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ABSTRACT 

Surgery is the only curative treatment option for pancreatic cancer, but patients often 

develop postoperative recurrence. Surgical invasiveness might be involved in the mechanism 

of recurrence. The associations among inflammation caused by surgery, neutrophils, and 

cancer metastasis were investigated. At first, neutrophil extracellular traps (NETs) were 

examined in clinical specimens, and NETs were observed around metastatic tumors.  To 

explore how NETs were induced, neutrophils were cultured with pancreatic cancer or in 

cancer-conditioned medium. Neutrophils formed NETs when they were cultured with 

pancreatic cancer or even its conditioned medium. The effects of NETs on cancer cells were 

further investigated in vitro and in vivo. NETs induced the epithelial to mesenchymal transition 

in cancer cells and thereby promoted their migration and invasion. HMGB1 derived from 

NETs appeared to potentiate the malignancy of cancer cells. In a mouse model of liver 

metastasis with inflammation, NETs participated in the metastatic process by enhancing 

extravasation. Interestingly, thrombomodulin degraded HMGB1 and consequently inhibited 

the induction of NETs, thereby preventing pancreatic cancer metastasis to the liver. In 

conclusion, NETs interact reciprocally with pancreatic cancer cells, which play a pivotal role 

in inflammation-associated metastasis. Targeting NETs with thrombomodulin can be a novel 

strategy to improve the surgical outcome of pancreatic cancer patients.  

 

Keywords: HMGB1, epithelial to mesenchymal transition, phorbol 12-myristate 13-acetate, 

ischemia-reperfusion model,  
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1. Introduction 

Pancreatic ductal carcinoma (PDAC) is the fourth most common cause of cancer death in 

the world, with a 5-year overall survival (OS) rate of 9 % [1, 2]. Surgical resection is the only 

curative and feasible treatment for PDAC [3]. However, after curative surgical resection, most 

patients with PDAC recur, often in the liver or local sites, even within a few months [4]. Once 

PDAC relapses, it becomes an incurable disease, refractory to other treatments, including 

chemotherapy and radiotherapy. Therefore, prophylactic strategies for cancer recurrence 

play a pivotal role in ensuring truly curative resection, leading to improvement of OS in PDAC. 

Emerging evidence has shown that the systemic inflammatory responses promote 

carcinogenesis and cancer progression, and, indeed, several clinical parameters of 

inflammation have been identified. For example, the Glasgow prognostic score (GPS) [5], 

modified GPS [6], neutrophil to lymphocyte ratio (NLR) [7], C-reactive protein (CRP) [8], and 

CRP to albumin ratio (CAR) [9] have been identified as preoperative predictors of OS and 

progression-free survival (PFS). Although these relationships have emerged, the mechanism 

by which inflammation is responsible for the worse prognosis of PDAC is still unclear. 

Neutrophils are the initial line of host defense in the inflammatory state [10]. They have three 

major roles: phagocytosis, degranulation, and neutrophil extracellular traps (NETs) [11]. NETs 

release their decondensated DNA with their contained proteases and associated cytokines 

and chemokines. Although NETs were initially observed in systemic infection to capture and 

eliminate bacteria [12], NETs play crucial roles in noninfectious disease [11], such as diabetes 

mellitus, autoimmune diseases, and cancer progression. A recent report showed that 

neutrophils also play key roles in the association between inflammation and cancer 

progression, including metastasis [13]. NETs were induced intravascularly in the liver by 

systemic bacterial infection or ischemia-reperfusion injury in mice. NETs may conspire to 
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promote cancer metastasis via capturing cancer cells[14, 15] or awakening dormant cells 

through reconstruction of extracellular matrix[16]. In clinical samples, NETs are indeed found 

in human pancreatic, liver, and gastric cancers [15, 17, 18]. However, it remains unclear 

through what mechanism the NETs directly potentiate tumor aggressiveness or whether the 

NETs can be a novel therapeutic target. 

In this study, the aim was to investigate how NETs directly exacerbate tumor aggressiveness. 

The data showed that NETs potentiated cancer migration and invasion abilities through the 

induction of the epithelial to mesenchymal transition (EMT). High Mobility Group Box 1 

(HMGB1) derived from NETs contributed to this EMT induction. Therefore, understanding the 

underlying mechanism by which NETs enhance tumor aggressiveness may help establish a 

novel therapeutic strategy for preventing metastatic recurrence after curative PDAC resection. 

 

2. Material and methods  

2.1 Cell culture and reagents 

The human pancreatic cancer cell lines, PANC-1 (poorly differentiated adenocarcinoma), 

MIAPaCa-2 (poorly differentiated adenocarcinoma), BxPC-3 (moderately differentiated 

adenocarcinoma) cells, and the human colon cancer cell line HCT116 (poorly differentiated 

adenocarcinoma) were obtained from the American Type Culture Collection. The human 

gastric cancer cell line GCIY (poorly differentiated adenocarcinoma) was purchased from the 

Cell Engineering Division of RIKEN BioResource Center (RIKEN Cell Bank). Phorbol 12-

myristate 13-acetate, PMA; the peptidylarginine deiminase inhibitor, Cl-amidine; the NADPH 

oxidase inhibitor, apocynin; sivelestat sodium salt; deoxyribonuclease (DNase); recombinant 

human thrombomodulin (rhTM) (Recomodulin™ anticoagulant); human thrombin; and 

recombinant human high mobility group box-1 was used as described in Supplementary 
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Material and Methods. 

 

2.2 Isolation of neutrophils 

Neutrophils were isolated from a healthy volunteer. Whole blood was collected by 

venipuncture into blood collection tubes coated with EDTA 2K. Then, 5 mL of whole blood 

were layered over 5 mL of Polymorphprep in a 15-mL tube and centrifuged at 500 × g for 35 

min at room temperature. The lower leukocyte band containing neutrophils was collected, 

followed by 2 times washing with PBS. Finally, they were resuspended in DMEM without 

FBS.[14] 

 

2.3 NET formation assays 

Neutrophils were treated with 20 nM PMA or rhHMGB1 for 3 hours. Coverslips were fixed 

with 4% paraformaldehyde (PFA) and incubated in blocking buffer (10% fetal bovine serum 

in PBS) for 30 min. They were stained with primary antibodies in blocking buffer using either 

myeloperoxidase (MPO) antibody or citrullinated histone H3 (Cit H3) antibody as described. 

They were stained with Alexa Fluor-conjugated secondary bodies as described and 

counterstained with SYTOX orange Nucleic Acid Stain. NETs were defined as co-localized 

DNA, MPO, and Cit H3. 

 

2.4 In vivo liver metastasis in the PMA-induced NET model 

To determine the effect of PMA-induced NET on liver metastasis, PMA (50 ng/g of mouse 

body weight) was injected one day before cancer cell injection. PANC-1 cells (2×106 cells) in 

100 μl of PBS were injected into the spleen, followed by splenectomy after 10 min of 

circulation. After 8 weeks, the mice were sacrificed, and their livers were removed. To treat 
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this model, mice were treated every day using DNase (100 U/mouse).  

 

2.5 In vivo liver metastasis in the ischemia-reperfusion model 

A nonlethal model of segmental (70%) hepatic warm ischemia was induced. The next day, 

PANC-1 cells (2×106 cells) were injected into the spleen using a 27-gauge needle, and 

were allowed to circulate for 10 minutes, followed by splenectomy. DNase or rhTM was 

administered intraperitoneally for 7 days from one day before the induction of ischemia-

reperfusion injury. 

 

2.6 Statistical Analysis 

All statistical analyses were performed with SPSS advanced statistics 16.0 software (IBM). 

The significances of differences between groups were analyzed using Student’s t-test, the 

Mann-Whitney U test, or one-way ANOVA. P values < 0.05 were considered significant. All 

experiments were repeated at least three times. 

 

2.7 Ethics approval  

Ethical approval for this study was obtained from the Institutional Review Board of Okayama 

University. 

 

Details of materials and methods are available in the supplementary material. 

 

3. Results 

3.1 NETs were found around metastatic tumors and were induced by pancreatic cancer. 

To investigate whether NETs can be observed in or around metastatic cancer 
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(Supplementary Fig. S1A), immunofluorescence (IF) staining of clinical specimens 

containing metastatic liver tumor (n=10), as well as liver with benign tumor (n=10), was 

performed (Table S1). In these IF images, NETs, which appear as spider web-like structures 

positive for MPO, Cit H3, and DNA, were observed around either benign or malignant tumors 

(Fig. 1A). In a comparison between these groups, a higher level of NETs was found in the 

liver tissues with malignant tumor than with benign tumor (Fig. 1B). 

According to the previous reports, the conditioned medium (CM) from cancer cells induces 

NETs[19]. To examine whether gastrointestinal cancer cells induce NETs in vitro, neutrophils 

were cultured with CM from cancer cells including GCIY as gastric cancer, PANC-1, BxPC-

3, and MIAPaCa-2 as pancreatic cancer, or HCT116 as colon cancer for 6 hours, and CM 

from all cells induced NETs (Fig. 1C). Although the degree of cancer-induced NETs appeared 

to vary among cancer cells, PANC-1 and MIAPaCa-2 induced higher levels of NETs than 

other cell lines (Fig. 1C). The amounts of cancer-induced NETs were quantified by 

extracellular DNA assay, and the result was consistent with these images (Fig. 1D). In 

addition to culture with CM, indirect co-culture of neutrophils and pancreatic cancers also 

induced NETs (Supplementary Fig. S1B), and the level of NETs was higher in both PANC-1 

and MIAPaCa-2 cells than in the control (Supplementary Fig. S1C). 

Taken together, these data show that gastrointestinal cancer, especially pancreatic cancer 

cells that encounter or approach neutrophils, will cause NETs. 

 

3.2 NETs captured pancreatic cancer cells and promoted their migration and invasion 

abilities, leading to reinforcement of extravasation. 

Since NETs inherently have the function to capture pathogens, including bacteria[20], it is 

inferred that NETs may have the ability to capture cancer cells. Thus, when direct co-culture 
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of pancreatic cancer cells and neutrophils was observed under an electron microscope, the 

image suggested that NETs could capture pancreatic cancer cells by their sticky structures 

(Fig. 1E, F). To further evaluate the capturing function of NETs, the amount of cancer cells 

adhering to NETs was quantified with an adhesion assay. Since phorbol myristate acetate 

(PMA) is a strong inducer of NETs, neutrophils were first treated by PMA, followed by being 

co-cultured with fluorescence-labeled pancreatic cancer cells. The adhesive-labeled cancer 

cells were then measured using a fluorimeter. This showed that neutrophils captured 

significantly more pancreatic cancer cells with induced NETs than the controls 

(Supplementary Fig. S2A, B). 

If NETs were involved in the disease progression of pancreatic cancer, they might have a 

more essential effect on cancers other than just their ability to capture cells. In the metastatic 

process, cell migration and invasion play critical roles. Therefore, whether NETs contributed 

to enhancing the migration and invasion abilities of pancreatic cancer cells was investigated 

next. PANC-1 and MIAPaCa-2 cells treated with CM of PMA-induced NETs (CM-NETs) for 

48 hours were subjected to the assay (Fig. 2A, B). In both cell lines, CM-NETs significantly 

enhanced the migration and invasion abilities compared with the other groups. On the other 

hand, pretreatment for NETs using NET inhibitors (NADPH oxidase (NOX) inhibitor, protein 

arginine deiminase (PAD) inhibitor, and neutrophil elastase (NE) inhibitor) counteracted the 

migration and invasion abilities, which further support NETs having an effect on cancer cell 

invasion and migration (Supplementary Fig. S3A-F). Thus, the interaction of NETs and 

pancreatic cancer might contribute to promoting tumor migration and invasion. 

These results led to the hypothesis that NETs may promote extravasation in the liver. To 

investigate the association between NETs and extravasation of cancer cells in vivo, PMA was 

injected into the peritoneal cavity of mice, which caused neutrophil recruitment and induced 
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NETs in the liver (Fig. 2C). Pretreatment with PMA also produced some NETs in the pancreas, 

but few in other organs (supplementary Fig S4A). Pancreatic cancer cells were injected into 

the spleens of BALB/c nude mice one day after induction of NETs (Fig. 2D). In this assay, no 

cells invading into the liver parenchyma were observed in both groups until 3 days after 

injection of cells (Fig. 2E). However, extravasation of a few cells began to be detected on the 

third day after injection of cells in the NET group (Fig. 2F). Thereafter, more PANC-1 cells 

invaded into liver parenchyma in the NET group than the vehicle group (Fig. 2E, G). The 

above data showed that the pre-existence of NETs promotes extravasation of cancer cells in 

metastatic organs, especially the liver. 

 

3.3 The pre-existence of NETs promotes liver metastasis in vivo. 

Whether the pre-existence of NETs contributes to cancer cells actually developing into 

metastatic tumors was examined. PANC-1 cells were injected into the spleen one day after 

induction of NETs by injecting PMA into the peritoneal cavity, followed by liver removal on 

day 58 (Fig. 3A). The pre-existence of PMA-induced NETs considerably increased liver 

metastasis (Fig. 3B). The burden of liver metastasis, quantified by number, volume, and 

maximum size, was significantly increased compared with the vehicle group (Fig. 3C). 

To verify that it was NETs that promoted liver metastasis, whether degradation of NETs with 

DNase attenuates the metastasis promotion effect was examined. Prior to the experiment, 

the following two points were confirmed: DNase markedly inhibited NETs formation induced 

by PMA (Fig. 3D), and DNase itself did not affect tumor proliferation and the migration and 

invasion abilities (Supplementary Fig. S4B, C). In PMA-induced NET mice, DNase 

administration significantly decreased the liver metastasis of PANC-1 cells, as evidenced by 

a series of evaluations (Fig. 3E, F). Additionally, to confirm that PMA itself has no protumor 
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effect on PANC-1 cells, PANC-1 cells were pretreated with PMA followed by the injection. 

PMA did not promote liver metastasis (Supplementary Fig. S5A, B). 

These above data suggest that liver metastasis would be promoted in the situation where 

NETs pre-existed. 

 

3.4 NETs induced the epithelial to mesenchymal transition to promote tumor 

aggressiveness. 

Treatment with NETs changed the morphology of PANC-1 cells to spindle shapes (Fig. 4A). 

These morphological changes suggested that NETs might induce the EMT in cancer cells, 

as previously reported [21]. If so, these effects would also help promote malignant potential. 

To further explore this, whether NETs changed the expressions of EMT-related proteins was 

examined. Immunostaining showed that NET-treated PANC-1 cells upregulated vimentin and 

downregulated E-cadherin (Fig. 4B). Furthermore, western blotting showed that the NET-

treated cells upregulated the mesenchymal markers vimentin and α-SMA and downregulated 

the epithelial marker E-cadherin (Fig. 4C, D). As for mRNA of EMT-related transcriptional 

factors, Slug and Zeb-1 were upregulated in PANC-1 cells (Fig. 4E), whereas Slug and Zeb-

1, as well as Snail, were increased in MIAPaCa-2 cells (Fig. 4F). Although NET formation 

was suppressed with the NOX, PAD, and NE inhibitors, all these inhibitors abolished the 

upregulation of EMT-related protein (Supplementary Fig. S6A, B) and mRNAs of 

transcriptional factors (Supplementary Fig. S6C, D). These results indicate that NETs induce 

the EMT program in cancer cells. 

 

3.5 NET-derived HMGB1 potentiated tumor aggressiveness by induction of the EMT 

program. 
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HMGB1 is associated with the EMT program in pancreatic cancer[22]. Since neutrophils are 

known to secrete HMGB1, it was hypothesized that NET-derived HMGB1 might be involved 

in induction of the EMT program. The presence of HMGB1 on formed NETs was evaluated 

first. IF staining for NETs showed that HMGB1 was co-localized on NETs (Fig. 5A). 

Furthermore, the enzyme-linked immunosorbent assay (ELISA) results suggested that 

NET_CM contained higher levels of HMGB1 than the control. Furthermore, NET inhibitors 

abolished this expression (Fig. 5B). 

Next, the effect of HMGB1 on tumor cells was examined. HMGB1 receptors (CD24, TLR2, 

TLR4 and RAGE) were expressed on pancreatic cancer cells, although the expression level 

varied among the cell lines (Fig. 5C). Subsequently, pancreatic cancer cells were treated with 

recombinant human HMGB1 (rhHMGB1, 30 ng/mL, 100 ng/mL, 300 ng/mL, 500 ng/mL) for 

48 hours prior to the migration and invasion assays. The rhHMGB1 potentiated migration and 

invasion in a dose-dependent manner in pancreatic cancer cells (Fig. 5D). However, adding 

rhHMGB1 at a concentration similar to that measured in the NETs had no effect on migration 

and invasion abilities. Nevertheless, a much higher concentration of rhHMGB1 potentiated 

migration and invasion abilities in pancreatic cancer. The HMGB1 concentration in NET_CM 

with added DNase was found to be much higher than in NET_CM without DNase 

(Supplementary Fig. S7). Therefore, HMGB1 was found to co-exist with NET-DNA fragments, 

which caused a dramatic increase in the local HMGB1 concentration. Next, the EMT-related 

protein and transcriptional factors in rhHMGB1-treated cells were further examined. Vimentin 

and α-SMA were upregulated, and E-cadherin was downregulated (Fig. 5E). rhHMGB1 

induced Slug and Zeb-1 in PANC-1 cells, whereas it induced Snail in addition to Slug and 

Zeb-1 in MIAPaCa2 cells (Fig. 5F). These results suggest that HMGB1 is a factor that 

mediates the NET-induced EMT. 
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3.6 rhTM prevents the NET-induced EMT by blocking HMGB1. 

Clinically available rhTM has been reported to degrade HMGB1 in the presence of 

thrombin[23]. Therefore, rhTM might be able to degrade NET-derived HMGB1, thereby 

blocking the EMT program and subsequent aggravation of the malignant phenotype in 

pancreatic cancer. To determine whether rhTM suppressed the migration and invasion 

abilities induced by HMGB1, pancreatic cancer cells were treated by rhHMGB1 with or 

without rhTM and were tested in the migration and invasion assays. rhTM reduced the 

migration and invasion abilities elicited by rhHMGB1 (Fig. 6A). Additionally, the EMT-related 

protein and transcriptional factors were evaluated in rhHMGB1-treated cells with or without 

rhTM in the presence of thrombin. Western blot analysis showed that these complexes 

increased E-cadherin expression and decreased vimentin and α-SMA expressions (Fig. 6B). 

On RT-qPCR, these complexes decreased transcriptional factors upregulated by rhHMGB1 

(Fig. 6C). 

As expected, rhTM attenuated malignant potential in the presence of thrombin. rhTM 

decreased the migration and invasion abilities of NET-treated pancreatic cancer cells (Fig. 

6D). Moreover, rhTM offset the NETs-induced EMT, as demonstrated by western blotting and 

RT-qPCR (Fig. 6E, F). 

Taken together, rhTM would have an effect to attenuate the malignant potential of pancreatic 

cancer cells associated with NETs through the degradation of HMGB1 in the presence of 

thrombin. 

 

3.7 rhTM suppresses the promotion of liver metastasis induced by NET-induced 

HMGB1.  
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Using ischemia-reperfusion mouse models in which NETs are inevitably formed in the liver 

[15, 24], it was confirmed that pancreatic cancer cells injected in the spleen actually formed 

metastatic lesions in the liver and that NETs were detected in their liver metastases 

(Supplementary Fig. S8A). Whether rhTM can suppress such liver metastases was then 

examined. The injection of rhTM was started one day before the ischemia-reperfusion 

procedure and continued for 7 days (Fig. 6G). Pretreatment with rhTM significantly 

decreased liver metastatic formation, as evidenced by a series of evaluations compared with 

the vehicle (Fig. 6H, I). Interestingly, the prophylactic effect of rhTM on metastatic formation 

was comparable to that using DNase, which is known to degrade NETs. However, rhTM had 

a preventive effect on the induction of NETs. The level of PMA-induced NETs with or without 

rhTM was evaluated. The result suggested that rhTM could prevent the induction of NETs 

(Supplementary Fig. S8B, C). To be sure, it was confirmed that rhTM does not affect cell 

growth of pancreatic cancer (Supplementary Fig. S8D). Kaplan-Meier analysis of these three 

groups showed that rhTM improved survival of the mice compared with the control treatment 

(Fig. 6J). 

Thus, rhTM could have the potential to suppress liver metastasis by blocking NET formation 

and degrading NET-induced HMGB1. 

 

4. DISCUSSION 

In the present study, NETs were observed in clinical tissues, especially near tumors, and 

NETs were found to be induced by pancreatic cancer in vitro. NETs contributed to enhancing 

the migration and invasion abilities of cancer cells through the induction of the EMT. 

Additionally, in the in vivo study, the pre-existence of NETs promoted liver metastasis, 

suggesting that cancer-induced NETs may be associated with cancer metastasis. Finally, 
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rhTM suppressed surgically induced NETs and thereby prevented liver metastasis in an 

experimental mouse model. 

Although the impact of NETs on cancer cells remains to be fully elucidated, the recent 

findings indicate the link between NETs and cancer. Wen et al. reported that extracellular 

DNA derived from NETs promoted cancer cell invasion and metastasis via the production of 

CXCL8 in pancreatic cancer[25]. Nie et al. demonstrated that NETs increased cell 

proliferation and migration of diffuse large B-cell lymphoma and promoted lymphoma 

progression via TLR9 signaling[26]. Consistent with these effects, in the present study, NETs 

potentiated the migration and invasion abilities of pancreatic cancer cells. The potentiated 

migration and invasion abilities of cancer cells are sometimes associated with the EMT 

program[21], which was characterized by the overexpression of mesenchymal markers and 

the downregulation of epithelial markers[27]. The present data in PANC-1 and MIAPaCa-2 

cells showed that Slug, Zeb-1, and Snail were regulated by NET formation, suggesting that 

the EMT program was involved, although the activated transcriptional factors are different in 

each cell. The enhancement of cancer aggressiveness induced by NETs, at least in part, 

appeared to be attributed to the EMT program. These results illustrate the interplay between 

NETs and cancer metastasis (Fig. 6K). 

In the experiment in which pancreatic cancer cells were injected into the spleen of NETs-

induced mice, we observed NETs-affected cancer cells which extravasated and invaded from 

the blood vessels into the liver parenchyma. The results would suggest that cancer cells 

detached from the primary tumor were affected by NETs while in the circulation system. 

Recently, Yang et al. reported that NETs were induced in the liver before metastasis 

developed there using their mouse models of liver metastasis. They demonstrated that 

preformation of NETs in the liver functions as a chemotactic factor that attracts cancer cells. 
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Together with their and our studies, both NETs in the liver and the blood may be involved in 

the formation of liver metastases. 

Based on the data that NETs play a pivotal role in the metastatic cascade promoting liver 

metastasis, modulating NETs could be a therapeutic approach to prevent liver metastasis. 

Allegedly, there have been many EMT inducers, including TGF-β[28], TNF-α, and IL-1β[29]. 

The present study suggested that HMGB1 is one of the factors that induces the EMT program, 

which is also consistent with the previous report[22]. Interestingly, HMGB1 has paradoxical 

dual roles in cancer progression[30, 31]. While intracellular HMGB1 has an anti-tumor effect 

on pancreatic cancer, which suppress K-RAS driven carcinogenesis[32], in contrast, 

extracellular HMGB1 can accelerate and promote tumor growth and aggressiveness in 

malignant mesothelioma[33] and lung cancer[34]. The present results demonstrated the pro-

metastatic effect of HMGB1. It was NET-derived HMGB1 that promoted the tumor migration 

and invasion abilities of pancreatic cancer cells via the induction of the EMT. The HMGB1-

activating cascade is reported to be associated with the MAPK[35], ERK[36], and NF-κB[37] 

pathways, although they were not investigated in the present study. The precise mechanisms 

of inducing the EMT derived from NET-derived HMGB1 needs to be investigated in our future 

research. 

rhTM is used as an anticoagulant agent, and its therapeutic mechanism of action derives 

from its ability to bind to circulating thrombin molecules and act as an activating complex that 

converts protein C to activated protein C[38]. It is also known that rhTM inhibits inflammation 

and organ damage caused by damage-associated molecular patterns such as HMBG1[23, 

39]. In fact, it has been reported that rhTM has a significant beneficial effect on mortality in 

patients with disseminated intravascular coagulation induced by sepsis or acute 

promyelocytic leukemia to ameliorate inflammation and hemostasis[40, 41]. Interestingly, 
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endogenous TM has been reported to modulate EMT-associated markers and reduce 

metastatic potential [42, 43]. The function of rhTM, “exogenous TM”, in cancer, however, 

remains unknown, and thus it has not yet been used in cancer. The present results lead to 

proposing a novel application of rhTM for cancer, because rhTM has a bifunctional modulator, 

suppressing the generation of NETs and degrading HMGB1 to prevent liver metastasis. With 

inflammation, especially the acute phase of surgery, rhTM prevents the induction of NETs 

and decomposition of HMGB1 derived from already generated-NETs, leading to reduction of 

the EMT program that allows metastatic formation. As previous reports show, treatment with 

DNase decreased lung metastasis in mouse breast cancer[14] and has been used clinically 

for cystic fibrosis[44]. Although DNase has a beneficial effect on the local lesion, this may not 

be applicable for systemic administration, because of its rapid degradation. At present, rhTM 

may be more suitable and beneficial because it can be administered systemically in clinical 

practice. 

Despite advances in surgical technique and adjuvant therapy, OS and PFS of PDAC 

patients remain poor [45, 46]. Although surgery for pancreatic cancer is feasible and a 

potentially curative procedure, most patients develop cancer relapse, especially in the liver. 

Moreover, present treatments, including neoadjuvant and adjuvant chemotherapies, do not 

provide a dramatic improvement in PFS and OS. Thus, innovative management is required 

to improve OS and PFS. Surgical procedures, including ischemia-reperfusion injury[15], 

induce systemic inflammation, leading to the generation of NETs. Furthermore, operative 

stress was found to promote liver metastasis, and targeted therapy for NETs attenuated liver 

metastatic formation. Surgical manipulation could promote the dissemination of cancer cells 

into the systemic circulation in colon cancer[47], biliary-pancreatic cancer [48], and lung 

cancer[49]. Based on these reports, a surgical procedure may provide a better tumor 
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microenvironment that promotes liver metastasis. In terms of perioperative management, the 

NETs could be a potential target to prevent metastasis. Surgery along with pretreatment with 

rhTM to target NETs, as perioperative management, will open the way to the future for 

pancreatic cancer patients. 

There were some limitations in this study. First, neutrophils from a healthy volunteer were 

used under various circumstances that could affect the function of neutrophils and may not 

necessarily reflect the situation of cancer patients. Second, PMA was used to induce NETs 

for the in vivo study, but this is not the biological situation. Additionally, in the present study, 

the interactions between NETs and normal cells, including hepatocytes, immune cells, and 

endothelial cells, were not examined. Thus, the impacts of PMA and NETs on normal cells 

remain unknown. Third, because nude mice were used for the in vivo study, the impact of 

NETs on the promotion of pancreatic cancer metastasis was analyzed under immune-

compromised circumstances. A metastatic pancreatic cancer model in an immune-competent 

mouse model, if available, would be more desirable. Nevertheless, in our view, the findings 

and concept presented in the present study help us understand the crosstalk between NETs 

and PDAC and to develop a novel strategy to improve the therapeutic outcome of this dismal 

disease. 

In conclusion, it was demonstrated that pancreatic cancer cells induce NETs, and NETs 

promote cancer metastasis via the EMT. Thrombomodulin (TM) may be a candidate agent 

that can abolish the prometastatic condition of NETs elicited by surgical stress. 
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FIGURE LEGENDS 

Figure 1. NETs are deposited in the liver around a malignant tumor and are induced by 

pancreatic cancer. (A and B) Higher levels of NETs around a metastatic cancer than a 

benign tumor. (A) Representative images of immunofluorescence staining of NETs in 

metastatic liver cancers compared with benign tumors in the clinical setting. DNA (red), anti-

MPO (blue), and anti-Cit H3 (green). Magnification, 40× and scale bar, 100 μm. (B) The 

imaging analysis shows a higher level of NETs in metastatic tumors than in benign tumors. 

Mann-Whitney U test; ***p < 0.001. Gastrointestinal cancers induce NETs. (C and D) Colon 

and gastric cancers also induce NETs, not only pancreatic cancer. (C) Representative images 

of immunofluorescence staining of NETs induced by conditioned media derived from each 

cell line. DNA (red), anti-MPO (blue), and anti-Cit H3 (green). Magnification, 10× and scale 

bar, 200 μm. (D) Quantification of NETs induced by these cancers. One-way ANOVA with 

Tukey’s test; *p < 0.05, **p < 0.01. (E and F) NETs capture cancer cells. Representative 

images of NETs capturing PANC-1 (D) and MIAPaCa-2 (E) cells on SEM. 

 

Figure 2. NETs potentiate migration and invasion abilities, resulting in the 

enhancement of extravasation. (A and B) NETs promote migration and invasion abilities. 

After culture with NET-CM, NETs potentiate migration and invasion abilities in PANC-1 (A) 

and MIAPaCa-2 (B) cells. Images were taken by microscope. Magnification, 20× and scale 

bar, 200 μm. Representative results of three independent experiments for all data shown 

(means ± SD). One-way ANOVA with Tukey’s test; ***p < 0.001. (C to G) PMA-induced NETs 

promote cancer cell extravasation in vivo. (C) Representative immunofluorescent images of 

PMA-induced NETs in the liver. DNA (red), anti-Ly6G (green), and anti-Cit H3 (blue). 

Magnification, 40× and scale bar, 50 μm. (D) Schematic showing the experimental design. 
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(E) Images show representative immunofluorescence staining for nucleus (blue) and CD31 

(green) in frozen sections of liver. Magnification, 40× and scale bar, 50 μm. (F) 

Representative images on day 3. Magnification, 63× and scale bar, 20 μm. (G) Quantification 

of extravasated cells (means ± SD). Mann-Whitney U test; *p < 0.05; n = 5 mice/group. 

 

Figure 3. PMA-induced NETs promote liver metastasis, and DNase abolishes the effect 

in vivo. (A-C) (A) Schematic showing the experimental design comparing the NET group 

and the control group. (B) Representative images of macroscopic hepatic nodules (white 

arrow head) and hematoxylin and eosin staining (red arrow head) of liver sections in the NET 

group compared with the vehicle group. (C) Quantification of tumor burden (means ± SD). 

Mann-Whitney U test; **p < 0.01; n = 5 mice/group. DNase suppresses liver metastatic 

burden in the NET-induced mouse model. (D-G) (D) Representative immunofluorescent 

images of PMA-induced NETs with or without DNase in vitro. (E) Schematic showing the 

experimental design comparing with and without DNase treatment. (F) Representative 

images of macroscopic hepatic nodules (white arrow head) and hematoxylin and eosin 

staining (red arrow head) of a liver section in the NET-induced mouse model with or without 

DNase treatment. (G) Quantification of tumor burden (means ± SD). Mann-Whitney U test; 

***p < 0.001; n = 10 mice/group. 

 

Figure 4. NETs promote tumor aggressiveness through the EMT program. (A and B) 

NETs induce morphological changes. (A) Representative images of morphological changes 

in PANC-1 cells induced by NETs. Images were taken by microscope. Magnification, 4× and 

scale bar, 200 μm. (B) Representative images of immunofluorescence staining for PANC-1 

cells treated with NET. DNA (blue), E-cadherin (green), and vimentin (red). (C and D) Western 
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blot analyzing the expressions of vimentin, α-SMA, and E-cadherin in PANC-1 (C) and 

MIAPaCa-2 (D) cells. (E and F) RT-qPCR analyzing the expressions of EMT-related 

transcriptional factors Slug, Zeb-1, and Snail in PANC-1 (E) and MIAPaCa-2 (F) cells. 

Representative results of three independent experiments for all data shown (means ± SD). 

One-way ANOVA with Tukey’s test; **p < 0.01, ***p < 0.001; n.s., not significant. 

 

Figure 5. HMGB1 derived from NETs potentiates the migration and invasion abilities 

through the EMT program. (A) Representative images of immunofluorescence staining for 

MPO (blue), HMGB1 (green), and nuclei (red) in NETs. (B) Results of ELISA for HMGB1 in 

NETs. Representative results of three independent experiments for all data shown (means ± 

SD). One-way ANOVA with Tukey’s test; ***p < 0.001. (C) Western blot showing the 

expressions of HMGB1 receptor, CD24, TLR-2, TLR-4, and RAGE. (D) rhHMGB1 potentiates 

the migration and invasion abilities in PANC-1 and MIAPaCa-2 cells in a dose-dependent 

manner. Images were taken by microscope. Magnification, 20× and scale bar, 50 μm. 

Representative results of three independent experiments for all data shown (means ± SD). 

One-way ANOVA with Tukey’s test; **p < 0.01, ***p < 0.001. (E) Western blot showing the 

expressions of vimentin, α-SMA, and E-cadherin in PANC-1 and MIAPaCa-2 cells treated 

with rhHMGB1 as described. (F) RT-qPCR showing the expressions of transcriptional factors 

in PANC-1 and MIAPaCa-2 cells treated with rhHMGB1. Representative results of three 

independent experiments for all data shown (means ± SD). One-way ANOVA with Tukey’s 

test; *p < 0.05, **p < 0.01, ***p < 0.001; n.s., not significant. 

 

Figure 6. TM reduces tumor aggressiveness via blocking HMGB1 in the presence of 

thrombin, and attenuates the liver metastatic burden. (A) TM attenuates tumor migration 
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and invasion abilities induced by rhHMGB1 (500 ng/ml) in PANC-1 and MIAPaCa-2 cells. 

Images were taken by microscope. Magnification, 20× and scale bar, 50 μm. Representative 

results of three independent experiments for all data shown (means ± SD). One-way ANOVA 

with Tukey’s test; ***p < 0.001. (B) Western blot showing the expressions of EMT-related 

proteins in PANC-1 and MIAPaCa-2 cells treated with rhHMGB1 supplemented with or 

without TM. (C) RT-qPCR showing the expressions of EMT-related transcriptional factors in 

PANC-1 and MIAPaCa-2 cells treated with rhHMGB1 supplemented with or without TM. 

Representative results of three independent experiments for all data shown (means ± SD). 

One-way ANOVA with Tukey’s test; **p < 0.01, ***p < 0.001; n.s., not significant. (D) TM 

abolishes the NET-induced tumor migration and invasion abilities in PANC-1 and MIAPaCa-

2 cells. Images were taken by microscope. Magnification, 20× and scale bar, 50 μm. 

Representative results of three independent experiments for all data shown (means ± SD). 

One-way ANOVA with Tukey’s test; ***p < 0.001. (E) Western blot showing the protein 

expression of cancer cells cultured with NETs, with or without TM. (F) RT-qPCR showing the 

expressions of EMT-related transcriptional factors in PANC-1 and MIAPaCa-2 cells treated 

with NETs supplemented with or without TM. Representative results of three independent 

experiments for all data shown (means ± SD). One-way ANOVA with Tukey’s test; *p < 0.05, 

**p < 0.01, ***p < 0.001. (G) Schematic showing the experimental design of ischemia-

reperfusion model. (H) Representative images of macroscopic hepatic nodules and 

hematoxylin and eosin staining of liver sections. (I) Quantification of tumor burden (means ± 

SD). One-way ANOVA with Tukey’s test; **p < 0.01, ***p < 0.001; n.s., not significant; n = 5 

mice/group. (J) Kaplan-Meier analysis comparing three groups. Log-rank test; *p < 0.05; n.s., 

not significant; n = 7 mice/group. (K) A schematic of HMGB1 derived from NETs potentiates 

tumor aggressiveness, leading to accelerated liver metastasis in pancreatic cancer. 


