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Autophagy affects the development, progression, and prognosis of various cancers including pancreatic cancer.
To develop an autophagy-related prognostic model of pancreatic cancer, we systematically analyzed gene
expression proﬁle from The Cancer Genome Atlas and Genotype-Tissue Expression. Ten autophagy-relevant
genes with potential prognostic values were identiﬁed, based on which a prognostic model was constructed.
We divided patients into a high- and a low-risk group with this model. Time-dependent receiver operating
characteristic and Kaplan–Meier curves were conducted to evaluate the accuracy of the model. The Area Under
Curvevalues of this model at 12, 18, and 24 months were 0.76, 0.73, and 0.78, respectively. The model was
further validated in two Gene Expression Omnibus datasets. Gene set enrichment analysis and Cibersort were
applied to analyze immune inﬁltration patterns and immune checkpoint blockade (ICB) molecules. The
expression of ICB molecules, such as PD-L1 and PD1, presented signiﬁcant correlation with the risk score. In
conclusion, the risk score model established herein has been proved to be robust for evaluating the prognosis of
pancreatic cancer and facilitate to improve the efﬁcacy of ICB.
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1. Introduction
Pancreatic cancer is a highly lethal malignancy, and it
is estimated that it is probably be the third most common cause of tumor-associated death by 2030 (Rahib
et al. 2014). So far, the median survival of patients with
pancreatic ductal adenocarcinoma is only 6–9 months
and the 5-year overall survival (OS) rate is less than 9%
(Rawla et al. 2019). The rapid progression and the lack
of effective chemotherapy take major responsibility for
the poor prognosis of pancreatic cancer (Orth et al.
2019).
Immunotherapy is an innovative treatment strategy
in oncology and has achieved satisfactory outcomes in
various malignancies. Emerging immunotherapies with

checkpoint inhibitors are changing the status of cancer
treatment (Considine and Hurwitz 2019; Komatsubara
and Carvajal 2017; Pulluri et al. 2017). The US Food
and Drug Administration (FDA) has approved the
application of the PD-1 blocker pembrolizumab for
solid cancers with speciﬁc immune condition since
2017 (Boyiadzis et al. 2018). However, immunotherapy for pancreatic cancer does not work effectively as
expected due to dense desmoplasia and profound
inﬁltration of immunosuppressive cells (Liu et al.
2017). In a study of long-term survivors, a robust
neoantigen-speciﬁc T cell response against pancreatic
cancer was identiﬁed, which demonstrated that at least
part of pancreatic cancer patients had opportunity to
potentially control tumor growth by activating T cells
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(Balachandran et al. 2017). It also indicates a chance of
immunotherapy for pancreatic cancer.
Autophagy is a highly conserved intracellular
degradation system which serves as a dynamic recycling system for cellular renovation and homeostasis
(Kim et al. 2013). The recycling of aggregated proteins
and damaged organelles during autophagy beneﬁts cell
survival under multiple stress conditions (Gatica et al.
2018; Mizushima and Komatsu 2011). Autophagy
affects cell metabolism and cellular organelles, which
further affects various physiological processes. In
addition, autophagy has an effect on the relationship
between the host and the tumor cells by improving
cellular stress and suppressing immune response
(Amaravadi et al. 2016). Autophagy inﬂuences the
development and progression of various tumors
including pancreatic cancer (Mele et al. 2020). It is also
closely correlated with drug resistance of tumor treatment, tumor metastasis, and patient prognosis (Hu
et al. 2020; Rangwala et al. 2014).
A systematic functional study of autophagy-related
genes (ARGs) will help us fully understand their roles
in the prognosis and immunotherapy of pancreatic
cancer. Using the information of multiple datasets of
pancreatic cancer, we conducted a systematic analysis
to construct a robust and practical model of ARGs for
predicting survival. Furthermore, we investigated the
prognostic value and the potential role of the model in
ICB. The study is conducive to promote our exploration of the value of ARGs in prognosis and
immunotherapy for pancreatic cancer.
2. Materials and methods
2.1 Dataset acquisition and pre-processing
The TCGA data and the GTEx data of pancreatic
cancer were acquired from UCSC Xena Database
(http://xena.ucsc.edu/) where the values of gene
expression were normalized with the log2 (x?1)
transformation. Patients with vague or absent clinical
outcome information were excluded.
For GEO data, we set the criteria for enrollment of
pancreatic cancer patients, which were as follows: the
data of gene expression were relatively complete and
the number of cases was relatively substantial. After
systematical screening, the microarray data of
GSE21501 and GSE62452 were acquired from GEO
(http://www.ncbi.nlm.nih.gov/geo) for representing
independent cohorts of pancreatic cancer. Cases without survival time and status were excluded.

2.2 Construction the autophagy-related signature
with key prognostic genes
HADB database (Human Autophagy Database, http://
autophagy.lu/clustering/index.html) provides an integrated and up-to-date gene list involved in autophagy
of human being. We acquired total 232 ARGs from the
website.
The differential expression analysis to expression
data of TCGA and GTEx was performed with limma
package (Ritchie et al. 2015). It identiﬁed 78 differentially expressed ARGs (DEGs) between pancreatic cancer and normal pancreas tissues. To
determine the survival signiﬁcance of DEGs, we
carried out further analysis. Using adjusted p \ 0.05
as cutoff value, we performed Univariate Cox proportional hazard regression analysis for 78 DEGs in
the training set. Based on the backward stepwise
method, we applied multivariate Cox proportional
hazard regression model to identify key genes.
Finally, a prognostic model in pancreatic cancer was
built with 10 autophagy-related genes and their corresponding coefﬁcients, which was as follows:
Riskscore of ARGs = exp1 9 b1? exp2 9 b2…?
expi 9 bi, where expi represented the expression
value of each ARG, and b represented the regression
coefﬁcient.
2.3 Functional enrichment analysis for DEGs
To explore the functions of DEGs, we executed pathway enrichment analysis of the genes based on the
Kyoto Encyclopedia of Genes and Genomes (KEGG)
(Kanehisa and Goto 2000) and Gene Ontology (GO)
databases including the biological process (BP), cellular component (CC) and molecular function (MF)
(Ashburner et al. 2000). The top ten pathways were
picked for visual presentation.
2.4 Effect of prognostic-related ARGs
on the immunologic features
CIBERSORT analyzes the enrichment degree of
tumor-inﬁltrating immune cells (TIIC) with a
deconvolution method, including 22 TIIC subsets
(Newman et al. 2015). To examine whether this
signature played a pivotal role in immune inﬁltration
in pancreatic cancer, the correlation between the
signature and 22 TIIC subsets was analyzed by
CIBERSORT. We analyzed the immune cell proﬁles
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of the data set by gene set enrichment analysis
(GSEA) (Subramanian et al. 2005).
2.5 Genes associated with immune checkpoint
blockade
We investigated 11 genes previously reported which
had impacts on immune checkpoint inhibitors for
pancreatic cancer, which included PD-1/CD274 and its
ligand 1 (PD-L1/PDCD1), CTLA-4, IDO1, TIM-3/
HAVCR2, LAG3, VSIR/C10orf54, B7-H3/CD276,
HLA-A, HLA-B and HLA-C. Analyzing the association
between the expression of these genes and the model
with Pearson’s correlation analysis, we aimed to
explore the potential effect of autophagy-related prognostic signature in ICB therapy,
2.6 Protein levels of key genes in clinical samples
The Human Protein Atlas (HPA, version: 18.1) (https://
www.proteinatlas.org/) is a public database, which
aims to provide all 24,000 human proteins of tissue and
cell distribution information (Uhlén et al. 2015). To
further explore the protein level of key genes in clinical
samples, we compared the protein expression in pancreatic cancer tissues with normal pancreas tissues in
HPA.

2.7 Statistical analysis
RStudio was applied to execute all statistical analyses.
According to median risk score of the training set, we
divided all pancreatic cancer cases into low- and highrisk groups. Ggplot2 package was applied to visualize
Kaplan–Meier survival curves. For testing the speciﬁcity and sensitivity of the prognostic signature based
on the risk score of ARGs, time-dependent ROC
analyses were performed to estimate.
3. Results
3.1 Identiﬁcation and functional enrichment
analysis of DEGs
Figure 1 presents the whole study design. After
screening and classifying the data of TCGA and GTEx,
RNA-seq data and clinical information of 178 pancreatic cancer samples and 169 non-tumor samples were
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obtained. Supplementary table 1 provides the primary
clinical features of patients. The autophagy-related
information from the publication was extracted and
differential expression analysis was executed to the
expression values of ARGs. 14 up-regulated ARGs and
54 down-regulated ARGs were acquired (P\0.05,
|log2FC)| [1.0) (supplementary table 2). Figure 2 displays the distribution of these DEGs.
We performed GO and KEGG analyses on the 78
DEGs for functional annotation. As the chord plots
show (ﬁgure 3A–C), autophagy-related pathways were
the most common entries in the results among BP, CC
and MF, which veriﬁed our analysis from one aspect.
Besides, the DEGs were signiﬁcantly enriched in
mitochondrion disassembly in response to starvation,
extrinsic component of membrane, protein serine/threonine kinase activity, and heat shock protein binding.
Meanwhile, KEGG analysis revealed that ErbB signaling pathway, longevity regulating pathway and
PI3K-Akt signaling pathway were the frequently
enriched pathways (ﬁgure 3D).
3.2 Autophagy-related prognostic genes
in pancreatic cancer
To ﬁnd the key genes most corelated with the prognosis
of pancreatic cancer, univariate analysis and multivariate analysis were used for DEGs in the training set,
and 10 prognosis-related key ARGs were identiﬁed
(table 1). We integrate the 10 ARGs to form a prognostic signature to predict survival.
On the basis of the median ARG score values, we
divided 178 patients into two sub-populations,
namely high- and low-risk group. The distribution of
risk score is presented in ﬁgure 4. The higher the
risk score, the more the patients whose status were
dead. It demonstrated the capability of ARG score to
reﬂect the survival status and predict the prognosis
of patients.
The association between the ARG score and the
corresponding OS was explored using the Kaplan–
Meier method. The analysis showed that the ARG
score was negatively related with favorable prognosis
in pancreatic cancer (ﬁgure 5A). To further assess the
model performance at 12, 18 and 24 months, timedependent ROC were mapped. In the training set, the
AUC values were about 0.75 at three time points.
The data of independent validation cohorts also
presented a satisfactory ability of our signature for
survival prediction (ﬁgure 5B). The number of cases
in the two sets was 102 and 65 respectively.
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Figure 1. Flowchart of analyzing autophagy-related genes in pancreatic cancer.

Figure 2. The presentation of DEGs. (A) Heat map. (B) Volcano plot.
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Figure 3. Chord plot of GO and KEGG analysis to DEGs. The relationship between DEGs and GO in terms of biological
process (A), cellular component (B), molecular function (C). (D) The relationship between DEGs and KEGG pathways.
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Table 1. The HR and p values of multivariate Cox
regression analysis to 10 hub genes
Gene
ITGA3
ATG4B
EEF2
RAB24
EEF2K
BIRC5
ULK1
CASP4
TSC1
BNIP1

HR

P value

1.6357
0.5656
0.5566
0.5077
2.6148
1.2105
1.9747
3.3766
0.4825
2.8811

0.000183
0.074088
0.043376
0.029601
0.006503
0.132380
0.004328
0.000387
0.031766
0.004685

HR hazard ratio

3.3 ARG signature was associated with pancreatic
cancer progression
We assessed the correlation between the signature and
clinicopathological characters of pancreatic cancer. The
results demonstrated that the key ARGs did not seem to
be signiﬁcantly related with age (p value=1) and gender
(p value=0.92) but were signiﬁcantly related with the
clinical stage (ﬁgure 6A, B) and histological grade
(ﬁgure 6C) in pancreatic cancer, suggesting that ARG
signature may have important impact on tumor progression, which is consistent with the original purpose
of the model to predict relative factors of prognosis.
3.4 ARG signature as an independent prognostic
indicator
We performed the univariable Cox regression analysis
to explore whether the ARG signature could predict the
survival of patients with pancreatic cancer as an independent prognostic variable. As expected, the risk
score was a robust factor correlated with patients’
outcome (table 2). Even if the risk score was adjusted
by other conventional clinical factors, it still remained a
signiﬁcant prognostic factor.
3.5 Correlation of the ARG signature
with immunological characteristics
Given the association of autophagy and tumor
immunology (Koustas et al. 2019; Schaaf et al. 2019),
we attempted to gain deeper insights into the potential
link between the key genes and immune cells. We

employed CIBERSORT to reveal the immune inﬁltration pattern, and correlation analysis to study the possible role of our model in the immunotherapy of ICB in
pancreatic cancer. For further validation, we also conducted GSEA to test the inﬁltration pattern of immune
cells in patients.
As shown in ﬁgure 7A, patients with low risk had a
higher percentage of certain immune cells, especially
for B cells, naive T cells, NK cells, mast cells and
macrophages. Treg and neutrophils presented the contrary trend. It was roughly in line with the result of
GSEA (ﬁgure 7B). With the progress in tumor
immunology, it was reported that the efﬁciency of ICB
was inﬂuenced by the expression of multiple genes,
such as PD-L1, PD1 and so on. Thereby, we also
examined the correlation between the above ICB
molecules and ARG sore, and found that all of them
shared a consistent tendency (ﬁgure 7C). Therefore, we
postulated that cases in each risk group may have
different immune inﬁltrating status and respond differently to immunotherapy.
3.6 Validation of expression of key ARGs
in clinical samples
The data of identiﬁed ARGs from TCGA AND GTEx
databases were evaluated and visualized to compare the
differences (ﬁgure 8A). To ascertain the expression of
key ARGs, we utilized the HPA to study the
immunohistochemistry results of the key genes in
normal pancreas tissue and tumor tissue. Except for
RAB24 and ULK1, the other available proteins were
differentially expressed in tumor and non-tumor tissue.
And most of them have the same tendency with the
results of databases (ﬁgure 8B).
3.7 Construction of a nomogram based on the 10
key ARGs
For the accessibility in clinic application, we seek to
generate a quantitative method for predicting pancreatic cancer prognosis. The 10 ARGs was integrated to
establish a nomogram (ﬁgure 9A). Every patient could
acquire a total score by summing the score of ten
ARGs according to their expression. Then we could
easily estimate survival rates for pancreatic cancer
patients at different time points by correspondence
between the total point axis and every prognosis axis,
which was helpful for practitioners to improve clinical
decision-making for patients. We used calibration
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Figure 4. The distribution of risk score and the corresponding survival status of training set.

curve analysis to conﬁrm the reliability of the nomogram, and found calibration of the nomogram was
satisfactory (ﬁgure 9B).
4. Discussion
Pancreatic cancer is a lethal disease due to high invasiveness and chemo-resistance. In 1981, Flaks et al.
ﬁrst demonstrated autophagy in pancreatic cancer
(Flaks et al. 1981). Studies have shown that the level of
basic autophagy increased in pancreatic cancer, and
autophagy was actually required for tumorigenic
growth of pancreatic cancer (Yang et al. 2011).

Research has demonstrated that loss of autophagy
promoted the occurrence of precancerous intraepithelial neoplasia, but hindered the development of invasive pancreatic cancer (Yang et al. 2014). In a study of
pancreatitis, Yang et al. (2016) proposed a possible
mechanism that loss of autophagy facilitated the activation of IjB kinase family member TBK1, correlated
with neutrophil and T cell inﬁltration, and the expression of PD-L1. The effect of autophagy on tumor-associated immunity may bring a new perspective for
immunotherapy of pancreatic cancer.
Nature recently reported that inhibition of autophagy
synergized ICB therapy targeting PD1 and CTLA4,
which enhanced the anti-tumor immune response
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Figure 5. Evaluation the performance of the ARG signature in TCGA and GEO sets. (A) The Kaplan–Meier curves of the
ARG signature. (B) ROC plots at 12, 18 and 24 months. Abbreviation: AUC, area under the ROC; ROC, receiver-operating
characteristic.

(Yamamoto et al. 2020a, b). Further research (Yamamoto et al. 2020a, b) demonstrated that inhibiting
autophagy or lysosomes could restore MHC-I expression, enhance anti-tumor T cell immunity, and improve
the ICB treatment response in xenograft model of
pancreatic cancer. These ﬁndings indicated that

increased targeted degradation of MHC-I molecules by
autophagy have inﬂuence on immune evasion.
Given the above situation, we utilized multiple
public databases to build an autophagy-related signature in pancreatic cancer prognosis. The key genes used
to construct the signature are associated with the
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Figure 6. The association between the ARG signature and the clinicopathological characteristics. (A) Tumor T (T1–2
vs.T3–4; p =0.027), (B) Tumor N (N0 vs. N1; p =0.076, (C) grade (G1–2 vs.G3–4; p = 0.001).
Table 2. Univariate and multivariate Cox regression models of the ARG signature in predicting survival

Univariate Cox model
HR

P value

1.027883021
0.823457537
1.51438806
2.209041286
2.324645022
2.718281828

0.008593
0.350272
0.059922
0.001905
0.009336
1.16E-13

Variables
Age
Gender
Grade
tumorN
tumorT
Score

Multivariate Cox
model
HR

P value

1.01728 0.00891
1.50516 0.1134
1.30775 0.4148
2.65643 7.31E-13

HR hazard ratio

progression of cancers, including pancreatic cancer. As
a key trigger of autophagy, ULK1, is down-regulated in
many cancers (Shchors et al. 2015), which expression
is regulated by lncRNA PVT1 and inﬂuences the
development of pancreatic cancer (Huang et al. 2018).
TSC1 plays an important role in various aspects of
cellular processes like cell growth, proliferation (Mallela and Kumar 2021). It was found that have signiﬁcant correlation with the metastasis of pancreatic
cancer by activating the mTORC1 signaling (Ding
et al. 2014). RAB24 may become the target of cancer
therapy because of its the promotive effect on the
disposal of VEGFA (Neill et al. 2020). The study
conducted by Liu et al. demonstrated that the expression of ITGA3 is an independent prognostic factor for
pancreatic cancer (Jiao et al. 2019). Ozpolat et al.

regarded EEF2K as a potential therapeutic target in
pancreatic cancer due to its role in regulation of the
invasion of pancreatic cancer (Ashour et al. 2014).
EEF2, an oncogenic gene, is validated that has effect
on the growth of pancreatic cancer cells (Oji et al.
2014).
CASP4 was known to its inﬂuence on the promoting
fusion of phagosomes lysosomes (Shi et al. 2014). A
recent research found its role in cancer cell behavior
(Papoff et al. 2018). BNIP1 affected the proliferation,
apoptosis and invasion of cervical cancer cells by
regulating autophagy (Li et al. 2019). Brunicardi’s
team identiﬁed BIRC5 as an early biomarker of human
pancreatic cancer (Liu et al. 2019). Selective autophagy inhibition by targeting ATG4B in either the tumor
cells, normal host cells, or both could suppress the
growth of pancreatic cancer (Yang et al. 2018).The
result showed that the reliability of signature was
robust for evaluating prognosis with a relatively high
AUC value, and its predictability was veriﬁed in two
independent extra cohorts.
A postoperative study on the prognostic value of the
immune/inﬂammatory cell inﬁltration in tumors
showed that pancreatic cancer patients with a high
degree of CD4? had a better prognosis (Wang et al.
2016). The anti-tumor effect of NK cells, CD8? cells
and B cells on pancreatic cancer have been veriﬁed by
researchers (Postow et al. 2015; Ribas and Wolchok
2018; Castino et al. 2016). Neutrophils, Treg and
macrophages M1 mainly played an immunosuppressive function in pancreatic cancer by inhibiting the
function of T cells, which effectively improved
metastasis (Nielsen et al. 2016; Pu et al. 2018; Kadaba
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Figure 7. Association between immunological characteristics and the ARG signature. (A) Correlation analysis of immune
cells with the ARG signature. (B) GSEA of immune cells in the two groups. (C) Correlation analysis of immune checkpoint
genes with the ARG signature. Abbreviation: PD-1 programmed death 1; CTLA-4, cytotoxic T-lymphocyte antigen 4; IDO1,
indoleamine 2,3-dioxygenase 1; PD1,programmed cell death-Ligand 1,; CTLA-4,cytotoxic T-lymphocyte antigen 4; IDO1,
2,3-dioxygenase 1; TIM-3,T-cell immunoglobulin domain and mucin domain-containing molecule-3; LAG3, lymphocyte
activating 3; VSIR, V-set immunoregulatory receptor ; B7-H3, HLA, human leukocyte antigen.

et al. 2013; Kikuta et al. 2010). The relation between
several immune cells and tumor prognosis has been
revealed. It is well established that CD8? cell inﬁltration to the tumor microenvironment is linked with a
favorable prognostic outcome. Also, high inﬁltration of
B cells is associated with better survival. On the

contrary, a higher percentage of Treg contributes to the
formation of the immunosuppressive tumor immune
microenvironment, resulting in a worse outcome in
breast cancer patients (Mahmoud et al. 2012).
There are several proteins have been widely
acknowledged to play roles in ICB, such as PD-L1/
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Figure 8. Veriﬁcation of key ARGs expression in pancreatic cancer and normal pancreas tissues using the HPA database.

CD274, PD1/PDCD1, CTLA4 (Postow et al. 2015;
Ribas and Wolchok 2018). With the rapid development
of tumor immunotherapy, many new immune checkpoints have been gradually discovered. IDO-1, as a key
metabolic enzyme of Tryptophan metabolism, exerts its
effect on immune tolerance and the tumor microenvironment (Zhai et al. 2018). In addition, T-cell-related
molecules, including TIM-3, LAG3, VSIR (C10orf54)
and B7-H3 (CD276), have been targeted in ICB and

the relevant studies have entered the stage of clinical
trials (Qin et al. 2019). As recently reported by
Yamamoto in Nature, the degradation of MHC-I (HLAA, HLA-B and HLA-C) by autophagy could promote
immune evasion in pancreatic cancer (Yamamoto et al.
2020b).
In accordance with the above research, the analyses
of the ARG signature with immunological characteristics showed that B cells, naive T cells and NK cells
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Figure 9. Nomogram and calibration plot. (A) Nomogram for predicting 12, 18 and 24 months overall survival of
pancreatic cancer patients in the TCGA cohort. (B) Calibration plot for 12, 18 and 24 months.

presented an identical trend in our analysis of immune
cells, and the tendency of Treg and neutrophils was
opposite. To identify biomarkers for the prediction of

ICB immunotherapy responses, we executed a correlation analysis to 11 ICB immunotherapy-related genes
and ARG scores, and found that immunosuppressive

Prognostic formula of pancreatic cancer

molecules such as PD-L1, CTLA4 and IDO1 were
positively correlated with the score, suggesting that
patients with high risk may be more sensitive to ICB
therapies.
In conclusion, we identiﬁed 10 autophagy-related
genes that were correlated with the progression and
prognosis of pancreatic cancer. In the model, risk score
as an independent factor was signiﬁcantly associated
with prognosis. Compared to conventional classiﬁcation, the signature described herein might serve as a
reliable and reproducible tool for prognostic prediction
in individual case. The samples in the high-risk score
group tended to be with low-degree immune inﬁltration, which beneﬁted tumor immunity. Correlation
analysis showed that our model was closed to the
potential immunotherapy-related character, thus facilitating the individualized risk stratiﬁcation and evaluating the sensitivity to ICB immunotherapy of
pancreatic cancer, which may have valuable clinical
applications in anti-tumor immunotherapy. However,
further validation with a larger sample size needs to be
done.
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