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BACKGROUND: Pancreatic ductal adenocarcinoma (PDAC) is one of the most aggressive cancers, and chemoresistance poses a
significant challenge in its treatment. Neutrophil extracellular traps (NETs) have emerged as key players in the tumour
microenvironment, but their role in chemoresistance remains unclear.
METHODS: We investigated the involvement of NETs in PDAC chemoresistance using patient tumour samples, in vitro assays with
gemcitabine (GEM)-treated PDAC cells, and in vivo mouse models. We evaluated cytokine production, NET formation and tumour
response to GEM, with or without the CXCR1/2 inhibitor navarixin.
RESULTS: NETs are significantly accumulated in the tumours of PDAC patients exhibiting poor response to chemotherapy. GEM-
treated PDAC cells secrete pro-inflammatory cytokines such as interleukin-8 (IL-8). IL-8 promote the formation of chemotherapy-
induced NETs (chemoNETosis) through activation of CXCR 1/2 on neutrophils. Importantly, treatment with navarixin significantly
suppressed chemoNETosis, restored sensitivity to GEM, and significantly reduced tumour growth in vivo.
CONCLUSIONS: Our findings reveal that NETs contribute to chemoresistance in PDAC and that IL-8–mediated chemoNETosis plays
a pivotal role in this process. Inhibition of CXCR1/2-mediated NET formation enhances the efficacy of GEM. This approach may
represent a promising therapeutic strategy for overcoming chemoresistance in PDAC. These results support further clinical
investigation of anti-NETs therapies.
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BACKGROUND
Pancreatic ductal adenocarcinoma (PDAC) is one of the most
lethal malignancies, ranking 4th in cancer-related mortality among
men and 3rd among women in the United States [1]. Despite
advancements in treatment, early diagnosis remains challenging
and more than 80% of PDAC cases are diagnosed at an advanced
stage [2]. Chemotherapy is the standard treatment for advanced
PDAC. However, resistance due to various factors intrinsic to
cancer cells, cancer stem cells and the tumour microenvironment
(TME) poses a significant challenge [3, 4].
Neutrophils within the TME are one of the immune cell subsets

most strongly associated with poor prognosis in various cancers
[5]. Tumour-associated neutrophils have also been implicated in
poor outcomes and reduced chemotherapy efficacy in PDAC [6–9].
Among the tumour-promoting mechanisms of neutrophils, the
formation of neutrophil extracellular traps (NETs) is well-

recognised [10–12]. NETs are large, extracellular, web-like struc-
tures composed of cytosolic and granule proteins that are
assembled on a scaffold of decondensed chromatin. They were
originally identified as a defence mechanism against bacterial
infections [13]. Our research group has demonstrated that NETs
induce epithelial-to-mesenchymal transition (EMT) in PDAC cells
and promote metastasis [14].
Furthermore, NETs release immunosuppressive factors and

inhibit the interaction between tumours and immune cells,
thereby creating an immunosuppressive microenvironment [11].
Consequently, the inhibition of NETs has been shown to enhance
the efficacy of immunotherapy [15–17].
Additionally, NETs have been reported as predictive markers for

chemotherapy efficacy in locally advanced rectal cancers and
metastatic renal cell carcinoma [18, 19], suggesting that NETs
are also associated with chemotherapy efficacy. Recently,
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chemotherapy-induced NETs (chemoNETosis) was reported for the
first time in breast cancer, where it contributed to chemoresis-
tance via TGF-β activation [20]. However, the effect of NETs on
cytotoxic chemotherapy in the other cancers remains largely
unexplored. We hypothesised that a similar phenomenon might
occur in PDAC. In this setting, NETs could induce chemoresistance
and impair the effectiveness of chemotherapy. We conducted
experiments to investigate this hypothesis.

METHODS
Cell culture and reagents
The human PDAC cell lines MIAPaCa-2 and BxPC3 were obtained from the
American Type Culture Collection, and KP4 was obtained from the
Japanese Collection of Research Bioresources Cell Bank. The mouse PDAC
cell line PAN02 was obtained from the U.S. National Cancer Institute.
Gemcitabine-resistant (GR) PAN02 cells were established previously [21],
and the methods for their establishment are described in Supplementary
Materials and Methods. Gemcitabine (GEM); phorbol 12-myristate 13-
acetate (PMA); the peptidyl arginine deiminase 4 inhibitor (PAD4i), GSK484;
deoxyribonuclease (DNase) I; C-X-C chemokine receptor (CXCR) inhibitor,
navarixin and reparixin; Interleukin-8 (IL-8) was used as described in
Supplementary Material and Methods.

Patients and tissue samples
Immunofluorescence staining for NETs was performed on primary tumour
tissues from PDAC patients who underwent surgery after neoadjuvant

chemotherapy (NAC) with the GEM plus nab-paclitaxel (GN) regimen at
Okayama University Hospital between September 1, 2015, and September
30, 2021. All samples were collected from patients who provided informed
consent and all related procedures were performed with the approval of
the internal review and ethics board of Okayama University Hospital (No.
2406-025).

In vitro NETosis assay
Neutrophils (5 × 105 cells/well) were seeded on inner cover slips
(#C018001, Matsunami, Japan) in a 12-well plate (#353043, Falcon) and
pretreated with GSK484, DNase I, navarixin, or reparixin for 30min.
Subsequently, they were treated with PMA or Cancer conditioned media
(CM) for 6 h with the previously mentioned reagents. The cover slips were
retrieved and fixed with 4% paraformaldehyde, and after staining the
extracellular DNA with SYTOX Green (25 nM, #S7020, Thermo Fisher) for
15min, they were observed with IX83 microscope (Olympus, Tokyo, Japan).
Only structures depicting NETs morphology and positive for SYTOX Green
were selected for area quantification, and intact granulocyte nuclei were
excluded from the analysis.

In vivo experiments
Animal experimental protocols were approved by the Ethics Review
Committee for Animal Experimentation of the Okayama University School
of Medicine (No. OKU-2023195). Parental and GR PAN02 cells (4 × 106 cells)
were subcutaneously inoculated into the flanks of 6-week-old female
C57BL/6 J mice (CLEA Japan, Tokyo, Japan). MIAPaCa-2 cells (5 × 106 cells)
were subcutaneously inoculated into the flanks of 6-week-old female
BALB/c-nu/nu mice (CLEA Japan, Tokyo, Japan). In the PAN02
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subcutaneous tumour model, treatment was started on the 7th day after
tumour inoculation, when it became palpable. Mice were injected
intraperitoneally twice a week for 5 weeks with 100-µL volume of
phosphate-buffered saline (PBS) or a solution containing GEM (100mg/kg).
In the MIAPaCa-2 subcutaneous tumour model, treatment was initiated on
the 10th day after tumour inoculation. In the low-dose GEM treatment,
30mg/kg was administered, and in the final combination treatment
experiment, GEM was administered at 50mg/kg and navarixin at 3 mg/kg
via intraperitoneal injection twice a week for 5 weeks. The tumour volume
was calculated using the following formula: tumour volume (mm3)= a ×
b2 × 0.5, where a represents the largest diameter, b represents the smallest
diameter and 0.5 is a constant used to calculate the volume of an ellipsoid.

Public dataset analysis
The Gene Expression Omnibus (GEO) dataset GSE223303 was used to
explore the effects of GEM treatment on PDAC cells. Differential expression

genes (DEGs) analysis was performed using the ‘edgeR, ver. 4.2.0’ in R, ver.
4.4.0 package, with screening criteria of P < 0.05, and |log2FC| ≥ 1.
‘ClusterProfiler, ver. 4.12.0’ in R package was used for Gene Ontology
(GO) enrichment and gene set enrichment analysis (GSEA).

In vitro induction of chemoresistance assay
Cells were seeded in 96-well plates at a density of 2 × 103 cells/well
(MIAPaCa-2 and KP4) or 3 × 103 cells/well (BxPC-3). After 24 h, the cells
were treated with GEM in the absence of foetal bovine serum, and
cytotoxicity was compared with and without the addition of NETs-CM or
co-culture with 1 × 104 neutrophils per well. Cell viability was determined
72 h after treatment using a TACS® XTT Cell Proliferation Assay (R&D
Systems, Minneapolis, MN, USA), according to the manufacturer’s protocol.
The ratio of cell density reduction due to GEM treatment to the untreated
cell density for each condition was compared to determine whether
chemoresistance was induced.
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Apoptosis assay
Cellular apoptosis was quantified by flow cytometry using an FITC
Annexin V Apoptosis Detection Kit with PI (#640914, BioLegend)
according to the manufacturer’s instructions, with slight modifications.
Briefly, cells were seeded in 6-well plates at a density of 4 × 104 cells/
well (MIAPaCa-2 and KP4) or 6 × 104 cells/well (BxPC-3). After 24 h, the
cells were treated with GEM with or without NETs-CM for 72 h,

harvested and suspended in 100 μL of Annexin V Binding Buffer
containing 3 μL Annexin V-FITC and 6 μL PI. The cells were incubated for
15 min at room temperature in the dark. The cell suspension was
diluted to 500 μL with Annexin V binding buffer, and the apoptotic cells
were detected using a BD FACSLyric™ flow cytometer (BD Biosciences,
San Jose, CA, USA). Data were analysed using FlowJo software, ver.
10.6.1.
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Statistical analysis
All statistical analyses and graphical representations were performed using
the GraphPad Prism 10 software. Comparisons between two groups were
conducted using Student’s t-test. For comparisons among multiple groups,
one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test
was applied. All data were analysed using two-tailed tests, and statistical
significance was defined as follows: *P < 0.05, **P < 0.01, ***P < 0.001 and
****P < 0.0001.
Details of materials and methods are available in the supplementary

material.

RESULTS
NETs are common in PDAC with poor NAC response
To investigate the correlation between the efficacy of chemother-
apy and the presence of NETs in PDAC patients, tissue samples
from patients who underwent resection after NAC were cate-
gorised into responder and non-responder groups based on the
Evans regression grading system [22]. Responders were defined as
those with Evans grade IIb or higher, whereas non-responders
were defined as those with Evans grade I (Fig. 1a). The non-
responder group had significantly more R1 resections, whereas
age, sex and pre-treatment tumour size showed no significant
differences (Table S1). Multicolour immunofluorescence staining
for myeloperoxidase (MPO) and citrullinated histone H3 (CitH3)
was performed to detect NETs in paraffin-embedded sections. The
results showed significantly higher accumulation of intratumoral
NETs in the non-responder group than in the responder group
(Fig. 1b–d). These findings suggest an inverse correlation between
chemotherapy efficacy and intratumoral NETs density (Fig. 1e).
However, it remains unclear whether the high NETs density
caused a poor chemotherapy response or if the poor response led
to increased NETs accumulation.

GEM-treated PDAC cells induce chemoNETosis
To examine whether chemotherapy promotes NETs formation in
PDAC, human neutrophils from peripheral blood were subjected
to NETs formation following stimulation with GEM or cancer cell
CM (Fig. 2a). Direct GEM treatment did not significantly induce
NETs (Fig. 2b, c). In contrast, the CM from PDAC cells stimulates
neutrophils to form NETs [14]. Surprisingly, the CM from GEM-
treated PDAC cells significantly enhanced NETs induction. This
effect was suppressed by the addition of the PAD4i (Fig. 2d, e).
Similarly, we conducted NETs induction experiments using
neutrophils extracted from mouse bone marrow and CM from
PAN02 cells. GEM alone did not induce NETs (Fig. S1A, B), but CM
from GR PAN02 cells enhanced NETs formation compared to
parental CM (Fig. S1C, D). To evaluate NETs in vivo, a subcutaneous
PDAC model was established and treated with GEM (Fig. 2f). Low-
dose GEM treatment did not reduce the size of the MIAPaCa-2
subcutaneous tumours (Fig. 2g, h). Despite the lack of significant
differences in tumour volume, multicolour immunofluorescence
staining revealed significantly increased NETs accumulation in
tumours in the GEM-treated group (Fig. 2i, j). In similar
experiments using parental and GR PAN02 cells (Fig. S1E), GEM
treatment reduced the size of tumours derived from parental cells
(Fig. S1F, G), and NETs accumulation tended to increase in the
GEM-treated groups. Compared to the untreated and GEM-treated

groups, GR tumours exhibited a trend toward increased NETs
formation. Significantly more NETs accumulated in GR tumours
treated with GEM than in untreated parental tumours (Fig. S1H, I).
These findings indicate that the treatment of PDAC cells with GEM
enhances NETs formation, suggesting the occurrence of chemo-
NETosis in PDAC.

GEM-treated PDAC cells secrete more inflammatory cytokines
To elucidate the mechanism by which GEM-treated PDAC cells
enhance NETs formation, we analysed the public dataset
GSE223303. This dataset included information on gene expression
changes in MIAPaCa-2 and BxPC3 cells following GEM treatment.
DEGs were identified with and without GEM treatment (Fig. 3a, b).
Among the upregulated genes common to both cell lines, we
identified proinflammatory cytokines known to induce NETs,
including CXCL2, IL-8 and IL-1β (Fig. 3c). GO and GSEA of
upregulated genes in MIAPaCa-2 cells revealed the activation of
pathways associated with leucocyte proliferation and NETs
formation (Fig. 3d, e). Cytokine changes were then validated in
CM using a cytokine assay. Consistent with the RNA sequencing
results, IL-8 and CXCL1/2 levels were elevated in CM from GEM-
treated MIAPaCa-2 cells (Fig. 3f, g). Focusing on IL-8, which has
been reported to correlate positively with intratumoral NETs
abundance in solid tumours [23], changes in IL-8 secretion were
measured in various cell lines. GEM reproducibly induced IL-8
secretion in all the three cell lines tested (Fig. 3h). Furthermore,
the addition of IL-8 to human neutrophils robustly induced NETs
formation (Fig. 3i, j). IL-8 is known to mediate neutrophil
chemotaxis and NETs formation via CXCR1/2 [15, 24]. Based on
this, we hypothesised that CXCR1/2 inhibitors could suppress
chemoNETosis. As expected, chemoNETosis was inhibited in vitro
by both reparixin and navarixin, which have different affinities for
CXCR1 and CXCR2 (Fig. 3k). Although the difference was not
statistically significant, navarixin, which had a stronger inhibitory
effect on CXCR2 [25], showed a greater NETs suppression effect
(Fig. 3l, m). These findings suggest that GEM-treated PDAC cells
secrete pro-inflammatory cytokines, such as IL-8, stimulating
neutrophils to induce chemoNETosis. This phenomenon can be
mitigated by using CXCR inhibitors.

NETs induce further chemoresistance in PDAC cells
Having established that GEM-treated PDAC cells increase NETs
formation, we next investigated how these NETs impact PDAC
treatment. Using a previously established protocol for PMA-
induced NETs collection [20], we treated PDAC cells with PMA-
induced NETs conditioned medium (PMA-NETs CM). Compared to
normal culture conditions or treatment with neutrophil CM, PMA-
NETs CM reduced cell-cell adhesion in cancer cells. Interestingly,
the cell density in the presence of PMA-NETs CM alone was lower
than that in the control or neutrophil CM. However, it became the
highest under GEM treatment, suggesting that NETs contribute to
chemoresistance (Fig. 4a, b). Apoptosis assays revealed that NETs
induced mild cytotoxicity in MIAPaCa-2 cells but abrogated the
apoptosis-enhancing effect of GEM (Fig. 4c, d). In contrast, no
cytotoxicity was observed in KP4 or BxPC3 cells following NETs
treatment, but chemoresistance was consistently induced
(Fig. S2A, B). Attempts to neutralise NETs using DNase I or PAD4i

Fig. 3 GEM-treated PDAC cells secrete more inflammatory cytokines. We analysed the public dataset GSE223303. This included data on
gene expression 48 h after administration of gemcitabine to MIAPaCa-2 and BxPC3 cells. Volcano plot showing DEGs when gemcitabine was
administered to MIAPaCa-2 (a) and BxPC3 (b) cells. c Venn diagram showing the upregulated genes in MIAPaCa-2 and BXPC3 cells. d GO
analysis of the upregulated genes in MIAPaCa-2 cells. e GSEA visualises upregulated pathways using KEGG knowledge bases. f Image of the
cytokine array using CM from MIAPaCa-2 cells with or without GEM. g Elevated levels of IL-8 and GRO were found in CM from GEM-treated
MIAPaCa-2 cells. h An increase in IL-8 in the CM due to gemcitabine treatment was confirmed in all three cell lines using ELISA. i DNA staining
image when IL-8 was added to neutrophils (scale bar: 100 μm). j Statistical evaluation of NETs induced by IL-8. k DNA staining images that
tested whether CXCR inhibitors inhibited chemoNETosis (scale bar: 100 μm). Statistical evaluation of NETs in the MIAPaCa-2 (l) and KP4 (m)
groups *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. Data are presented as the mean ± SD.
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have been unsuccessful in reversing resistance to chemotherapy
(Fig. 4e). To create more physiologically relevant conditions, we
attempted to apply a co-culture system with neutrophils.
However, chemoresistance was not induced in MIAPaCa-2 cells
under co-culture conditions, potentially due to the limited lifespan

of neutrophils in vitro (Fig. S2C). Therefore, we generated
MIAPaCa-2-derived NETs conditioned medium (MIA-NETs CM)
and NETs-suppressed CM using navarixin (Fig. 4f). Using these CM
preparations, we found that MIA-NETs CM also induced chemore-
sistance, whereas navarixin treatment suppressed this resistance
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(Fig. 4g). Apoptosis assays demonstrated that MIA-NETs CM
inhibited GEM-induced apoptosis, confirming the induction of
chemoresistance. Unlike PMA-NETs, MIA-NETs did not exhibit
cytotoxic effects (Fig. 4h, i and S2D). These findings suggest that
the presence of NETs in PDAC promotes chemoresistance. Thus,
targeting NETs formation may attenuate the resistance to
chemotherapy.

NETs upregulate anti-apoptotic proteins in PDAC cells
To investigate how NETs act on PDAC cells to induce chemore-
sistance, we performed western blot analysis. Consistent with the
apoptosis assay results, addition of PMA-NETs reduced the levels
of cleaved poly (ADP-ribose) polymerase (Fig. 5a). Previous studies
have reported that NETs induce EMT in PDAC [14], and
chemoNETosis is associated with EMT-dependent chemoresis-
tance mediated by TGF-β signalling in metastatic breast cancer
[20]. However, as MIAPaCa-2 and KP4 are mesenchymal tumours,
we hypothesised that mechanisms beyond EMT might contribute
to the chemoresistance. Further analysis of apoptosis-regulating
proteins revealed that NETs treatment increased Bcl-xL and
decreased Bax (Fig. 5b). Additionally, phosphorylation of Erk1/2,
a signalling molecule upstream of the Bcl-2 family [26], was
elevated following NETs treatment. As expected, EMT markers
were not detected by western blotting in mesenchymal-type cell
lines. In summary, GEM-treated PDAC cells secrete inflammatory
cytokines such as IL-8 that trigger chemoNETosis. The resulting
NETs acted on PDAC cells to activate Erk1/2 signalling, upregulate
Bcl-xL and downregulate Bax, thereby inducing chemoresistance
(Fig. 5c).

Combination anti-NETs therapy and GEM has synergistic
effects on PDAC
Based on our findings, we hypothesised that chemoNETosis could
serve as a novel therapeutic target for PDAC treatment. The efficacy of
combining GEM with navarixin, which inhibits chemoNETosis in vitro,
was investigated in subcutaneous pancreatic tumours (Fig. 6a). This
combination therapy was safely administered without significant
weight loss (Fig. 6b). After 5 weeks of treatment, both GEM and
navarixin monotherapy demonstrated modest anti-tumour effects,
whereas the combination therapy achieved the most significant
tumour regression (Fig. 6c). Remarkably, combination therapy resulted
in complete remission in two of the seven mice (Fig. 6d). Tumour
weight was also the lowest in the combination therapy group,
indicating superior efficacy (Fig. 6e). Immunohistochemical analysis of
the harvested TME revealed the highest levels of tumour-infiltrating
neutrophils and intratumoral NETs in the GEM-treated group. These
levels were significantly suppressed in both the navarixin and
combination therapy groups (Fig. 6f, g and Fig. S3). Furthermore,
apoptotic cells within the tumour tissue were most abundant in the
combination therapy group (Fig. 6h, i). These results suggest that
navarixin effectively inhibits chemoNETosis induced in vivo, and that
targeting NETs could enhance the efficacy of conventional chemother-
apy, representing a promising new therapeutic approach.

DISCUSSION
This study provides novel insights into the mechanisms of
chemoNETosis in PDAC. Inflammatory cytokines upregulation

leads to NETs formation, which in turn promotes chemoresistance
by activating the Erk signalling pathway and modulating the Bcl-2
family. Additionally, chemoresistant PDAC cells were found to
enhance NETs formation, suggesting that NETs create a vicious
cycle that exacerbates chemoresistance in PDAC. These findings
elucidate the previously unclarified mechanisms of chemoresis-
tance in PDAC and highlight chemoNETosis as a potential
therapeutic target. Mousset et al. recently reported chemoNETosis
in metastatic breast cancer; They revealed that chemotherapy-
treated cancer cells secrete IL-1β, which triggers NETs formation.
Within NETs, integrin αvβ1 traps latent TGF-β. Matrix metallopro-
teinase 9 then cleaves and activates the trapped latent TGF-β. This
activation induces cancer cells to undergo EMT, a process
associated with chemoresistance. NETs were absent in tumours
without chemotherapy treatment, and NETs formation occurred
only in response to chemotherapy [20]. In contrast, our study
showed that PDAC cell-derived CM could independently induce
baseline NETs formation, which was further augmented by GEM
treatment. These differences may reflect variations in tumour
characteristics or the microenvironment [27]. Nevertheless, the
observed enhancement of NETs formation in response to
chemotherapy represents an additional therapeutic target for
PDAC treatment.
Our GSEA analysis suggested that NF-κB signalling is activated

following gemcitabine treatment (Fig. 3e), potentially contributing
to the upregulation of IL-8. Previous studies have reported that
gemcitabine induces ROS production via Nox, which activates NF-
κB and STAT3 signalling pathways, leading to increased IL-8
expression [28–31]. These findings support a possible mechanism
whereby gemcitabine triggers IL-8 secretion through ROS-
mediated activation of NF-κB/STAT3 signalling.
NETs have been reported to exert both pro-tumorigenic and

anti-tumorigenic effects. While this study demonstrated the pro-
malignant role of NETs in inducing chemoresistance, prior
studies have suggested that NETs induced by chemotherapy
can exhibit anti-tumour effects, such as reactive oxygen species
(ROS)-mediated cancer cell damage in colorectal cancer [32]. In
addition, in patients with high-grade ovarian cancer, an increase
in NETs-associated molecules in the ascites fluid was correlated
with a favourable prognosis [33], or in melanoma, co-culturing of
NETs and melanoma cells had a cytotoxic effect, resulting in
necrosis [34]. In our study, PMA-induced NETs exhibited
cytotoxic effects in MIAPaCa-2 cells; however, this phenomenon
was not observed in NETs induced by MIA-CM. Furthermore, the
other cell lines did not exhibit cytotoxicity when exposed to
PMA-induced NETs. These results suggest that the functional
roles of NETs may vary depending on their composition, density
within the TME, or cancer cell sensitivity, which may differ across
cancer types [27]. Notably, the tumour-promoting or anti-
tumorigenic effects of NETs may also depend on the levels of
ROS produced [35]. High ROS levels can induce oxidative
damage in cancer cells and exert anti-tumour effects. In contrast,
lower ROS levels may support tumour growth and survival. This
balance could explain the variable responses observed in
different cell lines in our study.
Although we demonstrated that NETs affect PDAC cells, the

exact components of NETs that contribute to chemoresistance in
PDAC remain unclear. Previous studies have highlighted various

Fig. 4 NETs induce chemoresistance in PDAC cells. a Representative image after 72 h of incubation with each CM ± GEM administered to
MIAPaCa-2 (scale bar: 200 μm). b Relative cell viability by XTT assay in MIAPaCa-2, KP4 and BxPC3. c Apoptosis assay after 72 h of incubation
with each CM ± GEM administered to MIAPaCa-2. d A graph showing the ratio of increased apoptosis with GEM administration, with no GEM
administration as the standard for each condition. e Relative cell viability by XTT assay in MIAPaCa-2 and KP4. PMA-NETs-mediated
chemoresistance could not be reversed by DNase I or PAD4i. f DNA staining images after collecting MIA-NETs CM (scale bar: 100 μm).
g Relative cell viability by XTT assay in MIAPaCa-2 and KP4. h Apoptosis assay after 72 h of incubation with each CM ± GEM administered to
MIAPaCa-2. i A graph showing the ratio of increased apoptosis with GEM administration, compared to neither GEM or CM administration.
*P < 0.05; **P < 0.01; ***P < 0.001. Data were presented as means ± SD.
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components of NETs that contribute to their multifaceted effects
on cancer progression [12]. DNA strands, as the structural
elements of NETs, play a pivotal role in their stability and
interactions with tumour cells [36–38]. Neutrophil elastase (NE)
and matrix metalloproteinase-9 (MMP-9), both proteolytic
enzymes, have been shown to degrade extracellular matrix

components, facilitating tumour invasion and metastasis
[39–42]. Additionally, cathepsin G, another serine protease
abundant in NETs, has been reported to enhance the invasive
capabilities of hepatocellular carcinoma cells [43]. Moreover, PD-
L1, which can be enriched in NETs, has been suggested to
contribute to the formation of an immunosuppressive TME by
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Fig. 6 Combination anti-NETs therapy and GEM has synergistic effects on PDAC. a In vivo experiment protocol for mouse subcutaneous
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d Photographs of tumours in the four groups. The combination therapy resulted in complete remission (CR) in 2 of 7 mice. e Graph showing
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inhibiting T cell activity, thereby facilitating tumour immune
evasion [44]. On the tumour side, receptors, such as toll-like
receptors and CCDC25, are instrumental in mediating cancer cell
responses to NETs, including enhanced migration and survival
[38, 42, 45]. As the induction of chemoresistance by NETs
revealed in this study may be attributed to any of these factors
or a combination thereof. A CXCR inhibitor that broadly suppress
neutrophil infiltration and NETs generation was applied and
effectively suppress NETs.
Other NETs inhibitors, including PAD4i and DNase I, were

employed in this study, but failed to completely abrogate
chemoresistance in vitro (Fig. 4e). This might be attributed to
the inability of PAD4i to completely suppress robust NETs
formation induced by PMA and the limited capacity of DNase I
to inhibit the formation of NETs despite degrading their DNA
scaffolds [46]. These findings underscore the need for novel
therapeutic strategies targeting specific components or signalling
pathways of NETs to achieve more effective inhibition.
This study identified CXCR1/2 as a potential target for reversing

chemoresistance in PDAC cells. CXCR2 inhibition was previously
shown to augments immunotherapy [47]. In a phase II trial
evaluating the combination of navarixin and pembrolizumab in
patients with solid tumours after standard treatments, but failed
to demonstrate efficacy [48]. Thus, the selection of effective
patient populations is essential when considering its combination
with chemotherapy. Simple biomarkers, such as the neutrophil-to-
lymphocyte ratio [6, 49] or plasma NETs levels [50, 51], have been
reported to correlate with prognosis, suggesting their potential
utility in patient selection. Navarixin effectively inhibits neutrophil
recruitment via CXCR1/2 blockade. However, its clinical use may
be associated with adverse effects such as neutropenia and
increased risk of infection. However, in previous clinical trials
[48, 52], neutropenia was generally manageable and did not lead
to a significant increase in serious infections, suggesting that such
risks can be mitigated with appropriate monitoring. Another
promising approach is genetic analysis at the time of diagnosis.
For instance, mutations in TP53 in PDAC have been associated
with increased neutrophil infiltration, indicating that genetic
profiling may assist in identifying patients who are likely to
benefit from NETs-targeted therapies [9].
Interactions between chemoNETosis and other cellular com-

ponents of the TME may also be important. In pancreatic cancer,
pancreatic stellate cells (PSCs) are known to be associated with
chemoresistance [53], and NETs have been shown to activate
PSCs [54]. Therefore, NETs may also contribute to chemoresi-
tance by influencing PSCs. In this way NETs not only exert direct
effects on tumours but also influence tumour progression
through their interactions with other TME components [27].
For example, activated platelets bound to intrahepatic cholan-
giocarcinoma cells have been reported to induce NETs forma-
tion, thereby promoting metastasis [55]. Similarly, regulatory
T cells may be enhanced by the immunosuppressive environ-
ment created by NETs in non-alcoholic steatohepatitis [56].
Additionally, NETs components have been reported to affect
endothelial cells and promote vascular dysfunction [57] and
lymphatic permeability [58]. These interactions represent critical
factors to consider when evaluating the clinical efficacy of NETs-
targeted therapies and underscore the need for further research
in this area.
Overcoming chemoresistance remains a significant challenge in

PDAC treatment. The results of this study suggest that targeting
NETs may be a breakthrough in addressing this issue. Thus, it is
imperative to develop therapeutic strategies that selectively
inhibit the pro-tumorigenic effects of NETs. At the same time,
the physiological functions of neutrophils must be preserved to
ensure both efficacy and safety in clinical applications.

DATA AVAILABILITY
The data analysed in this study were obtained from GEO at GSE223303. The other
analysed datasets generated during this study are available from the corresponding
author upon reasonable request.

REFERENCES
1. Siegel RL, Giaquinto AN, Jemal A. Cancer statistics, 2024. CA Cancer J Clin.

2024;74:12–49.
2. Stoffel EM, Brand RE, Goggins M. Pancreatic cancer: changing epidemiology and

new approaches to risk assessment, early detection, and prevention. Gastro-
enterology. 2023;164:752–65.

3. Zeng S, Pöttler M, Lan B, Grützmann R, Pilarsky C, Yang H. Chemoresistance in
pancreatic cancer. Int J Mol Sci. 2019;20:4504.

4. Vincent A, Herman J, Schulick R, Hruban RH, Goggins M. Pancreatic cancer.
Lancet. 2011;378:607–20.

5. Gentles AJ, Newman AM, Liu CL, Bratman SV, Feng W, Kim D, et al. The prognostic
landscape of genes and infiltrating immune cells across human cancers. Nat Med.
2015;21:938–45.

6. Silva I, de C, Bianchi A, Deshpande NU, Sharma P, Mehra S, et al. Neutrophil-
mediated fibroblast-tumor cell il-6/stat-3 signaling underlies the association
between neutrophil-to-lymphocyte ratio dynamics and chemotherapy response
in localized pancreatic cancer: a hybrid clinical-preclinical study. Elife.
2022;11:e78921.

7. Murthy P, Zenati MS, AlMasri SS, DeSilva A, Singhi AD, Paniccia A, et al. Impact of
recombinant granulocyte colony-stimulating factor during neoadjuvant therapy
on outcomes of resected pancreatic cancer. J Natl Compr Cancer Netw.
2023;22:e237070.

8. Nywening TM, Belt BA, Cullinan DR, Panni RZ, Han BJ, Sanford DE, et al. Targeting
both tumour-associated CXCR2+ neutrophils and CCR2+ macrophages disrupts
myeloid recruitment and improves chemotherapeutic responses in pancreatic
ductal adenocarcinoma. Gut. 2018;67:1112–23.

9. Xie Y, Zhou T, Li X, Zhao K, Bai W, Hou X, et al. Targeting ESE3/EHF with nifurtimox
inhibits CXCR2+ neutrophil infiltration and overcomes pancreatic cancer resis-
tance to chemotherapy and immunotherapy. Gastroenterology.
2024;167:281–97.

10. Sturgeon R, Goel P, Singh RK. Tumor-associated neutrophils in pancreatic cancer
progression and metastasis. Am J Cancer Res. 2023;13:6176–89.

11. Shahzad MH, Feng L, Su X, Brassard A, Dhoparee-Doomah I, Ferri LE, et al.
Neutrophil extracellular traps in cancer therapy resistance. Cancers. 2022;14:1359.

12. Adrover JM, McDowell SAC, He X-Y, Quail DF, Egeblad M. NETworking with
cancer: the bidirectional interplay between cancer and neutrophil extracellular
traps. Cancer Cell. 2023;41:505–26.

13. Brinkmann V, Reichard U, Goosmann C, Fauler B, Uhlemann Y, Weiss DS, et al.
Neutrophil extracellular traps kill bacteria. Science (1979). 2004;303:1532–5.

14. Kajioka H, Kagawa S, Ito A, Yoshimoto M, Sakamoto S, Kikuchi S, et al. Targeting
neutrophil extracellular traps with thrombomodulin prevents pancreatic cancer
metastasis. Cancer Lett. 2021;497:1–13.

15. Teijeira Á, Garasa S, Gato M, Alfaro C, Migueliz I, Cirella A, et al. CXCR1 and CXCR2
chemokine receptor agonists produced by tumors induce neutrophil extracellular
traps that interfere with immune cytotoxicity. Immunity. 2020;52:856–871.e8.

16. Zhang Y, Chandra V, Sanchez ER, Dutta P, Quesada PR, Rakoski A, et al.
Interleukin-17-induced neutrophil extracellular traps mediate resistance to
checkpoint blockade in pancreatic cancer. J Exp Med. 2020;217:e20190354.

17. Zhang H, Wang Y, Onuma A, He J, Wang H, Xia Y, et al. Neutrophils extracellular
traps inhibition improves pd-1 blockade immunotherapy in colorectal cancer.
Cancers. 2021;13:5333.

18. Zhong W, Wang Q, Shen X, Lv Y, Sun L, An R, et al. Neutrophil extracellular trap is
surrogate biomarker for prognosis and response to neoadjuvant therapy in
locally advanced rectal cancer. J Inflamm Res. 2023;16:6443–55.

19. Xie R, Shang B, Shi H, Bi X, Song Y, Qu W, et al. Neutrophil extracellular traps in
relationship to efficacy of systemic therapy for metastatic renal cell carcinoma.
Cancer Med. 2023;12:21807–19.

20. Mousset A, Lecorgne E, Bourget I, Lopez P, Jenovai K, Cherfils-Vicini J, et al.
Neutrophil extracellular traps formed during chemotherapy confer treatment
resistance via TGF-β activation. Cancer Cell. 2023;41:757–775.e10.

21. Kajiwara Y, Tazawa H, Yamada M, Kanaya N, Fushimi T, Kikuchi S, et al. Oncolytic
virus-mediated reducing of myeloid-derived suppressor cells enhances the effi-
cacy of PD-L1 blockade in gemcitabine-resistant pancreatic cancer. Cancer
Immunol Immunother. 2023;72:1285–300.

22. Evans DB, Rich TA, Byrd DR, Cleary KR, Connelly JH, Levin B, et al. Preoperative
chemoradiation and pancreaticoduodenectomy for adenocarcinoma of the
pancreas. Arch Surg. 1992;127:1335–9.

S. Nogi et al.

1649

British Journal of Cancer (2025) 133:1640 – 1651



23. de Andrea CE, Ochoa MC, Villalba-Esparza M, Teijeira Á, Schalper KA, Abengozar-
Muela M, et al. Heterogenous presence of neutrophil extracellular traps in human
solid tumours is partially dependent on IL-8. J Pathol. 2021;255:190–201.

24. Matsushima K, Yang D, Oppenheim JJ. Interleukin-8: an evolving chemokine.
Cytokine. 2022;153:155828.

25. Dwyer MP, Yu Y, Chao J, Aki C, Chao J, Biju P, et al.Discovery of 2-hydroxy-N,N-
dimethyl-3-{2-[[(R)-1-(5-methylfuran-2-yl) propyl]amino]-3,4-dioxocyclobut-1-
enylamino}benzamide (SCH 527123): a potent, orally bioavailable CXCR2/CXCR1
receptor antagonist.J Med Chem.2006;49:7603–6.

26. Ewings KE, Wiggins CM, Cook SJ. Bim and the pro-survival Bcl-2 proteins:
opposites attract, ERK repels. Cell Cycle. 2007;6:2236–40.

27. Shang B, Cui H, Xie R, Wu J, Shi H, Bi X, et al. Neutrophil extracellular traps primed
intercellular communication in cancer progression as a promising therapeutic
target. Biomark Res. 2023;11:24.

28. Le X, Shi Q, Wang B, Xiong Q, Qian C, Peng Z, et al. Molecular regulation of
constitutive expression of interleukin-8 in human pancreatic adenocarcinoma. J
Interferon Cytokine Res. 2000;20:935–46.

29. Wu L, Ge Y, Yuan Y, Li H, Sun H, Xu C, et al. Genome-wide CRISPR screen identifies
MTA3 as an inducer of gemcitabine resistance in pancreatic ductal adenocarci-
noma. Cancer Lett. 2022;548:215864.

30. Zhang Z, Duan Q, Zhao H, Liu T, Wu H, Shen Q, et al. Gemcitabine treatment
promotes pancreatic cancer stemness through the Nox/ROS/NF-κB/
STAT3 signaling cascade. Cancer Lett. 2016;382:53–63.

31. Donadelli M, Costanzo C, Beghelli S, Scupoli MT, Dandrea M, Bonora A, et al.
Synergistic inhibition of pancreatic adenocarcinoma cell growth by trichostatin A
and gemcitabine. Biochim Biophys Acta Mol Cell Res. 2007;1773:1095–106.

32. Mousset A, Albrengues J. NETs unleashed: neutrophil extracellular traps boost
chemotherapy against colorectal cancer. J Clin Investig. 2024;134:e178344.

33. Muqaku B, Pils D, Mader JC, Aust S, Mangold A, Muqaku L, et al. Neutrophil
extracellular trap formation correlates with favorable overall survival in high
grade ovarian cancer. Cancers. 2020;12:505.

34. Schedel F, Mayer-Hain S, Pappelbaum KI, Metze D, Stock M, Goerge T, et al.
Evidence and impact of neutrophil extracellular traps in malignant melanoma.
Pigment Cell Melanoma Res. 2020;33:63–73.

35. Peña-Romero AC, Orenes-Piñero E. Dual effect of immune cells within tumour
microenvironment: pro-and anti-tumour effects and their triggers. Cancers.
2022;14:1681.

36. Najmeh S, Cools-Lartigue J, Rayes RF, Gowing S, Vourtzoumis P, Bourdeau F, et al.
Neutrophil extracellular traps sequester circulating tumor cells via β1-integrin
mediated interactions. Int J Cancer. 2017;140:2321–30.

37. Cools-Lartigue J, Spicer J, McDonald B, Gowing S, Chow S, Giannias B, et al.
Neutrophil extracellular traps sequester circulating tumor cells and promote
metastasis. J Clin Investig. 2013;123:3446–58.

38. Yang L, Liu Q, Zhang X, Liu X, Zhou B, Chen J, et al. DNA of neutrophil extra-
cellular traps promotes cancer metastasis via CCDC25. Nature. 2020;583:133–8.

39. Deryugina E, Carré A, Ardi V, Muramatsu T, Schmidt J, Pham C, et al. Neutrophil elastase
facilitates tumor cell intravasation and early metastatic events. iScience. 2020;23:101799.

40. Gaida MM, Steffen TG, Günther F, Tschaharganeh DF, Felix K, Bergmann F, et al. Poly-
morphonuclear neutrophils promote dyshesion of tumor cells and elastase-mediated
degradation of E-cadherin in pancreatic tumors. Eur J Immunol. 2012;42:3369–80.

41. Albrengues J, Shields MA, Ng D, Park CG, Ambrico A, Poindexter ME, et al.
Neutrophil extracellular traps produced during inflammation awaken dormant
cancer cells in mice. Science. 2018;361:eaao4227.

42. Yazdani HO, Roy E, Comerci AJ, Van Der Windt DJ, Zhang H, Huang H, et al.
Translational science Neutrophil extracellular traps drive mitochondrial home-
ostasis in tumors to augment growth. Cancer Res. 2019;79:5626–39.

43. Guan X, Lu Y, Zhu H, Yu S, Zhao W, Chi X, et al. The Crosstalk between cancer cells
and neutrophils enhances hepatocellular carcinoma metastasis via neutrophil
extracellular traps-associated cathepsin G component: a potential therapeutic
target. J Hepatocell Carcinoma. 2021;8:451–65.

44. Kaltenmeier C, Yazdani HO, Morder K, Geller DA, Simmons RL, Tohme S. Neu-
trophil extracellular traps promote T cell exhaustion in the tumor micro-
environment. Front Immunol. 2021;12:785222.

45. Yang LY, Luo Q, Lu L, Zhu WW, Sun HT, Wei R, et al. Increased neutrophil
extracellular traps promote metastasis potential of hepatocellular carcinoma via
provoking tumorous inflammatory response. J Hematol Oncol. 2020;13:3.

46. Kolaczkowska E, Jenne CN, Surewaard BGJ, Thanabalasuriar A, Lee WY, Sanz MJ,
et al. Molecular mechanisms of NET formation and degradation revealed by
intravital imaging in the liver vasculature. Nat Commun. 2015;6:6673.

47. Steele CW, Karim SA, Leach JDG, Bailey P, Upstill-Goddard R, Rishi L, et al. CXCR2
inhibition profoundly suppresses metastases and augments immunotherapy in
pancreatic ductal adenocarcinoma. Cancer Cell. 2016;29:832–45.

48. Armstrong AJ, Geva R, Chung HC, Lemech C, Miller WH, Hansen AR, et al. CXCR2
antagonist navarixin in combination with pembrolizumab in select advanced
solid tumors: a phase 2 randomized trial. Investig New Drugs. 2024;42:145–59.

49. Templeton AJ, McNamara MG, Šeruga B, Vera-Badillo FE, Aneja P, Ocaña A, et al.
Prognostic role of neutrophil-to-lymphocyte ratio in solid tumors: a systematic
review and meta-analysis. J Natl Cancer Inst 2014;106:dju124.

50. Zhang Y, Hu Y, Ma C, Sun H, Wei X, Li M, et al. Diagnostic, therapeutic predictive,
and prognostic value of neutrophil extracellular traps in patients with gastric
adenocarcinoma. Front Oncol. 2020;10:1036.

51. Rayes RF, Mouhanna JG, Nicolau I, Bourdeau F, Giannias B, Rousseau S, et al.
Primary tumors induce neutrophil extracellular traps with targetable metastasis-
promoting effects. JCI Insight. 2019;5:e128008.

52. Rennard SI, Dale DC, Donohue JF, Kanniess F, Magnussen H, Sutherland ER, et al.
CXCR2 antagonist MK-7123 a phase 2 proof-of-concept trial for chronic
obstructive pulmonary disease. Am J Respir Crit Care Med. 2015;191:1001–11.

53. McCarroll JA, Naim S, Sharbeen G, Russia N, Lee J, Kavallaris M, et al. Role of
pancreatic stellate cells in chemoresistance in pancreatic cancer. Front Physiol.
2014;5:141.

54. Miller-Ocuin JL, Liang X, Boone BA, Doerfler WR, Singhi AD, Tang D, et al. DNA
released from neutrophil extracellular traps (NETs) activates pancreatic stellate
cells and enhances pancreatic tumor growth. Oncoimmunology.
2019;8:e1605822.

55. Yoshimoto M, Kagawa S, Kajioka H, Taniguchi A, Kuroda S, Kikuchi S, et al. Dual
antiplatelet therapy inhibits neutrophil extracellular traps to reduce liver micro-
metastases of intrahepatic cholangiocarcinoma. Cancer Lett. 2023;567:216260.

56. Wang H, Zhang H, Wang Y, Brown ZJ, Xia Y, Huang Z, et al. Regulatory T-cell and
neutrophil extracellular trap interaction contributes to carcinogenesis in non-
alcoholic steatohepatitis. J Hepatol. 2021;75:1271–83.

57. McDowell SAC, Luo RBE, Arabzadeh A, Doré S, Bennett NC, Breton V, et al.
Neutrophil oxidative stress mediates obesity-associated vascular dysfunction and
metastatic transmigration. Nat Cancer. 2021;2:545–62.

58. Ning Y, Chen Y, Tian T, Gao X, Liu X, Wang J, et al. S100A7 orchestrates neutrophil
chemotaxis and drives neutrophil extracellular traps (NETs) formation to facilitate
lymph node metastasis in cervical cancer patients. Cancer Lett. 2024;605:217288.

ACKNOWLEDGEMENTS
The authors thank Tomoko Sueishi, Yuko Hoshijima and Tae Yamanishi for their
excellent technical support.

AUTHOR CONTRIBUTIONS
SN: Conceptualisation, Methodology, Investigation, Writing of the original draft. SKa:
Conceptualisation, Methodology, Writing—review and editing, Supervision, Funding
acquisition. AT: Investigation. TY: Investigation. NK: Supervision. YKa: Supervision. KY:
Resources. TF: Resources. YKo: Supervision. SKi: Supervision. KT: Resources. SKu:
Supervision. FT: Supervision. HT: Methodology, Supervision. TF: Conceptualisation,
Writing—review and editing, Supervision.

FUNDING
This work was supported by the Japan Society for the Promotion of Science [KAKENHI
Grant Numbers JP220K8873]. Open Access funding provided by Okayama University.

COMPETING INTERESTS
The authors declare no competing interests.

ETHICS APPROVAL AND CONSENT TO PARTICIPATE
This study using clinical samples from patients with pancreatic cancer was approved
by the Institutional Review Board of Okayama University (No. 2406-025) and was
conducted in accordance with the Declaration of Helsinki. The requirement for
written informed consent was waived owing to the retrospective nature of the study,
and information regarding the study was disclosed to patients with the opportunity
to opt out. All animal experimental protocols were approved by the Institutional
Animal Care and Use Committee of Okayama University. All methods were performed
in accordance with the relevant guidelines and regulations.

DECLARATION OF GENERATIVE AI AND AI-ASSISTED
TECHNOLOGIES IN THE WRITING PROCESS
During the preparation of this work the authors used OpenAI’s ChatGPT for language
refinement and assistance in editing the manuscript. After using this tool, the authors

S. Nogi et al.

1650

British Journal of Cancer (2025) 133:1640 – 1651



reviewed and edited the content as needed and take full responsibility for the
content of the published article.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41416-025-03192-1.

Correspondence and requests for materials should be addressed to
Shunsuke Kagawa.

Reprints and permission information is available at http://www.nature.com/
reprints

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 License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article's Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article's Creative Commons licence and your intended use is not permitted 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 licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

S. Nogi et al.

1651

British Journal of Cancer (2025) 133:1640 – 1651

https://doi.org/10.1038/s41416-025-03192-1
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Gemcitabine-induced neutrophil extracellular traps via interleukin-8-CXCR1/2 pathway promote chemoresistance in pancreatic cancer
	Background
	Methods
	Cell culture and reagents
	Patients and tissue samples
	In vitro NETosis assay
	In vivo experiments
	Public dataset analysis
	In vitro induction of chemoresistance assay
	Apoptosis assay
	Statistical analysis

	Results
	NETs are common in PDAC with poor NAC response
	GEM-treated PDAC cells induce chemoNETosis
	GEM-treated PDAC cells secrete more inflammatory cytokines
	NETs induce further chemoresistance in PDAC cells
	NETs upregulate anti-apoptotic proteins in PDAC cells
	Combination anti-NETs therapy and GEM has synergistic effects on PDAC

	Discussion
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Ethics approval and consent to participate
	Declaration of generative AI and AI-assisted technologies in the writing process
	ACKNOWLEDGMENTS
	ADDITIONAL INFORMATION




