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Abstract
Neutrophils are the most abundant white blood cells in circulation and constitute up to 60% of circulating leukocytes. 
Neutrophils play a significant role in host defense against pathogens through various mechanisms, including phagocytosis, 
production of antimicrobial proteins, and formation of neutrophil extracellular traps (NETs). Recently, the role of neutro-
phils and NETs in cancer has generated significant interest, as accumulating evidence suggests that neutrophils and NETs 
contribute to cancer progression and are associated with adverse patient outcomes. In this review, we will first highlight the 
roles of neutrophils and NETs in cancer progression and metastasis and discuss new drug delivery approaches to target and 
modulate neutrophils and NETs for cancer therapeutics.
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Introduction 

Neutrophils are the first responder cells to sites of acute 
inflammation and constitute a major part of the host innate 
immune defense. Since their identification more than 
100 years ago, neutrophils are significant in host immu-
nity, as illustrated in neutropenic hosts with life-threatening 
infections [1, 2]. Also, mutations in genes associated with 
neutrophil function often result in susceptibility to opportun-
istic pathogens or the occurrence of rare and life-threatening 
diseases [3]. For several decades, our knowledge of neutro-
phil function in immunity was limited to phagocytosis and 

initiation of acute inflammation. Developments in research 
methodologies have enabled the investigation of neutro-
phil functions in vivo and highlighted previously unknown 
functions of neutrophils in shaping the immune response 
through their activity or by interaction with other immune 
cells. These discoveries have sparked renewed interest in 
neutrophil biology. Of significant interest is the role of neu-
trophils in determining the resolution or progression of sev-
eral pathologies from inflammation to cancer.

As a critical part of the innate immune defense, neutro-
phils express all known Toll-like receptors (TLRs) except 
TLR3. The principal function of neutrophils is antimicrobial 
defense, and microbes or microbial products activate neu-
trophil signaling pathways, leading to phagocytosis. Neu-
trophils engulf microbes to form a phagosome that fuses 
with the granules distributed throughout the cytoplasm 
[4]. Lysozymes and granular proteins, including elastase, 
myeloperoxidase (MPO), cathelicidins, and defensins, all 
facilitate microbial killing and degradation.

Recently, neutrophils have been shown to form neutrophil 
extracellular traps (NETs) as a newly discovered method 
of microbial capture and to prevent the dissemination of 
microbes (Fig. 1). NETs are web-like extrusions of neutro-
phil cytoplasmic contents, composed mainly of processed 
chromatin and granular proteins [5]. The size of the microbe 
may be a deciding factor in the deployment of NETs by 
neutrophils. Small microbes that can be readily ingested 
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trigger phagocytosis by neutrophils, whereas larger organ-
isms induce neutrophils to form NETs [6]. The molecular 
mechanisms of NET formation are not fully understood, 
but prior research efforts have unraveled critical pathways 
necessary for NET formation. NET formation was initially 
described as a process involving the death of neutrophils 
and occurring through a unique cell death pathway termed 
NETosis [7]. NETosis progresses through several stages 
involving the collapse of the nuclear envelope, chromatin 
decondensation, plasma membrane rupture, and expulsion of 
cellular contents with granular proteins attached to the chro-
matin framework (Fig. 1). Several studies have since shown 
that neutrophils can form NETs in the absence of cell death 
[8, 9]. NETs have potent antimicrobial activity and have 
been shown to kill bacteria, fungi, viruses, and parasites [5, 
10–12]. In agreement with this, patients whose neutrophils 
are defective in NET formation suffer from recurrent infec-
tions [13]. On the other hand, chronic exposure to NETs can 
cause inflammation. NET products can cause tissue injury 
or serve as autoantigens [14–16].

Importantly, the role of NETs in cancer has recently 
attracted significant interest. NETs have been shown to con-
tribute to tumor progression and metastasis and is associated 
with adverse patient outcomes [17–20]. In this review, we 
will provide an overview of the role of neutrophils and NETs 
in cancer and discuss potential applications of nanoparticle-
based targeting of neutrophils for cancer therapeutics.

Mechanisms of NET formation

Several physiological stimuli have been shown to induce 
NET formation, including microbes, microbial products like 
lipopolysaccharide (LPS), cytokines, antibodies, immune 
complexes, and reactive oxygen species (ROS) [21]. Sev-
eral signaling pathways contribute to the formation of NETs 
[22–24]. For example, the production of ROS is critical in 
NET formation. NADPH oxidase complex facilitates the 
conversion of molecular oxygen to superoxide and hydro-
gen peroxide. Hydrogen peroxide reacts with MPO to gener-
ate hypohalous acids, including hypochlorous acid (HOCl), 

which has been implicated in NET formation [25]. The role 
of ROS and MPO in NET formation has been confirmed in 
several studies. Notably, mutations in the gene encoding the 
NADPH oxidase complex lead to a rare immune deficiency 
disorder known as chronic granulomatous disease (CGD). 
Neutrophils isolated from patients with CGD are defective in 
ROS production and NET formation [13]. Likewise, MPO-
deficient neutrophils do not form NETs [26]. The granular 
protein neutrophil elastase (NE) is also essential for NET 
formation. ROS can initiate the translocation of NE from 
granules to the nucleus, where NE facilitates histone pro-
cessing and chromatin decondensation [27]. Notably, we 
and others have shown that inhibition of NE activity pre-
vents NET formation [27, 28]. Another crucial component 
of NET formation involves peptidylarginine deiminase 4 
(PAD4) that catalyzes the conversion of arginine residues in 
histones to citrulline. The citrullination of histone has been 
identified as an indicator of NET formation [29]. Hence, 
PAD4 is essential in NET formation, and inhibition of PAD4 
activity prevents NET formation [30]. Furthermore, phorbol 
12-myristate 13-acetate (PMA) is one of the most potent 
inducers of NET formation in vitro. PMA activates the pro-
tein kinase C (PKC) pathway, leading to the activation of 
Raf-MEK-ERK pathway and ROS production [31, 32]. The 
molecular mechanisms involving NET formation have been 
previously discussed and can be referred to for further read-
ing [22–24]. These critical pathways in NET formation are 
potential drug targets for the inhibition of NET formation 
and may be relevant for cancer therapeutics.

Role of neutrophils and NETs in cancer

There is significant interest in the role of neutrophils in can-
cer (Fig. 2). Prior studies have demonstrated both protumo-
rigenic and anti-tumorigenic roles for neutrophils [33, 34]. 
These opposing roles of neutrophils may be attributed to the 
different animal models utilized by investigators or to the 
type of cancer being studied. However, most studies attrib-
ute a protumorigenic role for neutrophils, and neutrophil 

Fig. 1  Neutrophil activation 
leads to the formation of neutro-
phil extracellular traps (NETs)
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depletion or cytokine-based phenotype modulation has been 
shown to inhibit tumor growth [35–37].

In humans, neutrophils are the most abundant leukocytes 
in circulation, consisting of up to 50–70% of all leukocytes. 
Notably, neutrophils have a very short half-life of about 
hours to days, and mature neutrophils are produced continu-
ously in the bone marrow and released into the circulation 
in a process termed granulopoiesis. However, in homeo-
static conditions, only about 2% of neutrophils produced 
in the bone marrow are released into the circulation [38]. 
Granulocyte-colony stimulating factor (G-CSF) is a major 
regulator of neutrophil generation and differentiation [39, 
40] and plays a significant role in neutrophil development 
and release into the circulation. During infection, emergency 
granulopoiesis is initiated, and more neutrophils are rapidly 
mobilized to the infection site for the protection of the host. 
There is emerging evidence indicating that tumors induce 
emergency granulopoiesis. Cancer cells produce G-CSF [41, 
42], leading to an increased number of neutrophils. Indeed, 
studies have shown that cancer patients have a higher num-
ber of circulating neutrophils, which is associated with 
adverse outcomes [43, 44].

The role of the tumor microenvironment (TME) in neu-
trophil activation and function is of significant interest. 
Depending on the cytokine cues they receive from the TME, 
neutrophils can be polarized to different phenotypes. In their 
seminal paper, Fridlender et al. identified two distinct subsets 
of neutrophils [37]. Tumor-bearing mice treated with TGF-β 
inhibitor resulted in a subset of tumor-associated neutrophils 
(TANs) termed N1 neutrophils with more significant tumor 
cytotoxicity. In contrast, the presence of TGF-β resulted in a 
subset of TANs called N2 neutrophils with protumorigenic 
function. Importantly, their study suggested that N2 neutro-
phils suppress the activation of CD8 + T cells, highlighting 

the role of neutrophils in adaptive immunity. However, the 
distinctive phenotype of N1 versus N2 neutrophils, including 
their lineage markers and transcription factors, is yet to be 
further delineated.

Another population of myeloid-derived cells with a gran-
ulocytic phenotype that is important in tumor immunology 
is myeloid-derived suppressor cells (MDSCs). A subset of 
MDSCs express neutrophil markers, have potent suppressive 
ability, and are called granulocytic MDSCs (G-MDSCs). 
Whether G-MDSCs are a distinct lineage of immune cells 
or are simply immature neutrophils that acquire a suppres-
sive phenotype based on cytokine cues from the TME is a 
subject of ongoing debate [45]. The origins of G-MDSCs 
and their relation to neutrophils in the immature, mature, 
or tumor-associated stage remain unclear although several 
authors have encouraged a large-scale continuum view of 
myeloid cell involvement in cancer rather than specific phe-
notype assignment [45, 46]. One recent study compared 
neutrophils, tumor-associated neutrophils, and G-MDSCs 
at a transcriptomic level, allowing for discrimination over 
conventional cell surface marker analysis [47]. MDSCs are 
prevalent in human cancers [48–50], and MDSCs contribute 
to tumor progression by suppressing activities of T cells and 
NK cells, production of immunosuppressive cytokines, and 
induction of regulatory T cells [51]. Interestingly, tumors 
have been shown to produce IL-8, which attracts G-MDSCs 
to the tumor site and induce NET formation [52].

NETs contribute to tumor progression, and neutrophils 
are associated with adverse outcomes [18–20]. Cancer cells 
induce NET formation through G-CSF release [18], and neu-
trophil proteins released during NET formation promote the 
proliferation of cancer cells. Hence, neutrophil-tumor inter-
action can drive a feed-forward mechanism that propagates 
cancer progression via NET formation. But how does NET 

Fig. 2  Roles of neutrophils and 
NETs in cancer progression
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formation promote tumor growth, metastases, and mortal-
ity? NETs contribute to cancer progression by promoting 
metastasis through interaction with cancer cells, by release 
of protumorigenic mediators, and promoting thrombus for-
mation (Fig. 3). These will be discussed in detail in the fol-
lowing sections.

NETs interact with cancer cells and promote 
metastasis

The interactions of NETs with cancer cells contribute to 
metastasis. It is well established that NETs function as 
mechanical traps for pathogen capture [5]. NETs can also 
trap and sequester circulating tumor cells (CTCs), thereby 
promoting metastasis in distant sites. Cools-Lartigue et al. 
demonstrated the physical trapping of CTCs within NETs 
in vitro both during static and dynamic conditions [17]. This 
entrapment of CTCs by NETs led to increased metastasis 

in vivo. The same group showed that β-1 integrin expression 
on both cancer cells and NETs is important for the adhe-
sion of CTCs to NETs [53]. In the context of inflamma-
tory stimuli, TLR4 induced the activation of platelets and 
platelet-tumor cell aggregate formation in an ERK5-GPIIb/
IIIa integrin-dependent manner [54]. NETs trap platelet-
tumor cell aggregates, leading to metastasis at distant sites. 
Interestingly, inhibition of TLR4 activity or blocking platelet 
activation protected mice from inflammation-induced metas-
tasis without CTC entrapment by NETs [54]. In addition to 
physical trapping of CTCs, NETs have also been shown to 
shield tumor cells from the host’s immune responses. NETs 
shielded tumor cells from cytotoxicity by CD8 + T cells and 
NK cells, thereby promoting metastasis [55]. These studies 
shed new light on how the physical presence of NETs ena-
bles cancer progression.

The formation of NETs by neutrophils leads to the release 
of several proteins that activate the inflammatory cascade. 
One of the major consequences is the upregulation of adhe-
sion molecules on the vascular endothelium and their receptors 
on leukocytes. It is conceivable that this increase in adhesion 
molecules also leads to the adhesion of CTCs, thereby seeding 
de novo metastatic niches. Indeed, Szczerba et al. used single-
cell RNA sequencing to show that the majority of white blood 
cells associated with CTCs are neutrophils [56]. The interac-
tion between neutrophils and CTCs was mediated by vascular 
cell adhesion molecule 1 (VCAM-1), and this neutrophil-CTC 
association led to cell cycle progression and increased the met-
astatic potential of CTCs. Neutrophils increased the adhesion 
of cancer cells to the liver in the context of systemic inflam-
mation [57]. Cancer cells can bind to NETs through integrins 
α5 β1 and αvβ3 [58]. Interestingly, this increased adhesion of 
cancer cells was abrogated using DNase or integrin blocking 
antibodies. These studies support the notion that neutrophils 
and NETs promote tumor progression by increasing the adhe-
sion of CTCs and capturing them.

NETs release protumorigenic mediators

Long before NETs were discovered, several proteins released 
by neutrophils during NET formation were implicated in 
tumor progression. For example, NE is a serine protease 
stored in the azurophilic granules of neutrophils whose 
name is derived from its ability to degrade the extracellular 
matrix protein elastin. NE is notable for its promiscuous 
activity and has also been shown to induce cell proliferation 
and cell migration [59–62]. NE plays an essential role in 
the formation of NETs, and inhibition of NE activity pre-
vents NET formation [27]. NE is also a major product of 
NET formation. Elevated levels of NE have been reported 
in cancer patients, and NE has been proposed as a marker of 
severity in colorectal and breast cancer with higher levels of 

Fig. 3  Contributions of NETs in tumor cell adhesion, thrombus for-
mulation, and cancer metastasis
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NE associated with worse outcomes [63–65]. Recently, NE 
produced by NETs has been shown to re-awaken dormant 
cancer cells by remodeling laminin and activation of integrin 
α3 β [19]. Interestingly, neutrophils are not the sole source of 
NE in the TME as cancer cells can produce NE [66]. NE can 
also induce the proliferation and migration of cancer cells 
[67]. Pharmacologic and genetic inhibition of NE decreased 
tumor growth and improved survival in tumor-bearing ani-
mals [68–70]. In addition to NE, matrix metalloproteinase-9 
and cathepsin G, which are produced during NET formation, 
have been shown to increase tumor progression [20].

Another major byproduct of NET formation is DNA, and 
NET-associated DNA has been shown to promote cancer 
progression. Yang et al. demonstrated that NETs do not 
merely act as a “trap” for CTCs but also that NET-DNA 
serves as a chemotactic factor to attract cancer cells [71]. 
They identified the transmembrane protein coiled-coil 
domain containing protein 25 (CCDC25) as a NET-DNA 
receptor on cancer cells that senses extracellular DNA and 
subsequently activates the integrin-linked kinase-β-parvin 
pathway to enhance cell motility. Moreover, the expression 
of CCDC25 on primary cancer cells was closely associated 
with a poor prognosis for patients, suggesting an active role 
of NETs in promoting cancer metastasis.

NETs induce thrombosis in cancer

Dysregulation of the coagulation pathway is a frequent 
occurrence in cancer patients and significantly increases 
mortality [72, 73]. Dysregulation of the coagulation path-
way leads to blood vessel occlusion and thrombosis asso-
ciated with pathologic events, including cardiovascular 
disease, deep vein thrombosis, and pulmonary embolism. 
It is conceivable that NET scaffold can occlude blood ves-
sels and cause thrombosis. Indeed, NET scaffolds promote 
adhesion of platelets, leading to thrombus formation [74, 
75], and NET formation has been associated with increased 
thrombus formation and blood vessel occlusion in several 
autoimmune diseases [76]. For example, depletion of neu-
trophils decreased thrombus formation [77], and inhibition 
of NET formation by infusion of DNase or genetic ablation 
of PAD4 protected mice from thrombosis [78, 79]. Interest-
ingly, the etiology of thrombosis in cancer has been recently 
attributed to NET formation. Cancer cells can induce plate-
let activation and promote thrombosis [80, 81]. NET forma-
tion led to a prothrombotic state in tumor-bearing mice [42], 
and citrullinated histone H3, a biomarker of NET formation, 
is a predictor of the risk of venous thromboembolism in 
cancer patients [82]. Chloroquine, an anti-malarial drug, 
decreases NET formation [83] and reduces coagulation 
factors in cancer patients [84]. Tumor-derived micropar-
ticles adhere to NETs at the site of thrombus formation 

[85], and human pancreatic tumors grown in mice release 
tissue factor-positive microvesicles that increase venous 
thrombosis [86]. Moreover, inhibition of NET formation 
decreased thrombus formation associated with tumor occur-
rence [87, 88]. These studies highlight the significance of 
NET-associated thrombus formation in cancer.

Targeting NETs in cancer

Inhibition of NET formation is rapidly gaining traction as 
a therapeutic strategy, and several studies have shown that 
inhibition of NET formation can lead to tumor retardation 
and cancer regression. The use of DNAse to inhibit NETs 
has shown therapeutic benefit in several cancer models. 
For example, inhibition of NETs using DNAse prevented 
lung metastasis in a mouse model of breast cancer [18], and 
DNAse treatment also prevented adhesion and metastasis 
of CTCs [17, 53].

NETs have also been targeted in cancer via the inhibi-
tion of PAD4 activity. Cedervall et al. showed that NETosis 
was associated with cancer-induced renal dysfunction, and 
inhibition of NET formation using DNAse or PAD4 inhibi-
tion abrogated cancer-induced renal dysfunction [89]. PAD4 
inhibition synergized with immune checkpoint blockade to 
prevent tumor progression [55]. Another molecular target 
of NET inhibition in cancer therapy is NE. Unpublished 
data from our lab showed that inhibition of NE decreased 
the growth of murine breast cancer cells. Other studies 
have shown that pharmacologic and genetic inhibition 
of NE decreased tumor growth and improved survival in 
tumor-bearing animals [68–70]. These studies have high-
lighted the prospect of targeting NET formation in cancer 
immunotherapy.

Engineering materials for targeting 
neutrophils in cancer

Nanoparticles (NPs) have emerged as a new platform for 
the delivery of therapeutics to cells with high specificity 
and reduced toxicity. Nanoencapsulation of drugs increases 
drug efficacy and circulation half-life [90]. In the case of 
cancer, NPs offer the advantage of precision targeted deliv-
ery of cytotoxic drugs to tumor cells while sparing healthy 
cells [90, 91]. Notably, tumor vasculature is characterized by 
weakened barrier integrity which enables the passive accu-
mulation of NPs at the tumor site, a phenomenon known as 
the enhanced permeability and retention (EPR) effect [92]. 
In addition, NPs can be actively targeted to tumor-specific 
ligands [93, 94], and such NPs can reduce off-target toxicity 
of anti-cancer drugs. For example, recent work has shown 
that anti-tumor drugs, such as 5-fluorouracil (5FU), when 



 Drug Delivery and Translational Research

1 3

given in the free form induced NETs in the blood, but this 
effect was not observed if 5FU was delivered using poly-
meric NPs [95].

As the most abundant innate immune cell population, 
neutrophils inevitably take up injected NPs due to their 
phagocytic functions [96]. The development of NPs that 
can be efficiently taken up by neutrophils for therapeutic 
purposes has gained considerable interest in recent years 
[97]. Human neutrophils can internalize particles varying 
in both size (5 nm to 2 μm) and chemical composition (e.g., 
lipids, poly(styrene), poly(lactic-co-glycolic acid), and gold) 
[98]. Particle uptake by neutrophils is rapid, typically pla-
teauing within 15 min. Importantly, uptake of nanoscale 
poly(styrene) and liposomal particles at concentrations of up 
to 5 μg/mL did not increase neutrophil apoptosis, activation, 
or cell death [98]. Additionally, ingested particles resided in 
intracellular compartments that were retained in neutrophils 
during activation and degranulation. Particle-laden neutro-
phils also retained the ability to degranulate normally in 
response to chemical stimulation [98]. Hence, neutrophils 
are promising targets for NP-mediated drug delivery.

The inherent ability of neutrophils to take up injected 
particles has been utilized for therapeutic purposes in recent 
studies. Notably, neutrophils possess several Fcγ receptors 
(FcγRs) that can mediate NP uptake via endocytosis [99]. 
Cationic liposomes loaded with paclitaxel (PTX-CL) were 
readily internalized by neutrophils and have been developed 
as a basis for neutrophil-based drug delivery (Fig. 4A) [100]. 
In a mouse model of glioblastoma, PTX-CL/NEs efficiently 
crossed the blood–brain barrier and showed greater accumu-
lation in the brain, compared to untreated controls (Fig. 4B). 
PTX-CL/NEs administered after glioblastoma resection 
surgery significantly increased the animal survival up to 
61 days, compared with 29 days for Taxol and 38 days for 
PTX-CL (Fig. 4C) [100]. These results indicate the efficacy 
of neutrophils as vehicles for drug delivery of nanomaterials.

Albumin-based NPs have been recently reported to target 
neutrophils in the setting of acute lung injury as well as can-
cer. Albumin NPs were synthesized by ethanol desolvation 
of bovine serum albumin (BSA) followed by glutaraldehyde-
mediated cross-linking (Fig. 5A) [101]. Albumin NPs were 
preferentially taken up by activated neutrophils but not by acti-
vated monocytes (Fig. 5B). Albumin NP uptake was partly 
dependent on FcγRIII expressed on neutrophils, as the absence 
of FcγRIII significantly decreased NP uptake by 50%. Drug-
loaded albumin NPs were more effective than free drug in lim-
iting neutrophil infiltration and lung MPO production in an 
LPS-induced model of acute lung injury (Fig. 5C). The authors 
have further developed the albumin NP platform for targeted 
drug delivery to cancer (Fig. 5D) [102]. In the mouse model 
of B16 melanoma, TA99, a monoclonal antibody specific for 
gp75 antigen, is known to cause neutrophil recruitment to the 

tumor site. Hence, in B16 tumor-bearing mice, the authors 
administered TA99, followed by injection of albumin NPs car-
rying a photosensitizer Ppa, leading to significantly improved 
delivery of Ppa to the tumor site and increased efficacy of pho-
todynamic therapy with an extended animal survival (Fig. 5E, 
F). Albumin NPs were taken up by a distinct subset of neutro-
phils with a pro-inflammatory phenotype [103]. These results 
highlight the potential of neutrophil-targeted drug delivery in 
the settings of cancer as well as inflammation.

Another strategy employed for therapeutic manipulation of 
neutrophils involves active targeting of neutrophil ligands. In 
this approach, the NPs engineered to bind to specific ligands 
on neutrophils are used for receptor-mediated endocytosis 
into neutrophils. For example, NPs have been coupled to the 
tri-amino acid sequence, arginine-glycine-aspartate (RGD) 
which promotes cellular adhesion to the extracellular matrix 
for targeted drug delivery to neutrophils. These RGD-coupled 
NPs have been shown to be effective in neutrophil-mediated 
drug delivery across the blood–brain barrier [104, 105]. In a 
mouse model of cerebral ischemia, RGD liposomes loaded 
with an antioxidant ER administered after 3 h resulted in 
decrease in infarct volume of 40–52% compared to animals 
treated with free drug alone, demonstrating the potential of 
RGD liposomes in drug delivery across the blood–brain barrier 
[104]. In addition, neutrophil membranes are rich with recep-
tors that can be actively targeted with monoclonal antibodies. 
Thus, NP-antibody conjugates can be utilized for active tar-
geting of neutrophils. Lymphocyte antigen 6 complex locus 
G6D (Ly-6G) is a component of the myeloid differentiation 
antigen Gr-1 that is predominantly expressed on neutrophils 
and widely utilized as a neutrophil marker. For example, super-
paramagnetic iron oxide nanoparticles conjugated with Ly-6G 
antibody have been developed for non-invasive, in situ labeling 
and tracking of neutrophils in vivo [106]. In another example, 
a NIMP-R14 antibody (which recognizes Ly-6G) was conju-
gated on the surfaces of PEGylated polylactide-coglycolide 
(PLGA)-NPs for the neutrophil-targeted drug delivery in the 
lungs [107]. PEGylation was employed to limit the clearance 
of the NPs by the airway defense mechanisms. This PEGylated 
immuno-conjugated PLGA-NP loaded with ibuprofen was 
shown to accumulate in the lungs, decrease the production of 
neutrophil MPO, and inhibit lung inflammation. Alternatively, 
peptides specific to neutrophil markers may be employed for 
targeting neutrophils. For instance, the phage display technol-
ogy has been used to identify peptides that bind specifically 
to CD177 (also known as human neutrophil antigen NB1). 
These CD177-binding peptides were conjugated to lipid-based 
NPs for targeted drug delivery to neutrophils [108], providing 
an alternative approach to antibody-conjugated NPs. These 
approaches showcase the potential of NPs decorated with 
neutrophil-binding antibodies or other ligands for active tar-
geting of neutrophils.
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Moreover, drug-loaded NPs can be coated with neutrophil 
membranes rich in integrin ligands for tumor-targeted delivery 
of anti-cancer drugs [109]. These neutrophil-mimicking NPs 
(NM-NP) have found important applications for targeted drug 
delivery to cancer. For example, Zhou et al. demonstrated 

the efficacy of PEG-PLGA NPs coated with neutrophil mem-
branes and loaded with an anti-inflammatory drug, celastrol, 
for the treatment of acute pancreatitis [110]. Compared to 
control NPs without membrane coating, NM-NP were shown 
to selectively accumulate in the pancreas of rats with acute 

Fig. 4  Neutrophil-mediated anticancer drug delivery suppresses 
postoperative glioma recurrence. A Schematic illustration of PTX-
CL/NE-mediated suppression of postoperative glioma recurrence 
in mice. PTX-CL/NEs transmigrate to the inflamed brain across the 
blood–brain barrier and delivers PTX into the infiltrating tumor cells 
to produce an anti-tumor effect. B Fluorescence imaging of the nor-

mal mice (1), G422-bearing mice (2), surgically treated G422-bearing 
mice (3), and the sham-operated mice (4) after intravenous admin-
istration of PTX-CL/DiR-NEs. C Survival curves of the surgically 
treated G422-bearing mice after intravenous administration of saline, 
the blank NEs, CL/NEs without PTX, Taxol, PTX-CL, and PTX-CL/
NEs. Reprinted with permission from Xue et al. [100]
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pancreatitis. In a murine model of pancreatic cancer, NM-NP 
significantly inhibited tumor growth, prevented metastasis, 
and increased the animal median survival from 28 days (the 
saline control group) to 63 days (Fig. 6A, B) [111]. Further-
more, NM-NP loaded with an anti-tumor drug carfilzomib 
has been shown to deplete CTCs and prevent metastasis in a 
murine model of breast cancer (Fig. 6C, D) [112]. These stud-
ies have demonstrated the therapeutic potential of NM-NPs in 
preclinical models of cancer.

Notably, the approaches presented above for NP-neu-
trophil targeting can be utilized for the prevention of NET 
formation in cancer and other diseases. We have recently 
showed that lipid-based NPs, termed interbilayer-crosslinked 
multilamellar vesicles (ICMVs), can be rapidly taken up by 

neutrophils and used to increase the efficacy of sivelestat (a 
neutrophil elastase inhibitor) to prevent NET formation [28]. 
ICMVs loaded with sivelestat exhibited a greater efficacy 
than the free drug in preventing NET formation and reduc-
ing mortality in a murine model of endotoxic shock (Fig. 7). 
Moreover, other studies have also shown the utility of NPs in 
prevention of NET formation in the setting of cancer preven-
tion. For example, NPs coated with DNase have been shown 
to inhibit NET formation and prevent metastasis in a murine 
model of breast cancer [18]. In addition, NPs modified with 
α2,8-linked sialic acid chains have been shown to inhibit 
NET formation [113]. These examples show the potential 
of NPs engineered to target and inhibit NET formation for 
cancer therapy.

Fig. 5  Albumin nanoparticles for targeting neutrophils. A Schematic 
illustration for synthesis of albumin nanoparticles (Alb-Nano). B 
The percentage of neutrophils and monocytes internalizing Alb-
Nano as assessed by intravital microscopy of mouse cremaster mus-
cle. C Intravenous treatment with Alb-Nano carrying piceatannol 
decreased leukocyte infiltration and MPO activities in a mouse model 
of LPS-induced acute lung inflammation. D Administration of TA99 

increased the internationalization of albumin nanoparticles by neu-
trophils in the blood. E, F Mice bearing B16 melanoma were treated 
with TA99 and albumin nanoparticles carrying Ppa, followed by pho-
todynamic therapy. The animals were monitored for E tumor growth 
and F survival. Reprinted with permission from Wang et al. [101] for 
panels A–C and from Chu et al. [102] for panels E–F 
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Fig. 6  Neutrophil membrane-
coated nanoparticles for cancer 
treatment. A Transmission 
electron microscopy images 
of nanoparticles, neutrophil 
membrane, and neutrophil 
membrane-coated nanoparticles 
(NNPs). B Anti-tumor efficacy 
of NNPs carrying celastrol as 
quantified by GFP signal and 
animal survival in mice bearing 
orthotopic GFP-Panc02 pancre-
atic cancer cells. C Schematic 
illustration of synthesis of 
NM-NP carrying carfilzomib. 
The cocktail of neutrophil 
membrane-associated proteins 
enables the resulting NM-NP-
CFZ to target circulating tumor 
cells (CTCs) in circulation and 
inflamed endothelial cells in the 
premetastatic lesion. D NM-NP-
CFZ inhibited the development 
of already formed 4T1 lung 
metastasis. In vivo imaging of 
mice bearing GFP-4T1 lung 
metastasis, followed by treat-
ments. The right panel shows 
quantification of GFP + lung 
nodules. Reprinted with permis-
sion from Cao et al. [111] for 
panels A–B and from Kang 
et al. [112] for panels C–D 
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Conclusions and perspectives

There is mounting experimental evidence showing that 
neutrophils and NETs contribute to tumor progression and 
metastases [20]. Recently, our understanding of tumor biol-
ogy and immunology has greatly expanded the potential for 
cancer treatment through several immunological targets. 
Neutrophils have long been known as mediators of inflam-
mation. In this context, neutrophil-mediated inflammation 
has been known to contribute to tumor progression, and 
therapies targeting the inflammation cascade can exert anti-
tumor effects in humans. For example, clinical trials for can-
cer treatment with monoclonal antibodies blocking IL-6, an 
inflammatory cytokine, have shown promising results [114].

Strategies to inhibit NET formation have significant 
potential to advance cancer therapeutics. Experimental 
evidence has shown anti-tumor efficacy for inhibitors of 
NET formation, including DNase and inhibitors of PAD4 
and neutrophil elastase. However, the anti-tumor efficacy 
of these inhibitors of NET formation has not been investi-
gated in human studies. Such efforts are necessary to give 
a clearer picture on the effectiveness of NET inhibitors 
in cancer therapy. Indeed, there is potential for targeting 
the pathways that drive NET formation in cancer therapy 

(Fig. 2). For example, the PKC and MAPK pathways are 
involved in NET formation, and targeting the PKC and 
MAPK pathways may inhibit NET formation and exert an 
anti-tumorigenic effect.

Combining NET inhibition or neutrophil targeting with 
another anti-tumor therapy may be synergistic. For exam-
ple, neutrophils have been shown to mediate tumor refrac-
toriness to anti-VEGF treatment in mice [115]. Hence, anti-
VEGF therapy combined with neutrophil depletion may be 
more effective than anti-VEGF treatment alone. Likewise, 
tumors resistant to immune checkpoint blockade were 
eliminated by inhibition of myeloid-derived cells [116], 
thus demonstrating the potential of neutrophil-targeting 
combination therapies.

Overall, more studies are needed to elucidate the role 
of neutrophils and NETs in cancer biology. Understand-
ing the complex interplay between NET formation and 
tumor progression will further improve the options for tar-
geting neutrophils in cancer therapy. Additionally, more 
work needs to be done in engineering NPs for anti-tumor 
drug delivery since there is tremendous opportunity in the 
rational design of NPs for targeting neutrophils and NET 
formation as potential therapeutics against cancer as well 
as other inflammatory diseases.

Fig. 7  ICMVs decrease NET 
formation and rescue mice from 
endotoxic shock. Drug-loaded 
ICMVs decrease NET forma-
tion as measured by release 
of extracellular DNA (A) or 
neutrophil elastase (B). Drug-
loaded ICMVs significantly 
improve the clinical score (C) 
and survival of mice (D) in a 
LPS model of endotoxic shock 
compared to controls. Reprinted 
with permission from Okeke 
et al. [28]
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