
cancers

Review

Neutrophil Extracellular Traps in Tumor Metastasis:
Pathological Functions and Clinical Applications

Qian Chen 1,2,3 , Lu Zhang 1,2,3, Xiang Li 1,2,3 and Wei Zhuo 1,2,3,*

����������
�������

Citation: Chen, Q.; Zhang, L.; Li, X.;

Zhuo, W. Neutrophil Extracellular

Traps in Tumor Metastasis:

Pathological Functions and Clinical

Applications. Cancers 2021, 13, 2832.

https://doi.org/10.3390/

cancers13112832

Academic Editors: Rudolf Oehler,

David Entenberg, Panagiota Filippou

and George Karagiannis

Received: 19 April 2021

Accepted: 2 June 2021

Published: 6 June 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Cell Biology and Gastroenterology, Sir Run Run Shaw Hospital, Zhejiang University School of
Medicine, Zhejiang University, Hangzhou 310058, China; 12018078@zju.edu.cn (Q.C.);
21818639@zju.edu.cn (L.Z.); 21918007@zju.edu.cn (X.L.)

2 Cancer Center, Zhejiang University, Hangzhou 310058, China
3 Institute of Gastroenterology, Zhejiang University, Hangzhou 310016, China
* Correspondence: wzhuo@zju.edu.cn; Tel.: +86-571-8820-8257

Simple Summary: Tumor-associated neutrophils constitute an important portion of the infiltrating
immune cells in the tumor microenvironment. One of the abilities of neutrophils is forming neutrophil
extracellular traps. Recent studies on tumor-associated neutrophils have drawn increasing attention
to the role of neutrophil extracellular traps in the tumor microenvironment. There were also some
reviews summarize the pro-tumorigenic activity of NETs in tumors. The specific novelty of this article
is the specific summarization on the pivotal roles of NETs in tumor invasion-metastasis cascade and
the recapitulation on the potential of NETs in clinical applications.

Abstract: Neutrophil extracellular trap (NET) formation is an ability of neutrophils to capture and kill
pathogens by releasing chromatin scaffolds, along with associated cytotoxic enzymes and proteases,
into the extracellular space. NETs are usually stimulated by pathogenic microorganisms and their
products, surgical pressure or hypoxia. Interestingly, a number of recent studies suggest that tumor
cells can induce NET formation, which in turn confers tumor cell malignancy. Notably, emerging
studies indicate that NETs are involved in enhancing local invasion, increasing vascular permeability
and facilitating immune escape and colonization, thus promoting tumor metastasis. In this article, we
review the pivotal roles of NETs in the tumor metastasis cascade. We also recapitulate the potential
of NETs as a cancer prognostic biomarker and therapeutic target.

Keywords: neutrophil; neutrophil extracellular trap; tumor metastasis

1. Introduction

Neutrophils are abundant and heterogeneous leukocytes in mammals that mediate
against infection or injury. As the first responders, neutrophils are the initial host defense
against harmful microorganisms, including bacteria, fungi and protozoa, primarily through
phagocytosis and degranulation. In 2004, Brinkmann et al. first discovered a novel function
of neutrophils called neutrophil extracellular traps (NETs). NETs are compounded from
filamentous DNA scaffolds, histones and granular proteins [1]. The scaffold of chromatin
immobilizes the invaders and provides a microenvironment that can bring pathogens
close to antimicrobial peptides, while the antimicrobial compounds (such as antimicrobial
peptides, histones and proteases) equipped in NETs can kill pathogens. They are therefore
considered able to play a key role in host defense [2].

A large number of studies focused on NETs have already extended into other fields. It
was demonstrated that excessive NET formation and/or reduced NET removal may pro-
mote infectious inflammation [3,4] and noninfectious inflammation, including diabetes and
atherosclerosis [5]. A crucial part of the influence of NETs on inflammation was attributed
to the modulation of cytokine and chemokine activity via NET-related proteases [6]. In
addition, NETs have been found to be important in thrombogenesis [7,8] and autoimmune
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diseases such as rheumatoid arthritis, systemic lupus erythematosus and anti-neutrophil
cytoplasmic antibody-associated vasculitis [9]. Tumor-associated neutrophils (TANs) con-
stitute an important portion of the infiltrating immune cells in the tumor microenvironment.
A high intratumor neutrophil density is correlated with metastasis at lymph node sites,
tumor grade and the tumor stage axis [10]. The tumor and tumor microenvironment have
been shown to control neutrophil recruitment, and TANs have been found to regulate tu-
mor progression and control tumor growth [10]. Many patients with advanced cancer show
a high level of neutrophilia. TANs are connected to a dismal prognosis, and the neutrophil-
to-lymphocyte ratio has been introduced as a significant prognostic factor for survival in
many cancer types, such as multiple myeloma, mesothelioma and pancreatic cancer [11–13].
These recent studies on TANs have drawn increasing attention to the role of NETs in the
tumor microenvironment. In this article, we list aspects of the function and mechanisms of
NETs in specific steps of the tumor metastasis cascade in particular, including degrading
the ECM, disrupting blood vessel integrity, promoting thrombosis, facilitating immune
escape, trapping tumor cells in capillaries and promoting their extravasation, predicting
metastatic organotropism, promoting the proliferation of micrometastases and activating
dormant cancer cells. We also recapitulate the potential of NETs and their components to
act as cancer prognostic biomarkers and therapeutic targets.

2. NET Formation
2.1. Conventional Mechanism

NETotic cell death [14], unlike other cell death subroutines such as apoptosis, necro-
sis and pyroptosis, is a specific cytolytic death mechanism in which neutrophils form
NETs by releasing chromatin scaffolds, along with associated cytotoxic enzymes and
proteases, into the extracellular space. A large number of stimuli including pathogenic
microorganisms [15] and their derivatives [16], physicochemical stimulation [7,17–22],
inflammatory cytokines [18,23–26] and metabolites [27–32] have been shown to induce
NETs (Table 1). The mechanism behind NET formation depends on the properties of the
stimulation [3,33]. Stimuli such as PMA, LPS and various types of bacteria result in reactive
oxygen species (ROS) production through activation of NADPH oxidase via the Raf-MEK-
ERK pathway [34,35]. Neutrophils with excessive cytoplasmic ROS are more prone to form
NETs [36]. Many other stimuli such as calcium ionophores, nigericin, certain microbes,
UV light and some crystals lead to NET formation without NADPH oxide but requiring
mitochondrial reactive oxygen species (mROS) [37]. ROS appear to be essential for NET
formation, whether production is mediated by NADPH oxidase or mitochondria. These
ROS productions allow the release of neutrophil elastase (NE) and myeloperoxidase (MPO)
from neutrophil granules. NE translocates to the nucleus, where it partially degrades
specific histones, promoting chromatin decondensation. Subsequently, MPO synergizes
with NE in driving chromatin decondensation independent of its enzymatic activity [38,39].
On the other hand, several stimuli lead to the NLRP3 inflammasome pathway, potentially
causing caspase-1 activation, while intracellular LPS and Gram-negative bacteria activate
caspase-11. NE and caspases-1 and -11 cleave/activate gasdermin D (GSDMD) that forms
pores in both nuclear and plasma membranes [38]. Alkaline pH and subsequent calcium
influx lead to enzyme peptidylarginine deiminase 4 (PAD4) activation [22]. Histone citrulli-
nation by PAD4 leads to chromatin decondensation and can be detected as a biomarker
of ongoing NET formation [22]. They all lead to a common outcome: the decondensation
of chromatin, rupture of the nuclear membrane and cell membrane and, eventually, the
extrusion of NETs. This rather lengthy process of NET formation supports neutrophils in
continuing their antimicrobial battle even beyond their life span [34].

Sometimes, NETs are not necessarily released from the nucleus. Neutrophils can eject
their mitochondrial DNA into the extracellular space in conditions requiring ROS [23].
This process is not associated with cell death and also does not limit the life span of
these cells [23]. These results assigned a novel role for mitochondria in neutrophils to
not only serve as an mROS generator but also as a NET DNA provider in the process
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of NET formation. In addition, it is worth noting the original function of mitochondria
for ATP production. Optic atrophy 1 (OPA1) is a mitochondrial inner membrane protein.
Amini et al. showed that OPA1-dependent ATP production in neutrophils is required
for NET formation [40]. A lack of OPA1 caused mitochondrial dysfunction and caused
neutrophils to lose their ability to form functional NETs [40]. Up to now, the specific
process of NETs derived from mitochondrial DNA is still unclear because mitochondrial
DNA is very rare in neutrophils compared with nuclear DNA, and whether this difference
reflects the need for adapting distinct physiological statuses or plays any role needs to be
investigated further.

Moreover, neutrophils do not need to pay the price of cell death or cytolysis to form
NETs [6]. They can squeeze out nuclear DNA through vesicle transport mechanisms [17].
This process is uniquely rapid (5–60 min) and does not involve ROS or NADPH oxidase
but requires strict regulation mediated by TLR2 and a complement [26]. Pilsczek et al.
observed separation of the inner and outer nuclear membranes and budding of vesicles,
and the separated membranes and vesicles were filled with nuclear DNA. The vesicles
were extruded intact into the extracellular space where they ruptured, which was followed
by the release of chromatin [17]. However, how these large vacuoles are released remains
unclear. Neutrophils without nuclei, called “cytoplasts”, have intact cell membranes and
retain physiological characteristics such as phagocytosis [17]. NETs and cytoplasts have
recently been found in the lungs and lymph nodes of asthmatic mice and in bronchoalveolar
fluid collected from patients with severe asthma [41]. These cytoplasts are associated with
activation of dendritic cells to differentiate naive CD4+ T cells into helper T17 effector
cells [41], suggesting that after NET formation, the formed cytoplasts can satisfy the needs
of normal biological functions.

Table 1. List of stimulants known to induce NET formation and the relation to tumor metastasis.

Stimulus Potential Mechanisms to
Induce NET Formation

The Role of NET in Tumor
Progression

Reference

Cytokines

PAF - Promotes tumor cell
proliferation, neovascularization
and immunosuppressive
phenotype

[42,43]

IL-8 Activation of the class I
isoform of PI3K

Positive correlation with poor
outcome in women with breast
cancer; enhances angiogenesis
and contributes to tumor growth
and progression

[18,44,45]

IL-1β Nuclear localization of
ceramide synthase 6 and
synthesis of C16-ceramide
induce NETs

Promotes abdominal aortic
aneurysm formation

[46,47]

GM-CSF - Promotes tumor growth and
metastasis

[23,24,48,49]

CLL7 - - [25]

Complement factor 5a (C5a) - - [23,50]

TNF-α - - [51]

High-mobility group box 1
protein (HMGB1)

Interactions between
HMGB1 and
neutrophil-derived TLR4

Activates TLR9-dependent
pathways in cancer cells to
promote tumor malignancy

[21,52,53]

IFNs Induce strong tyrosine
phosphorylation of STAT1 in
mature neutrophils

- [50,54]

HIF-1α - - [20]



Cancers 2021, 13, 2832 4 of 19

Table 1. Cont.

Stimulus Potential Mechanisms to
Induce NET Formation

The Role of NET in Tumor
Progression

Reference

Cytokines

P-selectin Promotes NET formation
through binding to
anti-P-selectin glycoprotein
ligand-1 (PSGL-1)

- [42]

Metabolite

Urate crystals Interact with lysosomes and
result in secretion of IL-1β to
induce NADPH
oxidase-independent NET
formation

- [27,47]

Lactic acid - - [55,56]

Free fatty acid - - [29]

Cholesterol crystal - - [30]

2-chlorofatty aldehyde and
2-chlorofatty acid

As an MPO product to
trigger NET formation
following neutrophil
activation

- [31]

High glucose - - [32]

Tumor-derived exosomes - KRAS mutation in exosomes
causes deterioration of colorectal
cancer

[57,58]

Immobilized immune
complexes

Induce FcγRIIIb-mediated
NADPH
oxidase-independent NET
formation

- [59]

Activated platelets - - [60]

Mitochondrial DNA Triggers TLR9-dependent
NET formation

- [61]

Physical
stimulation

Hypoxia - - [20,21]

Surgical stress - Accelerates development and
progression of liver metastatic
disease

[21,62]

UV light NADPH oxide-independent
NET formation but requiring
mROS

- [37]

Chemical
stimulation

PMA Triggers assembly and
activation of NADPH
oxidase and ROS production
via the Raf-MEK-ERK
pathway

- [1,34]

Hydrogen peroxide (H2O2) Stimulates activation of
NADPH oxidase and the
production of ROS

- [34]

LPS Induces inflammation,
triggers the assembly and
activation of NADPH
oxidase and the production
of ROS via the Raf-MEK-ERK
pathway and activates
caspase-11 to activate
gasdermin D

Activates dormant cancer cells
and enhances metastatic
proliferation

[16,19]
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Table 1. Cont.

Stimulus Potential Mechanisms to
Induce NET Formation

The Role of NET in Tumor
Progression

Reference

Chemical
stimulation

fMLP Activates PI3K and MAPK
pathways

- [18,19]

Cigarette smoke extract - Converts dormant cancer cells to
aggressively growing metastases

[19]

Alkaline pH Promotes intracellular
calcium influx, mROS
generation, PAD4-mediated
CitH3 formation and histone
4 cleavage

- [22]

Tamoxifen Modulates intracellular
ceramide via a
ceramide/PKCζ-mediated
pathway

- [63]

Nitric oxide (NO) - - [51]

Calcium ionophores NADPH
oxidase-independent NET
formation but require mROS

- [22]

In general, the main mechanisms of NET formation have already been well studied,
but there are numerous interesting scientific problems in the intracellular process of NET
formation waiting to be formulated and replenished.

2.2. Tumors Induce NET Formation

An increasing number of studies have revealed that tumor cells and the tumor microen-
vironment can stimulate neutrophils and induce NET release in various cancer types, includ-
ing leukemia [48], breast cancer [48,64], ovarian cancer [65], colon cancer [66], esophageal
gastric adenocarcinoma [66] and lung cancer [48,66].

The formation of NETs may be partly due to the hypoxic environment in which grow-
ing solid tumors are generated concomitant with the higher expression of HIF-1α [20,21].
Moreover, secreted cytokines [18,48,58,64,67], proteases [68] and even exosomes [57] may
also contribute to NET formation (Figure 1). Depletion of IL-8, G-CSF, GROα or GROβ

derived from ovarian cancer cells can incompletely reduce NET formation and neutrophil
chemotaxis, suggesting that these cytokines cooperate with each other to optimally stim-
ulate neutrophil mobilization and NET formation [65]. Xiao et al. found that the tumor-
secreted protease cathepsin C (CTSC) enzymatically activates neutrophil membrane-bound
proteinase 3 (PR3) to upregulate IL-6 and CCL3 for neutrophil recruitment. In addition,
the CTSC–PR3–IL-1β axis induces the formation of NETs which support the metastasis
of cancer cells in the lungs [68]. Furthermore, tumor-derived exosomes have been closely
linked to NET formation. Leal et al. found that tumor-derived exosomes of cancer patients
with prethrombotic states can induce NET release, and that NETs can serve as a scaffold
for tumor-derived exosomes and recruit them [58]. Colorectal cancer cells can transfer
mutant KRAS to neutrophils through exosomes, thereby promoting NET formation by
mediating upregulation of IL-8, ultimately leading to colorectal cancer deterioration [57].
This evidence supports the hypothesis that tumors can effectively induce NET formation
by modulating the tumor microenvironment.
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3. NETs Promote Tumor Metastasis 

Figure 1. Neutrophil extracellular trap (NET)-associated molecular mechanisms’ function in tumor metastasis. NETs act as
scaffolds mediating the capture of cancer cells and providing a microenvironment that can bring protumorigenic proteins
close to cancer cells. HMGB1, a highly conserved DNA binding protein, is one of the components of NETs. NETs trigger
HMGB1 release and activate TLR9-dependent pathways in cancer cells. The tumorigenic effects of TLR9 depend on NF-κB-
mediated upregulation of IL-6 expression and activation of a cascade of intracellular growth signaling pathways, including
MAP kinase pathways. NE released from NETs activates TLR-4 on cancer cells, leading to PGC-1α upregulation, increased
mitochondrial biogenesis and accelerated growth. NETs trap circulating tumor cells via β1-integrin-mediated interactions.
NE and MMP-9 sequentially cut laminin, an important component of the ECM, revealing an epitope that triggers the
proliferation of dormant cancer cells through integrin activation and FAK/ERK/MLCK/YAP signaling. Furthermore, the
transmembrane protein CCDC25 is a NET DNA receptor on cancer cells that senses extracellular DNA and subsequently
activates the ILK-β-parvin pathway to enhance cell motility. In turn, certain factors secreted by many primary tumors have
been shown to promote NET formation, such as cytokines (HIF-1α, IL-8, G-CSF, GROα, GROβ), proteases (CTSCs) and
exosomes. During these processes, targets for therapies have been postulated, and interfering drugs (blue arrows) have
already been used in clinical practice or are under investigation in vivo.

3. NETs Promote Tumor Metastasis

Metastasis is the major cause of cancer-related mortality. Tumor metastasis is a process
in which tumor cells leave the primary site and reach distant tissues or organs where they
form secondary lesions. Metastasis involves a series of events [69]: (1) local invasion, which
is facilitated by breakdown of the extracellular matrix (ECM); at the same time, the release
of cytokines embedded in the ECM further promotes the growth and survival of tumor
cells; (2) intravasation into the tumor vasculature; (3) escape of circulating tumor cells from
the immune system; (4) arrest in capillaries at the distant site and extravasation into the
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parenchyma of target organs; (5) entry into dormant tumor cells and reactivation; and (6)
colonization and development of macrometastases.

Recently, emerging studies have demonstrated that NETs participate in the entire
invasion–metastasis cascade process. In mouse models of lung cancer [62], ovarian can-
cer [65], colorectal cancer [21], pancreatic cancer [70] and breast cancer [71], depletion or
inhibition of NET formation significantly reduced the number of tumor metastases. Here,
we evaluate the role of NETs in tumor metastasis (Figure 2).

Cancers 2021, 13, x FOR PEER REVIEW 6 of 18 
 

 

Metastasis is the major cause of cancer-related mortality. Tumor metastasis is a pro-

cess in which tumor cells leave the primary site and reach distant tissues or organs where 

they form secondary lesions. Metastasis involves a series of events [69]: (1) local invasion, 

which is facilitated by breakdown of the extracellular matrix (ECM); at the same time, the 

release of cytokines embedded in the ECM further promotes the growth and survival of 

tumor cells; (2) intravasation into the tumor vasculature; (3) escape of circulating tumor 

cells from the immune system; (4) arrest in capillaries at the distant site and extravasation 

into the parenchyma of target organs; (5) entry into dormant tumor cells and reactivation; 

and (6) colonization and development of macrometastases. 

Recently, emerging studies have demonstrated that NETs participate in the entire 

invasion–metastasis cascade process. In mouse models of lung cancer [62], ovarian cancer 

[65], colorectal cancer [21], pancreatic cancer [70] and breast cancer [71], depletion or in-

hibition of NET formation significantly reduced the number of tumor metastases. Here, 

we evaluate the role of NETs in tumor metastasis (Figure 2). 

 

Figure 2. Involvement of NETs in tumor metastasis. Many stimuli including the hypoxic environment in growing solid 

tumors, inflammatory cytokines and activated platelets trigger NET formation in the tumor microenvironment. ① The 

existence of NETs promotes primary tumor growth through both the direct effect of NET components on the tumor cells 

themselves and the indirect effect of NETs on other components of the tumor microenvironment. ② Proteases in NETs 

can degrade the ECM, which subsequently releases cytokines to promote tumor cell growth and survival. ③ NETs can 

cover CTCs with platelets, creating a physical barrier between immune cells and CTCs that is difficult to penetrate. ④ 

Adhesion of massive NETs to the vasculature may initiate thrombosis by providing a scaffold for platelet adhesion, acti-

vation and thrombin generation. ⑤ NETs capture tumor cells and bind them to vascular walls via von Willebrand factor 

(VWF), disrupting the normal connections between endothelial cells and increasing the permeability of blood vessels, 

making it easier for tumor cells to break through the vascular walls to reach distant organs and form micrometastases. ⑥ 

The NET-associated proteases NE and MMP-9 can activate integrin α3β1 signaling by remodeling laminin, thus inducing 

the proliferation of dormant cancer cells. 

3.1. NETs in the Primary Tumor 
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Figure 2. Involvement of NETs in tumor metastasis. Many stimuli including the hypoxic environment in growing solid
tumors, inflammatory cytokines and activated platelets trigger NET formation in the tumor microenvironment. 1© The
existence of NETs promotes primary tumor growth through both the direct effect of NET components on the tumor cells
themselves and the indirect effect of NETs on other components of the tumor microenvironment. 2© Proteases in NETs can
degrade the ECM, which subsequently releases cytokines to promote tumor cell growth and survival. 3© NETs can cover
CTCs with platelets, creating a physical barrier between immune cells and CTCs that is difficult to penetrate. 4© Adhesion
of massive NETs to the vasculature may initiate thrombosis by providing a scaffold for platelet adhesion, activation and
thrombin generation. 5© NETs capture tumor cells and bind them to vascular walls via von Willebrand factor (VWF),
disrupting the normal connections between endothelial cells and increasing the permeability of blood vessels, making
it easier for tumor cells to break through the vascular walls to reach distant organs and form micrometastases. 6© The
NET-associated proteases NE and MMP-9 can activate integrin α3β1 signaling by remodeling laminin, thus inducing the
proliferation of dormant cancer cells.

3.1. NETs in the Primary Tumor
NETs Promote Tumor Growth

It has been reported that the existence of NETs promotes the growth of many types of
tumors. In chronic lymphocytic leukemia, it was demonstrated that NETs directly induce
CD5+ B cell proliferation by activating the NF-κB signaling pathway, providing a proof
of concept that NETs may directly influence tumor cell growth [54]. Neutrophils contain
relatively few mitochondria and derive most of their energy from glycolysis [72]. NE
released from NETs can increase mitochondrial biogenesis through PGC-1 upregulation
via activation of TLR-4 in cancer cells, further accelerating colorectal tumor growth [73]. In



Cancers 2021, 13, 2832 8 of 19

pancreatic tumors, DNA from neutrophils activates pancreatic stellate cells that form dense
and fibrous stroma, which can initiate and promote tumor proliferation [70]. In addition,
Demers et al. found the presence of NETs increased Lewis lung carcinoma tumors and
melanotic tumor growth [24].

These studies showed that NETs lead to a growth advantage for tumors not only by
directly proliferating tumor cells but also by indirectly altering the tumor microenvironment
and altering tumor metabolism.

3.2. NETs in Local Invasion
NETs Degrade the ECM

Degradation of the ECM to break through the basement membrane is the first step
in tumor cell invasion and metastasis. The NET DNA backbone can act as a proteolysis
scaffold, ornamented by a variety of proteases such as NE, matrix metalloproteinase 9
(MMP9) and cathepsin G (CG).

NE can be released from neutrophils independent of NET formation but can be rapidly
inactivated by plasma antiproteases [74]. Belorgey et al. indirectly proved that NE activity
is still present in NETs because the DNA retains the proteolytic activity of NE for extended
periods by suppressing the effect of the anti-elastase control system [74,75]. It was also
proved that NE plays an important role in the pathological functions of NETs. Recent
research revealed that released NE and MMP-9 in NETs can sequentially cleave laminin,
which is an important component of the ECM [19]. However, there are a few direct pieces
of evidence about NE’s and other proteases’ activity in NETs. The majority of studies only
analyzed the role of neutrophil-related granule proteins in the process of NET formation
but did not pay attention to these enzymes’ activity after the release of these proteins from
neutrophil granules. The functions of neutrophil-related granule proteins in NETs and the
initiation process of tumor metastasis still need further exploration.

3.3. NETs in Vascular Permeability
3.3.1. NETs Disrupt Blood Vessel Integrity

The maintenance and stability of vascular integrity primarily depend on the tight
connection between vascular endothelial cells. NETs have been reported to increase
vascular permeability to promote metastasis.

NETs that persist in the microcirculation can stimulate vascular endothelial cells to
endocytose NETs. Intracellular NET-associated elastase can promote nuclear translocation
of junctional β-catenin and lead to downregulation of the intercellular connection protein
VE-cadherin which further induces endothelial-to-mesenchymal transition [76]. However,
endothelial cells have a limited capacity to internalize NETs via the receptor of advanced
glycation end-products. An overflow of the phagocytic capacity of endothelial cells for
NETs resulted in the persistent extracellular presence of NETs, which rapidly altered
endothelial cell–cell connections and induced transendothelial albumin leakage through
elastase-mediated proteolysis of the intercellular junction protein VE-cadherin [76]. In vivo
animal experiments have shown that NETs capture tumor cells and bind them to vascular
walls via von Willebrand factor (VWF) [77]. NETs possess NE proteolytic activity to disrupt
the tight connection between endothelial cells and increase the permeability of blood
vessels [77].

Similar phenomena were also observed in autoimmune disorders (such as lupus
nephritis) [76] and infectious inflammation (such as bloodstream infection with methicillin-
resistant Staphylococcus aureus) [77]. The underlying mechanisms of NET-mediated interac-
tions between tumor cells and endothelial cells deserve further research.

3.3.2. NETs Promote Thrombosis

Cancer-associated thrombosis is linked to poor prognosis and is the second leading
cause of death in cancer patients but often lacks a clear etiology [78]. Nucleic acids and
nuclear components have been shown to induce coagulation [79]. Recent studies have
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shown that excessive NET release in tumor tissue is procoagulant and prothrombotic.
Thalin et al. found that the cancer-induced systemic NET burden resulted in widespread
arterial thrombotic events in the brain and heart injury [80]. The relationship between
NETs and cancer-associated thrombosis has also been found in other cancer types. In
the late stages of a breast carcinoma model, NET formation occurs concomitantly with
the appearance of venous thrombi in the lung [48]. Moreover, Wolach et al. found that
neutrophils from patients with myeloproliferative neoplasms (MPNs), characterized by a
mutation constitutively activating JAK2 signaling, were also primed for NET formation.
Inhibition of constitutively active JAK2 abrogated NET formation and reduced thrombotic
events associated with the mutation [36], suggesting the importance of neutrophils and
NETs in cancer-associated thrombosis. NET-associated microthrombi and high circulat-
ing levels of G-CSF were also detected in patients with ischemic stroke and underlying
cancer, further linking a cancer-induced systemic NET burden to widespread arterial
microthrombosis [80].

NETs promote thrombosis in several ways. Fuchs et al. demonstrated that NETs
provide a physical scaffold for thrombus growth by capturing platelets and red blood
cells [7]. Platelets interact with NETs through DNA–histone complexes or by binding to
plasma proteins, such as VWF and fibronectin [7]. In addition, NETs can activate platelets
and coagulation factors to stimulate coagulation [38]. Moreover, tumor-derived exosomes,
found in cancer patients with a prothrombotic state, have been shown to stimulate NET
formation [58], bind to NETs [80] and cooperatively accelerate venous thrombosis in tumor-
free mice [58,80].

These studies provide a new insight into the role of NETs in inducing thrombosis.
It will be interesting to explore whether NET-induced thrombosis is involved in tumor
metastasis. NET inhibitors may reduce cancer-associated thrombosis and improve the
prognosis of cancer patients.

3.4. NETs in the Circulation System
NETs Promote Immune Escape

Circulating tumor cells (CTCs) are cancer cells that circulate in the bloodstream
after being naturally shed from the original or metastatic tumor and may lead to a new
metastasis [81,82]. Millions of tumor cells are released into the circulation system every
day, yet many cancer patients never relapse after a long period of latency without clinically
manifesting disease. This might be because the CTCs do not survive in the blood circulation
during the process of metastasis, and only a minority of the surviving CTCs can successfully
establish new metastatic clones [69].

CTCs must survive blood flow shear forces and immune system challenges [83]. Based
on the trapping characteristics of NETs, some reviews have speculated that NETs can cover
CTCs with platelets, creating a physical barrier between immune cells and CTCs that
is difficult to penetrate [84,85]. However, evidence to support this speculation is scant.
Very recently, these conjectures were verified in succession [86,87]. Ren et al. found that
surgical stress-activated platelets enhance the formation of platelet–tumor cell aggregates,
facilitating their entrapment by NETs and subsequent distant metastasis. A murine hepatic
ischemia/reperfusion (I/R) injury model of localized surgical stress showed that depletion
of platelets inhibited the capture of CTCs by NETs and eventual metastasis to the lungs.
Blocking platelet activation or knocking out TLR4 protected mice from hepatic I/R-induced
metastasis with no CTC entrapment by NETs [86]. Teijeira et al. observed that NETs wrap
and coat tumor cells in intravital microscopy. In their hands, NETs shield tumor cells from
cytotoxicity, as mediated by CD8+ T cells and natural killer cells, by obstructing contact
between immune cells and the surrounding target cells [87].

These results reveal a novel detail of the mechanism of tumor immune escape. Tar-
geted disruption of the interaction between platelets, tumor cells and NETs holds therapeu-
tic promise to prevent postoperative distant metastasis.
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3.5. NETs in the Extravasation Step in Distant Organs
NETs Trapping Tumor Cells in Capillaries and Promoting Their Extravasation

Once CTCs are entrapped in or adhered to capillaries, they extravasate into the
surrounding tissue and form micrometastases [88]. This extravasation is crucial for metas-
tasis [88]. NETs can increase the sequestration of tumor cells in distant organs by trapping
tumor cells in capillaries, which leads to increased colonization.

Cools-Lartigue et al. reported extensive NET deposition in the microvasculature
of peripheral organs in systemic sepsis, resulting in increased tumor cell adhesion to
the hepatic and pulmonary microvasculature in vivo [62]. Images in this study obtained
via confocal or electron microscopy demonstrated cancer cells trapped within webs of
extracellular DNA, while neutrophils could not directly contact tumor cells, suggesting
that the adhesive mechanism was mainly mediated by trapping within NETs [62]. Using
preclinical murine models of lung and colon cancer in combination with intravital video
microscopy, Rayes et al. confirmed that NETs promote adhesion of CTCs to the lung and
liver, thereby functionally promoting metastasis progression. Blocking NET formation
through multiple strategies significantly inhibits spontaneous metastasis [66]. Najmeh et al.
demonstrated that β1-integrin is an important factor mediating the interactions between
CTCs and NETs. They showed that β1-integrin expression on both cancer cells and NETs
is important for the adhesion of CTCs to NETs both in vitro and in vivo. The early events
of extravasation can be eliminated by blocking NETs using various strategies [89]. To
intervene in this process, further research is needed to understand the exact molecular
nature of the underlying mechanisms.

3.6. NETs in Organotropic Metastasis
NETs Predict Metastatic Organotropism

There is abundant evidence that certain cancer cells have a highly organotropic prefer-
ence to colonize certain distant organs and to establish metastases. Ovarian cancer cells
usually preferentially seed in the lungs, liver, bones and omentum [90]. It is easier for
colon cancer cells to metastasize to the liver and lung [91]. The organ-specific homes
for metastases are considered premetastatic niches, predetermined microenvironments
induced by tumors in distant organs, that are conducive to the survival and outgrowth of
tumor cells before their arrival [92].

Neutrophils have been linked to the formation of the premetastatic niches. Lee et al.
found that early-stage ovarian tumors, especially those of high metastatic potential, induce
NET formation in the premetastatic omental niche. Subsequent studies showed that NET
formation in the premetastatic omental niche promotes the implantation of ovarian cancer
cells. Moreover, ovarian cancer cells showed reduced metastasis to the omentum in NET-
deficient mice, suggesting the possibility that blockade of NET formation can prevent
omental metastasis [65]. Surprisingly, rather than merely acting as a “trap” for “passer-by”
cancer cells, NET DNA also acts as a chemotactic factor to attract cancer cells. Yang et al.
identified the transmembrane protein CCDC25 as a NET DNA receptor of cancer cells
that senses extracellular DNA and subsequently activates the ILK-β-parvin pathway to
enhance cell motility. They found that NETs are abundant in the liver metastases of patients
with breast and colon cancers, which generally correspond to metastatic organotropism
of these cancers [93]. A recent study reported further mechanisms of interaction between
NETs and tumor cells in lung premetastatic niches of breast cancer. Xiao et al. found that
the tumor-secreted protease cathepsin C (CTSC) promotes breast-to-lung metastasis by
regulating the recruitment of neutrophils and formation of NETs [68].

Overall, these findings indicate that the level of NETs formed in distant organs reflects
the metastasis potential and organotropism of the tumor and that detection of NETs can be
used for treatment selection and prognosis estimation.
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3.7. NETs in Micrometastases/Colony Formation
3.7.1. NETs Promote the Proliferation of Micrometastases

Many patients already have tiny tumor deposits at the time of surgery that may
contribute to postoperative tumor recurrence [94]. Cools-Lartigue et al. proposed that
following sequestration within NETs, CTCs are able to form stable micrometastatic foci and
ultimately grow to form macrometastases [95]. This implies that trapped cancer cells can
not only survive but also grow and proliferate. This phenomenon was also confirmed in
other studies. A time-lapse video revealed that human gastric cancer cells trapped by NETs
did not die but grew vigorously in continuous culture [96]. Tohme et al. demonstrated that
NETs affect the growth of existing micrometastases in animal models. Mice treated with
DNase displayed significantly decreased tumor growth with smaller and less numerous
tumors [21]. After abdominal surgery, NETs on the peritoneum gather the disseminated
tumor cells and provide a favorable microenvironment for the survival of the cells [96].

These results support the hypothesis that NET formation plays an important role
in micrometastasis growth, and disruption of NETs may be clinically useful to prevent
postoperative tumor recurrence.

3.7.2. NETs Activate Dormant Cancer Cells

Cancer cells that have disseminated to distant tissues are able to remain dormant
for years, even decades, before relapsing or awaking. T cells and natural killer cells can
eliminate disseminated cancer cells as they begin to proliferate, which keeps cancer cells
at a clinically undetectable level [97–99]. The mechanisms by which dormant cancer cells
become awakened or resume proliferation remain largely unknown.

Several recent studies found that the formation of NETs can activate dormant tumor
cells [19]. Albrengues et al. found that sustained lung inflammation caused by tobacco
smoke exposure or nasal instillation of lipopolysaccharide converted disseminated, dor-
mant cancer cells to aggressively growing metastases [19] in mouse models. Mechanistic
analysis revealed that two NET-associated proteases, NE and MMP-9, sequentially cleaved
laminin-411 and laminin-511 in the niche around blood vessels, which has been shown
to regulate the dormant state of breast cancer [100]. Proteolytically remodeled laminin
induces proliferation of dormant cancer cells by activating integrin α3β1 signaling [19].

Therefore, the postoperative lifestyle of cancer patients is significant for preventing
tumor recurrence. Inhibitors against NETs may prevent dormant cells from recovering and
extend the survival time of cancer patients.

4. The Clinical Significance of NETs

Recent studies have shown that NETs are closely related to tumor metastasis and have
significant clinical relevance. Patients with advanced cancer had higher levels of circulating
NETs than healthy individuals and even local cancer patients [66,70]. In addition, high
levels of NETs were associated with a worse prognosis. High circulating levels of NETs in
colorectal cancer were associated with more postoperative complications and higher cancer
recurrence rates [21,85,101]. Tumor-infiltrated NETs in pancreatic ductal adenocarcinoma
predict poor postoperative survival [102]. In Ewing sarcoma, patients with high circulating
levels of NETs and NET deposition in tumor tissue samples were prone to metastasis and
early recurrence after intensive chemotherapy [103,104]. Yang et al. found that the level
of serum NETs predicted the occurrence of liver metastasis in patients with early-stage
breast cancer [93]. These clinical results suggest the potential of NETs as a biomarker for
diagnosis and prognosis as well as a target for therapy and interference.

4.1. NETs as a Cancer Biomarker

As a cancer biomarker, NET levels are usually detected in tumor tissues or serum.
Diverse NET-associated molecules can be conveniently detected such as citrullinated
histone H3 (citH3) [105–107], MPO [21,64], NE [64,108], HMGB1 [52,53], histone H1 [64],
histone H2 [16] and histone H4 [25]. Other putative biomarkers of NETs include cell-free
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DNA (cfDNA) and nucleosomes, which may sometimes be contaminated by cellular decay
or apoptosis [106]. In addition, SytoxGreen, a cell-impermeable dye, can be used to stain
extracellular DNA because it intercalates into cell-free DNA and enters dead cells but
not live cells [65]. CitH3 is formed as a result of PAD4-mediated citrullination during
NET formation and is the most specific biomarker of NETs [107]. Higher levels of citH3
were observed in the plasma of patients with advanced malignancies than in healthy
individuals or patients without cancer [105]. In fact, elevated circulating citH3 levels have
been associated with high mortality in cancer patients [107]. In addition, based on the
report that citH3 levels in plasma can predict the risk of venous thromboembolism in cancer
patients [106], several clinical trials are currently preparing to quantify NET levels as a
tumor associated-thrombosis biomarkers in myeloproliferative neoplasms (NCT04177576,
https://clinicaltrials.gov, accessed on 26 November 2019), pancreatic cancer, gastric cancer
and colon cancer (NCT04294589, https://clinicaltrials.gov, accessed on 4 March 2020).
Similarly, according to MPO-DNA quantification, NET-specific DNA was significantly
correlated with the clinical stage of pancreatic cancer at presentation [70]. Metastatic
colorectal cancer patients showed increased intratumoral NETs in tissues and aberrant
levels of preoperative serum MPO-dsDNA. Higher MPO-dsDNA levels were correlated
with a shorter survival time [73]. These studies suggest NETs as biomarker candidates
to guide clinical diagnosis and treatment and to assess the prognosis of cancer patients.
However, we should be cautious about the standard of “normal” levels of NETs, since NET
levels may be aberrant in patients with other diseases [43].

4.2. NETs as a Therapeutic Target

Considering the significant prometastatic functions of NETs, targeting NETs can be a
promising approach against tumor metastasis. Animal studies have shown inhibition of
tumor metastasis by blocking NET formation with the application of small molecule drugs
such as DNase [21,58,62,66], CTSC inhibitors [68], PAD4 inhibitors [19,64,109,110] and NE
inhibitors [62,66]. DNase I treatment suppressed the development of gross metastases
and the growth of established liver micrometastases in metastatic colorectal cancer animal
models [21]. AZD7986 is a second-generation CTSC inhibitor and a therapeutic candi-
date for neutrophil-driven inflammatory diseases, such as chronic obstructive pulmonary
disease [111,112]. Interestingly, targeting CTSC with the compound AZD7986 effectively
suppressed circulating pulmonary NETs and alleviated lung metastasis of breast cancer in
a mouse model, but there was no effect on primary tumor growth [68]. The PAD4 inhibitor
Cl-amidine significantly reduced NET formation, but the number of breast cancer cells that
extravasated into the lung tissue was not altered [64]. Another PAD4 inhibitor, GSK484,
was recently shown to prevent tumor-associated renal dysfunction in mice, and the effect
was determined to be NET-mediated [109,110]. By preventing NET formation through
DNase or NE inhibitors and in PAD4-defective mouse models, NET-deficient mice showed
reduced spontaneous lung and liver metastasis of lung carcinoma cells [66].

The development of clinical therapies specifically targeting NETs in cancer is in its
infancy. For instance, DNase has already been in clinical use for decades for the manage-
ment of cystic fibrosis, demonstrating its safety as a drug [113]. Therefore, some clinical
tests have evaluated the effectiveness of DNase in cancer. Pulmozyme, a recombinant
human DNase, has been evaluated in a phase 1 trial in head and neck cancer patients
treated with radiotherapy and chemotherapy (NCT00536952, https://clinicaltrials.gov,
accessed on 28 September 2007). In a phase 2 clinical trial, combination treatment with
Oshadi D (DNase in an Oshadi carrier) and Oshadi R (RNase in an Oshadi carrier) was
shown to have antitumor activity and a good safety profile in patients with acute myeloid
leukemia or acute lymphoid leukemia (NCT02462265, https://clinicaltrials.gov, accessed
on 4 June 2015). In addition, metformin is a well know antidiabetic drug, which is used
since many decades and its pharmacology is well characterized. Metformin is also widely
used in cancer treatment, but its mechanism is not completely understood. A recent clinical
trial revealed an interesting anti-NET activity of metformin, this effect was related to
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the inhibitory effect exerted by metformin on the PKC-NADPH oxidase pathway [114].
Moreover, hydroxychloroquine, an autophagy inhibitor, can inhibit NET formation [115].
Correlative data from patients with pancreatic adenocarcinoma suggested that treatment
with hydroxychloroquine diminished hypercoagulability and reduced the perioperative
venous thromboembolism rate from 30 to 9.1% [116]. However, the consequences of sup-
pressing NET formation must be carefully evaluated. Injection of these NET inhibitors may
have off-target effects, including compromising the immune function of NETs. It is possible
that some patient groups, such as elderly cancer patients with compromised immunity, are
not suited for this type of therapy.

These findings support the potential of NET-targeting approaches for cancer treatment.
Therefore, the molecular mechanisms underlying the role of NETs in tumor metastasis
should be further studied to supply referential data for clinical treatment.

5. Conclusions

In the tumor microenvironment, neutrophils have varied functions that influence
cancer development and progression. Recent studies have shown that NETs, a novel
function of neutrophils, play a vital role in tumor progression, which opens a new research
vision of neutrophils in tumor metastasis.

In tumor progression, NETs participate in the overall invasion–metastasis cascade
response, and the molecular mechanisms underlying the role of NETs in these processes
need to be further studied to provide evidence for clinical treatment. In addition, like
macrophages, TANs may acquire either an antitumor activity (N1 TANs) or protumor
activity (N2 TANs) [10]. Whether different TAN subtypes have different NET formation
abilities, which TAN subtype the NETs studied thus far have employed and whether NETs
from different sources have different functions remain elusive. Moreover, some studies
suggest that NETs not only directly influence tumor cells but also influence other cells in
the tumor microenvironment, such as macrophages [30], vascular endothelial cells [76] and
pancreatic stellate cells [70]. However, these studies involved only a few cell types, and a
more comprehensive understanding of the role of NETs in the tumor microenvironment
is needed.

For clinical studies, the relevance of NET levels to mortality, clinical stage and the
survival time of cancer patients shows the potential of NETs to guide clinical diagnosis
as a cancer biomarker candidate. Therefore, it is necessary to improve the NET detection
method and ascertain a detection standard. It is difficult to identify which diseases the de-
tected NETs are derived from, which is a challenge in utilizing NETs as a cancer biomarker.
The detection of neutrophil cytoplasts has the potential to be a complementary method
with NET detection, but there are few studies on neutrophil cytoplasts. Another major
problem is the lack of standardization in NETs. It is difficult to integrate and evaluate
NET levels in healthy people and patients because researchers evaluate NET levels in their
own systems. To date, the drugs targeting NETs have a beneficial effect in animal models,
and some NET inhibitors have been screened as drug candidates due to their safety and
have shown potential for improving cancer treatment; however, in cancer patients, recent
studies have not provided conclusive evidence of the efficacy of this approach. Indeed,
it will be necessary to focus subsequent research on drug therapy targeting NETs. It has
been reported that NETs have a direct therapeutic effect playing an immune regulatory
role in bladder cancer [117,118]. Therefore, balancing between the immune function and
the tumor-promoting action of NETs by regulating the dosage and delivery methods of
drugs as much as possible is a significant challenge. Clinical trials of NET-targeted drugs
in cancer patients can be carried out gradually. Targeting NETs might be a promising
approach against tumor metastasis.

Author Contributions: Q.C. and W.Z. conceived the work; Q.C. drafted original manuscript and
generated the figures; Q.C., W.Z., L.Z. and X.L revised the manuscript; Q.C., W.Z., L.Z. and X.L.
revised the figures, table and references; W.Z. and L.Z. supervised the work. All authors have read
and agreed to the published version of the manuscript.



Cancers 2021, 13, 2832 14 of 19

Funding: This research was funded by the National Natural Science Foundation of China (grant
number, 31771540, 81972276), Natural Scientific Foundation of Zhejiang Province of China (grant
number, LYY19H310011) and the Fundamental Research Funds for the Central Universities (grant
number, 2021QNA7004).

Data Availability Statement: Data sharing is not applicable to this article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Brinkmann, V.; Reichard, U.; Goosmann, C.; Fauler, B.; Uhlemann, Y.; Weiss, D.S.; Weinrauch, Y.; Zychlinsky, A. Neutrophil

extracellular traps kill bacteria. Science 2004, 303, 1532–1535. [CrossRef]
2. Saitoh, T.; Komano, J.; Saitoh, Y.; Misawa, T.; Takahama, M.; Kozaki, T.; Uehata, T.; Iwasaki, H.; Omori, H.; Yamaoka, S.; et al.

Neutrophil Extracellular Traps Mediate a Host Defense Response to Human Immunodeficiency Virus-1. Cell Host Microbe 2012,
12, 109–116. [CrossRef] [PubMed]

3. Castanheira, F.V.S.; Kubes, P. Neutrophils and NETs in modulating acute and chronic inflammation. Blood 2019, 133, 2178–2185.
[CrossRef]

4. Wong, S.L.; Wagner, D.D. Peptidylarginine deiminase 4: A nuclear button triggering neutrophil extracellular traps in inflammatory
diseases and aging. FASEB J. 2018, 32, 6358–6370. [CrossRef]

5. Jorch, S.K.; Kubes, P. An emerging role for neutrophil extracellular traps in noninfectious disease. Nat. Med. 2017, 23, 279–287.
[CrossRef] [PubMed]

6. Boeltz, S.; Amini, P.; Anders, H.J.; Andrade, F.; Bilyy, R.; Chatfield, S.; Cichon, I.; Clancy, D.M.; Desai, J.; Dumych, T.; et al. To NET
or not to NET:current opinions and state of the science regarding the formation of neutrophil extracellular traps. Cell Death Differ.
2019, 26, 395–408. [CrossRef] [PubMed]

7. Fuchs, T.A.; Brill, A.; Duerschmied, D.; Schatzberg, D.; Monestier, M.; Myers, D.D.; Wrobleski, S.K.; Wakefield, T.W.; Hartwig,
J.H.; Wagner, D.D. Extracellular DNA traps promote thrombosis. Proc. Natl. Acad. Sci. USA 2010, 107, 15880–15885. [CrossRef]

8. Brill, A.; Fuchs, T.A.; Savchenko, A.S.; Thomas, G.M.; Martinod, K.; De Meyer, S.F.; Bhandari, A.A.; Wagner, D.D. Neutrophil
extracellular traps promote deep vein thrombosis in mice. J. Thromb. Haemost. 2012, 10, 136–144. [CrossRef]

9. Lee, K.H.; Kronbichler, A.; Park, D.D.; Park, Y.; Moon, H.; Kim, H.; Choi, J.H.; Choi, Y.; Shim, S.; Lyu, I.S.; et al. Neutrophil
extracellular traps (NETs) in autoimmune diseases: A comprehensive review. Autoimmun. Rev. 2017, 16, 1160–1173. [CrossRef]
[PubMed]

10. Masucci, M.T.; Minopoli, M.; Carriero, M.V. Tumor Associated Neutrophils. Their Role in Tumorigenesis, Metastasis, Prognosis
and Therapy. Front. Oncol. 2019, 9, 1146. [CrossRef]

11. Shaul, M.E.; Fridlender, Z.G. Cancer-related circulating and tumor-associated neutrophils—Subtypes, sources and function. FEBS
J. 2018, 285, 4316–4342. [CrossRef]

12. Leone, P.; Solimando, A.G.; Malerba, E.; Fasano, R.; Buonavoglia, A.; Pappagallo, F.; De Re, V.; Argentiero, A.; Silvestris, N.; Vacca,
A.; et al. Actors on the Scene: Immune Cells in the Myeloma Niche. Front. Oncol. 2020, 10, 599098. [CrossRef]

13. Templeton, A.J.; McNamara, M.G.; Seruga, B.; Vera-Badillo, F.E.; Aneja, P.; Ocana, A.; Leibowitz-Amit, R.; Sonpavde, G.; Knox,
J.J.; Tran, B.; 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. [CrossRef]

14. Galluzzi, L.; Vitale, I.; Aaronson, S.A.; Abrams, J.M.; Adam, D.; Agostinis, P.; Alnemri, E.S.; Altucci, L.; Amelio, I.; Andrews, D.W.;
et al. Molecular mechanisms of cell death: Recommendations of the Nomenclature Committee on Cell Death 2018. Cell Death
Differ. 2018, 25, 486–541. [CrossRef] [PubMed]

15. Branzk, N.; Papayannopoulos, V. Molecular mechanisms regulating NETosis in infection and disease. Semin. Immunopathol. 2013,
35, 513–530. [CrossRef]

16. McDonald, B.; Urrutia, R.; Yipp, B.G.; Jenne, C.N.; Kubes, P. Intravascular neutrophil extracellular traps capture bacteria from the
bloodstream during sepsis. Cell Host Microbe 2012, 12, 324–333. [CrossRef] [PubMed]

17. Pilsczek, F.H.; Salina, D.; Poon, K.K.H.; Fahey, C.; Yipp, B.G.; Sibley, C.D.; Robbins, S.M.; Green, F.H.Y.; Surette, M.G.; Sugai, M.;
et al. A Novel Mechanism of Rapid Nuclear Neutrophil Extracellular Trap Formation in Response to Staphylococcus aureus. J.
Immunol. 2010, 185, 7413–7425. [CrossRef] [PubMed]

18. Phillipson, M.; Kubes, P. The neutrophil in vascular inflammation. Nat. Med. 2011, 17, 1381–1390. [CrossRef]
19. Albrengues, J.; Shields, M.A.; Ng, D.; Park, C.G.; Ambrico, A.; Poindexter, M.E.; Upadhyay, P.; Uyeminami, D.L.; Pommier, A.;

Kuttner, V.; et al. Neutrophil extracellular traps produced during inflammation awaken dormant cancer cells in mice. Science
2018, 361, eaao4227. [CrossRef]

20. McInturff, A.M.; Cody, M.J.; Elliott, E.A.; Glenn, J.W.; Rowley, J.W.; Rondina, M.T.; Yost, C.C. Mammalian target of rapamycin
regulates neutrophil extracellular trap formation via induction of hypoxia-inducible factor 1 alpha. Blood 2012, 120, 3118–3125.
[CrossRef] [PubMed]

21. Tohme, S.; Yazdani, H.O.; Al-Khafaji, A.B.; Chidi, A.P.; Loughran, P.; Mowen, K.; Wang, Y.; Simmons, R.L.; Huang, H.; Tsung, A.
Neutrophil Extracellular Traps Promote the Development and Progression of Liver Metastases after Surgical Stress. Cancer Res.
2016, 76, 1367–1380. [CrossRef]

http://doi.org/10.1126/science.1092385
http://doi.org/10.1016/j.chom.2012.05.015
http://www.ncbi.nlm.nih.gov/pubmed/22817992
http://doi.org/10.1182/blood-2018-11-844530
http://doi.org/10.1096/fj.201800691R
http://doi.org/10.1038/nm.4294
http://www.ncbi.nlm.nih.gov/pubmed/28267716
http://doi.org/10.1038/s41418-018-0261-x
http://www.ncbi.nlm.nih.gov/pubmed/30622307
http://doi.org/10.1073/pnas.1005743107
http://doi.org/10.1111/j.1538-7836.2011.04544.x
http://doi.org/10.1016/j.autrev.2017.09.012
http://www.ncbi.nlm.nih.gov/pubmed/28899799
http://doi.org/10.3389/fonc.2019.01146
http://doi.org/10.1111/febs.14524
http://doi.org/10.3389/fonc.2020.599098
http://doi.org/10.1093/jnci/dju124
http://doi.org/10.1038/s41418-017-0012-4
http://www.ncbi.nlm.nih.gov/pubmed/29362479
http://doi.org/10.1007/s00281-013-0384-6
http://doi.org/10.1016/j.chom.2012.06.011
http://www.ncbi.nlm.nih.gov/pubmed/22980329
http://doi.org/10.4049/jimmunol.1000675
http://www.ncbi.nlm.nih.gov/pubmed/21098229
http://doi.org/10.1038/nm.2514
http://doi.org/10.1126/science.aao4227
http://doi.org/10.1182/blood-2012-01-405993
http://www.ncbi.nlm.nih.gov/pubmed/22919032
http://doi.org/10.1158/0008-5472.CAN-15-1591


Cancers 2021, 13, 2832 15 of 19

22. Naffah de Souza, C.; Breda, L.C.D.; Khan, M.A.; de Almeida, S.R.; Camara, N.O.S.; Sweezey, N.; Palaniyar, N. Alkaline pH
Promotes NADPH Oxidase-Independent Neutrophil Extracellular Trap Formation: A Matter of Mitochondrial Reactive Oxygen
Species Generation and Citrullination and Cleavage of Histone. Front. Immunol. 2017, 8, 1849. [CrossRef]

23. Yousefi, S.; Mihalache, C.; Kozlowski, E.; Schmid, I.; Simon, H.U. Viable neutrophils release mitochondrial DNA to form
neutrophil extracellular traps. Cell Death Differ. 2009, 16, 1438–1444. [CrossRef] [PubMed]

24. Demers, M.; Wong, S.L.; Martinod, K.; Gallant, M.; Cabral, J.E.; Wang, Y.; Wagner, D.D. Priming of neutrophils toward NETosis
promotes tumor growth. Oncoimmunology 2016, 5, e1134073. [CrossRef]

25. Silvestre-Roig, C.; Braster, Q.; Wichapong, K.; Lee, E.Y.; Teulon, J.M.; Berrebeh, N.; Winter, J.; Adrover, J.M.; Santos, G.S.; Froese,
A.; et al. Externalized histone H4 orchestrates chronic inflammation by inducing lytic cell death. Nature 2019, 569, 236–240.
[CrossRef]

26. Yipp, B.G.; Petri, B.; Salina, D.; Jenne, C.N.; Scott, B.N.; Zbytnuik, L.D.; Pittman, K.; Asaduzzaman, M.; Wu, K.; Meijndert, H.C.;
et al. Infection-induced NETosis is a dynamic process involving neutrophil multitasking in vivo. Nat. Med. 2012, 18, 1386–1393.
[CrossRef]

27. Schauer, C.; Janko, C.; Munoz, L.E.; Zhao, Y.; Kienhofer, D.; Frey, B.; Lell, M.; Manger, B.; Rech, J.; Naschberger, E.; et al.
Aggregated neutrophil extracellular traps limit inflammation by degrading cytokines and chemokines. Nat. Med. 2014, 20,
515–521. [CrossRef]

28. Chatfield, S.M.; Grebe, K.; Whitehead, L.W.; Rogers, K.L.; Nebl, T.; Murphy, J.M.; Wicks, I.P. Monosodium Urate Crystals Generate
Nuclease-Resistant Neutrophil Extracellular Traps via a Distinct Molecular Pathway. J. Immunol. 2018, 200, 1802–1816. [CrossRef]
[PubMed]

29. van der Windt, D.J.; Sud, V.; Zhang, H.; Varley, P.R.; Goswami, J.; Yazdani, H.O.; Tohme, S.; Loughran, P.; O’Doherty, R.M.;
Minervini, M.I.; et al. Neutrophil extracellular traps promote inflammation and development of hepatocellular carcinoma in
nonalcoholic steatohepatitis. Hepatology 2018, 68, 1347–1360. [CrossRef]

30. Warnatsch, A.; Ioannou, M.; Wang, Q.; Papayannopoulos, V. Inflammation. Neutrophil extracellular traps license macrophages
for cytokine production in atherosclerosis. Science 2015, 349, 316–320. [CrossRef] [PubMed]

31. Palladino, E.N.D.; Katunga, L.A.; Kolar, G.R.; Ford, D.A. 2-Chlorofatty acids: Lipid mediators of neutrophil extracellular trap
formation. J. Lipid Res. 2018, 59, 1424–1432. [CrossRef] [PubMed]

32. Wang, L.; Zhou, X.; Yin, Y.; Mai, Y.; Wang, D.; Zhang, X. Hyperglycemia Induces Neutrophil Extracellular Traps Formation
Through an NADPH Oxidase-Dependent Pathway in Diabetic Retinopathy. Front. Immunol. 2018, 9, 3076. [CrossRef]

33. Sollberger, G.; Tilley, D.O.; Zychlinsky, A. Neutrophil Extracellular Traps: The Biology of Chromatin Externalization. Dev. Cell
2018, 44, 542–553. [CrossRef] [PubMed]

34. Fuchs, T.A.; Abed, U.; Goosmann, C.; Hurwitz, R.; Schulze, I.; Wahn, V.; Weinrauch, Y.; Brinkmann, V.; Zychlinsky, A. Novel cell
death program leads to neutrophil extracellular traps. J. Cell Biol. 2007, 176, 231–241. [CrossRef] [PubMed]

35. Brinkmann, V.; Laube, B.; Abu Abed, U.; Goosmann, C.; Zychlinsky, A. Neutrophil extracellular traps: How to generate and
visualize them. J. Vis. Exp. 2010, 24, 1724. [CrossRef] [PubMed]

36. Wolach, O.; Sellar, R.S.; Martinod, K.; Cherpokova, D.; McConkey, M.; Chappell, R.J.; Silver, A.J.; Adams, D.; Castellano, C.A.;
Schneider, R.K.; et al. Increased neutrophil extracellular trap formation promotes thrombosis in myeloproliferative neoplasms.
Sci. Transl. Med. 2018, 10, eaan8292. [CrossRef] [PubMed]

37. Neeli, I.; Radic, M. Opposition between PKC isoforms regulates histone deimination and neutrophil extracellular chromatin
release. Front. Immunol. 2013, 4, 38. [CrossRef] [PubMed]

38. Sorvillo, N.; Cherpokova, D.; Martinod, K.; Wagner, D.D. Extracellular DNA NET-Works With Dire Consequences for Health.
Circ. Res. 2019, 125, 470–488. [CrossRef] [PubMed]

39. Papayannopoulos, V.; Metzler, K.D.; Hakkim, A.; Zychlinsky, A. Neutrophil elastase and myeloperoxidase regulate the formation
of neutrophil extracellular traps. J. Cell Biol. 2010, 191, 677–691. [CrossRef]

40. Amini, P.; Stojkov, D.; Felser, A.; Jackson, C.B.; Courage, C.; Schaller, A.; Gelman, L.; Soriano, M.E.; Nuoffer, J.M.; Scorrano, L.;
et al. Neutrophil extracellular trap formation requires OPA1-dependent glycolytic ATP production. Nat. Commun. 2018, 9, 2958.
[CrossRef] [PubMed]

41. Krishnamoorthy, N.; Douda, D.N.; Bruggemann, T.R.; Ricklefs, I.; Duvall, M.G.; Abdulnour, R.E.; Martinod, K.; Tavares, L.; Wang,
X.; Cernadas, M.; et al. Neutrophil cytoplasts induce TH17 differentiation and skew inflammation toward neutrophilia in severe
asthma. Sci. Immunol. 2018, 3, eaao4747. [CrossRef]

42. Etulain, J.; Martinod, K.; Wong, S.L.; Cifuni, S.M.; Schattner, M.; Wagner, D.D. P-selectin promotes neutrophil extracellular trap
formation in mice. Blood 2015, 126, 242–246. [CrossRef] [PubMed]

43. Snoderly, H.T.; Boone, B.A.; Bennewitz, M.F. Neutrophil extracellular traps in breast cancer and beyond: Current perspectives on
NET stimuli, thrombosis and metastasis, and clinical utility for diagnosis and treatment. Breast Cancer Res. BCR 2019, 21, 145.
[CrossRef]

44. Gupta, A.K.; Hasler, P.; Holzgreve, W.; Gebhardt, S.; Hahn, S. Induction of neutrophil extracellular DNA lattices by placental
microparticles and IL-8 and their presence in preeclampsia. Hum. Immunol. 2005, 66, 1146–1154. [CrossRef]

45. Gupta, A.K.; Joshi, M.B.; Philippova, M.; Erne, P.; Hasler, P.; Hahn, S.; Resink, T.J. Activated endothelial cells induce neutrophil
extracellular traps and are susceptible to NETosis-mediated cell death. FEBS Lett. 2010, 584, 3193–3197. [CrossRef] [PubMed]

http://doi.org/10.3389/fimmu.2017.01849
http://doi.org/10.1038/cdd.2009.96
http://www.ncbi.nlm.nih.gov/pubmed/19609275
http://doi.org/10.1080/2162402X.2015.1134073
http://doi.org/10.1038/s41586-019-1167-6
http://doi.org/10.1038/nm.2847
http://doi.org/10.1038/nm.3547
http://doi.org/10.4049/jimmunol.1701382
http://www.ncbi.nlm.nih.gov/pubmed/29367211
http://doi.org/10.1002/hep.29914
http://doi.org/10.1126/science.aaa8064
http://www.ncbi.nlm.nih.gov/pubmed/26185250
http://doi.org/10.1194/jlr.M084731
http://www.ncbi.nlm.nih.gov/pubmed/29739865
http://doi.org/10.3389/fimmu.2018.03076
http://doi.org/10.1016/j.devcel.2018.01.019
http://www.ncbi.nlm.nih.gov/pubmed/29533770
http://doi.org/10.1083/jcb.200606027
http://www.ncbi.nlm.nih.gov/pubmed/17210947
http://doi.org/10.3791/1724
http://www.ncbi.nlm.nih.gov/pubmed/20182410
http://doi.org/10.1126/scitranslmed.aan8292
http://www.ncbi.nlm.nih.gov/pubmed/29643232
http://doi.org/10.3389/fimmu.2013.00038
http://www.ncbi.nlm.nih.gov/pubmed/23430963
http://doi.org/10.1161/CIRCRESAHA.119.314581
http://www.ncbi.nlm.nih.gov/pubmed/31518165
http://doi.org/10.1083/jcb.201006052
http://doi.org/10.1038/s41467-018-05387-y
http://www.ncbi.nlm.nih.gov/pubmed/30054480
http://doi.org/10.1126/sciimmunol.aao4747
http://doi.org/10.1182/blood-2015-01-624023
http://www.ncbi.nlm.nih.gov/pubmed/25979951
http://doi.org/10.1186/s13058-019-1237-6
http://doi.org/10.1016/j.humimm.2005.11.003
http://doi.org/10.1016/j.febslet.2010.06.006
http://www.ncbi.nlm.nih.gov/pubmed/20541553


Cancers 2021, 13, 2832 16 of 19

46. Meher, A.K.; Spinosa, M.; Davis, J.P.; Pope, N.; Laubach, V.E.; Su, G.; Serbulea, V.; Leitinger, N.; Ailawadi, G.; Upchurch, G.R.,
Jr. Novel Role of IL (Interleukin)-1beta in Neutrophil Extracellular Trap Formation and Abdominal Aortic Aneurysms. Arter.
Thromb. Vasc. Biol. 2018, 38, 843–853. [CrossRef] [PubMed]

47. Mitroulis, I.; Kambas, K.; Chrysanthopoulou, A.; Skendros, P.; Apostolidou, E.; Kourtzelis, I.; Drosos, G.I.; Boumpas, D.T.; Ritis, K.
Neutrophil extracellular trap formation is associated with IL-1beta and autophagy-related signaling in gout. PLoS ONE 2011, 6,
e29318. [CrossRef]

48. Demers, M.; Krause, D.S.; Schatzberg, D.; Martinod, K.; Voorhees, J.R.; Fuchs, T.A.; Scadden, D.T.; Wagner, D.D. Cancers
predispose neutrophils to release extracellular DNA traps that contribute to cancer-associated thrombosis. Proc. Natl. Acad. Sci.
USA 2012, 109, 13076–13081. [CrossRef] [PubMed]

49. Cedervall, J.; Zhang, Y.; Huang, H.; Zhang, L.; Femel, J.; Dimberg, A.; Olsson, A.K. Neutrophil Extracellular Traps Accumulate
in Peripheral Blood Vessels and Compromise Organ Function in Tumor-Bearing Animals. Cancer Res. 2015, 75, 2653–2662.
[CrossRef] [PubMed]

50. Martinelli, S.; Urosevic, M.; Daryadel, A.; Oberholzer, P.A.; Baumann, C.; Fey, M.F.; Dummer, R.; Simon, H.U.; Yousefi, S.
Induction of genes mediating interferon-dependent extracellular trap formation during neutrophil differentiation. J. Biol. Chem.
2004, 279, 44123–44132. [CrossRef]

51. Manda, A.; Pruchniak, M.P.; Arazna, M.; Demkow, U.A. Neutrophil extracellular traps in physiology and pathology. Cent. Eur. J.
Immunol. 2014, 39, 116–121. [CrossRef]

52. Tadie, J.M.; Bae, H.B.; Jiang, S.; Park, D.W.; Bell, C.P.; Yang, H.; Pittet, J.F.; Tracey, K.; Thannickal, V.J.; Abraham, E.; et al. HMGB1
promotes neutrophil extracellular trap formation through interactions with Toll-like receptor 4. Am. J. Physiol. Lung Cell Mol.
Physiol. 2013, 304, L342–L349. [CrossRef]

53. Maugeri, N.; Campana, L.; Gavina, M.; Covino, C.; De Metrio, M.; Panciroli, C.; Maiuri, L.; Maseri, A.; D’Angelo, A.; Bianchi, M.E.;
et al. Activated platelets present high mobility group box 1 to neutrophils, inducing autophagy and promoting the extrusion of
neutrophil extracellular traps. J. Thromb. Haemost. 2014, 12, 2074–2088. [CrossRef]

54. Sangaletti, S.; Tripodo, C.; Vitali, C.; Portararo, P.; Guarnotta, C.; Casalini, P.; Cappetti, B.; Miotti, S.; Pinciroli, P.; Fuligni, F.; et al.
Defective stromal remodeling and neutrophil extracellular traps in lymphoid tissues favor the transition from autoimmunity to
lymphoma. Cancer Discov. 2014, 4, 110–129. [CrossRef]

55. Alarcon, P.; Manosalva, C.; Conejeros, I.; Carretta, M.D.; Munoz-Caro, T.; Silva, L.M.R.; Taubert, A.; Hermosilla, C.; Hidalgo,
M.A.; Burgos, R.A. d(-) Lactic Acid-Induced Adhesion of Bovine Neutrophils onto Endothelial Cells Is Dependent on Neutrophils
Extracellular Traps Formation and CD11b Expression. Front. Immunol. 2017, 8, 975. [CrossRef] [PubMed]

56. Shi, Y.; Shi, H.; Nieman, D.C.; Hu, Q.; Yang, L.; Liu, T.; Zhu, X.; Wei, H.; Wu, D.; Li, F.; et al. Lactic Acid Accumulation During
Exhaustive Exercise Impairs Release of Neutrophil Extracellular Traps in Mice. Front. Physiol. 2019, 10, 709. [CrossRef]

57. Shang, A.; Gu, C.; Zhou, C.; Yang, Y.; Chen, C.; Zeng, B.; Wu, J.; Lu, W.; Wang, W.; Sun, Z.; et al. Exosomal KRAS mutation
promotes the formation of tumor-associated neutrophil extracellular traps and causes deterioration of colorectal cancer by
inducing IL-8 expression. Cell Commun. Signal. 2020, 18, 52. [CrossRef] [PubMed]

58. Leal, A.C.; Mizurini, D.M.; Gomes, T.; Rochael, N.C.; Saraiva, E.M.; Dias, M.S.; Werneck, C.C.; Sielski, M.S.; Vicente, C.P.; Monteiro,
R.Q. Tumor-Derived Exosomes Induce the Formation of Neutrophil Extracellular Traps: Implications for the Establishment of
Cancer-Associated Thrombosis. Sci. Rep. 2017, 7, 6438. [CrossRef] [PubMed]

59. Behnen, M.; Leschczyk, C.; Moller, S.; Batel, T.; Klinger, M.; Solbach, W.; Laskay, T. Immobilized immune complexes induce
neutrophil extracellular trap release by human neutrophil granulocytes via FcgammaRIIIB and Mac-1. J. Immunol. 2014, 193,
1954–1965. [CrossRef]

60. Stakos, D.A.; Kambas, K.; Konstantinidis, T.; Mitroulis, I.; Apostolidou, E.; Arelaki, S.; Tsironidou, V.; Giatromanolaki, A.;
Skendros, P.; Konstantinides, S.; et al. Expression of functional tissue factor by neutrophil extracellular traps in culprit artery of
acute myocardial infarction. Eur. Heart J. 2015, 36, 1405–1414. [CrossRef]

61. Mallavia, B.; Liu, F.; Lefrancais, E.; Cleary, S.J.; Kwaan, N.; Tian, J.J.; Magnen, M.; Sayah, D.M.; Soong, A.; Chen, J.; et al.
Mitochondrial DNA Stimulates TLR9-Dependent Neutrophil Extracellular Trap Formation in Primary Graft Dysfunction. Am. J.
Respir. Cell Mol. Biol. 2020, 62, 364–372. [CrossRef]

62. Cools-Lartigue, J.; Spicer, J.; McDonald, B.; Gowing, S.; Chow, S.; Giannias, B.; Bourdeau, F.; Kubes, P.; Ferri, L. Neutrophil
extracellular traps sequester circulating tumor cells and promote metastasis. J. Clin. Investig. 2013, 123, 3446–3458. [CrossRef]
[PubMed]

63. Corriden, R.; Hollands, A.; Olson, J.; Derieux, J.; Lopez, J.; Chang, J.T.; Gonzalez, D.J.; Nizet, V. Tamoxifen augments the innate
immune function of neutrophils through modulation of intracellular ceramide. Nat. Commun. 2015, 6, 8369. [CrossRef]

64. Park, J.; Wysocki, R.W.; Amoozgar, Z.; Maiorino, L.; Fein, M.R.; Jorns, J.; Schott, A.F.; Kinugasa-Katayama, Y.; Lee, Y.; Won,
N.H.; et al. Cancer cells induce metastasis-supporting neutrophil extracellular DNA traps. Sci. Transl. Med. 2016, 8, 361ra138.
[CrossRef]

65. Lee, W.; Ko, S.Y.; Mohamed, M.S.; Kenny, H.A.; Lengyel, E.; Naora, H. Neutrophils facilitate ovarian cancer premetastatic niche
formation in the omentum. J. Exp. Med. 2019, 216, 176–194. [CrossRef] [PubMed]

66. Rayes, R.F.; Mouhanna, J.G.; Nicolau, I.; Bourdeau, F.; Giannias, B.; Rousseau, S.; Quail, D.; Walsh, L.; Sangwan, V.; Bertos, N.;
et al. Primary tumors induce neutrophil extracellular traps with targetable metastasis promoting effects. JCI Insight 2019, 5,
e128008. [CrossRef] [PubMed]

http://doi.org/10.1161/ATVBAHA.117.309897
http://www.ncbi.nlm.nih.gov/pubmed/29472233
http://doi.org/10.1371/journal.pone.0029318
http://doi.org/10.1073/pnas.1200419109
http://www.ncbi.nlm.nih.gov/pubmed/22826226
http://doi.org/10.1158/0008-5472.CAN-14-3299
http://www.ncbi.nlm.nih.gov/pubmed/26071254
http://doi.org/10.1074/jbc.M405883200
http://doi.org/10.5114/ceji.2014.42136
http://doi.org/10.1152/ajplung.00151.2012
http://doi.org/10.1111/jth.12710
http://doi.org/10.1158/2159-8290.CD-13-0276
http://doi.org/10.3389/fimmu.2017.00975
http://www.ncbi.nlm.nih.gov/pubmed/28861083
http://doi.org/10.3389/fphys.2019.00709
http://doi.org/10.1186/s12964-020-0517-1
http://www.ncbi.nlm.nih.gov/pubmed/32228650
http://doi.org/10.1038/s41598-017-06893-7
http://www.ncbi.nlm.nih.gov/pubmed/28743887
http://doi.org/10.4049/jimmunol.1400478
http://doi.org/10.1093/eurheartj/ehv007
http://doi.org/10.1165/rcmb.2019-0140OC
http://doi.org/10.1172/JCI67484
http://www.ncbi.nlm.nih.gov/pubmed/23863628
http://doi.org/10.1038/ncomms9369
http://doi.org/10.1126/scitranslmed.aag1711
http://doi.org/10.1084/jem.20181170
http://www.ncbi.nlm.nih.gov/pubmed/30567719
http://doi.org/10.1172/jci.insight.128008
http://www.ncbi.nlm.nih.gov/pubmed/31343990


Cancers 2021, 13, 2832 17 of 19

67. Huh, S.J.; Liang, S.; Sharma, A.; Dong, C.; Robertson, G.P. Transiently entrapped circulating tumor cells interact with neutrophils
to facilitate lung metastasis development. Cancer Res. 2010, 70, 6071–6082. [CrossRef]

68. Xiao, Y.; Cong, M.; Li, J.; He, D.; Wu, Q.; Tian, P.; Wang, Y.; Yang, S.; Liang, C.; Liang, Y.; et al. Cathepsin C promotes breast
cancer lung metastasis by modulating neutrophil infiltration and neutrophil extracellular trap formation. Cancer Cell 2020, 39,
423–437.e7. [CrossRef]

69. Massagué, J.; Obenauf, A.C. Metastatic colonization by circulating tumour cells. Nature 2016, 529, 298–306. [CrossRef]
70. Miller-Ocuin, J.L.; Liang, X.; Boone, B.A.; Doerfler, W.R.; Singhi, A.D.; Tang, D.; Kang, R.; Lotze, M.T.; Zeh, H.J., 3rd. DNA

released from neutrophil extracellular traps (NETs) activates pancreatic stellate cells and enhances pancreatic tumor growth.
Oncoimmunology 2019, 8, e1605822. [CrossRef]

71. Al-Haidari, A.A.; Algethami, N.; Lepsenyi, M.; Rahman, M.; Syk, I.; Thorlacius, H. Neutrophil extracellular traps promote
peritoneal metastasis of colon cancer cells. Oncotarget 2019, 10, 1238–1249. [CrossRef] [PubMed]

72. Rodriguez-Espinosa, O.; Rojas-Espinosa, O.; Moreno-Altamirano, M.M.; Lopez-Villegas, E.O.; Sanchez-Garcia, F.J. Metabolic
requirements for neutrophil extracellular traps formation. Immunology 2015, 145, 213–224. [CrossRef]

73. Yazdani, H.O.; Roy, E.; Comerci, A.J.; van der Windt, D.J.; Zhang, H.; Huang, H.; Loughran, P.; Shiva, S.; Geller, D.A.; Bartlett,
D.L.; et al. Neutrophil Extracellular Traps Drive Mitochondrial Homeostasis in Tumors to Augment Growth. Cancer Res. 2019, 79,
5626–5639. [CrossRef]

74. Honda, M.; Kubes, P. Neutrophils and neutrophil extracellular traps in the liver and gastrointestinal system. Nat. Rev. Gastroenterol.
Hepatol. 2018, 15, 206–221. [CrossRef]

75. Belorgey, D.; Bieth, J.G. Effect of polynucleotides on the inhibition of neutrophil elastase by mucus proteinase inhibitor and alpha
1-proteinase inhibitor. Biochemistry 1998, 37, 16416–16422. [CrossRef]

76. Pieterse, E.; Rother, N.; Garsen, M.; Hofstra, J.M.; Satchell, S.C.; Hoffmann, M.; Loeven, M.A.; Knaapen, H.K.; van der Heijden,
O.W.H.; Berden, J.H.M.; et al. Neutrophil Extracellular Traps Drive Endothelial-to-Mesenchymal Transition. Arter. Thromb Vasc.
Biol. 2017, 37, 1371–1379. [CrossRef]

77. Kolaczkowska, E.; Jenne, C.N.; Surewaard, B.G.; Thanabalasuriar, A.; Lee, W.Y.; Sanz, M.J.; Mowen, K.; Opdenakker, G.; Kubes, P.
Molecular mechanisms of NET formation and degradation revealed by intravital imaging in the liver vasculature. Nat. Commun.
2015, 6, 6673. [CrossRef]

78. Rickles, F.R.; Levine, M.; Edwards, R.L. Hemostatic alterations in cancer patients. Cancer Metastasis Rev. 1992, 11, 237–248.
[CrossRef]

79. Kannemeier, C.; Shibamiya, A.; Nakazawa, F.; Trusheim, H.; Ruppert, C.; Markart, P.; Song, Y.; Tzima, E.; Kennerknecht, E.;
Niepmann, M.; et al. Extracellular RNA constitutes a natural procoagulant cofactor in blood coagulation. Proc. Natl. Acad. Sci.
USA 2007, 104, 6388–6393. [CrossRef]

80. Thalin, C.; Demers, M.; Blomgren, B.; Wong, S.L.; von Arbin, M.; von Heijne, A.; Laska, A.C.; Wallen, H.; Wagner, D.D.; Aspberg,
S. NETosis promotes cancer-associated arterial microthrombosis presenting as ischemic stroke with troponin elevation. Thromb.
Res. 2016, 139, 56–64. [CrossRef]

81. Adams, A.A.; Okagbare, P.I.; Feng, J.; Hupert, M.L.; Patterson, D.; Gottert, J.; McCarley, R.L.; Nikitopoulos, D.; Murphy, M.C.;
Soper, S.A. Highly efficient circulating tumor cell isolation from whole blood and label-free enumeration using polymer-based
microfluidics with an integrated conductivity sensor. J. Am. Chem. Soc. 2008, 130, 8633–8641. [CrossRef] [PubMed]

82. Sun, N.; Li, X.; Wang, Z.; Zhang, R.; Wang, J.; Wang, K.; Pei, R. A Multiscale TiO2 Nanorod Array for Ultrasensitive Capture of
Circulating Tumor Cells. ACS Appl. Mater. Interfaces 2016, 8, 12638–12643. [CrossRef] [PubMed]

83. Gupta, G.P.; Massague, J. Cancer metastasis: Building a framework. Cell 2006, 127, 679–695. [CrossRef]
84. Garley, M.; Jablonska, E.; Dabrowska, D. NETs in cancer. Tumour Biol. 2016, 37, 14355–14361. [CrossRef]
85. Demers, M.; Wagner, D.D. Neutrophil extracellular traps: A new link to cancer-associated thrombosis and potential implications

for tumor progression. Oncoimmunology 2013, 2, e22946. [CrossRef]
86. Ren, J.; He, J.; Zhang, H.; Xia, Y.; Hu, Z.; Loughran, P.; Billiar, T.; Huang, H.; Tsung, A. Platelet TLR4-ERK5 axis facilitates

NET-mediated capturing of circulating tumor cells and distant metastasis after surgical stress. Cancer Res. 2021, 81, 2373–2385.
[CrossRef]

87. Teijeira, A.; Garasa, S.; Gato, M.; Alfaro, C.; Migueliz, I.; Cirella, A.; de Andrea, C.; Ochoa, M.C.; Otano, I.; Etxeberria, I.; 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. [CrossRef]

88. Chambers, A.F.; Groom, A.C.; MacDonald, I.C. Dissemination and growth of cancer cells in metastatic sites. Nat. Rev. Cancer 2002,
2, 563–572. [CrossRef]

89. Najmeh, S.; Cools-Lartigue, J.; Rayes, R.F.; Gowing, S.; Vourtzoumis, P.; Bourdeau, F.; Giannias, B.; Berube, J.; Rousseau, S.; Ferri,
L.E.; et al. Neutrophil extracellular traps sequester circulating tumor cells via beta1-integrin mediated interactions. Int. J. Cancer
2017, 140, 2321–2330. [CrossRef]

90. Lengyel, E. Ovarian cancer development and metastasis. Am. J. Pathol. 2010, 177, 1053–1064. [CrossRef]
91. Li, J.; Yuan, Y.; Yang, F.; Wang, Y.; Zhu, X.; Wang, Z.; Zheng, S.; Wan, D.; He, J.; Wang, J.; et al. Expert consensus on multidisciplinary

therapy of colorectal cancer with lung metastases (2019 edition). J. Hematol. Oncol. 2019, 12, 16. [CrossRef]
92. Peinado, H.; Zhang, H.; Matei, I.R.; Costa-Silva, B.; Hoshino, A.; Rodrigues, G.; Psaila, B.; Kaplan, R.N.; Bromberg, J.F.; Kang, Y.;

et al. Pre-metastatic niches: Organ-specific homes for metastases. Nat. Rev. Cancer 2017, 17, 302–317. [CrossRef] [PubMed]

http://doi.org/10.1158/0008-5472.CAN-09-4442
http://doi.org/10.1016/j.ccell.2020.12.012
http://doi.org/10.1038/nature17038
http://doi.org/10.1080/2162402X.2019.1605822
http://doi.org/10.18632/oncotarget.26664
http://www.ncbi.nlm.nih.gov/pubmed/30815227
http://doi.org/10.1111/imm.12437
http://doi.org/10.1158/0008-5472.CAN-19-0800
http://doi.org/10.1038/nrgastro.2017.183
http://doi.org/10.1021/bi981536o
http://doi.org/10.1161/ATVBAHA.117.309002
http://doi.org/10.1038/ncomms7673
http://doi.org/10.1007/BF01307180
http://doi.org/10.1073/pnas.0608647104
http://doi.org/10.1016/j.thromres.2016.01.009
http://doi.org/10.1021/ja8015022
http://www.ncbi.nlm.nih.gov/pubmed/18557614
http://doi.org/10.1021/acsami.6b02178
http://www.ncbi.nlm.nih.gov/pubmed/27176724
http://doi.org/10.1016/j.cell.2006.11.001
http://doi.org/10.1007/s13277-016-5328-z
http://doi.org/10.4161/onci.22946
http://doi.org/10.1158/0008-5472.CAN-20-3222
http://doi.org/10.1016/j.immuni.2020.03.001
http://doi.org/10.1038/nrc865
http://doi.org/10.1002/ijc.30635
http://doi.org/10.2353/ajpath.2010.100105
http://doi.org/10.1186/s13045-019-0702-0
http://doi.org/10.1038/nrc.2017.6
http://www.ncbi.nlm.nih.gov/pubmed/28303905


Cancers 2021, 13, 2832 18 of 19

93. Yang, L.; Liu, Q.; Zhang, X.; Liu, X.; Zhou, B.; Chen, J.; Huang, D.; Li, J.; Li, H.; Chen, F.; et al. DNA of neutrophil extracellular
traps promotes cancer metastasis via CCDC25. Nature 2020, 583, 133–138. [CrossRef]

94. Finlay, I.G.; McArdle, C.S. Occult hepatic metastases in colorectal carcinoma. Br. J. Surg. 1986, 73, 732–735. [CrossRef]
95. Cools-Lartigue, J.; Spicer, J.; Najmeh, S.; Ferri, L. Neutrophil extracellular traps in cancer progression. Cell Mol. Life Sci. 2014, 71,

4179–4194. [CrossRef] [PubMed]
96. Kanamaru, R.; Ohzawa, H.; Miyato, H.; Yamaguchi, H.; Hosoya, Y.; Lefor, A.K.; Sata, N.; Kitayama, J. Neutrophil Extracel-

lular Traps Generated by Low Density Neutrophils Obtained from Peritoneal Lavage Fluid Mediate Tumor Cell Growth and
Attachment. J. Vis. Exp. 2018, 3, 58201. [CrossRef] [PubMed]

97. Sosa, M.S.; Bragado, P.; Aguirre-Ghiso, J.A. Mechanisms of disseminated cancer cell dormancy: An awakening field. Nat. Rev.
Cancer 2014, 14, 611–622. [CrossRef]

98. Malladi, S.; Macalinao, D.G.; Jin, X.; He, L.; Basnet, H.; Zou, Y.; de Stanchina, E.; Massague, J. Metastatic Latency and Immune
Evasion through Autocrine Inhibition of WNT. Cell 2016, 165, 45–60. [CrossRef] [PubMed]

99. Romero, I.; Garrido, C.; Algarra, I.; Collado, A.; Garrido, F.; Garcia-Lora, A.M. T lymphocytes restrain spontaneous metastases in
permanent dormancy. Cancer Res. 2014, 74, 1958–1968. [CrossRef]

100. Ghajar, C.M.; Peinado, H.; Mori, H.; Matei, I.R.; Evason, K.J.; Brazier, H.; Almeida, D.; Koller, A.; Hajjar, K.A.; Stainier, D.Y.; et al.
The perivascular niche regulates breast tumour dormancy. Nat. Cell Biol. 2013, 15, 807–817. [CrossRef]

101. Richardson, J.J.R.; Hendrickse, C.; Gao-Smith, F.; Thickett, D.R. Neutrophil Extracellular Trap Production in Patients with
Colorectal Cancer In Vitro. Int. J. Inflam. 2017, 2017, 4915062. [CrossRef] [PubMed]

102. Jin, W.; Xu, H.X.; Zhang, S.R.; Li, H.; Wang, W.Q.; Gao, H.L.; Wu, C.T.; Xu, J.Z.; Qi, Z.H.; Li, S.; et al. Tumor-Infiltrating NETs
Predict Postsurgical Survival in Patients with Pancreatic Ductal Adenocarcinoma. Ann. Surg. Oncol. 2019, 26, 635–643. [CrossRef]

103. Oklu, R.; Sheth, R.A.; Wong, K.H.K.; Jahromi, A.H.; Albadawi, H. Neutrophil extracellular traps are increased in cancer patients
but does not associate with venous thrombosis. Cardiovasc. Diagn Ther. 2017, 7, S140–S149. [CrossRef] [PubMed]

104. Berger-Achituv, S.; Brinkmann, V.; Abed, U.A.; Kühn, L.I.; Ben-Ezra, J.; Elhasid, R.; Zychlinsky, A. A proposed role for neutrophil
extracellular traps in cancer immunoediting. Front. Immunol. 2013, 4, 48. [CrossRef]

105. Thalin, C.; Lundstrom, S.; Seignez, C.; Daleskog, M.; Lundstrom, A.; Henriksson, P.; Helleday, T.; Phillipson, M.; Wallen, H.;
Demers, M. Citrullinated histone H3 as a novel prognostic blood marker in patients with advanced cancer. PLoS ONE 2018, 13,
e0191231. [CrossRef] [PubMed]

106. Mauracher, L.M.; Posch, F.; Martinod, K.; Grilz, E.; Daullary, T.; Hell, L.; Brostjan, C.; Zielinski, C.; Ay, C.; Wagner, D.D.; et al.
Citrullinated histone H3, a biomarker of neutrophil extracellular trap formation, predicts the risk of venous thromboembolism in
cancer patients. J. Thromb. Haemost. 2018, 16, 508–518. [CrossRef] [PubMed]

107. Grilz, E.; Mauracher, L.M.; Posch, F.; Konigsbrugge, O.; Zochbauer-Muller, S.; Marosi, C.; Lang, I.; Pabinger, I.; Ay, C. Citrullinated
histone H3, a biomarker for neutrophil extracellular trap formation, predicts the risk of mortality in patients with cancer. Br. J.
Haematol. 2019, 186, 311–320. [CrossRef] [PubMed]

108. Singel, K.L.; Grzankowski, K.S.; Khan, A.; Grimm, M.J.; D’Auria, A.C.; Morrell, K.; Eng, K.H.; Hylander, B.; Mayor, P.C.; Emmons,
T.R.; et al. Mitochondrial DNA in the tumour microenvironment activates neutrophils and is associated with worse outcomes in
patients with advanced epithelial ovarian cancer. Br. J. Cancer 2019, 120, 207–217. [CrossRef] [PubMed]

109. Lewis, H.D.; Liddle, J.; Coote, J.E.; Atkinson, S.J.; Barker, M.D.; Bax, B.D.; Bicker, K.L.; Bingham, R.P.; Campbell, M.; Chen, Y.H.;
et al. Inhibition of PAD4 activity is sufficient to disrupt mouse and human NET formation. Nat. Chem. Biol. 2015, 11, 189–191.
[CrossRef]

110. Cedervall, J.; Dragomir, A.; Saupe, F.; Zhang, Y.; Arnlov, J.; Larsson, E.; Dimberg, A.; Larsson, A.; Olsson, A.K. Pharmacological
targeting of peptidylarginine deiminase 4 prevents cancer-associated kidney injury in mice. Oncoimmunology 2017, 6, e1320009.
[CrossRef]

111. Doyle, K.; Lonn, H.; Kack, H.; Van de Poel, A.; Swallow, S.; Gardiner, P.; Connolly, S.; Root, J.; Wikell, C.; Dahl, G.; et al. Discovery
of Second Generation Reversible Covalent DPP1 Inhibitors Leading to an Oxazepane Amidoacetonitrile Based Clinical Candidate
(AZD7986). J. Med. Chem. 2016, 59, 9457–9472. [CrossRef]

112. Palmer, R.; Maenpaa, J.; Jauhiainen, A.; Larsson, B.; Mo, J.; Russell, M.; Root, J.; Prothon, S.; Chialda, L.; Forte, P.; et al. Dipeptidyl
Peptidase 1 Inhibitor AZD7986 Induces a Sustained, Exposure-Dependent Reduction in Neutrophil Elastase Activity in Healthy
Subjects. Clin. Pharm. Ther. 2018, 104, 1155–1164. [CrossRef] [PubMed]

113. Gray, R.D.; McCullagh, B.N.; McCray, P.B. NETs and CF Lung Disease: Current Status and Future Prospects. Antibiotics 2015, 4,
62–75. [CrossRef] [PubMed]

114. Menegazzo, L.; Scattolini, V.; Cappellari, R.; Bonora, B.M.; Albiero, M.; Bortolozzi, M.; Romanato, F.; Ceolotto, G.; de Kreutzeberg,
S.V.; Avogaro, A.; et al. The antidiabetic drug metformin blunts NETosis in vitro and reduces circulating NETosis biomarkers
in vivo. Acta Diabetol. 2018, 55, 593–601. [CrossRef]

115. Boone, B.A.; Orlichenko, L.; Schapiro, N.E.; Loughran, P.; Gianfrate, G.C.; Ellis, J.T.; Singhi, A.D.; Kang, R.; Tang, D.; Lotze,
M.T.; et al. The receptor for advanced glycation end products (RAGE) enhances autophagy and neutrophil extracellular traps in
pancreatic cancer. Cancer Gene Ther. 2015, 22, 326–334. [CrossRef]

116. Boone, B.A.; Murthy, P.; Miller-Ocuin, J.; Doerfler, W.R.; Ellis, J.T.; Liang, X.; Ross, M.A.; Wallace, C.T.; Sperry, J.L.; Lotze, M.T.;
et al. Chloroquine reduces hypercoagulability in pancreatic cancer through inhibition of neutrophil extracellular traps. BMC
Cancer 2018, 18, 678. [CrossRef] [PubMed]

http://doi.org/10.1038/s41586-020-2394-6
http://doi.org/10.1002/bjs.1800730918
http://doi.org/10.1007/s00018-014-1683-3
http://www.ncbi.nlm.nih.gov/pubmed/25070012
http://doi.org/10.3791/58201
http://www.ncbi.nlm.nih.gov/pubmed/30124642
http://doi.org/10.1038/nrc3793
http://doi.org/10.1016/j.cell.2016.02.025
http://www.ncbi.nlm.nih.gov/pubmed/27015306
http://doi.org/10.1158/0008-5472.CAN-13-2084
http://doi.org/10.1038/ncb2767
http://doi.org/10.1155/2017/4915062
http://www.ncbi.nlm.nih.gov/pubmed/28828191
http://doi.org/10.1245/s10434-018-6941-4
http://doi.org/10.21037/cdt.2017.08.01
http://www.ncbi.nlm.nih.gov/pubmed/29399517
http://doi.org/10.3389/fimmu.2013.00048
http://doi.org/10.1371/journal.pone.0191231
http://www.ncbi.nlm.nih.gov/pubmed/29324871
http://doi.org/10.1111/jth.13951
http://www.ncbi.nlm.nih.gov/pubmed/29325226
http://doi.org/10.1111/bjh.15906
http://www.ncbi.nlm.nih.gov/pubmed/30968400
http://doi.org/10.1038/s41416-018-0339-8
http://www.ncbi.nlm.nih.gov/pubmed/30518816
http://doi.org/10.1038/nchembio.1735
http://doi.org/10.1080/2162402X.2017.1320009
http://doi.org/10.1021/acs.jmedchem.6b01127
http://doi.org/10.1002/cpt.1053
http://www.ncbi.nlm.nih.gov/pubmed/29484635
http://doi.org/10.3390/antibiotics4010062
http://www.ncbi.nlm.nih.gov/pubmed/27025615
http://doi.org/10.1007/s00592-018-1129-8
http://doi.org/10.1038/cgt.2015.21
http://doi.org/10.1186/s12885-018-4584-2
http://www.ncbi.nlm.nih.gov/pubmed/29929491


Cancers 2021, 13, 2832 19 of 19

117. Masucci, M.T.; Minopoli, M.; Del Vecchio, S.; Carriero, M.V. The Emerging Role of Neutrophil Extracellular Traps (NETs) in
Tumor Progression and Metastasis. Front. Immunol. 2020, 11, 1749. [CrossRef] [PubMed]

118. Liu, K.; Sun, E.; Lei, M.; Li, L.; Gao, J.; Nian, X.; Wang, L. BCG-induced formation of neutrophil extracellular traps play an
important role in bladder cancer treatment. Clin. Immunol. 2019, 201, 4–14. [CrossRef]

http://doi.org/10.3389/fimmu.2020.01749
http://www.ncbi.nlm.nih.gov/pubmed/33042107
http://doi.org/10.1016/j.clim.2019.02.005

	Introduction 
	NET Formation 
	Conventional Mechanism 
	Tumors Induce NET Formation 

	NETs Promote Tumor Metastasis 
	NETs in the Primary Tumor 
	NETs in Local Invasion 
	NETs in Vascular Permeability 
	NETs Disrupt Blood Vessel Integrity 
	NETs Promote Thrombosis 

	NETs in the Circulation System 
	NETs in the Extravasation Step in Distant Organs 
	NETs in Organotropic Metastasis 
	NETs in Micrometastases/Colony Formation 
	NETs Promote the Proliferation of Micrometastases 
	NETs Activate Dormant Cancer Cells 


	The Clinical Significance of NETs 
	NETs as a Cancer Biomarker 
	NETs as a Therapeutic Target 

	Conclusions 
	References

