome
Cancer database and found 73 TFs which were differentially
expressed between PDAC and normal pancreatic tissue samples
(Figures 4B, C). All the differentially expression TFs were shown
in Table S7. Based on this, we identified the survival-associated
differentially expressed TFs. The forest plot of hazard ratios and
95% CI (Figure 4D) in the Cox proportional hazards regression
model showed that 9 TFs were correlated with the OS of patients
with PDAC (P < 0.01). According to these survival-associated 9
TFs and 10 IRGs, we established a regulatory network(correlation
score > 0.4 and P < 0.001). (Figure 4E).

Association Between the Prognosis-
Associated Immune Signature and
Immune Response in Pancreatic Ductal
Adenocarcinoma
To identify biological pathways related to risk score, we divided
163 PDAC samples obtained from the TCGA database into a
A B

D

E

F

G H

C

FIGURE 2 | Development of prognosis-associated immune signature (PAIS) for pancreatic ductal adenocarcinoma (PDAC) in the training cohort. (A, B) The least
absolute shrinkage and selection operator (LASSO) Cox proportional hazards regression model identified 10 genes most related to overall survival (OS). (C) ROC
curve analysis of the PAIS for OS. (D) Kaplan-Meier survival curves of OS for patients with PDAC. (E) Prognostic values of five selected genes using multivariate Cox
proportional hazards regression analysis. (F) Heatmap of five-gene expression profiles, PAIS distributions, and live status of each patient in the high- and low-risk
sets. (G, H) Univariate (G) and multivariate (H) regression analyses of the associations between PAIS and clinical variables for the predictive value of OS.
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high-set (n = 81) and low-risk set (n=82), based on the cut-off
value (PAIS=0.933). We then performed GSEA to determine the
distinct features of biological processes between these 2 sets. Our
results indicated that patients with high-risk were strongly
associated with a suppressive immune microenvironment,
including higher angiogenesis (NES = 1.88, P < 0.001), naïve
T-cells (NES = 1.55, P = 0.04), and DC cells with inhibitory
function (NES = 1.54, P = 0.03) (Figure 5A).

For the better understanding of the association between
PAIS and the immune response, we analyzed the expression of
7 previously described clusters of inflammatory metagenes
(HCK, IgG, interferon, LCK, MHC-I, MHC-II, and STAT1)
between the high- and low-risk sets (Figure 5B) (37). In
addition, Gene set variation analysis (GSVA) was also
Frontiers in Oncology | www.frontiersin.org 6
performed to further explore the expression of these
metagene clusters between the 2 sets. Our analysis revealed a
powerful correlation between the PAIS and the hemopoietic cell
kinase pathway, interferon response pathway, lymphocyte cell
kinase pathway, IgG pathway, and STAT1 signal transduction
pathway (Figure 5C) (38). The results for the expression level
of 5 significantly differentially expressed metagene clusters in
all samples between the 2 sets are presented in Figure 5D. To
validate these findings and improve the interpretation of the
observed associations, we used a cross correlogram to display
the correlations among these variables. Our results prompted
that the PAIS had positive associations with HCK, interferon,
and STAT1, but negative associations with LCK and IgG
(Figure 5E).
TABLE 1 | Relationships between the expressions of the immune-related genes (IRGs) and risk score and the clinicopathological factors in pancreatic adenocarcinoma:
t(P).

gene Age(<65/≥65) Gender(female/male) Grade(G1-G2/G3-G4) Stage(stage I - II/stage III-IV) T(T1-T2/T3-T4) N(N0/N1)

ESR2 −0.408(0.684) −0.408(0.684) 2.317(0.022) 2.713(0.022) −0.659(0.513) 0.467(0.642)
IDO1 −0.79(0.431) −0.79(0.431) −1.214(0.230) 2.804(0.006) −1.513(0.132) −0.313(0.755)
IL20RB 0.437(0.662) 0.437(0.662) −1.909(0.061) 2.787(0.008) −1.236(0.220) −2.218(0.028)
PPP3CA 2.037(0.043) 2.037(0.043) 0.267(0.790) −0.183(0.860) −0.689(0.495) −0.641(0.523)
PLAU 0.605(0.546) 0.605(0.546) −1.422(0.158) 1.618(0.138) −0.274(0.786) 0.807(0.424)
riskScore 0.039(0.969) 0.039(0.969) −1.488(0.141) 2.007(0.047) −1.943(0.054) −1.533(0.127)
February
 2021 | Volume 10 |
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FIGURE 3 | Validation of prognosis-associated immune signature (PAIS) for pancreatic ductal adenocarcinoma (PDAC) in the test cohort. (A) ROC curve analysis of
the PAIS for overall survival (OS). (B) Kaplan-Meier survival curves of OS for patients with stages of PDAC based on PAIS. (C) Heatmap of 5-gene expression
profiles, PAIS distributions, and live status of each patient in the high- and low-risk sets. (D, E) Univariate (D) and multivariate (E) Cox regression analyses of the
associations between PAIS and clinical variables for the predictive value of OS.
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Correlation Between the Prognosis-
Associated Immune Signature and
Immune Cell Infiltration or Immune
Checkpoint Profiles in Pancreatic
Ductal Adenocarcinoma
Given that the immune response is closely related to the TIICs
landscape, we chose a CIBERSORT algorithm to analyze the
composition of TIICs between the high- and low-risk sets in
patients with PDAC. Our results indicated that samples from
high-risk patients were characterized by M0macrophage andM2
macrophage enrichment (P < 0. 01; P<0.05) (Figure 6A). To
further verify the association between the PAIS and the
infiltration of TIICs, we used the cross correlogram to present
the observed associations among these variables. Respectively,
our results consistently indicated that the PAIS was positively
correlated with the level of M2 macrophage infiltration (r = 0.43,
P < 0.001), while negatively correlated with the level of CD8+ T-
cells (r = −0.24, P = 0.042) (Figure 6B). The correlation between
TIICS and clinical characters of PDAC patients is shown in
Table S8.

Next, to gain new insights into the correlation between PAIS
and immune checkpoint profiles, we included 16 immune
checkpoint molecules in our analysis. We included the B7-
CD28 family (CD28, CD80, CD86, ICOS, ICOSLG, PD-1, PD-
L1, PD-L2, B7-H3, B7-H4, HHLA2, and TMIGD2) and several
other hotspot immune checkpoint members (Tim-3, galectin-9,
LAG-3 CD39, CD73, TIGIT, VISTA, and FGL-1) (Figure 6C)
(39). Our results indicated that higher levels of CD80, PD-L1,
B7-H3, and CD73 were expressed in the high-risk set (Figures
6C, D). We then used a cross correlogram to better understand
Frontiers in Oncology | www.frontiersin.org 7
the association between PAIS and the type of immune
checkpoint molecules. Based on this analysis, we found that
PAIS had a positive correlation with CD73 (r = 0.47, P < 0.001)
and PD-L1 (r = 0.39, P < 0.001) (Figure 6E).

Relationship Between the Prognosis-
Associated Immune Signature and Drug
Response in Pancreatic
Ductal Adenocarcinoma
Given that chemotherapy is commonly used in the treatment of
PDAC, we tried to evaluate the sensitivity of anticancer clinical
drugs based on the evaluation of the expression level of tumor
genes using the “pRRophetic” R package. After estimating the
IC50 for each sample in the TCGA cohort, we selected paclitaxel
and found that it had significant response sensitivities in high-
risk cases rather than those in low-risk cases (P = 0.014;
Figure 6F).
DISCUSSION

To date, a number of studies have revealed the molecular
changings at different levels (such as DNA, RNA, protein,
epigenetics, and TME) by using TCGA for the early screening
and target therapy of PDAC in the future (3, 40–45).
Immunotherapy has exhibited great potential in cancer
treatment, but its effectiveness in patients with PDAC has not
been satisfactory due to the highly immunosuppressive
microenvironment of the tumor (46, 47). Pu et al. proposed
the use of an immune and a stromal score based on the
A B

D E

C

FIGURE 4 | Regulatory network of survival-associated immune-related genes (IRGs). (A) Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis (only show
signaling pathway, P < 0.05). (B) Volcano plot demonstrating differentially expressed transcription factors (TFs) between pancreatic ductal adenocarcinoma (PDAC)
and normal pancreatic tissues, Red dots represent genes with a higher level of expression in PDAC, whereas blue dots represent lower expression. (C) Heatmap
showing the expression of TFs in each sample. (D) The hazard ratio and 95% confidence interval of survival-associated TFs using Cox proportional-hazards
regression analysis. (E) Regulatory network constructed based on clinically relevant TFs and IRGs.
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abundance of immune cells in order to characterize the TME of
PDAC (48). They accordingly calculated the immune and
stromal scores using an expression data (ESTIMATE)
algorithm, and explored the relationships between the immune
score and the PDAC subtype and mutant (TP53, KRAS, SMAD4,
CDKN2A) cases. GSEA analysis also showed that PDAC samples
have abnormal immune status. As the immune-related molecular
mechanisms remain unclear in PDAC, our study described the
immune status of PDAC using IRGs and TIICS.

We obtained differentially expressed IRGs from the TCGA
and GTEx databases, and found ICGC-AU for testing. Using
KEGG analysis, we first identified 832 differentially expressed
IRGs enriched in pathways related to immune response and
TME. We then identified a PAIS that was significantly related to
Frontiers in Oncology | www.frontiersin.org 8
the OS of patients with PDAC. We also used the transcriptome
data analysis of a training cohort obtained from the TCGA
database, which was also well validated in a test cohort from the
ICGC-AU database.

Based on our analyses, 5 immune-related genes (ESR2,
IDO1, IL20RB, PPP3CA, and PLAU) were identified and
included in the prognostic model. We observed that IDO1,
IL20RB, PPP3CA, and PLAU were negatively associated with
favorable outcomes and were found to participate in tumor
progression, whereas ESR2 showed the opposite effect. The
IDO1 (indoleamine 2,3-dioxygenase 1) protein, one of the
famous immune checkpoints, is the only rate-limiting enzyme
that can catalyze the catabolism of tryptophan. Tryptophan is
known to improve immune suppression of TME (49). In PDAC
A

B

D
E

C

FIGURE 5 | Associations between prognosis-associated immune signature (PAIS) and immune response in pancreatic ductal adenocarcinoma (PDAC).
(A) Significant enrichment of immune pathways between the high-set and low-risk sets. NES: normalized enrichment score. (B) Heatmap of relationships between
PAISs and seven clusters of inflammatory metagenes. (C) Volcano plot of four clusters of inflammatory metagenes differentially enriched in the high- and low-risk
sets. (D) Heatmap of five clusters of inflammatory metagenes differentially enriched in the high- and low-risk sets. (E) Crosscorrelogram derived based on Pearson’s
correlation coefficient values between PAISs and seven clusters of inflammatory metagenes.
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murine model, an IDO1 inhibitor was shown to improve the
anti-tumor efficacy of GVAX (50). High expression of IDO1
has shown a positive correlation with immune tolerance and
poor prognosis in patients with melanoma, glioma, and
esophageal cancer (49, 51); this finding was, to some extent,
consistent with our results. The IL20RB (interleukin-20
receptor subunit beta) protein, can bind to IL20 subfamily
and activate JAK-STAT pathway.IL20RB also has shown a
positive correlation trend with shorter survival in patients
with several different types of tumors, including PDAC (52,
53). The PPP3CA (protein phosphatase 3 catalytic subunit
alpha) protein, is a serine/threonine protein phosphatase
responsible for the dephosphorylation of NFATc1, which is
known to be indispensable for the activation of T-cells.
Moreover, PPP3CA was also shown to serve as one of the
Frontiers in Oncology | www.frontiersin.org 9
predictor genes in melanoma (54). The PLAU (plasminogen
activator urokinase) protein has been shown to mediate the
Treg suppressor function via STAT5 and ERK signaling
pathways (55, 56) and could provide certain help for future
treatment in gastric cancer together with FOXM1. The ESR2
(estrogen receptor 2) protein, has been found to increase p53
signaling and apoptosis and reduce cell proliferation in
colorectal cancer (57), but appeared to correlate with poor
prognosis in resected PDAC (58). However, another report
showed the opposite results (59). Our study was the first to
reveal that low expression of IDO1, IL20RB, PPP3CA, and
PLAU and high expression of ESR2 were correlated with an
unfavorable prognosis in patients with PDAC. Stratification
analysis and multivariate Cox analysis revealed that PAIS was
an independent prognostic factor for OS in patients with PDAC.
A B

D
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FIGURE 6 | (A) Differences in the infiltration abundance of immune cells between the high-set and low-risk sets. (B) Cross correlogram derived based on Pearson’s
correlation coefficient values between PAISs and 22 tumor-infiltrated immune cells. (C) Heatmap of immune checkpoint profiles in the high- and low-risk sets.
(D) Differences in the expression of immune checkpoint molecules between the high-set and low-risk sets. (E) Cross correlogram derived based on Pearson’s
correlation coefficient values between PAIS and the expression of immune checkpoint molecules. ns no significant, *P < 0.05, **P < 0.01, ***P < 0.001. (F) Boxplots
evaluating the response to the paclitaxel chemotherapeutic between high-and low-risk patients.
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To explore the functions and potential mechanisms of
survival-associated IRGs, KEGG analysis and TF-regulated
network has been performed. KEGG analysis showed that
MAPK signaling pathway is the most significant one.
Meanwhile, MAPK signaling pathway was one of the pathways
which differentially expressed IRGs enriched in. The MAPK
signaling pathway was found to regulate the expression level of
PD-L1, the most promising immune checkpoint. Moreover,
MAPK-targeted therapy might combination with T cell and
TME, thus combined ICIs may show certain clinical benefits
(60, 61). Therefore, PAIS might be able to predict the efficacy of
MAPK inhibitors of patients with PDAC. On the other hand,
after selecting the survival-associated TFs from DEGs, we finally
selected LYL1, LMNB1, E2F7, FOXM1, IRF4, and FOXP3 that
were observed to be prominently featured in this network. The
correlation coefficient of IRF4-ESR2 was shown to be the highest
(0.66). The IRF4 (interferon regulatory factor 4) protein is one of
the key transcription factors of T-cell receptors (TCR) that might
result in T-cell exhaustion (62). In particular, IRF4 has been
reported to also promote the differentiation of naïve CD4+ T-
cells (63), and has been shown to influence the T-cell-mediated
immune responses. Although there have been no reports on the
association of IRF4 and ESR2, infiltrating T-cells were reported
to promote bladder cancer metastasis by regulation of the ESR2/
c-MET or ESR2/IL-1/c-MET signaling pathways (64), whereas
the secretion of interleukin-6 and tumor necrosis factor-alpha
were correlated with Esr2 gene dose responses (65), suggesting
that both IRF4 and ESR2 might influence the immune response.
The association between IRF4 and ESR2 in PDAC was shown for
the first time in our study.

To investigate the potential underlying mechanism of PAIS
discriminating high- and low-risk patients, we executed GSEA to
explore the distinct features of biological processes between these
2 sets. We found that high-risk patients were strongly associated
with a suppressive immune microenvironment. This result
indicated that immune heterogeneity between the 2 sets might
be the key origin of the difference in overall prognosis. We
therefore examined PAIS-associated immune variations between
the 2 sets. Accordingly, we used analyses of 7 clusters of
inflammatory metagenes, immune cell infiltration, and
immune checkpoint profiles to provide additional insight into
the immune landscapes associated with these 2 sets. We found
that the PAIS had a positive relationship with the inflammatory
response (HCK, STAT1, and interferon), but negative with T-cell
and B-cell relative pathways (IgG and LCK). We further
evaluated the expression level of many immunosuppressive
checkpoint molecules, including PD-L1, galectin-9, B7-H3,
PD-L2, CD80, and CD73. These results prompted that patients
in the high-risk set were in an immunosuppressive state, so that
immunotherapy may be less effective. Furthermore, the
evaluation of TIICs, which are known to promote or regulate
tumor progression and growth, is another important way to
study the TME of PDAC. In the current study, CIBERSORT
analysis revealed that monocytes and lymphocytes were higher in
PDAC samples compared with granulocytes. We then explored
the relationships between the risk score and TIICS infiltration
Frontiers in Oncology | www.frontiersin.org 10
and found the infiltration level of M2 macrophages was
positively correlated with the risk score. M2 macrophages,
which are also regarded as a tumor-associated macrophage
(TAMs), have been reported as immune suppressive cells
in TME (66). M2 macrophages have been suggested that
infiltrated a higher level in high grade and invasive PDAC
samples. M2 macrophages are known to express PD-L1,
secrete immunosuppressive cytokines, chemokines, and
enzymes, so that facilitate tumor angiogenesis and metastasis
of PDAC (67–69). Meanwhile, the infiltration level of CD8+ T-
cells was shown to be negatively correlated with the PAIS,
indicating the presence of a relatively suppressed antitumor
immune response state in high-risk patients. Therefore, we
analyzed CD8 expression, CD8+ T cell infiltration and
exhaustion related genes on the prognosis of PDAC patients in
TCGA and ICGC database. The impact of CD8+ T cell
infiltration and CD8 expression were not correlated with
survival of PDAC. But according to recent study, the
combination of PD-L1- and high CD8 expression identified a
subtype with favorable survival (70), which is consistent with the
expected our results (PAIS were higher in low CD8+ T cell
infiltration and high PD-L1 group.) We also found that TGFB1
and TGFB2 were high risk factors in PDAC patients in ICGC
database (Table S5). We hypothesized that the proportion of
exhaustion T cells might be negatively associated with prognosis
of PDAC patients. The present results indicated that low-risk sets
may have the presence of a relatively active anti-tumor immune
response state. Research on large-scale samples and comprehensive
analysis of TIICS in PDAC is needed in the future.

Considering the clinical chemotherapy of patients with
PDAC, we used the GDSC database and imputed that tumors
from high-risk patients could be more sensitive to commonly
used chemotherapy (e.g., paclitaxel). Therefore, high-risk
patients could receive chemotherapy after curative surgery to
obtain a longer survival benefit. However, it was unable to
further validate the predictive power of PAIS in PDAC
patients receiving neoadjuvant chemotherapy due to the
limitations of the GEO database in this study. Nevertheless,
prospective studies of clinical chemotherapy are necessary in
the future.

In conclusion, we systematically analyzed the function and
relevant signaling pathways of differentially expressed IRGs and
their role in the prognosis of PDAC. IRGs could be useful in
identifying new biomarkers, screen patients suitable for
immunotherapy, and implement a novel PAIS model to predict
the efficacy of targeted therapeutic approaches in the future.
Further research in vitro or in vivo on IRGs might be helpful to
better understand the microenvironment, immune evasion
mechanisms, and novel immunotherapeutic targets in PDAC.
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