SCIENTIFIC REPLIRTS

Pancreatic adenocarcinomas with
mature blood vessels have better
overall survival
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Pancreatic ductal adenocarcinoma (PDAC) is known for its hypovascularity. Bevacizumab, an anti-
angiogenic drug, added to standard chemotherapy demonstrated no improvement in outcome for
PDAC. Therefore, we hypothesized that increased vascularity may be associated with improved
outcomes in PDAC possibly due to better delivery of tumor specificimmune cells. To test this
hypothesis, PDAC patients were classified into either high or low CD31 expression groups utilizing
mRNA expression from RNA-sequence data in The Cancer Genome Atlas (TCGA) pancreatic cancer
cohort. High expression of CD31, which indicates presence of more vascular endothelial cells, was
. associated with significantly better OS (p = 0.002). Multivariate analysis demonstrated that residual
© tumor (R1, 2; p=0.026) and CD31 low expression (p = 0.007) were the only independent predictors
. that negatively impacted OS. Vascular stability as well asimmune response related pathways were
significantly upregulated in the CD31 high expressing tumors. Furthermore, there were higher
proportions of anti-cancer immune cells infiltration, including activated memory CD4+ T cells
: (p=0.038), CD8+ T cells (p=0.027), gamma-delta T cells (p < 0.001) as well as naive B cells (p = 0.006),
. whereas lower proportions of regulatory T cell fractions (p = 0.009), which induce an immune tolerant
microenvironment, in the CD31 high expressing tumors. These findings imply that stable vessels
supply anti-cancerimmune cells, which are at least partially responsible for better OS in the CD31 high
expressing tumors. In conclusion, CD31 high expressing PDACs have better OS, which may be due to
stable vessels that supply anti-cancerimmune cells.

Pancreatic ductal adenocarcinoma (PDAC) is the fifth major cause of cancer-related deaths in the USA'. In spite
: of the recent advances in screening, surgery, chemotherapy and radiotherapy, there has been only slight improve-
* ment in the survival of PDAC patients. According to the Surveillance, Epidemiology, and End Results (SEER)
. Program of the National Cancer Institute, the expected incidence of PDAC in 2018 is 55,440 cases with 44,330

deaths®. Although a number of risk factors have been identified, such as age, cigarette smoking, family history,

and medical conditions including pancreatitis, and diabetes mellitus?, the cancer is often diagnosed at advanced
: stage, and the 5-year survival rate is less than 10%. Approximately 10% of patients have tumors localized to the
: pancreas, 30% of patients have locally advanced disease with tumors extending to adjacent organs and more than
© 50% of patients have metastatic lesions at the time of diagnosis®.

Angiogenesis, generation of new blood vessels, is one of the hallmarks of cancer and is well established to
contribute to tumor progression. It is known that most tumors do not grow more than 3 mm in diameter without
angiogenesis. Since tumor angiogenesis is essential for cancer progression, high vascularity is thought to be an
aggravating factor in some cancers, however, it is also associated with better survival in others. There are few
reports on the association of vascularity and prognosis in PDAC*. A phase III clinical trial demonstrated no
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improvement in outcome of PDAC with addition of the anti-angiogenic agent, bevacizumab, to standard chemo-
therapy, which implies that vascularity may not contribute to aggressiveness of PDAC®.

PDAC is characterized by a low micro-vascular density compared to other types of cancers®’. Hypovascular
attributes of PDAC are routinely utilized in the clinic for its diagnosis by imaging modalities such as CT scans®.
Due to this hypovascular feature along with surrounding stroma, it is known that penetration of drugs into PDAC
tumors are worse compared with other tumors. The presence of stromal components is thought to increase the
interstitial fluid pressure, thus preventing drugs from penetrating the tissue interstitium®. In addition, the net-
work of tumor stroma and extracellular matrix (ECM) proteins imposes a barrier for drug delivery. In PDAC, the
epithelial cancer cells are surrounded by fibrotic stroma comprising activated fibroblasts, immune cells, blood
vessels, and ECM. In contrast to other solid tumors where cancer-associated fibroblasts promote tumor growth
and angiogenesis, the fibroblasts and fibrotic stroma in PDAC inhibit the formation and the function of blood
vasculature, resulting in the sparse vasculature that is only partially functional and physically separated from
the cancer cells. This unique microenvironment diminishes drug delivery via the perfusing blood vessels and
therefore reduces the effectiveness of systemic chemotherapy that relies on functional vasculature for delivery to
tumor cells®. Due to the ineffectiveness of antiangiogenic agents in PDAC and known hypovascularity of these
tumors, we hypothesized that PDACs with relatively higher vascularity were associated with improved survival.

In this study, we analyzed the association between the expression of vascular related genes and survival in
PDAC patients using The Cancer Genome Atlas (TCGA) cohort. Additionally, in order to resolve functional
mechanisms for our observations, pathway and correlation analyses were performed.

Results

High expression of CD31 associates with better overall survival (OS) in PDAC patients. Asa
marker of vascularity, we focused on CD31 (also known as PECAM1). We investigated the impact of CD31
expression on OS between PDAC and other types of pancreatic malignancies including neuroendocrine tum-
ors that are known to be hypervascular tumors. We identified that a cutoff at lower tertile showed the highest
impact on OS in the PDAC cohort, thus 100 and 50 patients were classified as high and low expression of CD31,
respectively. As we expected, CD31 high expressing tumors showed significantly better OS in the PDAC cohort
(Fig. 1A). Using the same cutoff point, 18 cases and 12 cases in other types of malignancies were classified into
having high and low expression of CD31, respectively. Interestingly, other types of pancreatic malignancies that
expressed high levels of CD31 trended to have a worse prognosis (p =0.072) (Fig. 1B), whereas that of PDACs
demonstrated a better prognosis (p=0.002). This finding that CD31 high expressing tumors showed better prog-
nosis in PDAC was validated using another publicly available dataset from the Gene Expression Omnibus (GEO)
database (GSE57495)°. In this cohort, utilizing lower tertile cutoff, patients with CD31 high expressing tumors
demonstrated better OS (p = 0.020) (Fig. 2).

Low expression of CD31 is an independent prognostic factor for PDAC.  Next, utilizing multivar-
iate analysis with Cox proportional hazards regression, we investigated the influence of CD31 expression on OS
compared to other factors in the PDAC cohort. Low expression of CD31 (p=0.007) and residual tumor status
(p=10.026) were the only independent predictors of PDAC OS (Table 1).

Clinicopathological demographics of CD31 high expressing PDACs. Clinicopathological demo-
graphics of PDACs were compared between CD31 high and low expressing tumors (Table 2). There was a sig-
nificant greater proportion of pancreatic head tumors in the CD31 high expressing tumors compared to low
expressing tumors (90% vs 24%, p=0.027). Tumor size in the CD31 high expressing tumors was significantly
smaller than in the low expressing tumors (3.6 1.0 vs 4.1 = 1.9 cm, p=0.021). There were greater proportions of
lower histological grades (Gradel and 2) in the CD31 high expressing tumors compared to low expressing tumors
(77% and 60%, p=0.036). There were no significant differences in age, sex, residual tumor status and AJCC stages
between these two groups.

Vascular stability related genes are associated with better OS in PDAC.  We further hypothesized
that CD31 high expressing tumors demonstrated better prognosis, not due to immature fragile vessels or hypoxia,
but to mature and stable vascularity. Therefore, the impact of other vascular stability related genes as well as VEGF
and hypoxia related genes on the survival were analyzed. As we expected, high expression of several vascular sta-
bility related genes, including Sphingosine -1-phosphate receptor-1 (SIPR1) (p=0.013), TIE1 (p < 0.001), TIE2
(p=0.020), Angiopoietin 1 (ANGPT1) (p = 0.048), Vascular endothelial cadherin (VE-cadherin) (p <0.001),
Claudin 5 (p < 0.001) and Junction Adhesion Molecule 2 (JAM2) (p =0.037), demonstrated better prognosis in
the PDAC patients (Fig. 2A). High expression of some of VEGF related genes, such as VEGFA (p=0.041) and
VEGEFRI1 (p =0.046), were associated with worse prognosis, while other VEGF related genes, such as VEGFB
(p=0.052), VEGFC (p=0.332), VEGFR2 (p =0.102), as well as hypoxia related genes, HIF1A (p =0.063)
demonstrated no significant difference between high and low expressing tumors (Fig. 2B,C). Interestingly, high
expression of VEGFR3, which is the receptor of VEGFC and involved in lymphangiogenesis, was associated with
a better prognosis (p=0.013) (Fig. 2B).

Differential gene expression between CD31 high and low expressing PDACs.  In order to explore
the mechanisms as to how CD31 high expressing tumors were associated with a better prognosis in PDAC, we
analyzed differently expressed genes between CD31 high and low expressing tumors. A total of 2204 genes were
identified as differently expressed at Bonferroni p < 0.05. Of these genes, 1819 were upregulated and 385 were
downregulated in CD31 high expressing tumors. Hierarchical clustering using the top 50 genes is shown in Fig. 3.
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Figure 1. CD31 expression and patient survival. (A) OS in PDAC patients in TCGA pancreatic cancer cohort.
(B) OS in pancreatic other malignancy patients in TCGA pancreatic cancer cohort. (C) OS in GSE57495 PDAC
cohort.

CD31 expression correlates with gene expressions involved in endothelial cell markers, angi-
ogenesis, and the immune response. CD31 has been reported to be expressed not only in vascular
endothelial cells, but also in macrophages, platelets, granulocytes and lymphocytes. In order to clarify which
cells are responsible for the CD31 signature in this cohort, correlation analyses were performed. As shown
in Fig. 4, CD31 expression closely correlated with almost all the other known endothelial cell marker genes;
von-Willebrand factor (vWF), VE-cadherin, TIE1, TIE2, ANGPT1, JAM2 and S1PR1. CD31 also correlated with
angiogenesis related genes; VEGFR2 and VEGFR3, as well as the natural killer (NK) cell marker, CD56. There
was weak or no correlation with macrophage, platelet, granulocyte or lymphocyte related genes. These findings
suggest that the CD31 signal that we detected mainly reflects vascular endothelial cells.

Vascular stability and immune response related pathways are upregulated in CD31 high
expressing tumors. In order to obtain functional annotations of genes in our results, pathway analysis was
performed. 51 pathways were identified as significantly differentially expressed between CD31 high and low
expressing tumors (Supplementary Table 1). As we expected, 5 pathways were related to vascular stability, includ-
ing cell adhesion molecules which showed the most significant elevations in the CD31 high tumors (Fig. 5A,B).
In addition, 9 immune response related pathways, including cytokine/chemokine and lymphocyte trafficking,
were upregulated in the CD31 high expressing tumors (Fig. 6A-C). This result implies that CD31 high express-
ing tumors have a better prognosis because of not only increased vascular stability but also a higher anti-cancer
immunity. Indeed, high expression of immune response signaling related genes such as helper T cell marker
CD4 (p=0.031), cytotoxic T cell marker CD8A (p =0.016), NK cell marker CD56 (p =0.001), and leukocyte
marker CD45 (p =0.017) were associated with improved survival (Fig. 6D). In order to grasp the landscape of
the tumor immune microenvironment, we analyzed the immune cell composition utilizing CIBERSORT algo-
rism!? (Supplementary Fig. 1). We found that CD31 high expressing tumors had higher fractions of anti-cancer T
cells, including CD8+ T cells (p=0.027), activated memory CD4+ T cells (p =0.038) and Gamma delta T cells
(p <0.001) (Fig. 7A). Interestingly, B cells including Naive B cells, which are anti-cancer immune cells, were also
accumulated in the CD31 high tumors (Fig. 7B). On the contrary, regulatory T cells (Treg), that induce immune
tolerance in the tumor microenvironment, were significantly lower in those tumors (p =0.009) (Fig. 7A).
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Figure 2. Vascular related gene expression and survival of TCGA PDAC patients. (A) Vascular stability related
genes and (B) VEGF related genes. (C) Hypoxia related gene and patient survival.

Sex (male vs female) 0.868 (0.542-1.392) 0.558
Age (>70vs < 70) 1260 | (0.786-2.021) | 0.337
T (T3.4vs T12) 0889 | (0.436-1814) | 0.747
N (N1 vs N0) 1048 | (0.584-1.883) | 0.874
gilsg’l"gic Grade (G3.4vs 1) 417 | (0855-2347) | 0.176
,2)
%:ﬁ;‘tm (HeadvsBody, | gg9 | (0778-3669) | 0.185
Residual tumor (R1,2 vs R0) | 1.702 (1.065-2.719) 0.026*
CD31 (Low vs High) 1923 | (1.191-3.105) | 0.007*

Table 1. Multivariate analysis for independent OS predictors of PDAC. *p < 0.05.

SCIENTIFICREPORTS| (2019) 9:1310 | https://doi.org/10.1038/s41598-018-37909-5 4


https://doi.org/10.1038/s41598-018-37909-5

www.nature.com/scientificreports/

Age (y.0.)t 63.9-£10.1 (40-85) 65.84+12.3(35-85) | 0.311
Sex

Male 52(52%) 29(58%) 0.602
Female 48(48%) 21(41%)

Location

Head 89(90%) 12(24%) 0.027*
Body/Tail 10(10%) 37(76%)

dTumor size (cm)' | 3.6+ 1.0(2.0-6.0) 41+1.9(2.0-12.0) | 0.021*
Histological grade

G1/2 77(77%) 30(60%) 0.036"
G3/4 23(23%) 20(40%)

Residual tumor

RO 60(65%) 26(57%) 0.355
R1/2 32(35%) 20(43%)

AJCC Stage

Stagel/IT 95(96%) 48(96%) >0.999
Stagelll/Iv 4(4%) 2(4%)

Table 2. Clinicopathological character of CD31 high and low patients. "Mean + SD, “p < 0.05.
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Figure 3. Heatmap of differently expressed genes between high and low expressing CD31 tumors among
TCGA PDAC patients.

Discussion

In this study, we found that high expression of CD31 as well as SIPR1, TIE1, TIE2, ANGPT1, VE-Cadherin,
Caludin 5 and JAM2, which are known as vascular endothelial markers, were associated with a better prognosis in
PDAC patients. CD31 expression was significantly correlated with majority of vascular endothelial cell markers.
CD31 high expressing tumors associated with increases in vascular stability and immune response pathways, and
there were more anti-cancer immune cells in these tumors.

High vascularity is known to relate with the malignant phenotype in several types of cancers''"'%. VEGF
is a critical mediator of angiogenesis and its altered regulation is associated with several diseases, including
malignancy. Bevacizumab, a recombinant humanized monoclonal antibody with a high binding specificity for
VEGE, prevents its interaction with receptors on vascular endothelial cells and thereby abrogates VEGF receptor
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Figure 4. Correlation matrix of CD31 and other genes. (A) A list of endothelial cell markers, angiogenesis,
hypoxia and immune response related genes, and macrophage and platelet surface markers. (B) Correlation
matrix of CD31 and endothelial cell markers, angiogenesis, hypoxia and immune response related genes, and
macrophage and platelet cell surface markers.

mediated intracellular signaling and resultant biologic effects'®. For instance, high expression of VEGF and its
receptor is related to worse prognosis in colon cancer'!, thus there is no surprise that bevacizumab shows effects
in these patients'®. On the other hand, a phase III clinical trial demonstrated that the addition of bevacizumab
to gemcitabine, a standard chemotherapy drug for PDAC, does not improve survival in PDAC patients®. This
result led us to hypothesize that high expression of vascular endothelial cell related genes may be associated with
a better prognosis in PDAC patients. As we expected, high expression of CD31 demonstrated better OS in PDAC
patients. Interestingly, CD31 high expressing tumors demonstrated worse prognosis in other pancreatic malig-
nant tumors, including neuroendocrine tumors, which is well known as a tumor with increased vasculature'.
This result implies that relatively high vascularity in a typically hypovascular tumor is associated with a better
prognosis, whereas that in a typically hypervascular tumor is associated with a worse prognosis.

In this study, we demonstrated strong correlation between increased CD31 expression and increased expres-
sion of vascular stability related genes as well as those pathways. Vascular stability is one of the most important
factors in solid tumors!”. VE-cadherin plays an important role as a vascular adhesion molecule, and contributes to
vascular stability'®. It has been reported that the genetic ablation of VE-cadherin in embryonic stem cells results
in failure of vessel morphogenesis and is lethal. CD31, Claudin5, and JAM family genes regulate adhesions of
the epithelium?®-?2, This cell-cell adhesion maintains vascular maturation and stability.

On the other hand, high VEGF and VEGEFR expression are essential for angiogenesis®>. However, it is
also reported that activation of VEGFR2 caused a reduction of epithelial intercellular adhesion mediated by
VE-cadherin?*. VE-cadherin regulates activation of Rho and suppresses angiogenesis mediated by VEGFR2%.
Rho] is an endothelial cell-restricted Rho GTPase that mediates vascular morphogenesis and is regulated by the
transcription factor, ERG*, and is an effective and selective target for tumor angiogenesis and vascular disrup-
tion?’. S1P receptors for the bioactive lipid S1P play an important role in vascular stability. SIPR1 and S1PR3
are expressed on vascular endothelial cells?. SIPR1 is critical for inhibition of angiogenesis and acquisition of
vascular stability. Loss of S1PR1 leads to increased endothelial cell sprouting and the formation of ectopic vessel
branches. Conversely, SIPR1 signaling inhibits angiogenic sprouting and enhances cell-to-cell adhesion. This
correlates with inhibition of VEGFA induced signaling and stabilization of VE-cadherin localization at endothe-
lial junctions®.

We also found that CD31 high expressing tumors were associated with upregulated immune response related
pathways. Although tumor angiogenesis is critical for tumor progression, numerous studies have shown that
immune cells infiltrates are observed after angiogenesis. These infiltrates involve the adaptive immune system
including several types of lymphocytes as well as cells of innate immunity such as macrophages, neutrophils,
eosinophils, mast cells, dendritic cells, and NK cells*. In addition to immune cells, surrounding stroma which
consists of fibroblasts, endothelial cells, pericytes, and mesenchymal cells contribute to the tumor microenvi-
ronment. An intact immune system should be capable of eliminating neoplastic cancer cells, however, cancers
inhibit the normal immune response through a variety of mechanisms, enabling malignant cells to grow and
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A KEGG pathways Related to Stability for Vascular Epithelium

Pathway Adj. p
value
Cell adhesion molecules (CAMs) <0.001
Rap1 signaling pathway <0.001
Vascular smooth muscle contraction 0.028
Focal adhesion 0.035
ECM-receptor interaction 0.046
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Figure 5. Vascular stability related pathways are upregulated in CD31 high expressing tumors. (A) The list

of significantly upregulated vascular stability related pathways in CD31 high expressing tumors*~*2. (B)
Differential gene expression for “Cell adhesion molecules” pathway is demonstrated with red (high) and green
(low) expression.

spread’"*% there is a dynamic relationship between a patient’s immune system and tumor cells. These diverse cells
communicate with each other by means of direct contact or cytokine and chemokine production and act in auto-
crine and paracrine manners to control tumor growth?. T cell infiltration within tumors is associated with OS in
patients with different cancers****. Boosting the T cells that mediate anti-cancer immune responses is an effective
therapeutic tool in some types of cancers. However, T cells do not work alone. B cells drive the production of
antibodies directed against tumor antigens®**’. Toll-like receptor (TLR) agonists mediate their anti-cancer activ-
ity through a multitude of mechanisms. High doses of TLR agonists can lead to apoptosis and have been shown
to directly kill both cancer cells and ancillary cells in the tumor microenvironment. TLR activation also leads to
tumor regression by increasing vascular stability and by directly or indirectly recruiting leukocytes, resulting in
tumor lysis by NK and cytotoxic T cells®®.

Although our novel findings were derived from the largest publicly available PDAC cohort, this study has
limitations. The analyses of the current study were based on only the gene expression of the primary tumors in
TCGA cohort. To fully explore the roles of CD31, vascular stability and immune response genes, in vitro and in
vivo experimental approaches are needed.

In conclusion, tumors with increased vascular endothelial cell signals, represented by high expression
of CD31, were associated with better OS in PDAC patients. It might be due to vascular stability and immune
response. Further studies on the biology of PDAC should be focused on the role of CD31 in promoting vascular
stability as well as immune responses.
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A KEGG pathway Related to Immune Reaction

Pathway Adj. p

value
Chemokine signaling pathway <0.001
Cytokine-cytokine receptor interaction <0.001
Th17 cell differentiation <0.001
T cell receptor signaling pathway <0.001
Th1 and Th2 cell differentiation <0.001
Leukocyte trans endothelial migration 0.008
Fc gamma R-mediated phagocytosis 0.017
B cell receptor signaling pathway 0.020
Jak-STAT signaling pathway 0.036
Natural killer cell mediated cytotoxicity 0.047
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Figure 6. Immune reaction related pathways are upregulated in CD31 high expressing tumors. (A) The

list of significantly upregulated immune response related pathways in CD31 high expressing tumors*%-*2,

(B) Differential gene expression for “Chemokine signaling” and (C) “T cell receptor signaling” pathways is
demonstrated with red (high) and green (low) expression. (D) Immune cell signaling related gene expression
and patient survival in TCGA PDAC patients.

Methods

TCGA Data Acquisition and Pre-Processing. Level 3 RSEM RNA-sequence data was downloaded
from TCGA Data Portal and log2-transformed. Out of 185 participants in the pancreatic cancer TCGA project
(PAAD), 183 cases have both OS and RNA-sequence mRNA expression data. Of these 183, 150 cases were regis-
tered as “pancreas-adenocarcinoma ductal type” in the histological type section which we analyzed as the PDAC
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Figure 7. Immune cell component comparisons between CD31 high and low expressing tumors analyzed by
CIBERSORT. (A) T cell fraction comparison. (B) B cell fraction comparison.

» <

cohort. The remaining 33 cases were registered as “pancreas-adenocarcinoma-other subtype’, “pancreas-colloid
(mucinous non-cystic) carcinoma’, “pancreas-colloid (mucinous non-cystic) carcinoma” or “pancreas-neuroen-
docrine tumor”, which we analyzed as other types of malignancies. As a validation cohort, we obtained paired
CD31 gene expression and survival profiles of 63 PDAC samples from the National Cancer for Biotechnology

Information GEO database (accession codes GSE57495)°.

CIBERSORT. CIBERSORT, an algorism for characterizing cell composition of complex tissues from their
gene expression profiles, was used to estimate infiltrating immune cell composition using gene expression pro-
files'®. Immune cell fraction data was downloaded through TCIA (https://tcia.at/home)*. Each immune cell frac-
tion was compared between CD31 high and low tumors in TCGA PDAC tumors.

Statistical analysis. OS was analyzed using Kaplan-Meier method with log-rank test, the cutoff value was
determined at the point with the highest impact on survival. Patients were divided as having high or low expres-
sion of the given gene using a gene specific threshold. The Cox proportional hazards regression method was used
in order to identify significant independent prognostic factors. Statistical comparisons of the clinicopatholog-
ical characteristics for significance were performed by chi-square or the Fisher exact test, and a Student t-test
was used to analyze the differences between continuous values. The pathway analyses were conducted using
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways**-** by limma package®, and the pathway plots
were generated with PathView package*. In all analysis, a two-sided p < 0.05 was considered statistically sig-
nificant. Pearson correlations were calculated based on the expression levels of these genes in TCGA PDAC
patients and plotted. We defined that CD31, vWE, VE-cadherin, ANGPT1, ANGPT2, TIE1, TIE2, Claudin5,
JAM?2 and S1PR1 were “Endothelial” related genes. VEGFA, VEGFB, VEGFC, VEGFR1, VEGFR2 and VEGFR3
were “Angiogenesis” related genes. HIF1A and HIF1B were “Hypoxia” related genes. CD4, CD8A, CD16, CD56,
GZMA, GZMB, PRF1, CD45RA, DEFA1, CD27,1L15, CD28, CD80, CD86, IL2, TLR1, TLR2, TLR4, TLR6, TLR7,
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TLR8 and TLRY were “Immune” related genes. CD14, CD40, CD11b, FCGR1A, FCGR1B, FCGR1C, EMRI,
CD68 were “Macrophage” related genes. CD41, CD42a, CD42b, CD61, PAC1 and CD63 were “Platelet” related
genes. All statistical analyses were performed using R software (http://www.r-project.org/) and Bioconductor
(http://bioconductor.org/).

References

1.

2.
3.

v

e

10.

1

—_

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

Siegel, R. L., Miller, K. D. & Jemal, A. Cancer statistics, 2016. CA: a cancer journal for clinicians 66, 7-30, https://doi.org/10.3322/
caac.21332 (2016).

National Cancer Institute. Surveillance, Epidemiology, and End Results Program, https://seer.cancer.gov/ (2017).

Li, J., Wientjes, M. G. & Au, J. L. Pancreatic cancer: pathobiology, treatment options, and drug delivery. The AAPS journal 12,
223-232, https://doi.org/10.1208/s12248-010-9181-5 (2010).

. Di Maggio, F. et al. Pancreatic stellate cells regulate blood vessel density in the stroma of pancreatic ductal adenocarcinoma.

Pancreatology: official journal of the International Association of Pancreatology (IAP)... [et al.], https://doi.org/10.1016/j.
pan.2016.05.393 (2016).

. Kindler, H. L. et al. Gemcitabine plus bevacizumab compared with gemcitabine plus placebo in patients with advanced pancreatic

cancer: phase III trial of the Cancer and Leukemia Group B (CALGB 80303). Journal of clinical oncology: official journal of the
American Society of Clinical Oncology 28, 3617-3622, https://doi.org/10.1200/jc0.2010.28.1386 (2010).

. Longo, V. et al. Angiogenesis in pancreatic ductal adenocarcinoma: A controversial issue. Oncotarget, https://doi.org/10.18632/

oncotarget.10765 (2016).
Provenzano, P. P. et al. Enzymatic targeting of the stroma ablates physical barriers to treatment of pancreatic ductal adenocarcinoma.
Cancer cell 21, 418-429, https://doi.org/10.1016/j.ccr.2012.01.007 (2012).

. Pappas, S. G. et al. Staging chest computed tomography and positron emission tomography in patients with pancreatic

adenocarcinoma: utility or futility? HPB: the official journal of the International Hepato Pancreato Biliary Association 16, 70-74,
https://doi.org/10.1111/hpb.12074 (2014).

Chen, D. T. et al. Prognostic Fifteen-Gene Signature for Early Stage Pancreatic Ductal Adenocarcinoma. PloS one 10, e0133562,
https://doi.org/10.1371/journal.pone.0133562 (2015).

Newman, A. M. et al. Robust enumeration of cell subsets from tissue expression profiles. Nature methods 12, 453-457, https://doi.
org/10.1038/nmeth.3337 (2015).

. Takahashi, Y., Kitadai, Y., Bucana, C. D., Cleary, K. R. & Ellis, L. M. Expression of vascular endothelial growth factor and its receptor,

KDR, correlates with vascularity, metastasis, and proliferation of human colon cancer. Cancer research 55, 3964-3968 (1995).
Fukuta, N, Kitano, M., Maekawa, K., Chikugo, T. & Kudo, M. Estimation of the malignant potential of gastrointestinal stromal
tumors: the value of contrast-enhanced coded phase-inversion harmonics US. Journal of gastroenterology 40, 247-255, https://doi.
org/10.1007/500535-004-1531-6 (2005).

Abulafia, O. et al. Angiogenesis in early-invasive and low-malignant-potential epithelial ovarian carcinoma. Obstetrics and
gynecology 95, 548-552 (2000).

Harris, L. G., Pannell, L. K,, Singh, S., Samant, R. S. & Shevde, L. A. Increased vascularity and spontaneous metastasis of breast
cancer by hedgehog signaling mediated upregulation of cyr61. Oncogene 31, 3370-3380, https://doi.org/10.1038/0nc.2011.496
(2012).

Giantonio, B. . et al. Bevacizumab in combination with oxaliplatin, fluorouracil, and leucovorin (FOLFOX4) for previously treated
metastatic colorectal cancer: results from the Eastern Cooperative Oncology Group Study E3200. Journal of clinical oncology: official
journal of the American Society of Clinical Oncology 25, 1539-1544, https://doi.org/10.1200/jc0.2006.09.6305 (2007).

Katsuta, E. et al. Macroscopic morphology for estimation of malignant potential in pancreatic neuroendocrine neoplasm. Journal of
cancer research and clinical oncology 142, 1299-1306, https://doi.org/10.1007/s00432-016-2128-1 (2016).

Reinmuth, N. et al. Prognostic significance of vessel architecture and vascular stability in non-small cell lung cancer. Lung cancer
(Amsterdam, Netherlands) 55, 53-60, https://doi.org/10.1016/j.lungcan.2006.09.025 (2007).

Dejana, E., Orsenigo, F. & Lampugnani, M. G. The role of adherens junctions and VE-cadherin in the control of vascular
permeability. Journal of cell science 121, 2115-2122, https://doi.org/10.1242/jcs.017897 (2008).

Crosby, C. V. et al. VE-cadherin is not required for the formation of nascent blood vessels but acts to prevent their disassembly. Blood
105, 2771-2776, https://doi.org/10.1182/blood-2004-06-2244 (2005).

Ebnet, K., Suzuki, A., Ohno, S. & Vestweber, D. Junctional adhesion molecules (JAMs): more molecules with dual functions? Journal
of cell science 117, 19-29, https://doi.org/10.1242/jcs.00930 (2004).

Ilan, N. & Madri, J. A. PECAM-1: old friend, new partners. Current opinion in cell biology 15, 515-524 (2003).

Korhonen, H. M. et al. DICER Regulates the Formation and Maintenance of Cell-Cell Junctions in the Mouse Seminiferous
Epithelium. Biology of reproduction 93, 139, https://doi.org/10.1095/biolreprod.115.131938 (2015).

Lee, S. et al. Autocrine VEGF signaling is required for vascular homeostasis. Cell 130, 691-703, https://doi.org/10.1016/j.
cell.2007.06.054 (2007).

Wallez, Y. et al. Src kinase phosphorylates vascular endothelial-cadherin in response to vascular endothelial growth factor:
identification of tyrosine 685 as the unique target site. Oncogene 26, 1067-1077, https://doi.org/10.1038/sj.onc.1209855 (2007).
Abraham, S. et al. VE-Cadherin-mediated cell-cell interaction suppresses sprouting via signaling to MLC2 phosphorylation. Current
biology: CB 19, 668-674, https://doi.org/10.1016/j.cub.2009.02.057 (2009).

Yuan, L. et al. Rho] is an endothelial cell-restricted Rho GTPase that mediates vascular morphogenesis and is regulated by the
transcription factor ERG. Blood 118, 1145-1153, https://doi.org/10.1182/blood-2010-10-315275 (2011).

Kim, C. et al. Vascular Rho] is an effective and selective target for tumor angiogenesis and vascular disruption. Cancer cell 25,
102-117, https://doi.org/10.1016/j.ccr.2013.12.010 (2014).

Takuwa, Y., Okamoto, Y., Yoshioka, K. & Takuwa, N. Sphingosine-1-phosphate signaling and biological activities in the
cardiovascular system. Biochimica et biophysica acta 1781, 483-488, https://doi.org/10.1016/j.bbalip.2008.04.003 (2008).

Gaengel, K. et al. The sphingosine-1-phosphate receptor SIPRI restricts sprouting angiogenesis by regulating the interplay between
VE-cadherin and VEGFR2. Developmental cell 23, 587-599, https://doi.org/10.1016/j.devcel.2012.08.005 (2012).

Stockmann, C., Schadendorf, D., Klose, R. & Helfrich, I. The impact of the immune system on tumor: angiogenesis and vascular
remodeling. Frontiers in oncology 4, 69, https://doi.org/10.3389/fonc.2014.00069 (2014).

Ribas, A., Butterfield, L. H., Glaspy, J. A. & Economou, J. S. Current developments in cancer vaccines and cellular immunotherapy.
Journal of clinical oncology: official journal of the American Society of Clinical Oncology 21, 2415-2432, https://doi.org/10.1200/
j€0.2003.06.041 (2003).

Dunn, G. P, Koebel, C. M. & Schreiber, R. D. Interferons, immunity and cancer immunoediting. Nature reviews. Immunology 6,
836-848, https://doi.org/10.1038/nri1961 (2006).

Grivennikov, S. I, Greten, F. R. & Karin, M. Immunity, inflammation, and cancer. Cell 140, 883-899, https://doi.org/10.1016/j.
cell.2010.01.025 (2010).

Galon, J. et al. Type, density, and location of immune cells within human colorectal tumors predict clinical outcome. Science (New
York, N.Y.) 313, 1960-1964, https://doi.org/10.1126/science.1129139 (2006).

SCIENTIFICREPORTS| (2019) 9:1310 | https://doi.org/10.1038/s41598-018-37909-5 10


https://doi.org/10.1038/s41598-018-37909-5
http://www.r-project.org/
http://bioconductor.org/
https://doi.org/10.3322/caac.21332
https://doi.org/10.3322/caac.21332
https://seer.cancer.gov/
https://doi.org/10.1208/s12248-010-9181-5
https://doi.org/10.1016/j.pan.2016.05.393
https://doi.org/10.1016/j.pan.2016.05.393
https://doi.org/10.1200/jco.2010.28.1386
https://doi.org/10.18632/oncotarget.10765
https://doi.org/10.18632/oncotarget.10765
https://doi.org/10.1016/j.ccr.2012.01.007
https://doi.org/10.1111/hpb.12074
https://doi.org/10.1371/journal.pone.0133562
https://doi.org/10.1038/nmeth.3337
https://doi.org/10.1038/nmeth.3337
https://doi.org/10.1007/s00535-004-1531-6
https://doi.org/10.1007/s00535-004-1531-6
https://doi.org/10.1038/onc.2011.496
https://doi.org/10.1200/jco.2006.09.6305
https://doi.org/10.1007/s00432-016-2128-1
https://doi.org/10.1016/j.lungcan.2006.09.025
https://doi.org/10.1242/jcs.017897
https://doi.org/10.1182/blood-2004-06-2244
https://doi.org/10.1242/jcs.00930
https://doi.org/10.1095/biolreprod.115.131938
https://doi.org/10.1016/j.cell.2007.06.054
https://doi.org/10.1016/j.cell.2007.06.054
https://doi.org/10.1038/sj.onc.1209855
https://doi.org/10.1016/j.cub.2009.02.057
https://doi.org/10.1182/blood-2010-10-315275
https://doi.org/10.1016/j.ccr.2013.12.010
https://doi.org/10.1016/j.bbalip.2008.04.003
https://doi.org/10.1016/j.devcel.2012.08.005
https://doi.org/10.3389/fonc.2014.00069
https://doi.org/10.1200/jco.2003.06.041
https://doi.org/10.1200/jco.2003.06.041
https://doi.org/10.1038/nri1961
https://doi.org/10.1016/j.cell.2010.01.025
https://doi.org/10.1016/j.cell.2010.01.025
https://doi.org/10.1126/science.1129139

www.nature.com/scientificreports/

35. Hanahan, D. & Weinberg, R. A. Hallmarks of cancer: the next generation. Cell 144, 646-674, https://doi.org/10.1016/j.
cell.2011.02.013 (2011).

36. Zitvogel, L. & Kroemer, G. Cancer: Antibodies regulate antitumour immunity. Nature 521, 35-37, https://doi.org/10.1038/
naturel4388 (2015).

37. Namm, J. P. et al. B lymphocytes as effector cells in the immunotherapy of cancer. Journal of surgical oncology 105, 431-435, https://
doi.org/10.1002/j50.22093 (2012).

38. Rakoff-Nahoum, S. & Medzhitov, R. Toll-like receptors and cancer. Nature reviews. Cancer 9, 57-63, https://doi.org/10.1038/
nrc2541 (2009).

39. Charoentong, P. et al. Pan-cancer Inmunogenomic Analyses Reveal Genotype-Immunophenotype Relationships and Predictors of
Response to Checkpoint Blockade. Cell reports 18, 248-262, https://doi.org/10.1016/j.celrep.2016.12.019 (2017).

40. Kanehisa, M. & Goto, S. KEGG: kyoto encyclopedia of genes and genomes. Nucleic acids research 28, 27-30 (2000).

41. Kanehisa, M., Sato, Y., Kawashima, M., Furumichi, M. & Tanabe, M. KEGG as a reference resource for gene and protein annotation.
Nucleic acids research 44, D457-462, https://doi.org/10.1093/nar/gkv1070 (2016).

42. Kanehisa, M., Furumichi, M., Tanabe, M., Sato, Y. & Morishima, K. KEGG: new perspectives on genomes, pathways, diseases and
drugs. Nucleic acids research 45, D353-d361, https://doi.org/10.1093/nar/gkw1092 (2017).

43. Ritchie, M. E. et al. limma powers differential expression analyses for RNA-sequencing and microarray studies. Nucleic acids research
43, e47, https://doi.org/10.1093/nar/gkv007 (2015).

44. Luo, W. & Brouwer, C. Pathview: an R/Bioconductor package for pathway-based data integration and visualization. Bioinformatics
(Oxford, England) 29, 1830-1831, https://doi.org/10.1093/bioinformatics/btt285 (2013).

Acknowledgements

This work was supported by NIH grant ROICA160688 to K.T, and National Cancer Institute (NCI) grant
P30CA016056 involving the use of Roswell Park Cancer Institute’s Bioinformatics and Biostatistics Shared
Resources. Pathway images were obtained by KEGG.

Author Contributions

E.K. conceptualized and performed analysis, prepared the article. L.Y., Q.Q. and X.P. performed analyses. S.H.
provided supervision, data interpretation and edited the article. K.T. provided supervision of analysis and
prepared the article.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-37909-5.

Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

M | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFICREPORTS| (2019) 9:1310 | https://doi.org/10.1038/s41598-018-37909-5 11


https://doi.org/10.1038/s41598-018-37909-5
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1038/nature14388
https://doi.org/10.1038/nature14388
https://doi.org/10.1002/jso.22093
https://doi.org/10.1002/jso.22093
https://doi.org/10.1038/nrc2541
https://doi.org/10.1038/nrc2541
https://doi.org/10.1016/j.celrep.2016.12.019
https://doi.org/10.1093/nar/gkv1070
https://doi.org/10.1093/nar/gkw1092
https://doi.org/10.1093/nar/gkv007
https://doi.org/10.1093/bioinformatics/btt285
https://doi.org/10.1038/s41598-018-37909-5
http://creativecommons.org/licenses/by/4.0/

	Pancreatic adenocarcinomas with mature blood vessels have better overall survival

	Results

	High expression of CD31 associates with better overall survival (OS) in PDAC patients. 
	Low expression of CD31 is an independent prognostic factor for PDAC. 
	Clinicopathological demographics of CD31 high expressing PDACs. 
	Vascular stability related genes are associated with better OS in PDAC. 
	Differential gene expression between CD31 high and low expressing PDACs. 
	CD31 expression correlates with gene expressions involved in endothelial cell markers, angiogenesis, and the immune respons ...
	Vascular stability and immune response related pathways are upregulated in CD31 high expressing tumors. 

	Discussion

	Methods

	TCGA Data Acquisition and Pre-Processing. 
	CIBERSORT. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 CD31 expression and patient survival.
	Figure 2 Vascular related gene expression and survival of TCGA PDAC patients.
	Figure 3 Heatmap of differently expressed genes between high and low expressing CD31 tumors among TCGA PDAC patients.
	Figure 4 Correlation matrix of CD31 and other genes.
	Figure 5 Vascular stability related pathways are upregulated in CD31 high expressing tumors.
	Figure 6 Immune reaction related pathways are upregulated in CD31 high expressing tumors.
	Figure 7 Immune cell component comparisons between CD31 high and low expressing tumors analyzed by CIBERSORT.
	Table 1 Multivariate analysis for independent OS predictors of PDAC.
	Table 2 Clinicopathological character of CD31 high and low patients.




