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Abstract. Neutrophil extracellular traps (NETs) serve a dual 
role in tumor progression. On the one hand, they promote 
tumor invasion and metastasis by facilitating cancer cell adhe‑
sion to the endothelium, supporting vascular remodeling and 
establishing pre‑metastatic niches. On the other hand, NETs 
exert potent immunosuppressive effects that foster tumor 
immune evasion and contribute to immunotherapy resistance. 
Specifically, NETs create physical barriers within the tumor 
microenvironment, directly suppress effector immune cells, 
and degrade critical molecules such as interferon‑γ, leading 
to immune exhaustion and dysfunction. The present review 
comprehensively summarizes the biology of NETs and their 
molecular mechanisms in tumor metastasis, with a particular 
focus on NET‑mediated immunosuppression and its causal link 
to immunotherapy resistance. This review further discusses 
emerging strategies that disrupt NET formation or function, 
which may reverse their immunosuppressive impact and 
restore antitumor immunity, thereby enhancing the efficacy of 
current immunotherapies.
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1. Introduction

As the most abundant leukocyte population in the innate 
immune system, neutrophils orchestrate host antimicro‑
bial defense through phagocytic elimination of invading 
pathogens, targeted microbial destruction via proteolytic 
enzyme degranulation and strategic modulation of inflam‑
matory cascades through coordinated chemokine/cytokine 
signaling (1,2). Notably, neutrophils can deploy neutrophil 
extracellular traps (NETs), which are chromatin scaffolds 
decorated with cytotoxic proteins and proteases to immobilize 
pathogens through physical containment and biochemical 
neutralization. Emerging evidence demonstrates that NETs 
actively remodel the tumor microenvironment (TME) by 
facilitating oncogenic transformation, promoting metastatic 
dissemination and subverting antitumor immunity through 
coordinated molecular cascades (3).

While NETs may induce cancer cell apoptosis in specific 
contexts, the prevalence of experimental evidence establishes 
their critical pro‑tumorigenic effects in accelerating local 
tumor progression, facilitating distant metastasis and confer‑
ring therapeutic resistance through matrix remodeling and 
immunosuppressive niche formation (4). Neutrophils drive 
oncogenesis through multifaceted mechanisms, inducing 
genomic instability via sustained release of reactive oxygen 
species (ROS) and proteolytic enzymes, while directly 
stimulating cancer cell proliferation through paracrine growth 
factor signaling. Furthermore, tumor‑associated neutrophils 
(TANs) establish immunosuppressive networks by suppressing 
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cytotoxic T cell activity through programmed cell death 
ligand 1 (PD‑L1) expression and arginase‑1 (ARG1)‑mediated 
nutrient depletion, thereby orchestrating tumor immune 
evasion (5). This functional duality stems from neutrophil 
heterogeneity wherein innate immune cells dynamically adapt 
to microenvironmental cues to exhibit distinct phenotypic and 
functional states. Their intrinsic plasticity not only drives NET 
formation, but also enables multifaceted tumor interactions 
through diverse molecular modalities, ultimately dictating 
context‑dependent pro‑ or antitumor outcomes  (6). The 
present article presents a systematic review of the biogenic 
mechanisms underlying NET formation and their regulatory 
roles in the metastatic cascade of tumors. Building on current 
research, the present study explores targeted intervention 
strategies, offering a theoretical framework and potential 
pathways for translational research aimed at enhancing tumor 
immunotherapy responses through the regulation of NETs. 

2. Literature search strategy

To ensure a comprehensive and unbiased coverage of the 
literature on NETs in tumor progression and immunotherapy, 
a systematic search strategy was implemented.

Search engines and databases. Literature was retrieved 
from the following databases: PubMed (https://pubmed.ncbi.
nlm.nih.gov/), Web of Science (https://www.webofscience.
com/) and Embase (https://www.embase.com/)and Cochrane 
Library (https://www.cochranelibrary.com/).

Search terms. Key terms and Boolean operators were 
combined to maximize sensitivity and specificity. The core 
concepts were: ‘Neutrophil extracellular traps’ or ‘NETs’ or 
‘NETosis’ and ‘tumor’ or ‘cancer’ or ‘neoplasm’ or ‘metastasis’ 
or ‘oncology’. The subtopics were: And ‘immunotherapy’ or 
‘immune checkpoint inhibitor’ or ‘tumor microenvironment’ 
or ‘pro‑metastatic’ or ‘therapeutic resistance’. 

Criteria. The inclusion criteria were: i) Original research 
articles, reviews and meta‑analyses; ii) studies exploring NETs 
in tumor biology, metastasis or immunotherapy; iii) preclinical 
and clinical studies; and iv) English‑language publications. 
The exclusion criteria were: i) Non‑peer‑reviewed articles; 
ii)  studies unrelated to NETs in cancer; and iii) duplicate 
datasets or overlapping analyses.

3. Introduction to NETs

Basic composition and functions of NETs. In 1966, 
Takei et al (7) first reported that phorbol‑12‑myristate‑13‑acetate 
(PMA; a phorbol ester and protein kinase C activator) induces 
unique phenotypic changes in neutrophils distinct from 
classical apoptosis and necrosis, and this observation is now 
recognized as an early precursor to the formal characterization 
of NETs decades later. In 2004, Brinkmann et al (8) reported 
the discovery of NETs and extracellular chromatin‑protein 
complexes that exhibit antimicrobial activity through pathogen 
entrapment and elimination. In this process, the activated 
neutrophil nuclear membrane dissolves, followed by disinte‑
gration of the plasma membrane, release of nuclear contents, 
decondensation of chromatin and release of granulin‑loaded 
chromatin into the extracellular space  (9). The molecular 
mechanisms underlying NET formation remain unclear. The 

primary mechanisms of NET formation are categorized into 
neutrophil lysis and non‑lysis, as shown in Fig. 1. 

The release of chromatin by neutrophils was initially 
found to depend on ROS (10). In the lytic pathway, NADPH 
oxidase (NOX)‑dependent ROS generation initiates sequential 
membrane disintegration, beginning with nuclear envelope 
rupture, followed by granule membrane permeabilization. 
Myeloperoxidase (MPO) and neutrophil elastase (NE) from 
azurophilic granules subsequently translocate to the nucleus 
where they cooperatively mediate citrullinated histone H3 
(citH3) proteolysis. Concurrently, ROS activate peptidyl argi‑
nine deiminase 4 (PAD4), catalyzing histone citrullination 
through arginine‑to‑citrulline conversion. This post‑trans‑
lational modification neutralizes histone‑DNA electrostatic 
interactions, culminating in chromatin decondensation and 
extracellular expulsion of nuclear DNA complexed with gran‑
ular proteins, thereby forming lytic NETs (11). In patients with 
chronic granulomatous disease, a defect in the gene encoding 
NOX impairs the ability of cells to synthesize ROS, thereby 
preventing the formation of NETs by neutrophils. Additionally, 
neither NOX inhibitors nor NADPH‑deficient mice produce 
NETs (12). PAD4 overexpression in osteosarcoma cell lines 
converts intracellular histones into citrullinated histones, 
inducing chromatin decondensation and release  (13). The 
NOX‑independent NETs pathway is involved in mitochondrial 
ROS generation and calcium‑dependent PAD4 activation. 
Upon stimulation, cytoplasmic PAD4 translocates to the 
nucleus following calcium ion influx, where H3 is citrulli‑
nated. This post‑translational modification induces chromatin 
decondensation through charge neutralization, enabling the 
co‑release of nuclear DNA and granular proteins via vesicular 
extrusion, thereby forming non‑lytic NETs and preserving 
neutrophil membrane integrity (14).

In non‑lytic NETs, neutrophils respond to microbial 
pathogens or endogenous danger signals through coordinated 
receptor activation. The engagement of platelet adhesion mole‑
cules or interactions between complement receptors/Toll‑like 
receptors (TLRs) and pathogen‑associated molecular patterns 
trigger calcium‑dependent PAD4 activation. This enzymatic 
cascade induces histone citrullination‑mediated chromatin 
decondensation, followed by vesicular extrusion of nuclear 
DNA‑protein complexes via nuclear envelope blebbing, 
forming intact membrane‑encased NETs that preserve cellular 
viability (15). Currently, immunofluorescence staining and 
western blotting are commonly used to analyze the expression 
levels and colocalization of different components of extracel‑
lular DNA and NETs in tissues. Alternatively, extracellular 
DNA content and presence can be confirmed by specifically 
binding a dye such as SYTOX Green to DNA and measuring 
fluorescence or using a spectrophotometer.

Neutrophil heterogeneity in NETs. TANs serve dual regulatory 
roles in tumor progression through distinct subpopulations, 
exhibiting both anticarcinogenic and carcinogenic func‑
tions  (16). The accumulation of neutrophils within solid 
tumors is associated with a poor clinical prognosis, reflecting 
phenotypic heterogeneity in mediating both anti‑metastatic 
and pro‑metastatic activities (17). Notably, CD62L+ neutro‑
phils exhibit enhanced NET formation capacity, a process 
that is amplified by tumor‑secreted high‑mobility group 
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box 1 (HMGB1) via the TLR2 signaling axis in both the 
circulatory system and metastatic lung tissues of patients with 
triple‑negative breast cancer (TNBC) (18). Pharmacological 
inhibition of the HMGB1‑CD62L neutrophil‑NETs cascade 
can markedly suppress TNBC lung metastasis. Although 
tumor‑derived granulocyte colony‑stimulating factor is 
necessary, it is insufficient to mobilize immature low‑density 
neutrophils that promote hepatic metastasis. By contrast, 
mature high‑density neutrophils exhibit protective effects 
against liver metastasis (19). 

Immature low‑density neutrophils exhibit enhanced global 
bioenergetic capacity through mitochondrial‑dependent 
adenosine triphosphate (ATP) production, enabling them 
to perform pro‑metastatic functions such as NET forma‑
tion under nutrient‑deprived conditions (20). Furthermore, 
neutrophils depend on glutamate and proline catabolism to 

sustain mitochondrial metabolism during glucose deprivation, 
thereby maintaining persistent NET formation. This metabolic 
adaptation underscores the notable metabolic plasticity of 
distinct pro‑metastatic neutrophil subpopulations, ultimately 
promoting hepatic metastasis (21).

The heterogeneous distribution of NETs within solid 
tumors is partially mediated by interleukin‑8 (IL‑8)‑dependent 
mechanisms. IL‑8 orchestrates neutrophil recruitment to 
tumor sites and triggers NETs extrusion (22). In colorectal 
cancer (CRC), exosomal KRAS mutations drive tumor‑asso‑
ciated NET formation by augmenting IL‑8 production, 
thereby accelerating disease progression (23). By contrast, 
NETs promote tumor cell proliferation and lymphatic spread 
in diffuse large B‑cell lymphoma (DLBCL) through mecha‑
nistically distinct pathways. DLBCL‑secreted IL‑8 engages 
neutrophil C‑X‑C chemokine receptor 2 (CXCR2), activating 

Figure 1. Molecular mechanisms of NET formation. NET formation is triggered by stimuli such as PMA, TNF‑α and elevated intracellular Ca2+ levels, which 
activate NOX to produce ROS. Increased Ca2+ also promotes PAD4 activation, leading to CitH3. MPO and neutrophil elastase further facilitate chromatin 
decondensation through histone cleavage, ultimately resulting in NET release. Figure made using BioGDP.com. NOX, NADPH oxidase; citH3 citrullinated 
histone H3; NETs, neutrophil extracellular traps; PMA, phorbol‑12‑myristate‑13‑acetate; ROS, reactive oxygen species; PAD4, peptidyl arginine deiminase 4; 
MPO, myeloperoxidase; NE, neutrophil elastase; FcγR, Fc gamma receptor; TLR, Toll‑like receptor.
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Src/p38/extracellular signal‑regulated kinase (ERK) signaling 
cascades to induce NETs (24). The resultant NETs stimulate 
TLR9 signaling in DLBCL cells, concurrently activating the 
nuclear factor‑κB (NF‑κB), signal transducer and activator 
of transcription (STAT3) and p38 pathways to drive onco‑
genesis. Therapeutic strategies targeting NETs dissolution, 
IL‑8‑CXCR2 axis blockade and TLR9 inhibition show potent 
antitumor efficacy in this context.

4. NETs affect tumor occurrence and development

Beyond their established roles in chronic inflammation and 
autoimmune disorders, accumulating evidence implicates 
NETs in tumorigenic processes  (25). Following tumor 
initiation, NETs not only stimulate cancer cell proliferation 
by activating signaling pathways, providing dynamic support 
for tumor growth, but also enhance mitochondrial biogenesis 
in cancer cells, increasing ATP production and supplying 
essential energy for tumor progression (26).

Elevated levels of circulating MPO‑DNA complexes and 
tumor‑associated citH3 have been consistently observed in 
patients with hepatocellular carcinoma (HCC), with mark‑
edly higher NETs deposition in intrahepatic and pulmonary 
metastatic lesions than in primary tumors (27,28). A previous 
study reported that preoperative serum levels of MPO‑DNA 
and tumor citH3 in patients with liver cancer are negatively 
associated with both overall survival and recurrence‑free 
survival (29). NETs have been shown to promote cell prolifera‑
tion and invasion in CRC. Yang et al (30) demonstrated that 
compared with the normal control group, patients with CRC, 
particularly those with liver metastases, exhibited elevated 
levels of MPO‑DNA in their serum and increased citH3 levels 
in their tissues.

Research on gastric cancer (GC) has shown that, compared 
with normal individuals, a notable number of NETs are depos‑
ited in the tumor tissue of patients with GC. Additionally, 
the levels of human MPO‑DNA and cell‑free DNA in the 
serum of patients with stage III/IV GC with metastasis are 
markedly higher than those in patients with stage I/II GC (31). 
Xia et al  (32) also reported that the levels of NETs in the 
peripheral blood, ascites and abdominal tissues, as well as 
serum MPO‑DNA, were markedly elevated in patients with 
GC with postoperative abdominal infection compared with 
those without infection. Additionally, it has been reported that 
NETs are enriched around metastases of head and neck squa‑
mous cell carcinoma and pancreatic cancer (33). Furthermore, 
elevated serum NET levels can be used to predict the risk 
of liver metastasis in patients with early breast cancer (34). 
Consequently, NETs have become a current research hotspot 
for tumor metastasis. The mechanisms by which NETs 
promote tumor metastasis are summarized in Table I.

NETs induce epithelial‑mesenchymal transition (EMT) in 
cancer cells. EMT is a process by which polarized epithe‑
lial cells acquire motile mesenchymal characteristics under 
specific physiological or pathological conditions, granting 
cancer cells the ability to migrate and invade (35). NETs have 
been shown to contribute to cancer metastasis by activating 
EMT (31). NETs can promote EMT by regulating the expres‑
sion of EMT‑related molecules (E‑cadherin, N‑cadherin, Snail 

and ZEB1) in primary tumors, thereby enhancing the migra‑
tory and invasive capacities of cancer cell and contributing to 
tumor metastasis.

Research on GC has shown that NETs can promote EMT 
in GC cells, thereby enhancing their malignant and invasive 
potential. Zhu et al (31) demonstrated that, compared with 
the conditioned medium induced by PMA alone, GC cells 
treated simultaneously with DNase‑1 or PAD4 inhibitors 
exhibited increased expression of the epithelial marker 
E‑cadherin, decreased expression of the stromal marker 
vimentin and reduced cell migration. The same study also 
revealed that intraperitoneal injection of DNase‑1 and PAD4 
inhibitors resulted in marked downregulation of citH3 levels 
in GC tissues compared with the control group, along with an 
increase in E‑cadherin expression and a decrease in vimentin 
expression. Xia et al (32) also demonstrated that co‑culturing 
NETs extracted from the peripheral blood of patients with 
postoperative infection complications of GC with control GC 
cells induced EMT, thereby promoting the migratory and 
invasive capabilities of the cells. It has been reported that that 
purified NETs can promote the expression of EMT transcrip‑
tion factors in vitro (33). Additionally, the expression levels 
of vimentin and fibronectin increase, whereas the expression 
levels of E‑cadherin and epithelial cell adhesion molecule 
proteins decrease, leading to the induction of pseudopodia 
formation and enhanced cell motility (15). 

During NET formation, HMGB1 is released from the 
nuclei of neutrophils and participates in DNA decondensa‑
tion and chromatin extrusion. HMGB1 not only structurally 
helps to form the network of NETs but also enhances the 
inflammatory response of NETs through interactions with 
other molecules, such as interleukin‑1β (34). Guan et al (27) 
reported that HMGB1 induces EMT in pancreatic cancer 
cells through NETs, enhancing their migratory and invasive 
capabilities, thereby promoting liver metastasis of pancreatic 
cancer. Additionally, NETs have been shown to promote 
EMT in breast cancer cells, as evidenced by the loss of 
epithelial cell‑cell adhesion, downregulation of E‑cadherin, 
upregulation of vimentin, acquisition of a spindle‑like fibro‑
blastoid morphology and increased migratory capacity (36). 
Collectively, these studies suggest that NETs facilitate tumor 
metastasis by regulating cancer cell EMT, thereby enhancing 
the migratory and invasive abilities of cancer cells.

NETs trap and protect cancer cells from damage. NETs 
capture cancer cells and provide a physical barrier that serves 
as the initial step in tumor metastasis. NETs can also act as 
an immune barrier to protect cancer cells. A study reported 
that integrin‑β1 is expressed in both cancer cells and NETs, 
mediating the interaction between them. This interaction 
facilitates the capture of circulating cancer cells by NETs (37). 
Yang et al (28) found that NETs can capture HCC cells but do 
not have a notable cytotoxic effect; instead, NETs are inter‑
nalized into HCC cells, activating TLR4/9‑COX2 signaling, 
which induces drug resistance and enhances invasive poten‑
tial. Additionally, NETs can capture CRC cells, promoting 
their dissemination to the liver and facilitating liver metastasis 
of CRC (30). CXCR1 and CXCR2 agonists can induce NET 
formation, which encases circulating cancer cells and protects 
them from cytotoxic CD8+ T and natural killer (NK) cells 
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by preventing immune cell contact with cancer cells  (38). 
Alfaro et al (39) reported that the binding of tumor‑derived 
IL‑8 to CXCR2 attracts bone marrow‑derived suppressor cells 
(MDSCs), thereby directly suppressing tumor immunity. IL‑17, 
secreted by T helper type 17 (Th17) cells, serves a crucial role 
in the progression of pancreatic ductal adenocarcinoma. IL‑17 
recruits neutrophils and promotes the formation of NETs, 
which can reduce CD8+ T cells in the TME and interfere 
with immune checkpoint blockade (ICB) (40). NETs can also 
capture CRC cells to promote their dissemination in the liver, 
leading to liver metastasis (30). In summary, NETs capture 
cancer cells and provide a physical barrier without exerting 
cytotoxic effects on cancer cells, thereby preventing cancer 
cell damage. Additionally, they can inhibit immune cells from 
attacking cancer cells, ultimately promoting tumor metastasis.

NETs stimulate an inflammatory response and promote 
tumor migration. A study showed that NETs capture circu‑
lating cancer cells and induce inflammatory responses via the 
TLR‑cyclooxygenase 2 signaling pathway, which enhances 
cancer cell survival, invasion and metastatic potential (28). 
Tumor‑derived cathepsin C (CTSC) can activate protein 3 
(PR3) on the surface of neutrophils, promoting the processing 
of IL‑1β. The CTSC/PR3/IL‑1β axis upregulates the expres‑
sion of IL‑6 and chemokines, thereby recruiting neutrophils 
to metastatic lesions. It also promotes p38 activation and 
ROS production, leading to NET formation. These NETs 

then support the growth of breast cancer cells in the lung by 
downregulating platelet‑reactive proteins (41). Zha et al (42) 
found that HMGB1 secreted by NETs can bind to the receptor 
for advanced glycation end products, activating the NF‑κB 
signaling pathway, which enhances IL‑8 secretion, recruits 
neutrophils and promotes NET formation through the phos‑
phoinositide 3‑kinase/protein kinase B axis. This ultimately 
supports the proliferation and invasion of glioblastoma cells. 
IL‑8 derived from CRC recruits neutrophils to the liver where 
they form NETs. NETs capture disseminated cancer cells, 
enabling circulating cancer cells to colonize the liver and 
stimulate IL‑8 secretion in metastatic CRC cells. This creates 
a feedback loop that recruits more neutrophils and promotes 
the migration and invasion of CRC cells (30). In a study on 
pancreatic ductal adenocarcinoma, it was found that the inter‑
action between collagen I and discoidin domain receptor 1 
induces the secretion of CXCL5, which promotes neutrophil 
infiltration and NET formation, thereby enhancing cancer cell 
invasion and metastasis (43).

NETs promote the formation of the ‘premetastatic niche’. 
The premetastatic niche theory suggests that soluble factors 
released by the primary tumor travel to specific distant organs 
where they reshape the local microenvironment of the target 
tissue, making it more conducive to the colonization and 
proliferation of circulating cancer cells (44). Zeng et al (45) 
reported that the upregulation of hydroxylase oxidase 1 in 

Table I. Mechanisms of NETs promoting tumor metastasis.

Mode of action	 Mechanism

Induce EMT in tumor cells	 Enhanced angiogenesis, EMT‑associated cell migration, matrix metalloproteinase‑
	 mediated extracellular matrix degradation and NET‑induced cell trapping
NETs trap tumor cells and	 NETs wrap around tumor cells to form a physical shield, creating an immunologically
provide protection against	 privileged niche that physically impedes lymphocyte infiltration. This steric hindrance
damage	 prevents immune effector cell such as CD8+ T cells and NK cells from accessing and
	 eliminating tumor cells
NETs stimulate an	 Circulating tumor cells are captured, and inflammation is induced through the TLR4/9‑
inflammatory response	 COX2 signaling pathway, enhancing tumor cell survival, invasion and metastatic
and promote tumor cell	 potential
migration
NETs promote the formation	 The local microenvironment of the target organ is remodeled to create conditions
of a premetastatic niche,	 more conducive to the colonization and growth of circulating tumor cells
facilitating tumor spread
NETs trigger the activation	 NETs‑associated proteases, NE and MMP‑9, sequentially cleave laminin in the ECM;
of dormant tumor cells,	 proteolytically remodeled laminin activates integrin α3β1 signaling in dormant cancer
promoting their reawakening	 cells, inducing cell cycle re‑entry and proliferation. NETs‑mediated ECM remodeling
	 activates β1‑integrin/ILK signaling and YAP‑dependent transcription via mechano‑
	 transduction, further promoting the reawakening of dormant tumor cells.
NETs facilitate the invasion	 Downregulation of VE‑cadherin expression disrupts the integrity of endothelial cell
of tumor cells into blood	 junctions, increases vascular permeability and promotes the extravascular penetration
vessels, aiding in their spread	 and migration of tumor cells
to distant sites

EMT, epithelial‑to‑mesenchymal transition; NETs, neutrophil extracellular traps; TLR4, Toll‑like receptor 4; COX2, cyclooxygenase 2; VE, 
vascular endothelial.; YAP, yes‑associated protein; ILK, integrin‑linked kinase; ECM, extracellular matrix.

https://www.spandidos-publications.com/10.3892/ol.2026.15614
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alveolar epithelial cell of metastatic breast cancer mice led 
to the accumulation of oxalic acid in the lungs. This accu‑
mulation promoted NET formation, thereby contributing 
to the establishment of premetastatic niches. Research has 
shown that before ovarian cancer metastasizes to the greater 
omentum, chemokines such as IL‑8, monocyte chemoattrac‑
tant protein‑1, growth‑regulated oncogenes and granulocyte 
colony‑stimulating factor stimulate neutrophils to migrate and 
recruit to the greater omentum, where they form NETs and 
establish premetastatic niches. These NETs capture ovarian 
cancer cells and promote their colonization within premeta‑
static niches, thereby facilitating cancer cell metastasis (46). 
Additionally, research has shown that neutrophil infiltration 
and NET formation are first detected in distant target organs of 
tumors, followed by the development of metastatic lesions (47). 
This suggests that NETs secrete pro‑inflammatory mediators 
such as matrix metalloproteinase‑9 (MMP‑9), which reshape 
the local microenvironment and extracellular matrix, promote 
the formation of premetastatic niches and facilitate the 
development of tumor metastases (48).

NETs awaken dormant cancer cells. Scattered dormant cancer 
cells can be reactivated leading to cancer cell proliferation. 
For example, Albrengues et al (49) demonstrated that lipase 
or tobacco exposure during inflammation can induce NET 
formation. The MMP‑9 released by NETs sequentially cleaves 
laminin, and hydrolyzed laminin‑111 provides an activation 
epitope for integrin α3β1. This interaction awakens dormant 
cancer cells through the focal adhesion kinase/ERK signaling 
pathway, enabling cancer cells to re‑enter the cell cycle and 
promote invasive lung metastasis. Another study found that 
β‑amyloid protein secreted by cancer‑associated fibroblasts can 
induce NETs production, whereas PAD4 inhibitors can prevent 
NET formation in melanoma mice, inhibiting tumor growth. 
Therefore, NETs serve a critical role in reactivating dormant 
cancer cells and promoting cancer cell proliferation (50).

NETs promote the invasion of cancer cells into blood 
vessels. As predominantly glycolytic cells, neutrophils derive 
minimal ATP from oxidative phosphorylation. They employ 
glycerol‑3‑phosphate signaling to directly modulate mito‑
chondrial function through glycolytic pathways, a mechanism 
critical for maintaining mitochondrial polarization and ROS 
generation (51). Tumor‑induced metabolic reprogramming in 
neutrophils shifts toward the glycolytic and pentose phosphate 
pathways, driving NET formation in an ROS‑dependent 
manner. This process subsequently enhances HCC cell 
aggressiveness while downregulating tight junction proteins 
in adjacent endothelial cell, ultimately facilitating cancer 
intravasation and metastasis (52). 

Cancer cells traverse the endothelial barrier of blood 
vessels through various mechanisms, entering the blood‑
stream before infiltrating distant tissues from outside blood 
vessels. This process ultimately leads to the dissemination and 
colonization of tumors in the target organs (53). Studies have 
shown that NETs can downregulate the expression of vascular 
endothelial cadherin, disrupt the integrity of endothelial cell 
connectivity, increase vascular permeability, and promote 
extravascular infiltration and migration of HCC cells (54,55). 
NETs can also upregulate the expression of tissue factor, 

phosphatidylserine and P‑selectin while inducing platelet 
hypercoagulability, which facilitates cancer cell adhesion, 
retention and extravasation in blood vessels (56,57). Moreover, 
platelets can secrete heparin and proteases to degrade the 
vascular basement membrane, further promoting cancer cell 
invasion into the tissues (41). These findings highlight the role 
of NETs in regulating vascular‑related proteins, enhancing 
cancer cell invasion into the blood vessels and facilitating 
distant metastasis.

5. NETs affect antitumor immunity

An immunosuppressive TME is closely associated with tumor 
immune escape (58). Under the influence of chronic inflamma‑
tion, chemokines and metabolic factors, neutrophils migrate 
from the circulatory system to tumor tissue, where they release 
NETs that contribute to the formation of the premetastatic niche. 
This process promotes the infiltration of immunosuppressive 
cell and mediates tumor recurrence and metastasis, suggesting 
that NETs serve a crucial role in modulating the body's anti‑
tumor immune response (59), as shown in Fig. 2. The clinical 
application of immune checkpoint inhibitors (ICIs) such as 
anti‑programmed cell death protein 1 (PD‑1)/PD‑L1 therapy 
has paved the way for tumor immunotherapy. Research indi‑
cates that inhibition of NET formation can markedly enhance 
the efficacy of anti‑PD‑1 therapy in CRC and liver, pancreatic 
and breast cancers (60).

NETs and immunosuppressive cells. NETs contribute to tumor 
progression by enhancing the function of various immunosup‑
pressive cells present in the TME, such as MDSCs, regulatory 
T cells (Tregs), tumor‑associated macrophages and Th17 
cells (61). Yu et al (62) found that NETs can mediate macro‑
phage polarization toward the M2 phenotype, promoting GC 
progression, and their synergy can also enhance the invasion 
and migration of A549 cells. NETs can regulate the expres‑
sion of mitochondrial oxidative phosphorylation‑related 
genes in naïve CD4+ T cells via TLR4 receptors, inducing 
their differentiation into Tregs and facilitating the progres‑
sion of non‑alcoholic steatohepatitis into liver cancer (63). 
Furthermore, NETs promote Treg invasion, aiding in the 
local progression and metastasis of breast cancer  (64). In 
acute lung injury (ALI) models, NETs have also been shown 
to induce CD4+ T cell differentiation into Th17 cells, thereby 
contributing to the development of autoimmune pulmonary 
inflammation (65).

NETs and antitumor effector immune cells
NETs and dendritic cells (DCs). DCs are primary 
antigen‑presenting cells in the body and serve a key role in 
inhibiting tumor progression by inducing antigen‑specific 
adaptive immune responses (66). The effect of NETs on DC 
is multifaceted. NETs can activate DCs and present relevant 
antigens, thereby inducing specific immunity that inhibits 
the progression of nucleophosmin (NPM)‑mutant myeloid 
leukemia. By contrast, NETs can induce DC apoptosis by 
causing mitochondrial damage (67).

The interplay between NETs and DCs promotes DC 
activation and maturation, enabling the presentation of 
NET‑associated antigens (68). Unlike other forms of cell death 
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that induce protein denaturation, NETs preserve the native 
conformation and enzymatic activity of DNA‑associated 
proteins, thereby retaining their immunogenic epitopes. In 
addition to neutrophils, leukemia cells also generate extra‑
cellular traps that display tumor‑specific antigens, including 
mutant NPM. This oncogenic variant, characterized by 
nucleolar‑to‑cytoplasmic translocation due to the mutation, is 
spatially repositioned on NETs‑like structures during leukemia 
cell trap formation (69).

NETs and CD8+ T cells. Dysfunction of CD8+ T cells is 
closely associated with tumor initiation, progression and 
immune evasion. NETs act as a physical barrier around cancer 
cells, promoting tumor progression by restricting CD8+ T cell 
infiltration  (38). In HCC, NETs exert immunosuppressive 
effects through a recently elucidated molecular mechanism. 
Song et al (70) demonstrated that NETs‑DNA directly binds 
to transmembrane and coiled‑coil domains 6 (TMCO6), a 
transmembrane protein on CD8+ T cells. This binding inhibits 
T cell receptor signaling and blocks NF‑κB p65 nuclear trans‑
location, leading to impaired T cell proliferation, functional 
exhaustion and apoptosis. Notably, this interaction creates a 
positive feedback loop: NETs‑DNA/TMCO6 binding promotes 
TGFβ1 secretion from exhausted T cells, which further stimu‑
lates NET formation. The clinical relevance of this pathway 
is supported by evidence that PAD4 inhibitors suppress 
tumor growth in wild‑type but not TMCO6‑knockout mice, 
confirming TMCO6 as a critical mediator (70). Additionally, 
TMCO6‑expressing CD8+ T cells in clinical samples exhibit 

pronounced exhaustion phenotypes, and combining TMCO6 
deficiency with anti‑PD‑1 therapy abrogates NETs‑driven HCC 
progression (70). A Study on breast cancer demonstrated that 
targeting NETs can inhibit T cell infiltration and significantly 
improve the efficacy of anti‑PD‑1 therapy (71).

In addition to inhibiting infiltration, NETs can notably 
induce CD8+ T cell dysfunction in various tumor models. 
For instance, NETs reduce the secretion of effector cytokines 
such as IFN‑γ and IL‑2 in CD8+ T cells, thereby promoting 
lung cancer progression (72). The PD‑L1 protein component 
in cancer cells can inhibit their function by binding to PD‑1 
on the T cell surface (73). Therefore, targeting NETs holds 
promise for improving CD8+ T cell function and enhancing 
the efficacy of immunotherapy.

NETs and NK cells. NETs can inhibit the antitumor activity 
of NK cells through multiple mechanisms. First, the physical 
barrier formed by NETs prevents NK cells from effectively 
contacting the cancer cells. Second, NETs can degrade 
pro‑inflammatory cytokines such as IL‑2 and IL‑15, which 
are essential for the activation, proliferation and function of 
NK cells (74). NETs may indirectly suppress NK cell anti‑
tumor functions by isolating and degrading these cytokines. 
Additionally, NETs can directly induce NK cell apoptosis 
through  angiopoietin‑2  and  inflammatory cytokines  that 
trigger apoptotic signaling (75).

Additionally, cathepsin G, an important component of 
NETs, can inhibit NK cell activation, IFN‑γ release and 
degranulation by downregulating expression of the activation 

Figure 2. Immunosuppressive effects of NETs on various immune cells in the tumor microenvironment. NETs inhibit antitumor immunity by multiple 
mechanisms: They reduce infiltration of CD8+ T cells and NK cell; induce apoptosis of CD8+ T cells and lymphocytes; impair NK cell degranulation and 
IFN‑γ production; promote transformation of Th17 cells and Tregs; and drive macrophage polarization toward the M2 phenotype. These coordinated effects 
lead to immune cell dysfunction and depletion, contributing to tumor immune evasion. Figure made using BioGDP.com. IFN‑γ, interferon‑γ; NETs, neutrophil 
extracellular traps; NK, natural killer; Treg, regulatory T cell; DC, dendritic cell; Th17, T helper type 1.
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receptor NKp46 (76). Furthermore, MMP‑9, which is abun‑
dant in NETs, can contribute to NK cell dysfunction and 
promote tumor immune evasion (77). NETs can interact with 
other factors in the TME to regulate NK cell functions. In GC 
models, NETs have been shown to increase the expression of 
angiopoietin‑2 in the TME, which is closely associated with 
the induction of a resting state in NK cells (78). This suggests 
that NETs may indirectly affect NK cell antitumor activity 
by modulating the composition of the TME. Cheng et al (79) 
found that inhibiting NETs markedly enhanced NK cell func‑
tion and inhibited liver cancer progression, indicating that 
further research on the interactions between NETs and NK 
cells could provide new insights for optimizing NK cell‑based 
therapies.

Strategies for targeting NETs. As NETs can affect antitumor 
immunity in various ways, exploring strategies to target NETs 
holds promise for enhancing the efficacy of immunotherapy 
in tumors. Under normal conditions, NETs are rapidly 

degraded through the synergistic action of extracellular free 
DNA enzymes and macrophages (80). Additionally, DCs can 
promote NET degradation via phagocytosis (80). However, 
further research is required to determine whether other 
immune cells contribute to NET degradation. External factors 
such as environmental temperature also regulate NET degra‑
dation in the body (81). Although there is currently limited 
research on the regulatory mechanisms of NET degradation 
pathways, it is speculated that these phenomena may be associ‑
ated with DNA enzyme activity. Currently, several therapeutic 
strategies targeting NETs have been investigated, as summa‑
rized in Table II. These approaches primarily focus on two key 
mechanisms: Degrading existing NETs and inhibiting NET 
formation.

Notably, inhibiting PAD4 activity or promoting NET 
degradation through DNase I can effectively inhibit tumor 
progression, demonstrating the therapeutic potential of 
antagonizing NETs (38). Sivelestat, an NE inhibitor clini‑
cally used for ALI and acute respiratory distress syndrome, 

Table II. Summary of therapeutic strategies targeting NETs in cancer.

Agent/strategy	 Mechanism of action	 Study type/stage	 Key findings

DNase I	 Degrades NETs DNA	 Preclinical	 Reduces liver metastasis in CRC mouse models;
	 backbone, disrupting		  improves anti‑CTLA‑4 therapy efficacy in
	 NETs structure		  MSS/pMMR CRC, leading to complete tumor
			   regression; inhibits NETs, prevents tumor cell
			   entrapment and suppresses metastasis; restores
			   local immune responses by increasing CD8+

			   T cell infiltration
AAV‑mediated	 Liver‑specific DNase I	 Preclinical	 Single intravenous injection achieves sustained
DNase I gene	 expression for sustained		  DNase I expression in liver; suppresses liver
transfer	 NET degradation		  metastasis development; inhibits neutrophil
			   infiltration and NET formation in tumor tissues;
			   restores CD8+ T cell response
DNase I‑AuNPs 	 Radiosensitization via	 Preclinical	 Enhances radiotherapy efficacy through AuNP‑
	 AuNPs + NET		  mediated radiosensitization; sustained DNase I
	 degradation via DNase I		  release degrades ROS‑induced NETs; prevents 
	 release		  interaction between free tumor cell and
			   vasculature; reduces metastasis risk
PAD4 inhibitors	 Inhibits PAD4‑mediated	 Preclinical	 Blocks NET formation at the initiation stage;
	 histone citrullination,		  reduces tumor growth and metastasis in
	 blocking NETs		  preclinical models
Combination:	 NET degradation +	 Preclinical	 Complete response rate of >50% in primary
DNase I + anti‑	 immune checkpoint		  tumors; complete responders were immune to
CTLA‑4	 blockade		  tumor rechallenge; suggests DNase I may
			   enhance both response rate and duration of ICIs
Combination:	 NET degradation + TAN	 Preclinical	 Tumor microenvironment‑responsive NPs
DNase I +	 suppression + immune		  co‑deliver DNase I and galunisertib; degrades
galunisertib in	 modulation		  NETs and suppresses TANs; reshapes immuno‑
NPs			   suppressive TME; reactivates CD8+/CD4+

			   T cells and dendritic cells

NETs, neutrophil extracellular traps; CRC, colorectal cancer; CTLA‑4, cytotoxic T lymphocyte associated protein 4; MSS, microsatellite 
stable; pMMR, proficient mismatch repair; AuNPs, gold nanoparticles; ROS, reactive oxygen species; PAD4, peptidyl arginine deiminase 4; 
ICI, immune checkpoint inhibitors; TANs, tumor‑associated neutrophils; TME, tumor microenvironment.
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suppresses NET formation by inhibiting NE activity. 
Sivelestat‑mediated NET inhibition effectively reduces 
tumor metastasis by specifically inhibiting NE, which is 
essential for NET formation. NE released during NETs 
activates ERK signaling to promote cancer cell migration, 
and blocking NE with sivelestat suppresses both NETs and 
cancer cell motility (82,83).

Myeloid cells suppress antitumor immunity through 
metabolic reprogramming, notably via l‑arginine depletion 
mediated by ARG1 (84). In pancreatic cancer, NET released 
by spontaneously activated neutrophils establish specialized 
microdomains where cathepsin S (CTSS) proteolytically 
processes human ARG1 into truncated isoforms with enhanced 
enzymatic efficiency under physiological pH conditions (85). 
This NET‑associated ARG1 variant potently inhibits T 
lymphocyte proliferation, an immunosuppressive effect that 
is reversible through either human ARG1‑specific monoclonal 
antibodies or CTSS cleavage inhibition, although conventional 
small‑molecule inhibitors remain ineffective. Crucially, 
combinatorial targeting of ARG1 with ICB rescues CD8+ 
T cell functionality in pancreatic tumors. Therapeutically, 
human ARG1‑neutralizing antibodies not only amplify intra‑
tumoral infiltration of adoptively transferred tumor‑specific 
CD8+ T cells, but also synergistically enhance the therapeutic 
efficacy of ICB.

IL‑17 orchestrates neutrophil recruitment and induces 
NET formation while excluding cytotoxic CD8+ T cells from 
the pancreatic TME. Therapeutic neutralization of IL‑17 
notably restores tumor sensitivity to dual ICB targeting of 
the PD‑1 and cytotoxic T‑lymphocyte associated protein 4 
checkpoints. Notably, pharmacological suppression of neutro‑
phil infiltration or genetic inhibition of PAD4‑dependent 
NETs recapitulates the therapeutic benefits observed with 
IL‑17 blockade, confirming the central role of this cytokine 
in NET‑mediated immunosuppression (12). OX40 receptor 
activation enhances the functional capacity of effector T 
cells while concurrently suppressing regulatory Treg activity 
through the dual mechanisms of population reduction and 
functional deactivation. A study has demonstrated that 
anti‑OX40 agonistic antibodies potentiate antitumor immunity 
through two strategic approaches: Monotherapy by direct T 
cell modulation and combination therapy through synergistic 
enhancement of checkpoint inhibitor efficacy. This bimodal 
therapeutic strategy achieves superior immune activation 
compared with single‑pathway interventions (86).

In summary, while multiple mechanisms exist for NET 
degradation in the body, research on the cells involved in 
this process and the regulatory factors governing it are still 
underdeveloped. Deeper exploration of NET degradation 
mechanisms, identification of potential influencing factors and 
understanding how these mechanisms vary under different 
pathological conditions could uncover new regulatory path‑
ways or targets for NETs‑targeted strategies in tumor therapy.

6. Conclusions and future perspectives

NETs have emerged as critical targets in the study of tumor 
metastasis and recurrence. A growing body of research has 
uncovered various mechanisms by which NETs promote 
tumor metastasis. These include inducing EMT in cancer cells, 

capturing and protecting circulating cancer cells, facilitating 
extravascular infiltration of cancer cells, stimulating inflam‑
matory responses, promoting the formation of pre‑metastatic 
niches and reactivating dormant cancer cells at metastatic 
sites. NETs interact with inflammation, immune responses and 
the TME to collectively regulate tumor cell proliferation and 
migration, exhibiting dynamic changes in spatial dimensions. 
The mechanisms by which NETs facilitate metastasis across 
primary lesions, the circulatory system and metastatic sites 
are highly complex, with interactions between NETs and TME 
varying across different tumor types.

Existing research suggests that targeting NETs can 
notably enhance the efficacy of ICIs and NK cell‑based ther‑
apies. Additionally, NETs have shown promise as materials 
for developing DC tumor vaccines because of their unique 
biological characteristics such as high immunogenicity and 
viscosity (87). However, despite gaining some insight into 
the role of NETs in tumor biology and antitumor immunity, 
current research remains insufficient. NETs not only interact 
with immune cell but also with non‑immune components in 
the TME, such as the extracellular matrix in liver cirrhosis 
tissue and intestinal bacteria  (52,77), which collectively 
influence antitumor immunity. Therefore, it may be crucial 
to explore the impact of NETs on antitumor immunity from 
a holistic perspective of the TME. Additionally, the role of 
NETs in tumor immunity may vary among individuals owing 
to factors such as tumor type, patient age and genetic back‑
ground (28). However, individual differences in NETs have 
not been explored extensively. Therefore, further research 
is needed to identify the targets related to NETs function, 
assess the roles of NETs in different patients by combining 
various targets and identify suitable tumor patients for the 
clinical application of targeted NETs strategies. Future 
research should focus on the detailed biological charac‑
teristics of NETs, their dynamic changes in the TME and 
their interactions with immune cell within the TME. A 
deeper understanding of the complex functions of NETs in 
the TME, along with targeted NETs therapies, could lead to 
notable breakthroughs in tumor immunotherapy and provide 
more effective and safer treatment strategies for patients with 
cancer. 

The limitations of this review include the predominance of 
preclinical studies, limited clinical evidence, uncharacterized 
NETs heterogeneity across tumors, insufficient understanding 
of NETs‑immune interactions in the TME, and the need to 
evaluate off‑target effects of NETs‑targeting strategies before 
clinical translation.

The present review is tailored for a multidisciplinary audi‑
ence in oncology and immunology, including basic researchers 
investigating NETs mechanisms in cancer progression, clinical 
oncologists seeking to leverage NETs as biomarkers or thera‑
peutic targets in immunotherapy. By integrating preclinical 
models, clinical data and emerging therapeutic strategies, 
the present review bridges mechanistic understanding with 
actionable innovations, fostering collaboration across cancer 
biology, immunology and drug development.
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