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Abstract
In recent years, neutrophil extracellular traps (NETs) have received increasing
attention in cancer research, particularly regarding their mechanisms of action
and clinical significance in gastric cancer. This article systematically and com-
prehensively explores the research advances of NETs in gastric cancer, including
the mechanisms of NETs formation, their role in the gastric cancer microenviron-
ment, and their impact on gastric cancer initiation, progression, and metastasis.
By reviewing relevant literature, it summarizes the important role of NETs in
gastric cancer immune evasion, inflammatory responses, and their interactions
with tumor cells. This article demonstrates that during the initiation and pro-
gression of gastric cancer, NETs not only promote tumor cell proliferation and
metastasis, but are also closely associated with poor prognosis in gastric cancer
patients. Furthermore, NETs affect the therapeutic efficacy of gastric cancer by
inducing an immunosuppressive environment and enhancing drug resistance in
cancer cells. This article can serve as a valuable reference for the diagnosis and
treatment of gastric cancer and provide insights for further in-depth research
on NETs in gastric cancer.
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Abstract

In recent years, neutrophil extracellular traps (NETs) have garnered increasing
attention in cancer research, particularly regarding their mechanisms and clini-
cal significance in gastric cancer. This paper systematically and comprehensively
explores the research progress of NETs in gastric cancer, including the forma-
tion mechanisms of NETs, their role in the gastric cancer microenvironment, and
their impact on the occurrence, development, and metastasis of gastric cancer.
By reviewing relevant literature, we summarize the crucial roles of NETs in gas-
tric cancer immune evasion, inflammatory response, and interactions with other
tumor cells. Our analysis indicates that NETs not only promote tumor cell pro-
liferation and metastasis during gastric cancer progression but are also closely
associated with poor prognosis in gastric cancer patients. Additionally, NETs
affect treatment outcomes by inducing an immunosuppressive environment and
enhancing cancer cell drug resistance. This review provides a reference for the
diagnosis and treatment of gastric cancer and offers insights for further research
on NETs in gastric cancer.
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Gastric cancer (GC) ranks among the leading causes of cancer incidence and
mortality worldwide, with over 968,000 new cases and more than 660,000 deaths
reported in 2022 alone [1]. China accounts for 44% of the global GC burden [2].
Established risk factors include Helicobacter pylori infection, age, smoking, high
salt intake, and low consumption of fruits and vegetables. With an estimated
50% of the global population infected with H. pylori, this represents a serious
worldwide health challenge [3], and epidemiological studies consistently indicate
that H. pylori infection will remain the primary risk factor for GC for decades
to come [4].

Although substantial research has improved GC treatment and overall survival
rates, cases with distant metastasis and drug resistance remain common. Con-
sequently, a deeper understanding of GC progression mechanisms and identifi-
cation of novel therapeutic targets are urgently needed. Recent studies increas-
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ingly demonstrate that neutrophil extracellular traps (NETs) play important
roles in GC development and progression [4-8]. Compared with traditional
markers such as carcinoembryonic antigen (CEA) and carbohydrate antigen 19-
9 (CA19-9), NETs exhibit higher sensitivity and specificity for GC diagnosis
[8], suggesting their potential as novel biomarkers to significantly improve early
diagnosis and prognostic assessment. As research into NETs’mechanisms in GC
deepens, modulating or blocking NETs formation has emerged as a promising
therapeutic strategy through pharmacological inhibition of neutrophil activa-
tion or degradation of NETs components. This review systematically examines
NETs formation mechanisms in GC and their roles in tumor progression and
therapy, aiming to provide a theoretical foundation for further research and
therapeutic development.

1. Basic Structure and Formation Mechanisms of NETs
NETs represent a novel form of neutrophil death distinct from traditional apop-
tosis or necrosis, primarily functioning to prevent pathogen invasion. First ob-
served by Takei et al. [9] using phorbol myristate acetate (PMA) stimulation,
NETs are extruded from activated neutrophils into the extracellular space as
three-dimensional mesh-like structures composed of decondensed chromatin and
various granule proteins, including a DNA backbone and proteases such as ma-
trix metalloproteinase-9 (MMP-9), neutrophil elastase (NE), cathepsin G (CG),
and myeloperoxidase (MPO) [10]. Recent research confirms NETs generation
in multiple tumor types, suggesting their involvement in tumor initiation and
progression [11].

NETs formation occurs through two primary mechanisms: suicidal and non-
suicidal NETosis (Figure 1 [Figure 1: see original paper]). In suicidal NETosis,
PMA binding to its receptor triggers neutrophil membrane rupture, releasing de-
condensed chromatin and associated proteins. In contrast, non-suicidal NETosis
preserves neutrophil viability and phagocytic function without cell lysis [12-13].
Additionally, mitochondria can trigger NETs formation [14]. Both pathways
involve key steps with mitochondrial reactive oxygen species (ROS) and pep-
tidylarginine deiminase 4 (PAD4). ROS and PAD4 can transform NETs from
protective innate immune factors to destructive agents [15]. For instance, ROS
facilitates NE and MPO translocation to the nucleus, promoting chromatin de-
condensation [16]. Li et al. [17] demonstrated that PAD4 plays a crucial regula-
tory role, as PAD4-deficient mice cannot produce NETs and are thus susceptible
to bacterial infection. Appropriate PAD4 activation is essential for maintaining
gastrointestinal homeostasis, while its dysregulation may promote inflammation
and tissue damage [15].

NETs represent a double-edged sword. While they can form barriers that pre-
vent lesion spread or isolate necrotic areas from healthy tissue, excessive forma-
tion or inadequate clearance may promote inflammation, autoimmune reactions,
vascular disease, thrombosis, and ischemia-reperfusion injury, thereby facilitat-
ing cancer development [18]. Currently, NETs are most commonly detected
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by fluorescence microscopy identifying specific markers such as citrullinated
histone H3 (CitH3) or complexes of MPO, NE, and DNA (e.g., MPO-DNA,
NE-DNA). These markers enable researchers to identify and quantify NETs
formation. However, technological advances have introduced newer methods
such as flow cytometry and mass spectrometry for more precise investigation of
NETs formation mechanisms and their roles in various pathological states [19].
Furthermore, developing drugs that specifically regulate NETs formation and
clearance has become a research hotspot, aiming to reduce their potential harm.

2. Role of NETs in Gastric Cancer Development and Im-
munotherapy
The link between cancer cells and NETs was first identified in Ewing’s sarcoma,
where NETs correlated with poor prognosis [20]. Subsequent research demon-
strates increased NETs formation in multiple malignancies, including gastric,
liver, breast, colorectal, head and neck, and ovarian cancers [21-24]. Both in vivo
and in vitro studies confirm significantly elevated NETs numbers and compo-
nents—such as cell-free DNA (CFDNA), nucleosomes, histones, NE, CitH3, and
MPO-DNA complexes—in gastric cancer tissues compared with normal tissues,
with expression positively correlating with TNM stage [5-6,8,25]. Moreover,
MPO-DNA or NE-DNA complexes appear more conducive to NETs formation
than CFDNA alone [26].

In GC mouse models, high triggering receptor expressed on myeloid cell 1
(TREM1) expression closely correlates with NETs formation. Specifically,
TREM1 deficiency (TREM1−/−) inhibits NETs formation, evidenced by
reduced H3Cit expression and decreased serum dsDNA and MPO-DNA levels.
Concurrently, TREM1 deficiency promotes pro-inflammatory M1 macrophage
polarization while reducing pro-tumorigenic M2 polarization, thereby hindering
tumor progression. Treatment with the NETs-degrading enzyme DNase-1
partially reverses tumor growth and NETs formation in TREM1+/+ mice,
demonstrating NETs’important role in TREM1-mediated GC progression.
These findings suggest TREM1 may promote GC development by inhibiting
M1 polarization while facilitating NETs-mediated M2 polarization, revealing
its potential as a tumor initiator [27].

Additionally, IL-8 and its receptors CXCR1 and CXCR2 show significantly ele-
vated expression in GC mouse models. Treatment with DNase I or anti-CXCR2
antibodies markedly reduces CXCR1/2 and CitH3 colocalization, decreases NE-
DNA levels, and delays tumor progression. These results indicate that the IL-8-
CXCR1/2 axis in the GC microenvironment may accelerate tumor progression
by promoting NETs formation. Conversely, high NETs expression upregulates
transcription factor IIB-related factor 1 (BRF1) and cyclin p21/p27 expression
in GC cells, further driving tumor progression [28]. Thus, the GC microen-
vironment promotes NETs formation, while high NETs expression reciprocally
accelerates malignant GC development. Li et al. [29] validated this bidirec-
tional mechanism using an LPS-induced NETs model and BALB/c nude mouse
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subcutaneous tumor models, demonstrating that rapid GC cell proliferation cre-
ates a post-ischemia hypoxic microenvironment where high mobility group box 1
(HMGB1) translocates from nucleus to cytoplasm and promotes NETs formation
through the TLR4/p38 MAPK signaling pathway in neutrophils. Furthermore,
in GC patients undergoing radical surgery, low-density neutrophils isolated from
peritoneal lavage fluid more readily form NETs that effectively capture GC cells
and influence their behavior [30-31].

Collectively, current research demonstrates that NETs play crucial roles in GC
progression through multiple signaling pathways and molecular mechanisms in-
timately intertwined with the gastric cancer microenvironment (Figure 2 [Fig-
ure 2: see original paper]). These findings provide novel therapeutic insights,
suggesting that targeting NETs formation or related pathways may open new
avenues for GC treatment.

Immune checkpoint inhibitors (ICIs) have achieved major advances in GC treat-
ment. Primary clinical indicators for selecting suitable patients include PD-
L1/PD-1 expression, microsatellite instability (MSI), mismatch repair (MMR)
gene status, Epstein-Barr virus (EBV) positivity, and tumor mutation burden
(TMB). Li et al. [32] identified seven NETs-related risk genes in GC and es-
tablished a NETs scoring system. Their results showed that low NETs scores
correlate with enhanced stem cell characteristics and lower differentiation levels,
features typically associated with MSI-H, high TMB, and immune activity. High
TMB usually accompanies more neoantigens, increasing T cell recognition of can-
cer cells and correlating with better ICI treatment outcomes. Further analysis
revealed that GC patients with low NETs scores exhibit higher immunogenic-
ity, suggesting greater potential for triggering effective immune responses and
positive reactions to ICIs. Conversely, high NETs scores often indicate lower im-
munogenicity and potentially poorer ICI responses. Additionally, the signature
gene C5AR1 plays a key role in promoting GC cell growth and metastasis and
may be involved in NETs formation [33]. These findings emphasize NETs’im-
portant role in GC development and progression and suggest they may regulate
patient responses to ICIs by influencing key indicators such as immunogenicity
and TMB.

3. Role of NETs in Gastric Cancer Metastasis
NETs promote gastric cancer metastasis by capturing circulating tumor cells and
serving as“carriers”and“armor”that facilitate transport and protect GC cells
[5,25,34]. Epithelial-mesenchymal transition (EMT) is a critical prerequisite for
cancer cell dissemination, with E-cadherin and vimentin as key EMT markers
[35]. E-cadherin is a transmembrane glycoprotein mediating cell-cell adhesion
and maintaining epithelial characteristics, while vimentin is highly expressed in
mesenchymal cells and positively correlates with metastatic potential. Studies
show that NETs-containing culture medium stimulates GC cells to suppress E-
cadherin expression while enhancing vimentin expression, thereby promoting
GC cell migration and invasion [25].
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Furthermore, NETs promote metastasis by stimulating angiogenesis. Research
demonstrates that NETs concentration-dependently stimulate high ANGPT2
expression in human umbilical vein endothelial cells (HUVECs), with maximal
effect at 0.4 �g/mL [36]. ANGPT2 plays an important role in angiogenesis and
vascular stability; its high expression disrupts vascular integrity and promotes
VEGF-driven vascular sprouting and chemotactic migration, thereby partici-
pating in GC metastasis. Moreover, high ANGPT2 expression correlates with
advanced GC stage, poor survival prognosis, and tumor burden. Notably, pa-
tients with high ANGPT2 expression show lower tumor immune dysfunction
and rejection scores, suggesting potential benefits from immunotherapy [36].

GC mouse models have further elucidated how NETs promote tumor growth
and metastasis by activating specific signaling pathways. Under NETs stimula-
tion, the NET-DNA receptor CCDC25 translocates from nucleus to cytoplasm
in HUVECs, activating the AKT/mTOR signaling pathway to promote HUVEC
proliferation, migration, and tube formation, ultimately driving tumor growth.
Notably, CCDC25 knockout significantly inhibits NETs-mediated metastatic po-
tential, demonstrating its key role in NETs-driven metastasis. Drug sensitivity
analysis reveals that GC patients with low CCDC25 expression respond better
to various chemotherapeutic agents and immune inhibitors, whereas those with
high CCDC25 expression show significantly enhanced lung and liver metasta-
sis [7,37]. Additionally, LPS-induced NETs mouse models show marked CD31
upregulation, further supporting that NETs accelerate tumor growth through
angiogenesis rather than by directly increasing GC cell proliferation [29]. These
findings indicate that NETs’role in GC progression extends beyond promoting
tumor cell migration and invasion to include supporting overall tumor growth
and metastasis through angiogenesis.

Postoperative abdominal infectious complications (AIC) influence GC cell
behavior. Under these conditions, co-cultured GC cells show increased SMYD2
expression upon TGF-𝛽 stimulation, which positively correlates with NETs
formation markers MPO-DNA and CitH3, as well as with the metastasis
marker vimentin. Conversely, SMYD2 expression negatively correlates with
E-cadherin expression, suggesting SMYD2 may promote EMT and cancer
cell invasion by suppressing E-cadherin [34]. TGF-𝛽 induces LIF expression
through Smad2/3 complex activation, promoting NETs formation [38], while
NETs enhance SMYD2 ac4C modification and stability by increasing NAT10
mRNA and protein expression, thereby further augmenting GC cell migration
and invasion [39]. These studies demonstrate that SMYD2 participates in
NETs formation through multiple pathways in the GC microenvironment, and
NETs reciprocally enhance SMYD2’s role in GC metastasis.

Growing evidence supports NETs’ability to influence tumor development
by regulating RNA expression. A comprehensive analysis of differentially
expressed genes in NETs-treated GC cells revealed that RNA interference
against NEAT1 inhibits NETs-induced AGS cell invasion and metastasis [4].
Furthermore, NETs in GC promote tumor proliferation, adhesion, migration,
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and invasion through multiple inflammatory signaling pathways including the
IL-8-CXCR1/2 axis [28], platelet TLR4-ERK5 axis [43], and TLR4/9-COX2
axis [21]. NETs components also play critical roles in GC metastasis. For
example, integrin-𝛼v$�1𝑎𝑛𝑑𝑀𝑀𝑃 − 9𝑐𝑎𝑝𝑡𝑢𝑟𝑒𝑎𝑛𝑑𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑒𝑇 𝐺𝐹−�$, inducing
EMT in cancer cells and promoting metastasis while also contributing to
chemotherapy resistance [44]. Experimental evidence shows that NETs
deficiency, PAD4 knockout, or treatment with DNase I or NE inhibitors
significantly reduces spontaneous lung and liver metastasis in tumor-bearing
mice [45]. This strongly indicates that NETs and their components promote
metastasis through multiple pathways in the GC microenvironment, and that
targeting NETs formation or function may be an effective strategy to hinder
GC metastasis. Table 1 summarizes NETs formation and progression-related
targets in GC.

4. NETs Involvement in GC-Associated Thrombosis
Hypercoagulability is a common complication in GC patients and a significant
cause of mortality [46]. This prothrombotic state closely correlates with the
procoagulant activity (PCA) exhibited by GC cells in their microenvironment,
which activates the coagulation system through multiple pathways, promoting
tumor growth and metastasis while increasing thromboembolic complications
[47]. NETs play an important role in this process, particularly through their
components’effects on the coagulation system. NETs-derived CFDNA directly
promotes coagulation factor activation through the intrinsic pathway, forming
blood clots. Additionally, NETs histones induce platelet and red blood cell
activation, accelerating coagulation. This dual action facilitates both thrombus
initiation and progression [5].

In GC patients, NETs and MPO-DNA released by neutrophils positively corre-
late with thrombin-antithrombin complex (TAT) and D-dimer levels [5], indicat-
ing that NETs formation closely associates with coagulation activation and may
promote hypercoagulability. Moreover, NETs stimulate thrombin and fibrin
generation in normal human plasma, and DNase I-mediated NETs degradation
significantly prolongs fibrin formation time, confirming NETs’key role in GC-
associated hypercoagulability [48]. In vitro studies by Li et al. [6] demonstrated
that GC-NETs treatment of normal platelets or endothelial cells (ECs) signif-
icantly increases plasma fibrin formation and TAT complex levels, suggesting
GC-induced NETs may elevate venous thromboembolism risk. Although NETs
degradation reduces fibrin formation, some platelet adhesion persists even after
DNase I treatment, implying that other NETs-secreted proteins such as histones
and NE may also contribute to platelet hypercoagulability [6].

NETs induce phosphatidylserine (PS) exposure on platelet and HUVEC mem-
branes. This negatively charged phospholipid exhibits procoagulant activity,
providing a surface for coagulation factors and enhancing PCA. CitH3-DNA
levels closely correlate with platelet and endothelial activation markers and may
induce platelet network formation through p-selectin/PSGL-1 interactions [49].
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In certain malignancies, NETs induce EC dysfunction and apoptosis, disrupt-
ing procoagulant-anticoagulant balance and promoting thrombosis [50]. In GC,
NETs induce a procoagulant and pro-inflammatory phenotypic shift in ECs by
downregulating tight junction proteins and upregulating functional tissue factor
(TF) expression [6], thereby exacerbating coagulation risk. Additionally, Fu-
sobacterium nucleatum may positively correlate with GC-NETs formation and
increased platelet counts [51].

Despite numerous studies linking NETs to coagulation, most employ mouse
models, and whether intact NETs directly activate the coagulation system re-
mains controversial. Some research indicates that intact NETs may occlude
small vessels, forming microthrombi lacking fibrin or von Willebrand factor [52],
suggesting NETs may contribute to poor prognosis through mechanisms unre-
lated to coagulation, such as direct endothelial toxicity [49] or non-coagulant
vascular occlusion [52]. These mechanisms may cause vascular dysfunction and
local blood flow impairment, leading to adverse clinical outcomes even without
obvious fibrin or von Willebrand factor involvement.

In summary, coagulation activation during GC progression represents a poor
prognostic marker. Future research should further explore NETs markers’po-
tential as reliable clinical prognostic tools and investigate their utility as novel
therapeutic targets, particularly in advanced cancer patients.

5. Potential Therapeutic Value of NETs in Gastric Cancer
Drug resistance represents a major global concern in oncology, and NETs pres-
ence has been identified as both a partial cause of cancer resistance and an
independent prognostic biomarker. DNase I is a potent inhibitor that reduces
NETs formation by degrading DNA structures. Postoperative peritoneal lavage
with 0.9% saline solution effectively inhibits peritoneal metastasis after radical
GC surgery, likely by dramatically reducing intraperitoneal cancer cell numbers.
However, extensive intraoperative lavage may also wash away substantial NETs,
suggesting that clinical benefits may partially result from reduced peritoneal
NETs. Adding DNase I to lavage fluid could further decrease NETs formation
and potentially achieve similar clinical effects more efficiently, improving post-
operative lavage efficacy while reducing peritoneal metastasis [53].

Salvia miltiorrhiza (Danshen) is a well-studied medicinal plant commonly used
for advanced cancer patients with blood stasis syndrome. Research shows that
diterpenoid tanshinones inhibit GC cell proliferation, induce apoptosis, and sup-
press tumor invasion and metastasis [54]. Active components such as salviano-
lic acid B (Sal B) and 15,16-dihydrotanshinone I (DHT I) significantly reduce
CitH3 levels by inhibiting MPO and NADPH oxidase activity. This inhibition
effectively prevents neutrophil migration to metastatic sites, reducing NETs for-
mation and suppressing cancer cell dissemination [55]. Additionally, approaches
including vitamin C [56], probiotic supplementation [57], H. pylori eradication
[58], and NE or PAD4 inhibitors show promise in preventing NETs release and
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potentially inhibiting GC progression. However, since NETs are essential com-
ponents of innate immunity, inhibiting or disrupting their formation may impair
immune function and increase infection risk—a significant cause of mortality in
cancer patients. Therefore, achieving targeted DNase I delivery and controlled
release for local NETs degradation is crucial [59]. In summary, targeted NETs
inhibition offers new strategies and combination therapy options for GC preven-
tion and treatment.

Despite multiple therapeutic options, cancer remains a leading cause of mor-
tality. NETs not only eliminate pathogenic microorganisms but also actively
participate in cancer development and progression. Through multiple mecha-
nisms—including promoting tumor cell migration and invasion, enhancing local
inflammatory responses, and facilitating thrombosis—NETs create a favorable
environment for tumor development. This review summarizes NETs’roles and
mechanisms in GC and explores therapeutic targets for inhibiting or degrading
NETs overexpression, providing potential directions for novel anticancer thera-
pies. However, since NETs are vital to innate immunity, developing treatments
that accurately target NETs in gastric cancer without compromising normal im-
mune function is essential. Future research should focus on elucidating NETs’
specific mechanisms in GC and developing selective therapeutic strategies, rep-
resenting an emerging hotspot in cancer therapy.
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