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Abstract

Neutrophils, the most abundant type of leukocytes in blood, can form neutrophil extracellular traps 

(NETs). These are pathogen-trapping structures generated by expulsion of the neutrophil's DNA 

with associated proteolytic enzymes. NETs produced by infection can promote cancer metastasis. 

Here, we show that metastatic breast cancer cells can induce neutrophils to form metastasis-

supporting NETs in the absence of infection. Using intravital imaging, we observed NET-like 

structures around metastatic 4T1 cancer cells that had reached the lungs of mice. We also found 

NETs in clinical samples of triple-negative human breast cancer. The formation of NETs 
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stimulated the invasion and migration of breast cancer cells in vitro. Inhibiting NET formation or 

digesting NETs with DNase I blocked these processes. Treatment with NET-digesting, DNase I-

coated nanoparticles markedly reduced lung metastases in mice. Our data suggest that induction of 

NETs by cancer cells is a previously unidentified metastasis-promoting tumor-host interaction and 

a potential therapeutic target.

Introduction

Breast cancer metastasis is associated with very high mortality rates. Cancer cells can 

acquire the ability to metastasize by expressing metastasis-promoting genes, such as 

epithelial-to-mesenchymal-transition promoting transcription factors or metalloproteinases 

(1, 2). However, cancer cells also can recruit and activate leukocytes, including 

macrophages, to promote metastasis (3). Neutrophils – the most abundant leukocytes in 

human blood –similarly promote metastasis (4-8), although they can kill disseminated 

cancer cells under certain conditions (9). Neutrophils and their precursors are sensitive to 

many chemotherapy regimens, causing dangerously low neutrophil numbers (neutropenia) 

during the course of treatment. Because neutropenia carries a risk of life-threatening 

infections, the American Society of Clinical Oncology recommends prophylactic treatment 

with neutrophil-stimulating factors, including granulocyte colony stimulating factor (G-

CSF), for certain chemotherapeutic regimens (10). It is therefore important to determine the 

conditions under which neutrophils promote metastatic spread.

Neutrophils' normal function is to kill harmful microorganisms in three ways: 1) 

phagocytosis, a process whereby bacteria or fungi are engulfed and digested, 2) 

degranulation of cytotoxic enzymes into the extracellular space, and 3) neutrophil 

extracellular traps (NETs), which are DNA meshes with associated cytotoxic enzymes that 

are released into the extracellular space where they trap microorganisms (11). NETs form in 

tissues and have been documented in human pancreatic, liver, and gastric cancer (12-14), but 

whether they participate in cancer progression remains unclear. NETs can also form 

intravascularly, and they can damage vascular cells when they form (15). Recently, it was 

shown that NETs induced within the vasculature by experimentally induced systemic 

bacterial infection or surgical stress aided in metastatic seeding of cancer cells in the liver (5, 

12).

We sought to observe how disseminating cancer cells interacted with neutrophils upon 

arrival in the lungs, a major site of metastatic colonization in breast cancer. We developed 

confocal intravital lung imaging (CILI), a modification of a lung-imaging approach used 

with two-photon microscopy (16). Here, we show that NET-like structures form around 

disseminated cancer cells in lungs using CILI. We show that cancer cells stimulate 

neutrophils to form NETs in the absence of pathogens, in vitro. Finally, we show that NETs 

stimulate cancer cell migration and invasion, and that treatment with NET-digesting DNase-

I-coated nanoparticles inhibits metastasis. NET formation is a mechanism by which signals 

from cancer cells activate host cells to enhance metastasis. Understanding the contribution of 

neutrophils to metastases has pressing clinical implications, because many cancer patients 
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receiving chemotherapy also receive prophylactic treatment with neutrophil stimulating 

factors.

Results

Metastatic cancer cells induce formation of NETs

To investigate whether neutrophils play a role in metastasis, we first compared neutrophil 

infiltration into tumors from orthotopically transplanted 4T1 and 4T07 murine breast cancer 

cells. These cells originate from the same mammary tumor of a BALB/c mouse, but only the 

4T1 cells metastasize (17). We observed significantly (p=0.0009) more neutrophils in 

primary 4T1 tumors than in 4T07 tumors (Figs. 1A, B). Because the CXCL1 chemokine can 

recruit neutrophils (18), we measured its mRNA and protein and found higher amounts in 

4T1 than in 4T07 cells and in 4T1-derived tumors than in 4T07-derived tumors (Fig. 1C, and 

fig. S1). Reduction of CXCL1 (and the homologous CXCL2) in 4T1 cells with short hairpin 

RNAs reduced neutrophil infiltration into tumors and increased primary tumor growth, but 

had no effect on macrophage infiltration or cancer cell proliferation in vitro (fig. S1). 

Tumors with reduced expression of CXCL1/2 had an approximately doubled tumor burden, 

but, despite this, metastatic burden was not increased (fig. S1). Instead, metastatic burden 

from CXCL1/2 knockdown cells was significantly (p=0.0008) decreased when equal 

numbers of cancer cells were injected intravenously into mice (Fig. 1D). We speculated that 

increased tumor burden after CXCL1/2 knockdown was caused by reduced recruitment of 

tumor-reactive T lymphocytes (19). Consistent with this idea, CXCL1/2 knockdown did not 

increase primary tumor growth in T cell-deficient, nude mice (Fig. 1E). However, CXCL1/2 

knockdown did significantly (p=0.03) reduce spontaneous metastasis in nude mice (Fig. 1F). 

This suggests that the reduced metastasis is not caused by reduced T cell recruitment, and 

that neutrophils mediate this effect.

The assays with CXCL1/2-knockdown cells suggest that neutrophils support metastasis 

upon their recruitment by cancer cells. To investigate the functions of neutrophils at the 

metastatic site, we performed confocal intravital lung imaging (CILI) of mCherry-

expressing 4T07 and 4T1 cells injected intravenously into LysM-EGFP mice, which express 

EGFP predominantly in neutrophils (20).Greater numbers of extracellular DNA structures, 

sensitive to intravenously injected DNase I, were found around 4T1 than around 4T07 

cancer cells (Figs. 1G, H, movie S1). To explore whether these structures could be NETs, we 

next used CILI to determine if the extracellular DNA structures co-localized with the NET-

associated protease neutrophil elastase using a probe that produces fluorescent signal after 

specific cleavage by neutrophil elastase. Neutrophil elastase activity co-localized with 

extracellular DNA in 14 out of 17 imaged fields of view after injection of the 4T1 cancer 

cells but not after injection of 4T07 cells (Figs. 1I, J, p=0.0008). To further explore whether 

NETs are formed after injection of cancer cells, we performed immunofluorescent staining 

for NETs in tissue sections from lungs of mice injected with 4T1 cancer cells. This analysis 

confirmed that NETs formed in lungs shortly after tail vein injection of 4T1 cells and that 

the amounts of NETs were elevated for days after injection (Figs. 1K, 1L, and S2). These 

data demonstrate that metastatic cancer cells stimulate NET formation at sites of 

dissemination in the absence of infection.
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To determine whether NETs could also be found in metastatic human breast cancer, we 

performed immunofluorescence staining on a small panel of clinical samples of primary 

tumor and matched metastatic lung lesions from breast cancer patients (Fig. 2A). We 

detected NETs in 16 out of 20 primary tumors, and in 13 out of 19 metastatic lung lesions 

(Fig. 2B). The number of NETs varied between tumors, with the highest numbers in triple-

negative tumors (6 of 6 primary tumors and 7 of 7 metastases had detectable NETs), and an 

absence or very low numbers in luminal breast cancers (Fig. 2C). Thus, we detected NETs in 

human breast cancer and found the presence of NETs to be associated with an aggressive 

subtype of breast cancer.

NETs promote cancer cell migration and invasion

To determine whether cancer cell-induced NET formation required direct interaction with 

neutrophils or could be induced over a distance, we performed a transwell chamber assay. 

Specifically, neutrophils isolated from the mouse bone marrow were plated in the lower 

wells, and cancer cells were added on top of Matrigel-coated membranes in the upper wells 

(fig. S3). Neutrophils co-cultured in this manner with metastatic 4T1 cells formed extensive 

NETs, whereas neutrophils similarly co-cultured with non-metastatic 4T07 cells formed few 

NETs (Figs. 3A, B).

Co-culturing with neutrophils increased the invasion of 4T1 cells, but had little effect on the 

invasion of 4T07 cells (Fig. 3C). To test whether NETs promoted cancer cell invasion, we 

digested extracellular DNA by adding DNase I to the cultures (Figs. 3D, E). The neutrophils' 

ability to stimulate invasion of 4T1 cells was lost when the DNA of the NETs was digested, 

whereas the addition of DNase I had no effect on fetal calf serum (FCS)-stimulated invasion 

(Fig. 3F).

To test whether other metastatic cancer cells also induce NETs, we isolated primary cancer 

cells from C3(1)-Tag mice, a genetically engineered mouse model of metastatic basal/triple-

negative breast cancer (21). Tumors in this model have high numbers of infiltrating 

neutrophils and high expression of CXCL1 (22). Like 4T1 cells, C3(1)-Tag primary cancer 

cells induced NETs when co-cultured with mouse neutrophils (Fig. 3G). C3(1)-Tag cells 

have a limited ability to invade through Matrigel, but neutrophils significantly (p=0.047) 

increased the migration of C3(1)-Tag cells across uncoated membranes. This increased 

migration was blocked by DNase I treatment (Fig. 3H). Extensive NETs were also formed 

when triple-negative human BT-549 breast cancer cells were cultured with neutrophils from 

healthy female volunteers (Figs. 3I, J, fig. S3). As observed with 4T1 cells, digesting NETs 

with DNase I blocked the neutrophils' ability to stimulate BT-549 invasion through Matrigel 

(Fig. 3K). Thus, both human and mouse triple-negative breast cancer cells can promote the 

formation of pro-migratory/invasive NETs, whereas treatment with NET-digesting DNase I 

blocks migration and invasion induced by species-matched neutrophils.

Cancer cells induce lytic NETs, and blocking NET formation reduces invasion

Next, we wanted to determine how tumor-induced NETs were formed. G-CSF can prime 

neutrophils for NET formation and is secreted by 4T1 cells (23). Indeed, anti-G-CSF 

blocking antibodies significantly (p=0.03) reduced the ability of 4T1 cells to induce NETs in 
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the transwell chamber assay (Fig. 4A). Conversely, human recombinant G-CSF induced 

NET formation by human neutrophils (fig. S4A). Together, this suggests that G-CSF 

secreted by cancer cells induces NETs.

An initial step in the intracellular signaling cascade in neutrophils that results in pathogen-

induced NET formation is activation of the phagocytic NADPH oxidase (NOX2) enzyme 

complex (24). In our transwell assay, apocynin, a pharmacologic inhibitor of NOX2, reduced 

NET formation and neutrophil-promoted cancer cell invasion (Figs. 4B, C). The phox47 

subunit is a critical component of NOX2 in neutrophils. The extension of NETs was greatly 

reduced for neutrophils isolated from p47phox-/- compared to those isolated from 

p47phox+/+ mice, and p47phox-/- neutrophils did not promote cancer cell invasion (fig. S4). 

Unfortunately, the p47phox-/- strain is on the C57BL/6 background, precluding in vivo 

experiments with the BALB/c-derived 4T1 cells.

Next, we determined the importance of peptidylarginine deiminase type 4 (PAD4), the 

enzyme responsible for histone modifications required for decondensing neutrophil DNA 

before expulsion (25). The PAD4 inhibitor Cl-amidine reduced NET formation (Fig. 4D) 

and blocked the neutrophils' ability to promote invasion (Fig. 4E). Thus, metastatic cancer 

cells activate signaling pathways that include NADPH oxidase and PAD4 in neutrophils, 

causing the formation of invasion-promoting NETs.

Several types of NET formation can occur. One requires NADPH oxidase activity and 

generally results in neutrophil lysis 2-4 hours after activation (24), whereas another process 

occurs rapidly (5-60 min), independent of NADPH oxidase-activity, and leaves the 

neutrophil plasma membrane intact (26). Cancer cell-induced NET formation was dependent 

on NADPH oxidase activity, which suggested that it occurred through a lytic process. To 

address this directly, we performed electron microscopy. Scanning electron microscopy 

revealed that extracellular meshes extruded from non-intact neutrophils 3 hours after plating 

and stimulation with cancer cells, whereas intact neutrophils were rarely discernible (fig. 

S5). These findings were largely similar to those observed after stimulation with phorbol 12-

myristate 13-acetate (PMA) (fig. S5), which is known to induce NETs through a lytic 

mechanism (24). We next analyzed the integrity of the neutrophils by transmission electron 

microscopy. Three hours after stimulation with cancer cells, neutrophils typically had 

decondensed chromatin dispersed in the cytosol and plasma membrane breakdown (fig. S5). 

This morphology was identical to the morphology of the neutrophils induced to form NETs 

by PMA. Of >50 evaluated neutrophils, none showed evidence of DNA-containing vesicles 

budding from the nucleus, the morphology described as typical for non-lytic NET-forming 

neutrophils (26). Finally, to demonstrate that the extracellular meshes observed by scanning 

electron microscopy contained DNA, we performed immunogold labeling with anti-DNA 

antibodies, and detected expelled DNA in the meshes after stimulation with 4T1 cancer cells 

(fig. S5). Because we did not observe neutrophils with extruded nuclear DNA that were 

otherwise intact, we conclude that, in our in vitro setting, cancer cells induce NETs through 

a lytic process.

NETs are defined by the association of neutrophil proteases with the extracellular 

neutrophilic histone-bound DNA (27). So we speculated that the pro-invasive effects of 

Park et al. Page 5

Sci Transl Med. Author manuscript; available in PMC 2017 August 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



NETs required NET-associated protease activity. Indeed, inhibition of cathepsin G, a 

protease associated with NETs, blocked the neutrophils' ability to promote invasion with no 

effect on the cancer cells' ability to invade towards FCS. Surprisingly, inhibition of cathepsin 

G also reduced the extension of NETs (Figs. 5A & B). This suggests that cathepsin G is 

required for NET release. Cleavage of histones by neutrophil elastase is required for 

chromatin de-condensation and NET release (28, 29), and cathepsin G may have a similar 

role. The neutrophil elastase inhibitor sivelestat also reduced the extension of cancer cell-

induced NETs (Fig. 5C). Although the effect of sivelestat on neutrophil-induced invasion 

was not significant in assays with murine 4T1 cells (Figs. 5D), inhibition of neutrophil 

elastase significantly (p=0.02) blocked the neutrophils' ability to stimulate the invasion of 

human BT-549 breast cancer cells, as did inhibition of NADPH oxidase (Fig. 5E).

The pro-invasive effects of NET-forming neutrophils in transwell chamber assays suggested 

that a factor (or factors) generated during NET formation acted on cancer cells. To test this 

possibility, we generated conditioned medium (CM) from unstimulated neutrophils, from 

neutrophils induced to form NETs by co-culturing with cancer cells, and from neutrophils 

co-cultured with cancer cells in the presence of the NADPH oxidase inhibitor apocynin to 

prevent the formation of NETs. CM from cultures induced to form NETs effectively 

stimulated cancer cell invasion, whereas CM from cultures where NET formation was 

inhibited with apocynin did not (Fig. 5F). To exclude the possibility that invasion was 

stimulated by factors secreted by cancer cells into the CM, we also used CM from 

neutrophils that formed NETs in response to PMA stimulation. CM from PMA-induced, 

NET-forming neutrophils also stimulated cancer cell invasion. Conditioned medium from 

both cancer cell-induced and PMA-induced NET-forming neutrophil cultures lost the ability 

to stimulate invasion if neutrophils were cultured in the presence of DNase I (fig. S6). In 

addition, the CM lost its ability to stimulate invasion if DNase I was added after collection 

or upon heat denaturing (fig. S6). This suggests that the pro-invasive factor is not simply 

extracellular DNA, but protein factors associated with the DNA mesh.

DNase I treatment prevents lung metastasis in mice

Digesting bacterially induced NETs with systemically administered DNase I can reduce 

experimental metastasis in a mouse model of metastatic lung cancer, but the effects are 

relatively modest (5). Because we found that DNase I prevented NET-mediated invasion and 

migration in vitro with three different sources of cancer cells (Figs. 3F, H, K), we speculated 

that the modest in vivo effects of DNase I were due to its short half-life in blood (30). 

Immobilization of an enzyme on the surface of nanoparticles can increase enzyme stability 

(31), and we therefore developed DNase I-coated nanoparticles. In vitro, DNase I-coated 

nanoparticles digested NETs and blocked invasion as effectively as free DNase I (Fig. 6A). 

In vivo, a higher concentration of DNase I was found in plasma when mice were treated with 

DNase I-coated nanoparticles than with free DNase I (Fig. 6B). Daily intraperitoneal 

injection of DNase I-coated nanoparticles significantly (p=0.002) reduced metastatic burden 

after intravenous injection of 4T1 cells (Figs. 6C, D). Three out of nine mice treated with 

DNase-I-coated nanoparticles had no detectable metastasis by histology, whereas all 10 mice 

treated with control nanoparticles had macroscopic or microscopic metastases. A detailed 

analysis of the tissue revealed that there was a significant reduction in the number of 
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detectable, individual metastatic foci (Fig. 6E, p=0.0003) and a reduction in the average size 

of foci (Fig. 6F, p=0.01) after treatment with DNase I-coated nanoparticles. This suggests 

that NETs are critical for metastatic colonization. NETs that form intravascularly in response 

to infection can promote extravasation of disseminated cancer cells (5). We therefore 

examined whether DNA digestion with DNase I-coated nanoparticles or inhibition of NET 

formation with the PAD4 inhibitor Cl-amidine influenced the number of cancer cells that 

made it out of the vasculature in our metastasis model, which does not involve infection. 

Despite a significant (p=0.02) reduction in the number of NETs using either approach (fig. 

S7A), the number of cells that extravasated into the lung tissue 24 hours after injection was 

not altered (fig. S7B).

To determine whether DNase I-coated nanoparticles also reduced spontaneous metastasis, 

4T1 cells were injected into both inguinal mammary glands of female mice and, after seven 

days, daily treatment with DNase-I coated nanoparticles began. The DNase I-coated 

nanoparticles had no effect on primary tumor growth (Fig. 6G), but the lung metastatic 

burden was reduced: all mice treated with control nanoparticles had micrometastases, but 3 

out of 6 mice treated with DNase I-coated nanoparticles had no detectable metastases by 

histology (Fig. 6H). Together, these data suggest that therapeutic targeting of NETs can 

prevent lung metastasis.

Discussion

Here, we show that cancer cells can hijack neutrophils so that the neutrophils' ability to 

eradicate pathogens through formation of NETs aids metastatic spread instead. By imaging 

in live mice, we observed that breast cancer cells can induce neutrophils to form NETs after 

they arrive in the lungs. We also documented the presence of NETs in the aggressive triple-

negative subtype of human breast cancer. Using in vitro models, we further demonstrated 

that inhibiting the signaling pathways that promote NET formation or digesting NETs with 

DNase I blocks invasion. Our data also suggest that cathepsin G is not just an effector of 

NET functions but participates in the release of NETs, similar to what is reported for 

neutrophil elastase (28). Finally, we demonstrate that treatment with DNase I-coated 

nanoparticles effectively reduces metastasis in vivo. Unexpectedly, cancer cell-induced 

NETs did not promote extravasation but did influence the number of histologically 

detectable metastatic foci. This suggests that NETs mediate the expansion of disseminated 

cells. Our findings, together with a previous report that NETs induced by infection aid in 

metastatic seeding of the liver (5), raise the exciting possibility of targeting NETs to prevent 

metastasis.

Neutrophils and their precursors are sensitive to chemotherapy, and cancer patients can thus 

develop life-threatening neutropenia. Notably, long-term survival of breast cancer patients 

receiving chemotherapy is higher for patients with mild chemotherapy-induced neutropenia 

(32). It has been proposed that this is because neutropenia represents a surrogate marker of 

adequate chemotherapy dosing for a given patient (33). However, our findings suggest an 

alternative hypothesis: that mild neutropenia is associated with better survival because 

neutrophils play a functional role in metastasis. It could therefore be important to develop 

approaches to prevent or dissolve pro-metastatic NETs while simultaneously leaving the 
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life-saving de-granulating and phagocytic activities of neutrophils intact. Blocking 

antibodies against G-CSF reduced cancer cell-induced NET formation in our study and can 

reduce metastases in mice (34, 35). However, G-CSF is used clinically to prevent mortality 

associated with neutropenic infections and cannot be easily targeted. Inhibitors against 

NOX2 and neutrophil proteases also blocked cancer cell-induced NET formation. 

Unfortunately, NOX2 and the neutrophil proteases are also not good targets because NOX2 

is critical for bacterial killing and neutrophil proteases are required to eliminate pathogens 

by phagocytosis and de-granulation. However, the extracellular DNA mesh of NETs is an 

exciting and feasible target. Treatment with nucleases was reported to reduce metastasis 

decades ago, but with no insights as to why (36). DNase I treatment is approved by FDA for 

the treatment of cystic fibrosis, for which it is used to decrease mucus viscosity resulting 

from NET accumulation triggered by persistent infections. Our results with DNase I-coated 

nanoparticles serve as proof-of-principle that NETs are a drug target to reduce metastasis. 

Another strategy may be to prevent NETs from forming, for example by targeting PAD4. 

Although we were able to prevent NET formation using PAD4 inhibitors in vivo in short-

term assays, we could not test the effect on metastasis with the long term treatment needed. 

Commercially available PAD4 inhibitors have serum half-lives of ∼15 min-4 h (37, 38). It 

was therefore impossible to compare NET digestion by DNase I-coated nanoparticles to 

inhibition of NET formation using PAD4 inhibition and establish which approach is the best 

strategy for preventing metastasis.

Our experimental metastasis assays suggest that NETs play a role during the establishment 

of metastases. They may do so through multiple mechanisms. The DNA mesh can trap 

circulating cancer cells at the site of dissemination (5). In addition, intravascular NETs can 

increase local vascular permeability (15), which would permit cancer cells to extravasate 

more easily. This role has been proposed for systemically formed NETs. However, our data 

do not support a role for cancer cell-induced NETs in enhancing extravasation. Instead, our 

data suggest that NETs may stimulate the further invasion of the cells into the tissue and the 

expansion of the colonizing cells. The DNA mesh of NETs may promote invasion by acting 

to concentrate NET-associated proteases or protecting proteases from the endogenous 

inhibitors abundant in blood. We found that conditioned medium from NET-forming cultures 

can promote invasion, but that both DNase I digestion and heat denaturing can abolish this 

effect. This suggests that the DNA mesh is important for mediating the effect, but because 

denaturing does not degrade DNA, it is not simply free DNA that stimulates invasion. 

Possibly, a chemotactic factor(s) is associated with NETs. HMGB1 released during NET 

formation may drive proliferation and migration of cancer cells (12). Because we found 

NETs in primary human tumors as well as metastases, another important future direction 

will be to elucidate whether NETs also participate in cancer cell migration and invasion in 

the primary tumor.

Here, we show that three different types of cancer cells can induce pro-migratory or pro-

invasive NETs, but cancer cells can acquire the ability to invade and migrate through many 

other means. Therefore, assays to identify patients who may benefit from NET-targeted 

treatments are needed. Detection of NETs in tumor biopsies may be the most accurate 

method of identifying patients who might benefit from NET-targeting approaches. However, 

because we identified G-CSF as a critical factor in the induction of NETs by cancer cells, it 
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is possible that cancer cell expression of G-CSF could identify patients at risk of developing 

NET-promoted metastasis. Both 4T1 cells and C3(1)-Tag tumors express high levels of G-

CSF (22, 35), and they are both models of triple-negative breast cancer. Higher amounts of 

G-CSF are found in human patient samples of triple-negative breast cancers than of other 

subtypes (34). Our analysis of clinical samples also shows that NETs are found in highest 

amounts in this breast cancer subtype.

In conclusion, we demonstrated that cancer cells can hijack the physiological processes of 

microorganism killing through NET formation to promote metastasis. This concept for how 

cancer cells exploit host cells represents a therapeutic opportunity to prevent metastasis, 

which accounts for the great majority of cancer-associated deaths.

Materials and Methods

Study design

The objective of this research was to test the hypothesis that cancer cell-induced NETs 

promote invasion and metastasis in in vitro and in vivo models of cancer. Animals were 

excluded from the study if the initial intravenous injection of the cancer cells missed the tail 

vein. Endpoints for animal experiments were selected before the conduction of the 

experiments as the time when the first animals in any experimental group had a weight loss 

of >10%. The number of replicates for specific experiments is listed in the figure legends. 

The experiments testing the effects of DNase I on invasion in vitro were repeated by three 

different co-authors. The investigators who assessed, measured, or quantified the results of 

invasion through Matrigel, NET-like structures by CILI, or metastatic burden after treatment 

with DNase I-coated nanoparticles were blinded to the specific intervention.

Animals

BALB/c mice were purchased from Charles River Laboratory, p47phox-/- (39) and ACTB-

ECFP mice (40) mice from Jackson Laboratory, and C3(1)-Tag mice (21) from the NIH 

mouse repository. LysM-EGFP mice (20) were provided by Dr. Mark Looney (UCSF). All 

procedures were approved by the Cold Spring Harbor Laboratory (CSHL) Institutional 

Animal Care and Use Committee and were conducted in accordance with the NIH Guide for 

the Care and Use of Laboratory Animals.

In vitro invasion, migration, and NET formation assays

Neutrophils (2.5×105 cells) in 750 μL serum-free medium were seeded on poly-L-lysine 

coated coverslips (BD Biosciences) in 24-well plates for 15-30 min before adding anti-G-

CSF (R&D Systems), human recombinant G-CSF (R&D System), apocynin (Abcam), 

cathepsin G inhibitor I (EMD Millipore), Cl-amidine (Cayman Chemical), sivelestat (Tocris 

Bioscience), DNase I (Invitrogen, AM2222 or Roche, 10104159001), or DNase I-coated 

nanoparticles. Cancer cells (1×105 4T1, 4T07, or BT-549 cells) in serum-free medium were 

then added to rehydrated Matrigel inserts (BD Biosciences). After 22 hours at 37 °C, the 

non-invading cancer cells from the upper surface of the membrane were wiped off, and cells 

on the bottom side of the membrane were fixed with 4% PFA and stained with hematoxylin. 
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The number of invading cells was counted under a light microscope in six fields of view, and 

the average number of cells was calculated.

CM was prepared from neutrophil cultures grown alone or with cancer cells (4T1 or BT549) 

present in the upper chamber of the transwells, the latter with or without DNase I or 

apocynin added to the bottom well. The CM from co-cultures of neutrophils and cancer cells 

was also heat denatured (65 °C for 15 min or 95 °C for 5 min) or DNase I was added to the 

collected CM. The CM was added to the lower chamber, and cancer cells were seeded in 

serum-free medium in the upper chamber of Matrigel-coated cell culture inserts. CM was 

also prepared from neutrophil cultures treated with 20 nM phorbol 12-myristate 13-acetate 

(PMA) (Sigma) with or without DNase I (Invitrogen). The CM was added to the lower 

chamber, and 4T1 cells were seeded in serum-free medium in the upper chamber of 

Matrigel-coated FluoroBlock cell culture inserts. After 22 hours, the cells were stained with 

1 μM SYTO13 (Molecular Probes), and the number of invading cells was counted in ten 

random fields of view using a fluorescence microscope.

To test the effect of NETs on C3(1)-Tag primary cancer cell migration, tumors (∼10-12 mm 

in diameter) were resected from C3(1)-Tag mice intercrossed with ACTB-ECFP, and cancer 

cells were isolated as described (42). After growth to subconfluency, 5×104 cells in DMEM 

containing 0.5% FCS were added to a FluoroBlock cell culture insert with 8 μm pore size 

(Corning). The plate was incubated for 2 hours to allow cells to adhere, and then neutrophils 

(2.5×105 cells) were seeded on poly-L-lysine-coated coverslips (BD Biosciences) in the 

lower chamber in serum-free DMEM. The cancer cell medium was then replaced by serum-

free DMEM. After 22 hours, the number of migrating cells was quantified as for the 

experiments performed with neutrophil CM.

Neutrophils grown on coverslips in the lower chamber were fixed with 4% PFA, 

permeabilized with 0.5% Triton X-100 in PBS, and incubated in 1× blocking buffer (5% 

goat serum, 2.5% BSA in PBS) for 1 hour. Cells were stained with primary antibodies in 

blocking buffer using anti-neutrophil elastase (1:100 dilution, Abcam, rabbit pAb, ab68672) 

and either anti-histone H1 (1:30 dilution, Abcam, ab62884) or anti-histone H3 (1:50 

dilution, Cell Signaling Technology, #3680). After washing with PBS, the cells were stained 

with fluorochrome-conjugated secondary antibodies (1:150 dilution, Invitrogen) in 0.5× 

blocking buffer and finally stained with DAPI (Invitrogen, 0.05 mg/mL). NET formation 

was determined as the percentage of the field of view positive for a histone signal.

In vivo treatment with DNase I-coated nanoparticles

To test the effect of DNase I-coated nanoparticles on experimental metastasis, female 

BALB/c mice were treated with DNase I-coated nanoparticles (75 U/mouse) or control, 

uncoated nanoparticles intraperitoneally. Two hours later, 1×105 4T1-luciferase (exp. 1) or 

4T1 cells (exp. 2) were injected intravenously. Daily nanoparticle treatment was continued 

for two weeks, and the mice were euthanized when the first mouse showed >10% weight 

loss (33 and 26 days after cancer cell injection for exp. 1 and 2, respectively). Metastatic 

burden was quantified from lung sections as described above, and results from the two 

experiments were pooled. Of note, nanoparticles were not given intravenously because the 

repeated injections would damage the tail veins, making it difficult to continue treatment 
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through the entire period. The bio-distribution of intraperitoneally and intravenously 

administrated nanoparticles is similar (48).

To test the effect of DNase I-coated nanoparticles on spontaneous lung metastasis, 4T1 cells 

(2.5×105) were injected into both inguinal mammary glands of female BALB/c mice. One 

week later, daily intraperitoneal injections with DNase I-coated nanoparticles (75 U/mouse) 

or uncoated nanoparticles were initiated and continued until 19 days after cancer cell 

transplantation. Tumor growth and lung metastatic burden were quantified as described 

above.

Statistical analysis

All statistical analyses were performed using GraphPad Prism software, versions 5 and 6. 

Data were analyzed using two-sided t-tests or one-way ANOVA, as indicated in the figure 

legends with alpha 0.05. For statistical analyses of the metastatic burden from orthotopically 

growing tumors after treatment with DNase I-coated nanoparticles and of the effect of 

DNase I-coated nanoparticles on the size of metastatic foci, the data were first transformed 

by taking the square root because the variance of the untransformed data was significantly 

(p=0.007 and p=0.0003, respectively) different between the two groups. The number of 

sampled units, N, is indicated in the figure legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Neutrophil extracellular traps (NETs) form during metastasis of breast cancer
(A, B) More neutrophils infiltrated metastatic 4T1 tumors than non-metastatic 4T07 tumors 

(Ly6G immunostaining, mean ± SEM; n=4 mice, t-test). Scale bar: 50 μm.

(C) CXCL1 protein level was higher in 4T1 than in 4T07 tumors (mean ± SEM, n=5 mice, t-

test).

(D) Cancer cell-derived CXCL1 promoted metastatic seeding after intravenous injection of 

luciferase-expressing cells (bioluminescence radiance 19 days after cell injection; individual 

mice and means indicated; one-way ANOVA p=0.0008, Dunnett's multiple comparison: 

p<0.01).

(E) CXCL1 secretion by 4T1 cells did not affect primary tumor growth in nude mice (mean 

± SEM, n=5 mice).

(F) Knockdown of Cxcl1 in 4T1 cells reduced lung metastasis in nude mice (individual mice 

and means ± SD indicated; t-test).

(G, H) NET-like structures of extracellular DNA, sensitive to intravenous DNase I, were 

found around 4T1-cancer cells in LysM-EGFP mice using CILI. Grey scale insert shows 

DNA channel (shown and quantified 30-60 minutes after cancer cell injection, values from 

individual mice and mean ± SD are indicated; one-way ANOVA p=0.002, Sidak's multiple 

comparison: p<0.01). Scale bar: 50 μm.
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(I, J) Extracellular DNA and neutrophil elastase activity co-localized near 4T1, but not 

4T07, cancer cells (shown and quantified 30-60 minutes after cancer cell injection, Fisher's 

exact test). Scale bar: 50 μm.

(K, L) The number of NETs in the lungs was higher after 4T1 cell injection than in controls 

(co-localized myeloperoxidase and citrullinated histone H3 immune staining). White arrow: 

NET; yellow arrow: intact neutrophil (mean ± SEM, n=3 mice). Scale bar: 10 μm.
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Figure 2. NETs are present in metastatic, triple-negative human breast cancer
(A) Detection of NETs by immunofluorescence in human breast tumors and lung 

metastases. White arrows point to NETs (defined as co-localized myeloperoxidase, 

citrullinated histone H3, and DNA), and yellow arrows point to intact neutrophils. Scale 

bars: 20 μm.

(B) Number of NETs in matched primary tumors and lung metastases (paired t-test).

(C) Number of NETs in primary tumor of different breast cancer subtypes (ANOVA, 

Tukey's multiple comparisons test).
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Figure 3. Formation of NETs by metastatic 4T1 breast cancer cells is associated with cancer cell 
invasion
(A, B) 4T1 but not 4T07 cells increased the formation of NETs (immunostaining for histone 

H3 and neutrophil elastase, mean ± SEM, n=3, t-test). Scale bar: 50 μm.

(C) Neutrophils promoted invasion of 4T1 but not 4T07 cells (mean ± SEM, n=5, t-test).

(D, E) DNase I (1.5 U) digested NETs (mean ± SEM, n=3, t-test). Scale bar: 50 μm.

(F) DNase I treatment inhibited neutrophil-stimulated invasion of 4T1 cells (mean ± SEM, 

n=5-7, t-test).

(G) Primary C3(1)-Tag cancer cells induced NETs. Scale bar: 50 μm.

(H) DNase I treatment inhibited neutrophil-stimulated migration of C3(1)-Tag cancer cells 

(mean ± SEM, n=3, t-test).

(I, J) Human BT-549 breast cancer cells promoted NET formation (immunostaining for 

histone H3 and myeloperoxidase, mean ± SEM, n=3, t-test). Scale bar: 50 μm.

(K) DNase I (1.5 U) treatment blocked neutrophil-stimulated invasion of BT-549 breast 

cancer cells (mean ± SEM; BT-549 cells only or BT-549 cells with neutrophils and vehicle 

or DNase I: n=5; BT-549 cells and vehicle or DNase I in 10% FCS: n=2).
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Figure 4. Cancer cells induce NET formation through G-CSF, and neutrophil-stimulated 
invasion requires NADPH oxidase and PAD4 activity
(A) Blocking anti-G-CSF antibodies (1.6 μg/mL) decreased 4T1-induced NET extension 

(mean ± SEM, neutrophils with vehicle or anti-G-CSF: n=3; neutrophils with 4T1 cells and 

vehicle or anti-G-CSF: n=5, t-test).

(B) The NADPH oxidase inhibitor apocynin (10 μM) inhibited NET formation (mean ± 

SEM, neutrophils and vehicle or NAPDH oxidase inhibitor: n=3, neutrophils with cancer 

cells and vehicle or apocynin: n=5, t-test).

(C) Apocynin (10 μM) inhibited neutrophil-stimulated invasion (mean ± SEM, 4T1 cells 

only or 4T1 cells with neutrophils and vehicle or apocynin: n=4; 4T1 cells only and vehicle 

or apocynin in 10% FCS: n=1, t-test).

(D) PAD4 inhibition (200 μM Cl-amidine) reduced cancer cell-induced NET formation 

(mean ± SEM; neutrophils and vehicle or PAD4 inhibitor: n=6; neutrophils with 4T1 cells 

and vehicle or PAD4 inhibitor: n=4, t-test).

(E) PAD4 inhibition (200 μM Cl-amidine) blocked neutrophil-stimulated cancer cell 

invasion (mean ± SEM; n=3, t-test).
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Figure 5. NET formation and neutrophil-stimulated invasion require neutrophil protease activity
(A) Cathepsin G inhibitor I (2 μM) reduced cancer cell-induced NET formation (mean ± 

SEM, n=4, t-test).

(B) Cathepsin G inhibitor I (2 μM) inhibited neutrophil-stimulated invasion (mean ± SEM; 

4T1 cells only, 4T1 cells with neutrophils: n=4; 4T1 cells in 10% FCS: n=3, t-test).

(C) Neutrophil elastase inhibitor sivelestat (10 μM) reduced cancer cell-induced NET 

formation (mean ± SEM; n=3, t-test).

(D) Neutrophil elastase inhibitor sivelestat (10 μM) weakly reduced neutrophil-stimulated 

invasion of 4T1 cells (mean ± SEM; 4T1 cells only or 4T1 cells with neutrophils and vehicle 

or sivelestat: n=5; 4T1 cells and vehicle or sivelestat in 10% FCS: n=2).

(E) NADPH oxidase or neutrophil elastase inhibition (10 μM apocynin or sivelestat, 

respectively) blocked neutrophil-stimulated invasion of human breast cancer cells (mean ± 

SEM, BT-549 cells only or BT-549 cells with neutrophils and vehicle or apocynin or 

sivelestat: n=4, BT-549 cells and apocynin or sivelestat in 10% FCS: n=2).

(F) CM from neutrophils induced to form NETs by culturing with cancer cells promoted 

invasion, but not when NET induction occurred in the presence of NADPH oxidase 

inhibition (10 μM apocynin, mean ± SEM, n=3-6, t-tests).
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Figure 6. Targeting NETs in vivo reduces metastasis
(A) DNase I-coated nanoparticles reduced neutrophil-stimulated cancer cell invasion in vitro 

(mean ± SEM, n=4, t-test).

(B) Injection of DNase I-coated nanoparticles results in higher plasma nuclease activity than 

injection of free DNase I (mice injected with 75 U free DNase I, 75 U nanoparticle bound 

DNase I, or equivalent vehicle, mean ± SEM; n=3 mice).

(C, D) DNase I-coated nanoparticles (75 U/mouse) reduced experimental lung metastasis of 

4T1 cells (mean ± SEM; n=9-10 mice; t-test). Arrows point to metastases. Scale bars: 4 mm.

(E, F) DNase I-coated nanoparticles (75 U/mouse) reduced the number and the size of 

metastatic foci arising after injection of 4T1 cells (mean ± SEM; n=9-10 mice; t-test. The 

data were transformed by taking the square root before performing the t-test due to 

significantly [p=0.0003] different variances [untransformed data graphed]).

(G) DNase I-coated nanoparticles did not affect primary tumor growth. Nanoparticle 

treatment was initiated 7 days after tumor cell transplantation (mean ± SEM; n=6 mice).

(H) DNase I-coated nanoparticles (75 U/mouse) reduced spontaneous metastasis of 4T1 

cells (mean ± SEM; n=6 mice; t-test. The data were transformed by taking the square root 

before performing the t-test due to significantly [p=0.007] different variances).
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