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Introduction
Metastasis remains the leading cause of  death among cancer patients. The role of  the tumor immune 
microenvironment (TIME) in cancer initiation, progression, and treatment efficacy is well established (1) 
and has led to the development of  cancer immunotherapies (2, 3). Granulocytic neutrophils, the most 
abundant leukocyte in mammals, are the first cells of  the innate immune system to be recruited to inflam-
mation sites. They have diverse cytotoxic functions due to high concentrations of  proteases and ROS with-
in their granules, which encounter pathogens through phagocytosis, degranulation, or release of  neutrophil 
extracellular traps (NETs). Paralleling a growing appreciation for the link between inflammation and can-
cer, we (4, 5) and others (6–10) have demonstrated a regulatory role for neutrophils during various stages of  
tumor initiation and metastatic progression.

NETs are neutrophil-derived webs of  DNA decorated with granular proteins, including myeloperox-
idase (MPO) and neutrophil elastase (NE), that were initially shown to capture and kill foreign patho-
gens (11–13). However, more recent studies have also shown a noninfectious role for NETosis (14). For 
example, our group was the first to our knowledge to demonstrate a role for NETs in cancer progression 
(15). We discovered that NETosis can be induced by sepsis, which in turn promotes metastatic progres-
sion by trapping circulating tumor cells and promoting their proliferation in secondary sites (15, 16). 
Additional studies have since reported similar findings, whereby cancer progression is potentiated by 
NETosis induced by LPS (17, 18), tobacco smoke (17), tumor-derived inflammatory cytokines (18–20), 
or surgical stress (21). These preclinical findings suggest that various types of  systemic inflammatory 
insults may induce NETosis in cancer patients to support advancement of  disease. However, data that 
directly address the relevance of  this phenomenon in human cancer patients is absent, and few validated 
biomarkers exist for the identification of  patients who might benefit from NET-directed therapy.

Targeting the dynamic tumor immune microenvironment (TIME) can provide effective therapeutic 
strategies for cancer. Neutrophils are the predominant leukocyte population in mice and humans, 
and mounting evidence implicates these cells during tumor growth and metastasis. Neutrophil 
extracellular traps (NETs) are networks of extracellular neutrophil DNA fibers that are capable 
of binding tumor cells to support metastatic progression. Here, we demonstrate that circulating 
NET levels are elevated in advanced esophageal, gastric, and lung cancer patients compared 
with local cancers and healthy controls. Using preclinical murine models of lung and colon 
cancer, in combination with intravital video microscopy, we show that NETs functionally regulate 
disease progression and that blocking NETosis through multiple strategies significantly inhibits 
spontaneous metastasis to the lung and liver. Furthermore, we show how inhibiting tumor-
induced NETs decreases cancer cell adhesion to liver sinusoids following intrasplenic injection — a 
mechanism previously thought to be driven primarily by exogenous stimuli. Thus, in addition 
to neutrophil abundance, the functional contribution of NETosis within the TIME has critical 
translational relevance and represents a promising target to impede metastatic dissemination.
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Evidence for the presence of  NETs in humans is focused largely on infection, tissue injury, and autoim-
munity, with minimal data in cancer patients. For instance, elevated levels of  circulating NETs are observed 
in blood of  patients with inflammatory conditions (22–26) relative to healthy controls. These observations 
prompt the question of  whether tumor-driven inflammation can induce NETs in the absence of  infection. 
Indeed, it is only recently that NETs were thought to be involved in cancer progression and metastasis 
(reviewed in ref. 27). One group has shown that neutrophils isolated from colorectal cancer patients had 
increased NET production as compared with neutrophils isolated from age-matched healthy individuals 
following in vitro stimulation (28). Interestingly, NET levels were shown to be an independent prognos-
tic factor in pancreatic ductal adenocarcinoma (29) and H3 Cittrulline (H3Cit), a good diagnostic and 
prognostic marker of  cancer progression (30), showing the importance of  NETs as biomarkers of  cancer. 
Moreover, NETs were shown to facilitate ovarian cancer metastasis to the omentum (31), implicating NETs 
once again in cancer metastasis.

Our previous work has demonstrated a tumor-promoting role for NETs in preclinical models of  
cancer (15, 32). Here, we investigate whether circulating NET levels are elevated in patients with sever-
al high-lethality malignancies, including lung, esophageal, and gastric adenocarcinoma, and we show 
that higher NET level is associated with disease stage. Using preclinical models of  lung and gastroin-
testinal (GI) cancer, we confirm that tumors prime neutrophils to undergo NETosis in the absence of  
infection/surgical stress to promote metastatic progression. Further, these protumorigenic NETs can be 
therapeutically exploited through both pharmacologic and genetic approaches. Importantly, our results 
show that higher NET levels in cancer patients can be used as a biomarker of  progressive disease inde-
pendent of  neutrophil-to-lymphocyte ratio (NLR) or absolute neutrophil count — 2 gold-standard clin-
ical biomarkers of  cancer prognosis. This study is the one of  the first to our knowledge to bring large-
scale human data to the forefront for several important tumor sites and directly address the relevance of  
NETosis in human cancer. Therefore, our findings have critical implications for translating NET-directed 
therapies to clinical trial implementation.

Results
NET levels correlate with disease stage. To explore whether NETs are present in the circulation in human cancer 
patients, we used an MPO-dsDNA ELISA (referred to as NET ELISA) (22–24). The sensitivity and specificity 
of the NET ELISA were confirmed (Supplemental Figure 1, A–E; supplemental material available online with 
this article; https://doi.org/10.1172/jci.insight.128008DS1). Indeed, stimulating isolated human neutrophils 
with increasing concentrations of PMA (0.0625 μM to 2 μM) resulted in a dose-dependent increase in NET 
levels, as detected by the NET ELISA (Supplemental Figure 1A). Sytox staining of those stimulated neutrophils 
confirmed that what the assay measures are NETs, as seen using a fluorescent plate reader (Supplemental Figure 
1B) and under a fluorescent microscope (Supplemental Figure 1C). In addition, we show that the ELISA is 
specific to NETs and does not measure any neutrophil or tumor DNA (Supplemental Figure 1D). Moreover, we 
show that NETs can be measured in plasma or serum from whole blood and that an increase in NETs following 
PMA stimulation or a decrease in NETs following DNase1 treatment can be detected by the NET ELISA (Sup-
plemental Figure 1E). Following this validation, we measured circulating NET levels in the plasma of 60 treat-
ment-naive lung or upper GI (esophagogastric) adenocarcinoma patients compared with 15 healthy individuals. 
We observed a trend of higher level of circulating NETs in cancer patients with advanced cancer (stage III and 
-IV esophagogastric and stage II and -III lung) compared with healthy controls (P = 0.0265) and significantly 
higher NET levels in patients with advanced cancer (stage III and -IV esophagogastric and stage II and -III lung) 
compared with patients with local disease (stage I and -II esophagogastric and stage I lung) (P = 0.009, Figure 
1A; cohort demographics are presented in Table 1). There was no difference in NET levels between patients with 
local disease and healthy controls (P = 0.20, Figure 1A). Within the esophagogastric patients, NET levels were 
higher in patients with overall stage III and -IV disease compared with stage I and -II (P = 0.03, Figure 1B), T3 
and T4 tumors compared with T1 and T2 (Supplemental Figure 2A), positive lymph node status compared with 
no lymph node involvement (Supplemental Figure 2B), and distant metastasis compared with nonmetastatic 
tumors (Supplemental Figure 2C). Within the lung patients, NET levels were higher in patients with overall 
stage II and -III disease compared with stage I (P = 0.05, Figure 1C) and T2+ tumors compared with T1 (Sup-
plemental Figure 2D). Together, these data indicate that treatment and surgical stress are not required to induce 
NETosis in cancer patients (21) and that the presence of a tumor alone correlates with an increase in NET levels, 
suggesting that tumors can induce NETosis in the absence of any other stimuli.
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Advanced cancer stage and diabetes are independent predictors of  NET levels. We next wanted to determine wheth-
er NET levels could be used as biomarkers of cancer stage. Multivariable logistic regression analyses were 
performed on the cancer patient cohort to identify whether stage was an independent predictor of NET lev-
els, adjusting for the following confounders: age, sex, BMI, comorbidity, smoking, and diabetes. The analyses 
revealed that cancer stage and diabetes are significant independent predictors of NET levels (Table 2). More-
over, while NET levels correlated with overall stage in both esophagogastric (Figure 1B) and lung (Figure 1C) 
patients, NLRs did not correlate with overall stage in either patient group (Supplemental Figure 3, A and C). 
NLRs did, however, correlate with T staging in both groups (Supplemental Figure 3, B and D). Similarly, abso-
lute neutrophil counts did not correlate with overall stage (Supplemental Figure 4, A and C) but did correlate 
with T staging (Supplemental Figure 4, B and D). Finally, neither NLR nor absolute neutrophil count correl-
ated with NET levels (Supplemental Figure 3E and Supplemental Figure 4E); however, as expected, absolute 
neutrophil count correlated with NLR (Supplemental Figure 4F). These findings indicate that NET levels are 
strong prognostic factors of advanced-stage cancer independent of NLR and neutrophil count. Therefore, NET 
levels may represent a more sensitive measure of cancer-related inflammation than more crude measures, such 
as NLR, that have been investigated extensively in the clinical literature.

NET levels are correlated with the presence and progression of  primary lung tumors in preclinical models. 
To better delineate the functional contribution of  NETs during cancer progression, we used immuno-
competent syngeneic murine models of  lung and GI cancer. We injected Lewis-lung carcinoma cells 
(H59) s.c. into the flank of  C57BL/6 mice. We collected plasma from the peripheral blood of  H59 
tumor-bearing mice (TBM) 1–2 weeks and 3–4 weeks after tumor inoculation and compared the NET 

Figure 1. Circulating NET levels in esophagogastric and lung adenocarcinoma patients. (A) NET levels (normalized 
to the average NET level of healthy individuals, labeled as normal) obtained by the NETs ELISA are shown for patients 
with local cancer (n = 28), compared with both patients with advanced cancer (n = 32) and with healthy individuals 
(labeled as normal; n = 15). A Kruskal-Wallis test was used to calculate significance because the data were not normally 
distributed, as assessed by the Kolmogorov-Smirnov test. (B) NET levels (normalized to the average NET level of overall 
stage I and -II) for esophagogastric adenocarcinoma patients are shown for overall stage I and -II (n = 12) and stage III 
and -IV (n = 25). (C) NET levels (normalized to the average NET level of overall stage I) for lung adenocarcinoma patients 
shown plotted for overall stage I (n = 16) and stage II and -III (n = 7). A Student t test was used to assess statistical 
significance for B and C. Mean ± SEM is shown for all panels. *P < 0.05.
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levels with those in non-TBM (Figure 2A). We observed significantly higher circulating NET levels 3–4 
weeks after tumor injection compared with either non-TBM or to TBM 1–2 weeks after tumor injection 
(Figure 2B). Once the tumor reached approximately 1.5 cm3, it was resected, and NET levels were 
assessed. We observed that, within 2 days following tumor resection and up to the time of  sacrifice (2 
weeks after resection), NET levels fell back to their baseline levels prior to tumor inoculation (Figure 
2B). These data recapitulate our findings in patients, by demonstrating that NET levels are higher in the 
presence of  a tumor compared with non–tumor-bearing controls.

NET levels in TBM are decreased by DNase1 treatment, by NE inhibition, and in Pad4–/– mice. Next, we 
sought to assess the functional contribution of  NETs to tumor progression by treating tumor bearing 
mice with a NET degrading enzyme (DNase1) or a NET inhibitor (NEi, Sivelestat). We measured NET 
levels in these 2 treatment groups of  mice 3–4 weeks after H59-GFP lung tumor inoculation, when the 
tumor reached approximately 2 cm3 and compared them with untreated TBM (Figure 2C). TBM treated 
with DNase1 or NEi had significantly lower NET levels compared with untreated TBM (Figure 2D). 
These data suggest that NET-targeted therapies using a NET degrader, DNase1, or a NET inhibitor, 
NEi, can decrease circulating NET levels.

Table 1. Demographics and clinical characteristics of cancer patients and healthy individuals

Patients with esophagogastric 
adenocarcinoma (n = 37)

Patients with lung adenocarcinoma 
(n = 23)

Healthy individuals (n = 15)

Sex  
  Male 25 15 8
  Female 12 8 7
Age
  Mean ± SEM 68 ± 2 69 ± 2 31 ± 3
  Range 39–94 49–85 23–53
Overall stage
  I 5 16 -
  II 7 4 -
  III 17 3 -
  IV 8 0 -
T stage
  T1 5 9 -
  T2 2 8 -
  T3 22 5 -
  T4 8 1 -
Lymph node status (N stage)
  N0 14 21 -
  N+ 23 2 -
Distant metastasis (M stage)    
  M0 29 23 -
  M1 8 0 -
BMI
  Mean ± SEM 27 ± 5 26 ± 5 -
Smoking status
  Ever smoked 15 18 -
Charlson Comorbidity Index
  1 1 1 -
  2 9 3 -
  3 6 3 -
  4 10 6 -
  5 4 5 -
  6 6 4 -
  7 1 1 -
Diabetes
  Diabetic 7 5 -
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We also utilized genetically modified mice that lack peptidyl arginine deiminase type IV (PAD4), a 
key enzyme in NET formation (33), and thus are NET-deficient. PAD4 is an important mediator of  innate 
immunity since PAD4–/– mice were shown to be more vulnerable to bacterial infection (34). Moreover, it 
was recently shown that many known physiological NET inducers (N-Formylmethionyl-leucyl-phenylalan-
ine [fMLP], GM-CSF, TNFα, or PMA) are PAD4 dependent (35). Here again, we found that PAD4–/– TBM 
had significantly lower NET levels compared with untreated TBM (Figure 2D). Therefore, primary tumors 
induce NET release in a PAD4-dependent manner, and PAD4-targeted therapies using PAD4 inhibitors 
can decrease circulating, tumor-induced NET levels.

Neutrophils are more sensitized to NETose in TBM compared with NET-deficient mice. To assess whether 
neutrophils are more primed toward NETosis in the presence of  cancer, we used imaging flow cytom-
etry, which is a potentially novel flow-based imaging technique to measure the nucleus size of  circulating 
neutrophils as a surrogate for their activation state (36). A seminal event in NETosis is the decondensation 
of  DNA prior to its release, resulting in a measurable increase in the size of  the nucleus (36). We first 
validated this assay using isolated murine neutrophils stimulated with PMA compared with nonstimulated 
neutrophils. By quantifying the change in nuclear area in images of  circulating neutrophils, we were able 
to infer the activation state of  neutrophils (Supplemental Figure 5A and Supplemental Figure 3A). We 
observed that the median baseline nucleus area of  neutrophils in TBM prior to stimulation (87 ± 3 μm2) 
was not significantly different compared with neutrophils from non-TBM (88 ± 3 μm2), NEi-treated TBM 
(87 ± 1 μm2), DNase1-treated TBM (84 ± 2 μm2), and PAD4–/– TBM (89 ± 4 μm2) (orange curves in Figure 
3C; population selection is shown in Supplemental Figure 5B). However, neutrophils from TBM were more 
sensitive to PMA stimulation (500 nM, 1 hour; 10% ± 2% increase in nucleus size) than non-TBM (3% ± 
1% increase). Blockade of  NET formation in NEi-treated TBM (3% ± 1% increase) and PAD4–/– TBM (5% 
± 1% increase) rescues the phenotype (Figure 3, A–D). DNase1-treated TBM were not less sensitive than 
TBM (11% ± 1% increase; Figure 3, B–D), a likely explanation being that DNase1 degrades NETs after 
they are produced and has no effect on nuclear decondensation. These data suggest that primary tumors 
prime circulating neutrophils to release NETs and that NET inhibitors rescue this phenotype.

NET-deficient mice have reduced cancer cell adhesion to the liver. Previous studies have shown that 
neutrophils travel to the liver sinusoids and release NETs to capture bacteria from the bloodstream 
during sepsis (37). Given our previous findings that NETs facilitate liver metastasis (15), we next 
asked whether NETs were similarly capable of  capturing cancer cells from circulation to facilitate 
liver metastasis in the absence of  sepsis. We performed intravital microscopy (IVM) to measure in vivo 
adhesion of  intrasplenically injected H59-GFP cells in TBM. We observed a significant increase in in 
vivo hepatic adhesion of  intrasplenically injected cells in TBM compared with non-TBM, DNase1- or 
NEi-treated TBM, and PAD4–/– TBM (Figure 4, A–C). Since our initial analysis included patients with 
both lung and GI cancers (Figure 1), as a complementary model, we also performed intrasplenic injec-
tion of  the colon cancer cell line MC38-RFP. We similarly observed a significant increase in in vivo 
hepatic adhesion of  intrasplenically injected MC38-RFP in TBM compared with non-TBM, DNase1- 
or NEi-treated TBM, and PAD4–/– TBM (Figure 4, D and E). These data demonstrate that both lung 
and colon primary tumors induce NETs that promote adhesion of  circulating tumor cells to the liver, 
even in the absence of  sepsis.

Table 2. Multivariable logistic regression models to predict NET levels

Variable Multivariable model
OR (95% CI) P value

Stage 0.138 (0.022–0.254) 0.020
Age –0.0015 (–0.011–0.008) 0.76
Sex (male vs. female) 0.098 (–0.025–0.221) 0.12
BMI –0.012 (–0.026–0.001) 0.07
Charlson Comorbidity Index –0.034 (–0.114–0.046) 0.405
Smoking (ever vs. never) –0.046 (–0.162–0.070) 0.436
Diabetes 0.313 (0.148–0.479) 0.001
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NET-deficient mice have reduced spontaneous liver and lung metastasis. To assess whether the tumor-in-
duced NETs affect tumor cell metastasis, we injected s.c. into the flank H59-GFP cells that have been 
previously shown to spontaneously metastasize to the lung and liver (38), two of  the most common 
metastatic sites. To visualize liver and lung metastases in H59-GFP TBM, the primary tumor was 
resected when it reached approximately 1.5–2 cm3, and mice were sacrificed after 2 weeks (Figure 
5A). Numerous lung metastases were observed (>300 tumor cells per lung) and were, thus, quantified 
by extracting and homogenizing the lung tissue and counting GFP+ tumor cells by flow cytometry. 
There was a marked reduction in spontaneous lung metastasis in the NET-deficient TBM, DNase1- or 
NEi-treated TBM, and PAD4–/– TBM, compared with untreated TBM (Figure 5, B and C, and Supple-
mental Figure 6).

To assess spontaneous liver metastasis formation, murine livers were extracted, and liver metastases 
were quantified using fluorescence microscopy once the flank lesions reached approximately 1.5–2 cm3 
(Figure 5D). Flow cytometry was not needed in this case, as fewer cells metastasized to the liver as com-
pared with lungs. We observed reduced spontaneous liver metastasis in NET-deficient tumor-bearing, 
DNase1- or NEi-treated TBM, and PAD4–/– TBM, compared with untreated TBM (Figure 5, E and F).

Together, these data indicate that primary tumors can induce metastasis-promoting NETs in the 
absence of  sepsis and that NET-targeted therapies reduce both lung and liver metastasis.

Discussion
Inflammation and immune cell chemotaxis have been recognized as key players in cancer progression, and 
clinical and experimental evidence points to protumorigenic roles for neutrophils. Neutrophils are stimulated 
to release pathogen-trapping NETs as an antimicrobial mechanism in response to infectious stimuli (11).  

Figure 2. Circulating NET levels are decreased in tumor-bearing mice (TBM) following tumor resection or treatment 
with a NET inhibitor or degrader and in PAD4–/– TBM with inhibited NET formation. (A) Timeline of murine lung carci-
noma NET measurements. (B) Mean (± SEM) NET levels (normalized to non-TBM) are shown for non-TBM (n = 7), TBM 
1–2 weeks (n = 8) and 3–4 weeks (n = 4) after tumor inoculation, as well as TBM 2 days (n = 5) and 2 weeks (n = 4) after 
resection. (C) Timeline of the murine lung carcinoma NET measurements. (D) Mean (± SEM) NET levels (normalized to 
TBM) are shown for TBM (n = 4), TBM treated with DNase1 (n = 5) or NEi (n = 6), and PAD4–/– TBM (n = 5). One-way ANO-
VA was used to assess statistical significance for B and D. *P < 0.05.
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We were the first to our knowledge to show that NETs trap circulating tumor cells (CTCs) in the microvascu-
lature, increasing tumor adhesion and promoting metastasis in a murine model of postoperative infection (15). 
Here, we describe that NET levels are elevated in lung, gastric, and esophageal cancer patients and that high 
levels of NETs are predictive of advanced disease. Furthermore, we find that cancer is an independent predictor 
of NET formation over other comorbidities. Inhibiting or degrading NETs leads to decreased lung and colon 
cancer adhesion and metastasis in a murine model, suggesting that NET-targeted therapies may limit metastasis.

Besides tumor stage, diabetes was also an independent predictor of  elevated NET levels. This result is 
consistent with previous work showing that neutrophils from diabetic patients are primed for NETosis (39) 
and that high NET levels are correlated with type 2 diabetes (40). In addition, there was a trend toward 
higher NET levels in patients with high BMI, which is relevant, given that obesity is associated with chron-
ic, low-grade inflammation that can modulate the TIME (reviewed in ref. 41) and facilitate breast cancer 
cell metastasis via increased neutrophil recruitment (42).

Several conditions that are known to induce extensive inflammation were shown to lead to an 
increase in NET levels in humans (21–26, 39, 40, 43). Here, we show that, in addition to those condi-
tions, primary tumors alone — from multiple disease sites and in the absence of  any infection — can 
induce NETs. This is not totally unexpected, since one of  the hallmarks of  cancer is inflammation 
(44). Moreover, a recent preclinical study has shown that metastatic breast cancer cells can induce 
metastasis-supporting NETs in mice, where treatment with DNase1-coated nanoparticles reduced lung 
metastasis (20). This is in line with our findings that DNase1 or NEi treatments decrease liver and lung 
metastasis. These seminal findings advocate for the development of  clinical trials to determine wheth-
er NET-targeted therapies can reduce metastasis.

To date, there are no clinical trials to our knowledge to evaluate the effects of  targeting NETs 
on cancer progression. There is only one Phase 1 pilot study assessing the effects of  recombinant 
DNase1 in patients with head and neck cancers treated with radiation therapy and chemotherapy 

Figure 3. Neutrophils from TBM are more sensitized to NETosis compared with TBM treated with a NET inhibitor and in mice with inhibited NET 
formation. (A) Timeline of murine lung carcinoma priming experiment. (B) Dot graph of the mean (± SEM) percent change in nuclear area following PMA 
stimulation for non-TBM (n = 6), TBM (n = 7), TBM treated with DNase1 (n = 6) or NEi (n = 6), and PAD4–/– TBM (n = 6). One-way ANOVA was used to assess 
statistical significance. *P < 0.05. (C) Representative histograms of the distribution of neutrophil nuclear area in the 5 group of mice from B are plotted at 
baseline (orange curve) and following PMA stimulation (blue curve). (D) Representative images of neutrophils from the 5 groups of mice from B and C at 
baseline and after stimulation. Neutrophils are stained with Ly6G (green); nuclei are stained with DAPI (orange). Magnification, 40×. 
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(NCT00536952; https://clinicaltrials.gov). Although not a goal of  the study, it would be interesting to 
see if  DNase1 treatment will delay cancer progression and metastasis.

Our study shows that inhibition of  NETs via either NEi or using PAD4–/– mice leads to a decrease in 
NET levels, which translates into less in vivo adhesion of  circulating tumor cells to the liver sinusoids and 
a decrease in spontaneous lung and liver metastasis, a similar effect seen when DNase1 is administrated 
in those mice. Since NE and PAD4 are implicated in different NETosis pathways (ROS-dependent and 
ROS-independent) and seeing that DNase1 treatment does not have a larger effect as compared with NE 
and PAD4 inhibition, this indicates that NEi and PAD4–/– act on the same pathway.

Moreover, despite having a NET-mediated systemic effect that is promoting tumor metastasis, we 
found that the primary tumors of  our nonseptic mouse models did not induce a massive systemic inflam-
matory signature, as seen in our septic mouse model (15). Indeed, we do not observe a massive deposition 
of  NETs in the secondary organs (lungs and livers) of  nonseptic TBM (Supplemental Figure 7), as was seen 
in the CLP mice (15). In addition, we are able to detect NETs in the primary tumor (flank) (Supplemental 
Figure 7A) but not in either of  the metastatic sites (Supplemental Figure 7, A and B) of  nonseptic TBM. 
Therefore, unlike in a septic mouse model (15), where we were able to observe NET deposition in the 
lungs and livers of  CLP mice (by IVM and IHC), here — in nonseptic TBM — we were only able to detect 
NETs in circulation (by ELISA). In addition, circulating neutrophils are primed to NETose, as seen using 
imaging flow cytometry, another indication that NETosis is occurring in those mice. Therefore, primary 
tumor–induced NETs can promote tumor metastasis by trapping CTCs (15) or by other mechanisms such 
as promoting thrombosis (reviewed in ref. 45), for example.

Several preclinical studies have shown that NETs can induce tumor growth and metastasis. However, 
most of  those studies were done in the context of  a massive inflammation or infection, such as sepsis 
(15), surgical stress (21), and prolonged tobacco smoke (17). Here, we show that primary tumors are suf-
ficient to induce metastasis-promoting NETs. Moreover, our study establishes circulating NET levels as a 
tumor-induced and prognostically significant biomarker. The emerging concept that a patient’s immune 

Figure 4. NET-deficient mice show reduced lung and colon cancer cell adhesion to the liver. (A) Timeline of murine intravital microscopy (IVM) experi-
ment. (B) Mean (± SEM) number of adherent lung carcinoma cells (H59-GFP) per field in the 5 groups of mice. (C) Representative fluorescence confocal 
microscopy images of IVM performed on the mice from B, showing H59-GFP cells in green; liver sinusoids are shown in blue (CD31-PE staining). (D) Mean  
(± SEM) number of adherent colon carcinoma cells (MC38-GFP) per field in the 5 groups of mice. (E) Representative fluorescence confocal microscopy 
images of IVM performed on the mice from D, showing MC38-GFP cells in green; liver sinusoids are shown using bright field. For all panels: n = 3–6 mice, 
with 10 fields per mouse. A Kruskal-Wallis test was used to calculate significance for B and D because the data were not normally distributed, as assessed 
by the Kolmogorov-Smirnov test. *P < 0.05. Magnification, 20×.
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state both systemically and within the developing cancer is a critical factor underlying response to immu-
notherapy further underpins the importance of  our findings. Indeed, developing an understanding of  
how circulating NET levels impact response to treatment in cancer patients will be of  critical impor-
tance to future studies. Both Sivelestat (NEi) and DNase1 have been tested and used for treating several 
respiratory conditions in humans at similar or higher concentrations; thus, safety and pharmacokinetics 
studies have already been performed (46, 47). This simplifies the process of  initiating a phase II clinical 
trial in cancer patients with either agent. This study, therefore, advocates for the use of  NET-based ther-
apeutics in cancer treatment to limit metastasis from several malignancies.

In conclusion, with all recent publications linking elevated NET levels with the progression of  several 
malignancies, such as breast (20) and colorectal (28) cancers, pancreatic ductal adenocarcinoma (29), ovar-
ian metastasis (31), and — here — lung and gastroesophageal adenocarcinomas, it is interesting to see how 
successful NET-targeted therapies will be in clinical trials and how helpful NET-based biomarkers will be in 
predicting and prognosticating cancer progression and metastasis.

Methods
Model-building strategy for the multivariate analysis. The analysis was performed to identify whether NET 
absorbance is a significant independent predictor of  disease progression (overall stage) and adjusting for 
important available confounders: age, sex, BMI, smoking, diabetes, and comorbidities. All confounders 
were chosen because they have been shown to induce NET release (39, 48, 49). Multivariable logistic 
regression analyses were performed, and model assumptions were tested using graphical representations of  

Figure 5. NET-deficient mice show reduced spontaneous lung and liver metastasis of lung carcinoma cells. (A) Timeline of the murine spontaneous liver 
and lung metastasis experiment with resection. (B) Mean (± SEM) percentage of H59-GFP+ cells in the lungs of TBM (n = 6) and DNase1-treated (n = 6), 
NEi-treated (n = 9), and PAD4–/– (n = 8) TBM. (C) Representative fluorescence microscopy images of spontaneous lung metastases in the 4 groups of mice 
from B. Magnification, 10×. (D) Timeline of the murine spontaneous liver metastasis experiment without resection. (E) Mean (± SEM) number of H59-GFP+ 
cells in livers of TBM (n = 16) and DNase1-treated (n = 15), NEi-treated (n = 13), and PAD4–/– (n = 15) TBM. (F) Representative fluorescence microscopy imag-
es of spontaneous liver metastases in the 4 groups of mice from E. Magnification, 20×. A Kruskal-Wallis test was used to calculate significance for B and E 
because the data were not normally distributed, as assessed by the Kolmogorov-Smirnov test. *P < 0.05.
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residuals, residuals versus main predictor variable graphs, and residuals versus predicted variable graphs. 
Model fit was tested using the likelihood ratio test with nested models.

Clinical staging, instead of  pathological, was used for esophagogastric adenocarcinomas, given the 
downstaging effects of  chemotherapy (50–52), with 1/3 patients receiving neoadjuvant chemotherapy and 
1/5 having inoperable disease.

Cell lines. Murine Lewis Lung carcinoma cell subline H59, expressing stable GFP (H59-GFP), was 
a gift of  Pnina Brodt (53) and maintained in RPMI supplemented with 10% FBS, 100 μg/ml penicillin/
streptomycin, and 300 μg/ml glutamine (Wisent Bioproducts). Murine colon carcinoma cell line MC38 
was a gift of  Nicole Beauchemin (54) and maintained in DMEM media supplemented with 10% FBS 
and 100 μg/ml penicillin/streptomycin. MC38-GFP and MC38-RFP were engineered by transduction of  
MC38 with viral particles containing GFP and RFP, respectively, according to manufacturer’s instructions 
(CMV-Luciferase[firefly]-2A-GFP[Puro] and CMV-Luciferase[firefly]-2A-RFP[Puro] from GenTarget).

Animals. C57BL/6 (Charles River Laboratories) and PAD4-KO (PAD4–/–; gift of  Alan Tsung, The Ohio 
State University Comprehensive Cancer Center, Columbus, Ohio, USA) male mice were used for all experi-
ments at 7–10 weeks old. MC38-RFP and H59-GFP were injected s.c. into the flank of  these mice, and tumor 
growth was monitored twice a week using a caliper. Mice were divided into untreated, daily i.m. injection of  
2.5 mg/kg DNase1 (Roche Diagnostics), gavage of  2.2 mg/kg of  Sivelestat (NEi, Abcam), and PAD4–/– mice.

Blood collection and processing. Human blood was obtained from consented patients and healthy volun-
teers as per lung (MUHC IRB 2014-1119) and esophageal/gastric (MUHC IRB 2007-856) biobanks. Mouse 
blood was collected by heart puncture from anesthetized mice. Human and mouse blood was collected in 
heparinized tubes and centrifuged at 500 g for 10 minutes at 4°C. Plasma was collected and stored at –80°C.

NETs ELISA. Immulon 4HBX 96-well plates (Thermo Fisher Scientific) were coated with mouse or 
human MPO antibody (clone 266-6K1, 1:20, Hycult Biotechnology) overnight at 4°C. Wells were washed 
with PBS (wash step) and blocked with 1% BSA (Wisent Bioproducts) for 1 hour at room temperature 
(RT). Following a wash step, plasma was mixed with dsDNA-POD antibody (1:40, Cell death detection 
ELISA plus kit, Roche Diagnostics) and added to wells for 2 hours shaking at RT. Following a wash step, 
ABTS (Roche Diagnostics) was added for 30 minutes at 37°C, and the plate was read at 405 nm.

Neutrophil isolation from human peripheral blood. Human neutrophil isolation is described in ref. 55.
Neutrophil isolation from mouse peripheral blood. Murine neutrophil isolation was similar to human 

neutrophil isolation, but neutrophils were stained with Ly6G prior to use.
Neutrophil isolation from mouse BM. Mouse neutrophil isolation is described in ref. 56.
Imaging flow cytometry. Peripheral blood neutrophils were isolated from mice with flank tumors the sizes 

of  1.5–2 cm3 and fixed with 2% PFA. They were then stained with DAPI (1:2,000, Thermo Fisher Scientif-
ic) and Ly6G-FITC (clone 1A8, 1:200, Thermo Fisher Scientific). Imaging flow cytometry was performed 
on an Amnis ImageStream MarkII (MilliporeSigma).

IVM. Mice with H59-GFP or MC38-RFP tumors the sizes of 1.5–2cm3 were injected intrasplenically with 3 
× 104 H59-GFP or MC38-GFP cancer cells, respectively, and adhesion to liver sinusoids was visualized after 10 
minutes, as described in ref. 15, using an LSM-780 confocal microscope (Carl Zeiss).

Flow cytometry. Lungs were excised from previously resected mice and minced using scissors, to which 10 ml 
of Liberase (MilliporeSigma) in L-15 media (Wisent Bioproducts) were added and left shaking at 37°C for 30 
minutes. Homogenates were vigorously mixed and incubated for another 30–minute shaking at 37°C. Homoge-
nates were strained through 70-μM filters, centrifuged at 480 g for 5 minutes, resuspended in PBS, and analyzed 
by flow cytometry for H59-GFP+ using FACScan and CellQuest Software for analysis (BD Biosciences).

Spontaneous liver metastasis from H59-GFP flank-injected mice. Livers from H59-GFP flank-injected mice 
were excised when the flank tumor size reached 2 cm3 for nonresected mice and 2 weeks after resection for 
resected mice; hepatic nodules were counted under a fluorescent microscope.

Western blot. Flank tumors, livers, and lungs from C57BL/6 TBM were homogenized, and protein was 
extracted using RIPA buffer (Thermo Fisher Scientific) as per manufacturer’s instructions. Protein concen-
tration was assessed using a BCA assay (Bio-Rad).

Cell lysates (250 μg) were loaded on a 12% SDS-PAGE and ran at 100 V for 90 minutes at RT. Proteins 
were transferred onto a nitrocellulose membrane (Pall Corporation) at 90 V for 90 minutes in the cold 
room. Membranes were probed with H3Cit (Abcam, catalog 5103, 1:1000) and β-actin (MilliporeSigma, 
catalog A5441, 1:10,000) diluted in TBS-Tween (0.1%) for 1 hour at RT. Membranes were washed 3 times, 
5 minutes each, in TBST and then probed using HRP anti-rabbit (polyclonal, catalog 111-035-144, 1:3,000) 
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and HRP anti-mouse (polyclonal, catalog 115-035-003, 1:2,000) (both from Jackson ImmunoResearch) for 
H3Cit and β-actin, respectively. Membranes were incubated with Clarity Western ECL substrate (Bio-Rad) 
for 5 minutes prior to imaging using the LAS4000 ImageQuant (Perkin Elmer).

Immunofluorescence. Livers and lungs from C57BL/6 mice were fixed with formalin for 48 hours and 
then paraffin embedded. FFPE blocks were then sectioned and stained at the histopathology platform 
of  the Research Institute-MUHC (RI-MUHC). H3Cit (Abcam, catalog 5103, 1:100) and Ly6G-AF647 
(clone 1A8, BioLegend, 1:200) were used with a PE-conjugated anti-rabbit antibody (polyclonal, catalog 
P-2771MP, Invitrogen) as a secondary for H3Cit. Images were acquired on a LSM780 laser scanning con-
focal microscope (Zeiss) using an EC Plan-Neofluar 10×/0.30 lens. 

Statistics. A Kolmogorov-Smirnov test was performed for each figure to assess if  our data are normally 
distributed. For normally distributed data,2-tailed t tests and 1-way ANOVA were performed to compare 
mean values between different groups. A Kruskal-Wallis nonparametric test was used to assess statistical 
differences between the different groups. In all cases, a P value less than 0.05 was considered significant.

Study approval. All mice experiments were carried out in strict accordance with the recommendations 
of  the Canadian Council on Animal Care (CCAC) Guide to the Care and Use of  Experimental Animals’ and 
under the conditions and procedures approved by the Animal Care Committee of  McGill University (AUP 
7724). All clinical work was performed under the considerations and procedures approved by the MUHC 
Research Ethics Board (REB) (projects 2007-856 and 2014-1119). Written informed consent was received 
from participants prior to inclusion in the study.
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