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Abstract

Background

Multiple inducers of in vitro Neutrophil Extracellular Trap (NET) formation (NETosis) have

been described. Since there is much variation in study design and results, our aim was to

create a systematic review of NETosis inducers and perform a standardized in vitro study of

NETosis inducers important in (cardiac) wound healing.

Methods

In vitro NETosis was studied by incubating neutrophils with PMA, living and dead bacteria

(S. aureus and E. coli), LPS, (activated) platelets (supernatant), glucose and calcium iono-

phore Ionomycin using 3-hour periods of time-lapse confocal imaging.

Results

PMA is a consistent and potent inducer of NETosis. Ionomycin also consistently resulted in

extrusion of DNA, albeit with a process that differs from the NETosis process induced by

PMA. In our standardized experiments, living bacteria were also potent inducers of NETosis,

but dead bacteria, LPS, (activated) platelets (supernatant) and glucose did not induce

NETosis.

Conclusion

Our systematic review confirms that there is much variation in study design and results of

NETosis induction. Our experimental results confirm that under standardized conditions,

PMA, living bacteria and Ionomycin all strongly induce NETosis, but real-time confocal

imaging reveal different courses of events.
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Introduction

Neutrophil extracellular traps (NETs) formation, also called NETosis, is considered one of

the defense mechanisms against pathogens [1]. During NETosis, the nucleus of a neutro-

phil decondenses and the nuclear envelope breaks, mixing chromatin, cytoplasmic and

granular components. Also, the cell membrane breaks, followed by an extrusion of the

neutrophil’s DNA, histones and antimicrobial proteins into the extracellular space [1].

Subsequently, pathogens are trapped in the NETs and either killed by the toxicity of the

antimicrobial substances of the NETs, or immobilized to facilitate phagocytosis by other

neutrophils or macrophages [2]. NETs have been shown to play a role in multiple diseases,

such as thrombosis [3–6], fibrotic diseases [7], cardiovascular diseases [8] and sepsis [9–

11]. Therefore, elucidation of the mechanism behind NETosis has become an increasingly

important topic.

Many stimuli have been reported to induce NETosis [12]. Gram positive [1, 13, 14] and

negative bacteria [1, 14] and fungi [15] induce NETosis and subsequently are trapped in the

NETs. Many other inducers have also been described, but their NETosis inducing capabilities

are not consistent. These include lipopolysaccharides (LPS) [1, 10, 16–18], inflammatory cyto-

kines such as IL-6 [19] and IL-8 [1, 16, 18, 20] and the calcium (Ca2+) ionophore A23187 and

Ionomycin [21, 22]. A difference in experimental methods and definitions of NETosis might

contribute to these conflicting results.

For in vitro studies, phorbol 12-myristate 13-acetate (PMA), a plant derived organic

compound and well-known activator of the ubiquitous signal transduction enzyme protein

kinase C (PKC), is often used as an inducer of NETosis [1, 3, 12, 18]. So even though PMA

is consistently reported as NETosis inducer, it is not physiologically relevant, since it does

not activate physiological processes in vivo. Therefore, it is important to study the effects of

other, physiological, NETosis inducers. This is especially relevant in studies on human dis-

eases, such as cardiovascular wound healing, in which NETs also play a role. Results from

published studies often cannot be compared because they are derived from a multitude of

experimental settings. Therefore, we first made a comprehensive systematic review to make

an overview of inducers of interest in cardiovascular wound healing. Subsequently, we

selected the most relevant inducers and tested their effect on NETosis induction in a stan-

dardized experimental setup using static conditions and imaged using time-lapse confocal

imaging.

Material and methods

Systematic literature review

A systematic literature review of the Medline-Ovid, Embase, Web of Science and Cochrane

databases was conducted, using search and selection criteria according to the PRISMA-

2015 criteria for writing a systematic literature review [23] (S2 File). MeSH-terms for “neu-

trophil extracellular traps” were not available. We therefore used the search terms “neutro-

phil extracellular traps” and/or “NET(osis)”. Moreover, we included only journal articles

about in vitro NET induction, and only inducers that were described as inducer of NETosis

by at least two papers. Only journal articles of which the full-text was available to us were

included. Reviews were excluded. MEDLINE-OVID: (neutrophil extracellular trap� [TIAB]

OR NETosis [TIAB]) NOT Review NOT patient� [TI] Select “journal article”. Articles were

included up to January 2017. This review was executed independently by two researchers to

prevent bias. Outcomes of this review were used for creating an overview to perform com-

parison experiments only.

Overview of NETosis inducers

PLOS ONE | https://doi.org/10.1371/journal.pone.0176472 May 9, 2017 2 / 29

https://doi.org/10.1371/journal.pone.0176472


Neutrophil isolation

Neutrophils were isolated from blood from healthy donors using density gradient medium

LymphoprepTM (Stem cell Technologies, Grenoble, France). All experiments were approved

by the Medical Ethics Committee of the Erasmus MC. Blood was diluted 1:1 with PBS (Phos-

phate Buffered Saline without Ca2+/Mg, 17-516F, Lonza, Walkersville USA), loaded onto the

LymphoprepTM and centrifuged at 830 x g for 15 minutes at room temperature. Erythrocytes

were lysed by incubation with erythrolysis buffer (3.1M NH4Cl, 0.2M KHCO3, 0.02M EDTA,

pH 7.4) for 10 minutes at room temperature followed by centrifugation at 690 x g for 8 min-

utes at room temperature. Cells were washed two times (690 x g for 8 minutes and 560 x g for

5 minutes) with HEPES buffer (0.115M NaCl, 0.012mM CaCl2, 1.51mM MgCl2, 4mM KCl,

0.01M HEPES, pH 7.4) and the concentration of cells was determined using a ABX Micros 80

cell counter (Horiba, Irvine, California).

Neutrophils were transferred to DMEM culture medium containing 10% FCS, L-glutamine

and Penicillin/Streptomycin (all from Biowhittaker, Lonza, Walkersville, USA) or DMEM cul-

ture medium without any additions for bacterial experiments. Hoechst 34580 (1:10 000, Life

Technologies, Landsmeer, The Netherlands) for staining DNA and Propidium Iodide (PI,

1:400, Sigma Aldrich, Zwijndrecht, The Netherlands) for staining extracellular DNA were

added and cells were incubated for at least 1 hour at 37˚C on gelatin-coated (Sigma Aldrich,

Zwijndrecht, The Netherlands) 24 wells glass-bottom plates.

Selection of NETosis inducers for in vitro experiments

From the inducers we documented in our search we selected inducers that were well described

and play a role in (cardiovascular) wound healing. We then selected the best described induc-

ers as well as the inducers with the most variation in reported effect to test in our own stan-

dardized experimental setup. As a source for cytokines, we used activated platelets

supernatant, containing cytokines such as IL-8, PDGF and VEGF [24, 25].

Bacterial strains and culture

Gram-positive (S. aureus Newman) and gram-negative (E. coli ATCC 25922 (O6:B1)) bacteria

were cultured in 100 ml Iscove’s Modified Dulbecco’s Media (Gibco1 IMDM medium, Life

Technologies, Landsmeer, The Netherlands) at 37˚C overnight. The next day the bacteria were

diluted to a final concentration of 108 bacteria per ml as determined by OD600 measurements.

For experiments with dead bacteria, the bacteria were either killed by incubation at 90˚C for

10 minutes or by exposure to UV light with 6000 μWs/cm2 for 66 seconds.

NETosis induction and time-lapse imaging

Isolated neutrophils (107 cells/well) were added to a 24 wells plate in a final volume of 500 μl.

Stock solutions of PMA and Ionomycin were prepared in dimethyl sulfoxide (DMSO, Sigma

Aldrich). Platelets (platelet rich plasma) were isolated from EDTA blood by centrifugation for

7 minutes at 260 x g without brake, and activated for 10 minutes by adding thrombin (1 U/

ml). Activated platelets supernatant was collected by centrifuging the activated platelets at

2000 x g for 10 minutes.

To induce NETosis, non-bacterial inducers were individually added to each well. Before addi-

tion (t = 0), an image was taken and starting directly after addition of the inducers, cells in a ran-

dom field were imaged every 15 minutes for 3 hours with a 20x 0.7 n.a. lens by using confocal

microscopy (Leica SP5 AOBS, Leica Microsystems, Wetzlar, Germany). Excitation with a 405

laser and a BP 420–500 emission filter for Hoechst and a 561 excitation and BP 580–620
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emission filter for PI. In this setting, the dish was mechanically moved between fields. We

stopped imaging after three hours, since after three hours spontaneous cell death was observed

in control neutrophils. In experiments containing bacteria, we imaged continuously for one

hour since all neutrophils underwent NETosis within one hour in all bacterial conditions. We

defined NETosis as a host defense mechanism in which neutrophils release their nuclear and

granular contents to contain and kill pathogens. The NETs that are released form extensive webs

of DNA coated with cytotoxic histones and microbicidal proteases. In cells that stained only pos-

itive for Hoechst, the cell membrane was still intact. After breakdown of the cell membrane, the

DNA became PI positive. Unstimulated cells (in experiments without platelets) and resting plate-

lets were used as negative control and PMA stimulated cells were used as positive control.

Immunofluorescence

To confirm in vitro NETosis in the bacteria experiments, we added an immunofluorescent

staining with a MPO-Dylight488 complex (1:250) to the neutrophils immediately before

induction. Then, we quantified the positive NETs by using confocal microscopy (Leica SP5

AOBS).

As another measurement for NETosis, cells were stimulated by the described inducers for 3

hours, fixed and stained for myeloperoxidase (MPO, Dako). Briefly, after antigen retrieval

with Proteinase K, the slides were blocked with skim milk powder (5%) in PBS Tween 0.1%

pH7.4 and incubated overnight with polyclonal rabbit anti-human MPO (1:300) at 4˚C. After

washing with PBS Tween 0.1% pH7.4 slides were incubated with secondary antibody Dylight

goat anti rabbit 488 (1:200) for 30 minutes. Slides were mounted with Prolong Diamond anti-

fade with DAPI (Thermofischer). Images were made by using confocal microscopy (Leica SP5

AOBS) and Structured Illumination Microscopy (Zeiss Elyra PS1 LSM 780 structured illumi-

nation microscope, Carl Zeiss, Jena, Germany).

Image analysis

All images were analyzed using ImageJ (Version 1.49, National Institutes of Health, USA). We

quantified the number, area and mean intensity of Hoechst positive and PI positive cells using

a macro that includes a segmentation of the nuclei on a Gaussian blurred image (sigma = 2px)

with a threshold and a watershed segmentation (S3 File). A minimal and maximal size of

Hoechst positive and PI positive cells was included in the macro. The Hoechst and PI thresh-

old was kept constant within one experiment. We determined the ratio of PI positive cells and

corrected at t = 0 for dead cells in the start mixture. To correct for regular cell death during the

experiment, conditions were compared to the negative controls: no additions or resting plate-

lets, in which no NETosis was observed.

Statistics

All data are presented as mean±SEM. A repeated measurements ANOVA was used to detect

differences in NET ratio with time and inducer as independent parameters. Results were con-

sidered statistically significant when p<0.05. Data were analyzed using SPSS v22 (IBM, USA).

Results

Systematic literature review

Our systematic search strategy resulted in 870 scientific articles, of which 655 were excluded

following selection according to the described criteria (Fig 1). In the 215 remaining articles we

identified 25 different NETosis inducers. These inducers are presented in Table 1.
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PMA is the most frequently used stimulus with a 100% success rate for inducing NETosis.

In literature different concentrations are used ranging from 5 nM to 100 μM. NETosis was

observed within a time frame ranging from 10 minutes to 24 hours [1–3, 7, 12, 14, 16, 18–21,

26–112, 113–146, 147–168].

S. aureus has consistently been described to be a potent inducer of NETosis [12,14,34,40,71,

75,104,131–133]. In literature search a variety of other bacteria were reported, that also in-

duced NETosis, although most species are weak NETosis inducers compared to S. aureus [14].

E. coli P. aeruginosa, C. albicans yeast and M. bovis have also been described as potent NETosis

inducers in most papers, but discrepancies occur [15, 148, 159, 207, 210].

The NETosis inducing properties of LPS have been investigated in many papers, but the

results are contradicting. For example, in LPS-activated neutrophils multiple papers state to

have observed NETosis after 30 min with 100 ng/ml [76, 83, 158, 161, 187], whereas other

authors did not observe NETosis using a concentration of 10 μg/ml [18].

Results for glucose as an inducer for NETosis indicate that higher concentrations (20–30

mM) of glucose appear to induce NETosis whilst low concentrations (5–10 mM) do not [58,

187]. Higher concentrations of glucose are thought to resemble a hyperglycemic environment

for neutrophils and may mimic the situation in patients with badly regulated Diabetes Melli-

tus. NETosis induced by glucose therefore seems concentration dependent.

Studies with A23187 report conflicting results. Six studies reported induction of NETosis

after stimulation with 5μg/mL and 0.2–25 μM for 20 minutes to 4 hours [22, 130, 151, 179,

181, 183]. Two other studies reported little to no NETosis after induction with 1 and 100 μM

Fig 1. PRISM chart of the systematic literature review.

https://doi.org/10.1371/journal.pone.0176472.g001
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Table 1. Overview of in-literature described in vitro NETs inducers. MOI: Multiplicity Of Infection (number of bacteria to number of cells). CFU: Colony

Forming Units.

Inducer Concentration Induction time NETosis Reference

PMA 4–50 nM (3–30.8 ng/ml) 10 min-16h Yes [1–3, 12, 16, 19, 20, 26–112]

60–100 nM (37–62 ng/ml) 30 min-16h Yes [7, 18, 21, 113–146]

120–1620 nM (74–1000 ng/ml) 10 min-4h Yes [147–166]

100000 nM (6168 ng/ml) 10 min-24h Yes [14, 167, 168]

H2O2 0.1 μM 3h No [116]

100–1000 μM 4h Yes [61, 114]

4000 μM 200 min Apoptosis [18]

10000 μM 200 min Necrosis [18]

10000 μM 4-5h Yes [54]

0.03% 3h Yes [169]

Growth factors/platelets

IL-8 1–250 ng/ml 10 min-5h Yes [1, 12, 27, 29, 42, 64, 161, 170–172]

10 ng/ml 3h Little [16]

100–800 ng/ml 4-18h No [18, 76, 82]

IL-1β 10 ng/ml 6h Little [62]

50 ng/ml 2h Yes [27]

TNF-α 1 ng/ml 6h Little [62]

7–20 ng/ml 30 min-5h Yes [19, 20, 54]

100 ng/ml 2h Yes [27]

100 ng/ml 4h No [76]

Platelets 5x107 /ml No [10]

2x105 – 5x105 1h No [44]

Activated platelets 2x105 – 5x105 (+ 50 μM TRAP) 1h Yes [44]

5x105 (+ 1.3 μg/mL collagen) 2h Yes [173]

1:400 (+ 0.01 U/mL Thrombin) 4h Yes [174]

25–100 ml (+ 5 μmol/L PGE1) 20 min Yes [175]

25–100 ml (+ 25 μmol/l TRAP-6) 20 min Yes [175]

25–100 ml (+ 5 μmol/l ADP) 20 min Yes [175]

25–100 ml (+ 1 μg/ml collagen) 20 min Yes [175]

25–100 ml (+ 0.05 IU/mlrecombinant

thrombin)

20 min Yes [175]

(+CoCr) Yes [176]

Calcium

A23187 0.2–25 μM 20 min-4h Yes [22, 130, 151, 177–179]

1 μM 1h No [180]

100 μM 1-4h Little [167]

Ionomycin 0.9–7 μM 30 min-4h Yes [21, 29, 34, 130, 132]

100 μM 1-4h Little [167]

MSU crystals 100–200 μg/ml 3-5h Yes [71, 118, 181]

1000 μg/ml 2h Yes [182]

Yes [134]

20 pg/cell 2h Yes [80]

Glucose

Glucose Oxidase 100 mU/ml 1-4h Yes [12, 172]

Glucose 5.5–10 nM 2h No [183]

(Continued )
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Table 1. (Continued)

Inducer Concentration Induction time NETosis Reference

20–30 nM 2h Yes [183]

5000000 nM 3h No [58]

25000000 nM 3h Yes [58]

Bacterial/fungal products

LPS 0.1 ng/ml 1h Yes [184]

0.1–10 μg/ml 15 min-18h Yes [1, 19, 28, 54, 61, 64, 71, 76, 82, 83, 147, 158, 161, 185–

194]

0.1–25 μg/ml 2,5-3h Little [16, 21]

0.3–5 μg/ml 15 min No [10, 17]

50 μg/ml 30–90 min Yes [155, 195]

No [18]

10 mg/L 30 min Yes [190]

30 min Yes [196]

LPS + Glucose 2 μg/ml + 30000000 nM 3h Little [19]

2.5–25 μg/ml 2,5h Yes [21]

LPS + Platelets 1–5 μg/ml + 5x107-2.4x108 /ml 30 min + Yes [10, 197]

25–100 ml + 20 min Yes [175]

β-glucan 200 μg/ml 15–240 min Yes [198, 199]

1000 μg/ml 1h Yes [129]

Bacteria/fungi

S. aureus 0.03–50 MOI 30 min-24h Yes [12, 14, 34, 40, 71, 116, 169, 200–202]

6x106/ml 1h Yes [180]

25 μl OD 0.5 3h Yes [86]

S. pneumonia 10 MOI 10 min-24h Yes [14]

S. pneumonia (dead) 2x107/ml 4h Yes [118]

E. coli 4h No [15]

3–50 MOI 10 min-24h Yes [14, 34, 79, 124, 202]

100 MOI 1-4h Yes [51, 184]

106–107 CFU 5min-1h Yes [189, 203]

2000 CFU 1-8h Yes [189]

P. aeruginosa 1–50 MOI 5h Some [204]

10–100 MOI 10 min-24h Yes [14, 34, 168, 205–207]

8h Yes [208]

6x106/ml 1h Yes [180]

A. fumigatus

(hyphae)

750 CFU / 50 μl 2h Yes [209]

0.2–2000 MOI 40–180 min Yes [64, 77]

106 conidia 3h Yes [191]

C. albicans (yeast) 0.5 MOI 90 min Little [125]

2 MOI 15 min Yes [210]

2 MOI 4h No [210]

5 MOI 3h No [148]

10 MOI 3h Little [120]

10 MOI 2h Yes [123]

(Continued )
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of A23187for 1–4 hours [167, 182]. Ionomycin is also reported to induce NETosis after 30–180

min [21, 29, 34, 130, 132, 167, 195].

Experiments with IL-8 as an inducer of NETosis gave various results. In one study, NETosis

was induced between 30–240 min after administration of 10-100ng/ml IL-8 [12]. However, in

other studies, after stimulation with 200-800ng/ml IL-8 for 4-18h NETosis was not observed

[18, 76, 82]. TNF-α is reported as an inducer of NETosis in five studies, while two papers

report little or no NETosis. NETosis was observed 30 minutes to 6 hours after administration

of 7-100ng/ml TNF-α [19, 20, 27, 54, 62]. One study used a concentration of 1ng/mL and

reported little effect of TNF-α as an inducer, and one study did not observe NETosis at all after

4h with 100ng/ml [76].

Another investigated inducer was H2O2. Some experiments including H2O2 did not show clear

NETosis but showed other forms of cell death such as apoptosis and necrosis [18, 116]. However,

H2O2 also was reported, by other studies, to be a good inducer of NETosis [54, 61, 114, 169].

In summary, the data in literature show that PMA is a well-defined inducer of NETosis

with a 100% success rate. Bacterial inducers of NETosis such as S. aureus (10:1–20:1 bacteria to

neutrophils) also seem consistent inducers, but in some strains discrepancies occur and the

process is less well described than PMA. Other inducers, such as cytokines IL-8 and activated

platelets, different glucose concentrations and especially LPS, display a variable outcome.

Our literature search revealed the observation that numerous experiments have been

performed in which it became clear that all inducers, with the exception of PMA, have been

studied with experimental conditions that differed between studies, such as time frame, con-

centration and NETs imaging procedure. This could partly explain the observed differences in

NETosis induction.Hence, there is a need for a well-controlled evaluation of NETosis inducers.

We therefore performed a standardized study in which we tested the NETosis capability of dif-

ferent NETs inducers (as defined in Table 2). Bacterial infections, diabetes and calcium influx

all influence cardiovascular wound healing differently. Therefore, we selected S. aureus, E. coli,
LPS, Ionomycin, glucose and combinations with (activated) platelets and LPS for our panel.

PMA will be taken as a positive control, whilst unstimulated cells are a negative control in

experiments without platelets, and resting platelets are a negative control in experiments with

platelets. In this study, we use a well-defined experimental setup to test multiple conditions at

the same time on the same neutrophils.

NETosis experiments

PMA. In our experiments PMA (n = 7) consistently and strongly induced NETosis

(61.5 ± 9.3% of PMA stimulated neutrophils vs 4.1 ± 1.3% of unstimulated neutrophils,

p<0.001) (Table 3, Fig 2 and Fig A in S1 File). NETosis was observed about 1.5 hours after

administration of PMA and observed for both concentrations (50 ng/ml and 250 ng/ml).

Living bacteria. In our experiments both gram positive and gram negative bacteria

strongly induced NETosis. In S. aureus stimulated samples (n = 3), NETs were observed after

Table 1. (Continued)

Inducer Concentration Induction time NETosis Reference

C. albicans (hyphae) 0.2–4.2 MOI 5-min–4h Yes [125, 126, 210–212]

30 min Yes [213]

M. bovis 10 MOI 4h Yes [177]

10–1000 MOI 1-4h No [159]

https://doi.org/10.1371/journal.pone.0176472.t001
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10–20 minutes and in E. coli stimulated samples (n = 3), NETs were observed within one hour

(Fig 3), as confirmed by live MPO staining (Fig B in S1 File). NETs induction by both bacteria

strains differed in the amount of viable (Hoechst positive) neutrophils. After the addition of S.

aureus, no Hoechst positive neutrophils were observed after 40 minutes. After the addition of

E. coli, neutrophils remained viable during the total experiment. After the addition of dead S.

Table 2. Concentrations of the potential NETosis inducers in the experiments.

NETosis inducer and final concentrations

PMA (Sigma Aldrich, Saint Louis, Missouri, USA)

• 50 ng/ml

• 250 ng/ml

Platelets (isolated from EDTA blood)

• 5x107 /ml

Supernatant of activated platelets (isolated from EDTA blood)

• 5x107 /ml

D-Glucose (Amresco)

• 25 μM

• 25 mM

Ionomycin (Sigma Aldrich)

• 3 μg/ml

• 5 μg/ml

LPS (Sigma Aldrich): source

E. coli O55:B5

• 10 ng/ml

• 100 ng/ml

• 1000 ng/ml

• 5 μg/ml

E. coli O111:B4

• 10 ng/ml

• 100 ng/ml

• 1000 ng/ml

• 5 μg/ml

P. aeruginosa

• 10 ng/ml

• 100 ng/ml

• 1000 ng/ml

• 5 μg/ml

Platelets + LPS (E. coli O111:B4)

• 5x107 /ml + 5 μg/ml

Activated platelets supernatant + LPS (E. coli O111:B4)

5x107 /ml + 5 μg/ml

Living bacteria

S. aureus (Newman)

• 108/ml (±10:1)

E. coli ATCC 25922 (O6:B1)

• 108/ml (±10:1)

Dead bacteria

S. aureus (Newman)

• 1010/ml (±1000:1)

E. coli ATCC 25922 (O6:B1)

• 1010/ml (±1000:1)

https://doi.org/10.1371/journal.pone.0176472.t002
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aureus and E. coli (n = 3), phagocytosis of the bacteria by the neutrophils and no NETosis was

observed (Fig C in S1 File).

LPS and glucose. No NETosis was observed when neutrophils were incubated with LPS

(n = 7) or glucose (n = 5). For LPS, multiple concentrations and variants (Table 2) were tested,

Table 3. Percentage of neutrophils that underwent NETosis. % NETosis per time point (hr) is given as mean (SEM). P-value of repeated measures

ANOVA with Bonferroni post-hoc test results per NETosis inducer versus unstimulated neutrophils.

n Time (hr) p-value

0 1 2 3

None 5 1.94 (0.43) 3.8 (1.35) 3.68 (1.08) 4.10 (1.34) n.s.

PMA (250 ng/ml) 7 3.89 (0.91) 7.81(1.64) 31.94 (6.17) 61.52 (9.34) <0.001

LPS (5 μg/ml) 7 2.98 (1.58) 2.62 (1.26) 2.90 (1.08) 3.98 (1.69) n.s.

Glucose (25 mM) 3 4.71(1.06) 4.92 (1.90) 6.40 (1.98) 6.58 (1.96) n.s.

Platelets (5x107) 5 2.53 (0.71) 2.80 (1.12) 1.12 (0.89) 1.16 (0.92) n.s.

Activated Platelets (5x107) 7 2.00 (0.60) 3.24 (1.15) 1.45 (0.61) 1.27 (0.47) n.s.

Activated Platelets Supernatant (5x107) 7 2.84 (1.12) 4.48 (1.19) 5.68 (2.31) 5.94 (2.45) n.s.

Platelets and LPS (5x107 + 5 μg/ml) 7 2.60 (0.79) 3.57 (0.72) 2.43 (1.09) 3.09 (0.98) n.s.

Activated Platelets and LPS (5x107 + 5 μg/ml) 7 2.35 (0.77) 2.75 (1.34) 2.65 (0.93) 3.77 (1.09) n.s.

Activated Platelets Supernatant and LPS (5x107 + 5 μg/ml) 7 2.87 (1.10) 6.86 (1.84) 7.01 (2.88) 7.88 (3.56) n.s.

https://doi.org/10.1371/journal.pone.0176472.t003

Fig 2. NETosis induction for the different inducers. NETosis was defined as the ratio between the number

of Hoechst and PI positive cells. PMA induced NETosis when compared to unstimulated neutrophils, p<0.001

repeated measures ANOVA post-hoc Bonferroni (*) (none n = 5, PMA n = 7, LPS n = 7, glucose n = 5). Error

Bars +/- SEM.

https://doi.org/10.1371/journal.pone.0176472.g002
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but none induced NETosis. Also, combinations of LPS with platelets, activated platelets and

activated platelets supernatant were unsuccessful in inducing NETosis (Fig 4) (n = 7 for all).

Ionomycin. When neutrophils were incubated with Ionomycin (n = 3), the sequence of

events leading to DNA extrusion was different from the process we observed after the addition

Fig 3. NETs formed by S. aureus and E. coli 20 minutes after stimulation for one hour. DNA (Hoechst,

blue, 405) and Extracelullar DNA (PI, red, 561) were stained.

https://doi.org/10.1371/journal.pone.0176472.g003

Fig 4. NETosis per inducer comparing the effect of platelets and the effect of activated platelets

supernatant (n = 5, n = 7 respectively). NETosis was defined as the ratio between Hoechst and PI positive

cells. Neutrophils stimulated by platelets were compared against neutrophils stimulated by LPS, platelets

+ LPS, activated platelets, activated platelets + LPS, activated platelets supernatant, activated platelets

supernatant + LPS using repeated measures ANOVA post-hoc Bonferroni (*). No significant differences were

found (p>0.05 all). Error Bars +/- SEM.

https://doi.org/10.1371/journal.pone.0176472.g004
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of PMA. Within 15 minutes after the addition of Ionomycin, the membranes of the neutro-

phils became porous, as shown by staining the nuclei for PI (Fig 5, S1 Video and S2 Video). In

our three hour imaging timeframe, DNA was seen to slowly leak out of the cells. This process

was not observed in cells that died as a result of necrosis or apoptosis, where the DNA remains

within the cells. At the end of the experiment, the neutrophils treated with Ionomycin and the

neutrophils that were incubated with PMA looked similar, and, therefore, this difference in the

DNA extrusion process may be missed in studies that did not study early time points.

Activated platelets. We did not observe NETosis after incubating the neutrophils with

thrombin activated platelets, activated platelets supernatant, platelets and LPS and activated

platelets plus LPS (all n.s. n = 7). However, in two experiments, NETosis was observed after

incubating the neutrophils with LPS and activated platelets supernatant, while in the other

experiments (n = 7) no NETosis was induced. A possible explanation for this variation could

be the variance between donors, though blood samples were taken from healthy donors, and

none of the observed results could be linked to either sex or age.

Discussion

Our in vitro study, performed in a well-defined and well-controlled time-lapse setting, revealed

that PMA, bacteria and Ionomycin were robust inducers of NETosis. The other reported

NETosis inducers were less potent.

First, we performed a systematic literature review of NETosis inducers. This is the first system-

atic review to address NETosis inducers. NETosis is currently intensively investigated and therefore

a systematic review on this topic is very needed. Our literature search revealed that PMA and bacte-

ria were consistent inducers of NETosis. Both are being used in a more routine way in research

now. PMA is used to mainly investigate the effect of other inducers and the ROS-pathway.

Studies on other inducers presented conflicting results. The difference in experimental set-

ting, timing and dosing might contribute to the variation in results. Therefore, we performed

in vitro experiments in a standardized laboratory setting. In these experiments, we used con-

centrations based on literature and a time frame of 3 hours, the period in which the neutro-

phils remained viable. Our experiments confirmed the robustness of NETosis inducers PMA

and bacteria. PMA was also used as a positive control in our experiments, as it was a consistent

inducer throughout the literature. In the imaging of NETosis by Ionomycin, we observed a dif-

ferent sequence of events, but according to the definition of NETosis that we use in this paper,

Ionomycin is also a qualified inducer. NETosis was not observed with other tested inducers.

Bacteria and bacterial products

In our standardized experiments, living gram negative as well as living gram positive bacteria

were strong and consistent NETosis inducers. Several studies, using a variation of experimen-

tal conditions, support our findings [12–15, 214].

Our study also showed that different species gave a different time of onset of NETosis and a

different percentage of the neutrophils that underwent NETosis. This is in line with Pilsczek

et al [14]. We saw more NETosis after the induction with S. aureus compared to E. coli.
Dead bacteria did not induce NETosis in our experiments. Isolated LTA (derived from

gram-positive bacteria) and LPS (derived from gram-negative bacteria), both bacterial-wall pro-

teins, have been described to induce NETosis. We hypothesized that dead bacteria also expose

these proteins and, therefore, were expected to be potent NETosis inducers. We killed the bacte-

ria with two methods (heat and UV), however, did not observe NETosis in either situation.

When we added LPS, no NETosis was induced. In literature, contradictory reports are found

regarding LPS as a NETosis inducer. To test whether the type of LPS explains this contradiction,
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we used three different types of LPS (derived from E. coli O55:B5, E. coli O111:B4 and P. aerugi-

nosa), which also were used in literature. Data are shown in Fig 2. Post Hoc testing showed no

difference between LPS and unstimulated neutrophils. These results are in line with our experi-

ment where dead gram-negative bacteria, with LPS on the surface, also failed to induce NETo-

sis. Therefore, the ability of LPS to induce NETosis should be studied further.

Fig 5. The effect of Ionomycin compared to PMA. (A) Time lapse images of PMA and Ionomycin at

different time frames. The arrows indicate the decondensation of the nuclei before (Hoechst, 405) and after

(PI, 561) DNA extrusion. (B) The amount of Hoechst and PI positive cells in PMA and Ionomycin stimulated

cells and unstimulated cells, show the difference in the process of NETosis. In the PMA stimulated cells,

the number of Hoechst positive cells go down as the PI positive cells (NETosis) go up. In the Ionomycin

stimulated cells, the number of PI positive cells go up very rapidly, but the Hoechst positive cells remain

similar. In unstimulated cells, the intensity of Hoechst staining remains high and no PI staining was detected.

https://doi.org/10.1371/journal.pone.0176472.g005
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Glucose

In literature, glucose is described as NETosis inducer [58, 183]. In our experiments, glucose

did not induce NETosis. One study suggested that high levels of glucose make neutrophils

more sensitive to NETosis inducers such as cytokines or LPS [58]. In contrast, other literature

that claims that neutrophils become insensitive to stimuli when maintained in high glucose

concentrations [19].

Calcium ionophore

Incubation of the neutrophils with the Ionomycin resulted in an extrusion of DNA, however,

this process differed from the PMA induced NETosis. Ionomycin opens the calcium channels

of cells, thus causing high intracellular Ca2+ levels. This resulted in pore formation in the cellu-

lar membranes and positive staining for PI in the cells, followed by leakage of PI-positive mate-

rial out of the cells. In the NETosis induced by PMA, nuclear swelling is seen as the first step.

Still, we considered the process after Ionomycin induction NETosis, since in other forms of

cell death, i.e. necrosis and apoptosis, the nuclear envelope remains intact, which prevents

DNA excretion from the dead cell [12].

We emphasize that it is important to visualize the whole NETosis process and not only rely

on end stage measurements. We have shown that there is variation in the process of DNA

extrusion with Ionomycin. Since other studies on Ionomycin only measured at the end of the

NETosis process, they may have missed these variations.

Platelets

In our experiments, resting platelets did not induce NETosis. This results is in contrast with lit-

erature [10, 44]. We also did not see NETosis induction when we incubated neutrophils with

activated platelets or activated platelets plus LPS, as described by one other study [175]. The

majority of the studies, however, described that the excretion of growth factors by activated

platelets (stimulated by for example LPS or PAF) will activate neutrophils and stimulate NETo-

sis [10, 44, 173, 174].

Difference in neutrophil function

Interestingly, we observed that NETosis induction with activated platelets was variable

amongst healthy individuals, since strong NETosis was observed in two samples while absent

in five other samples. Our donors were healthy individuals. Individual variation in neutrophil

response might be an explanation for variable results. Therefore, all experiments with neutro-

phils should include blood samples from multiple healthy donors and should be repeated mul-

tiple times to obviate as much variation as possible.

Study limitations and recommendations

To our knowledge this is the first in vitro study that compares a comprehensive panel of NETo-

sis inducers under standardized experimental conditions using time-lapse imaging, allowing a

direct quantification of the NETosis strength using image analysis to quantify the data. We

consider it a strong point of our study that time-lapse images allow visualization of the actual

NETosis process. Therefore, NETosis can be identified with higher certainty than when using

single images. Our approach was, for example, very helpful in interpreting the experiments

with Ionomycin. In our study our medium contained 10% FCS. While this is widely used for

cell culture purposes, in NETosis experiments this could affect NETosis, since FCS contains

nucleases, which have been described to break down NETs in vitro [215]. However, nucleases
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break down the NETs after they have formed, and we did not observe this in our time-lapse

analysis. Also, it is unlikely that either the use of DMEM or FCS would have an effect on any of

the tested inducers. For example, the most used medium for NETosis experiments is RPMI-

1640, but studies have also reported LPS, one of the most contradictive inducers in our panel,

not to have much effect in their studies [16, 18, 21]. We are aware that Ca2+ in buffers can have

an effect on NETosis. Therefore, we used PBS free from Ca2+, and our HEPES buffer only con-

tained a minimal concentration of 12 μM Ca2+.

A drawback of any in vitro setting obviously is that an in vitro setup cannot completely

reflect the in vivo situation. Inducers like LPS also are expected to trigger an immune response

in vivo, which could trigger alternate pathways that induce NETosis.

NETosis can be found in many pathological conditions such as thrombosis and sepsis,

which leads to a rising interest in exploration of its pathways. These pathways could be further

explored in vitro in a setup similar to ours.

Conclusion

Our literature research showed that living gram positive and negative bacteria, PMA and Iono-

mycin are strong NETs inducers. Other inducers are less potent. Our additional experiments,

which were performed under one experimental condition confirmed these our results found

during our literature research.
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S1 File. Fig A: Immunofluorescence shows the localization of DNA (blue, 405) and MPO

(green, 488) in unstimulated (left) and PMA stimulated (right) neutrophils. Fig B: NETs

formed by S. aureus after 20 minutes of stimulation, stained with MPO-Dylight488, PI and

Hoechst. Fig C: Bright field overlay image of neutrophils (blue) with dead bacteria (red) show-

ing phagocytosis.

(DOCX)

S2 File. PRISMA Checklist.

(PDF)

S3 File. Macro used for quantification of Hoechst and PI positive cells.

(IJM)

S4 File. All raw data as loaded into SPSS for analyses.

(XLSX)

S1 Video. Time-lapse video of neutrophils activated with PMA. Blue: Hoechst (DNA). Red:

PI (extracellular DNA).

(AVI)

S2 Video. Time-lapse video of neutrophils activated with Ionomycin. Blue: Hoechst (DNA).

Red: PI (extracellular DNA).

(AVI)

Acknowledgments

We would like to thank Dr. Johan A. Slotman for his contribution in the experiments contain-

ing the SIM.

Overview of NETosis inducers

PLOS ONE | https://doi.org/10.1371/journal.pone.0176472 May 9, 2017 15 / 29

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0176472.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0176472.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0176472.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0176472.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0176472.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0176472.s006
https://doi.org/10.1371/journal.pone.0176472


Author Contributions

Conceptualization: TH ASAA ARS TEA WAvC ABH WJBvW HMMvB JWvN MPMdM.

Data curation: TH WAvC ASAA MPMdM JWvN.

Formal analysis: TH ASAA.

Funding acquisition: MPMdM.

Investigation: TH ASAA ARS TEA WAvC.

Methodology: TH ASAA ARS TEA WAvC ABH WJBvW HMMvB JWvN MPMdM.

Project administration: MPMdM JWvN HMMvB.

Resources: TH WAvC ABH.

Software: WAvC TH.

Supervision: MPMdM JWvN HMMvB.

Validation: TH ASAA ARS TEA WAvC ABH WJBvW HMMvB JWvN MPMdM.

Visualization: TH ASAA.

Writing – original draft: TH ASAA JWvN MPMdM HMMvB.

Writing – review & editing: TH ASAA ARS TEA WAvC ABH WJBvW HMMvB JWvN

MPMdM.

References
1. Brinkmann V, Reichard U, Goosmann C, Fauler B, Uhlemann Y, Weiss DS, et al. Neutrophil extracel-

lular traps kill bacteria. Science. 2004; 303(5663):1532–5. Epub 2004/03/06. https://doi.org/10.1126/

science.1092385 PMID: 15001782

2. Farrera C, Fadeel B. Macrophage clearance of neutrophil extracellular traps is a silent process. J

Immunol. 2013; 191(5):2647–56. Epub 2013/08/02. https://doi.org/10.4049/jimmunol.1300436 PMID:

23904163

3. Fuchs TA, Brill A, Duerschmied D, Schatzberg D, Monestier M, Myers DD Jr., et al. Extracellular DNA

traps promote thrombosis. Proc Natl Acad Sci U S A. 2010; 107(36):15880–5. Epub 2010/08/28.

PubMed Central PMCID: PMC2936604. https://doi.org/10.1073/pnas.1005743107 PMID: 20798043

4. Fuchs TA, Brill A, Wagner DD. Neutrophil extracellular trap (NET) impact on deep vein thrombosis.

Arterioscler Thromb Vasc Biol. 2012; 32(8):1777–83. Epub 2012/06/02. PubMed Central PMCID:

PMC3495595. https://doi.org/10.1161/ATVBAHA.111.242859 PMID: 22652600

5. Longstaff C, Varju I, Sotonyi P, Szabo L, Krumrey M, Hoell A, et al. Mechanical stability and fibrinolytic

resistance of clots containing fibrin, DNA, and histones. J Biol Chem. 2013; 288(10):6946–56. Epub

2013/01/08. PubMed Central PMCID: PMC3591605. https://doi.org/10.1074/jbc.M112.404301 PMID:

23293023

6. von Bruhl ML, Stark K, Steinhart A, Chandraratne S, Konrad I, Lorenz M, et al. Monocytes, neutro-

phils, and platelets cooperate to initiate and propagate venous thrombosis in mice in vivo. J Exp Med.

2012; 209(4):819–35. Epub 2012/03/28. PubMed Central PMCID: PMC3328366. https://doi.org/10.

1084/jem.20112322 PMID: 22451716

7. Chrysanthopoulou A, Mitroulis I, Apostolidou E, Arelaki S, Mikroulis D, Konstantinidis T, et al. Neutro-

phil extracellular traps promote differentiation and function of fibroblasts. J Pathol. 2014; 233(3):294–

307. Epub 2014/04/18. https://doi.org/10.1002/path.4359 PMID: 24740698

8. Mangold A, Alias S, Scherz T, Hofbauer T, Jakowitsch J, Panzenbock A, et al. Coronary neutrophil

extracellular trap burden and deoxyribonuclease activity in ST-elevation acute coronary syndrome are

predictors of ST-segment resolution and infarct size. Circ Res. 2015; 116(7):1182–92. https://doi.org/

10.1161/CIRCRESAHA.116.304944 PMID: 25547404

9. Camicia G, Pozner R, de Larranaga G. Neutrophil extracellular traps in sepsis. Shock. 2014; 42

(4):286–94. Epub 2014/07/09. https://doi.org/10.1097/SHK.0000000000000221 PMID: 25004062

Overview of NETosis inducers

PLOS ONE | https://doi.org/10.1371/journal.pone.0176472 May 9, 2017 16 / 29

https://doi.org/10.1126/science.1092385
https://doi.org/10.1126/science.1092385
http://www.ncbi.nlm.nih.gov/pubmed/15001782
https://doi.org/10.4049/jimmunol.1300436
http://www.ncbi.nlm.nih.gov/pubmed/23904163
https://doi.org/10.1073/pnas.1005743107
http://www.ncbi.nlm.nih.gov/pubmed/20798043
https://doi.org/10.1161/ATVBAHA.111.242859
http://www.ncbi.nlm.nih.gov/pubmed/22652600
https://doi.org/10.1074/jbc.M112.404301
http://www.ncbi.nlm.nih.gov/pubmed/23293023
https://doi.org/10.1084/jem.20112322
https://doi.org/10.1084/jem.20112322
http://www.ncbi.nlm.nih.gov/pubmed/22451716
https://doi.org/10.1002/path.4359
http://www.ncbi.nlm.nih.gov/pubmed/24740698
https://doi.org/10.1161/CIRCRESAHA.116.304944
https://doi.org/10.1161/CIRCRESAHA.116.304944
http://www.ncbi.nlm.nih.gov/pubmed/25547404
https://doi.org/10.1097/SHK.0000000000000221
http://www.ncbi.nlm.nih.gov/pubmed/25004062
https://doi.org/10.1371/journal.pone.0176472


10. Clark SR, Ma AC, Tavener SA, McDonald B, Goodarzi Z, Kelly MM, et al. Platelet TLR4 activates neu-

trophil extracellular traps to ensnare bacteria in septic blood. Nat Med. 2007; 13(4):463–9. Epub 2007/

03/27. https://doi.org/10.1038/nm1565 PMID: 17384648

11. Meng W, Paunel-Gorgulu A, Flohe S, Hoffmann A, Witte I, MacKenzie C, et al. Depletion of neutrophil

extracellular traps in vivo results in hypersusceptibility to polymicrobial sepsis in mice. Crit Care. 2012;

16(4):R137. Epub 2012/07/28. PubMed Central PMCID: PMC3580722. https://doi.org/10.1186/

cc11442 PMID: 22835277

12. Fuchs TA, Abed U, Goosmann C, Hurwitz R, Schulze I, Wahn V, et al. Novel cell death program leads

to neutrophil extracellular traps. J Cell Biol. 2007; 176(2):231–41. Epub 2007/01/11. PubMed Central

PMCID: PMC2063942. https://doi.org/10.1083/jcb.200606027 PMID: 17210947

13. Yipp BG, Petri B, Salina D, Jenne CN, Scott BN, Zbytnuik LD, et al. Infection-induced NETosis is a

dynamic process involving neutrophil multitasking in vivo. Nat Med. 2012; 18(9):1386–93. Epub 2012/

08/28. https://doi.org/10.1038/nm.2847 PMID: 22922410

14. Pilsczek FH, Salina D, Poon KK, Fahey C, Yipp BG, Sibley CD, et al. A novel mechanism of rapid

nuclear neutrophil extracellular trap formation in response to Staphylococcus aureus. J Immunol.

2010; 185(12):7413–25. Epub 2010/11/26. https://doi.org/10.4049/jimmunol.1000675 PMID:

21098229

15. Branzk N, Lubojemska A, Hardison SE, Wang Q, Gutierrez MG, Brown GD, et al. Neutrophils sense

microbe size and selectively release neutrophil extracellular traps in response to large pathogens. Nat

Immunol. 2014; 15(11):1017–25. Epub 2014/09/15. PubMed Central PMCID: PMC4236687. https://

doi.org/10.1038/ni.2987 PMID: 25217981

16. Hazeldine J, Harris P, Chapple IL, Grant M, Greenwood H, Livesey A, et al. Impaired neutrophil extra-

cellular trap formation: a novel defect in the innate immune system of aged individuals. Aging Cell.

2014; 13(4):690–8. Epub 2014/05/02. PubMed Central PMCID: PMC4326942. https://doi.org/10.

1111/acel.12222 PMID: 24779584

17. Yousefi S, Mihalache C, Kozlowski E, Schmid I, Simon HU. Viable neutrophils release mitochondrial

DNA to form neutrophil extracellular traps. Cell Death Differ. 2009; 16(11):1438–44. Epub 2009/07/18.

https://doi.org/10.1038/cdd.2009.96 PMID: 19609275

18. Remijsen Q, Vanden Berghe T, Wirawan E, Asselbergh B, Parthoens E, De Rycke R, et al. Neutrophil

extracellular trap cell death requires both autophagy and superoxide generation. Cell Res. 2011; 21

(2):290–304. Epub 2010/11/10. PubMed Central PMCID: PMC3193439. https://doi.org/10.1038/cr.

2010.150 PMID: 21060338

19. Joshi MB, Lad A, Bharath Prasad AS, Balakrishnan A, Ramachandra L, Satyamoorthy K. High glu-

cose modulates IL-6 mediated immune homeostasis through impeding neutrophil extracellular trap

formation. FEBS Lett. 2013; 587(14):2241–6. Epub 2013/06/06. https://doi.org/10.1016/j.febslet.

2013.05.053 PMID: 23735697

20. Gupta AK, Joshi MB, Philippova M, Erne P, Hasler P, Hahn S, et al. Activated endothelial cells induce

neutrophil extracellular traps and are susceptible to NETosis-mediated cell death. FEBS Lett. 2010;

584(14):3193–7. Epub 2010/06/15. https://doi.org/10.1016/j.febslet.2010.06.006 PMID: 20541553

21. Wong SL, Demers M, Martinod K, Gallant M, Wang Y, Goldfine AB, et al. Diabetes primes neutrophils

to undergo NETosis, which impairs wound healing. Nat Med. 2015. Epub 2015/06/16.

22. Palic D, Ostojic J, Andreasen CB, Roth JA. Fish cast NETs: Neutrophil extracellular traps are released

from fish neutrophils. Dev Comp Immunol. 2007; 31(8):805–16. https://doi.org/10.1016/j.dci.2006.11.

010 PMID: 17222907

23. PRISMA. Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) Accessed

on 15 August 2016. Available from: http://www.prisma-statement.org/Default.aspx.

24. Harrison S, Vavken P, Kevy S, Jacobson M, Zurakowski D, Murray MM. Platelet activation by collagen

provides sustained release of anabolic cytokines. Am J Sports Med. 2011; 39(4):729–34. Epub 2011/

03/15. PubMed Central PMCID: PMC3176726. https://doi.org/10.1177/0363546511401576 PMID:

21398575

25. Su SB, Mukaida N, Matsushima K. Rapid secretion of intracellularly pre-stored interleukin-8 from rab-

bit platelets upon activation. J Leukoc Biol. 1996; 59(3):420–6. Epub 1996/03/01. PMID: 8604022

26. Itakura A, McCarty OJ. Pivotal role for the mTOR pathway in the formation of neutrophil extracellular

traps via regulation of autophagy. Am J Physiol Cell Physiol. 2013; 305(3):C348–54. https://doi.org/

10.1152/ajpcell.00108.2013 PMID: 23720022

27. Keshari RS, Jyoti A, Dubey M, Kothari N, Kohli M, Bogra J, et al. Cytokines induced neutrophil extra-

cellular traps formation: implication for the inflammatory disease condition. PLoS One. 2012; 7(10):

e48111. https://doi.org/10.1371/journal.pone.0048111 PMID: 23110185

Overview of NETosis inducers

PLOS ONE | https://doi.org/10.1371/journal.pone.0176472 May 9, 2017 17 / 29

https://doi.org/10.1038/nm1565
http://www.ncbi.nlm.nih.gov/pubmed/17384648
https://doi.org/10.1186/cc11442
https://doi.org/10.1186/cc11442
http://www.ncbi.nlm.nih.gov/pubmed/22835277
https://doi.org/10.1083/jcb.200606027
http://www.ncbi.nlm.nih.gov/pubmed/17210947
https://doi.org/10.1038/nm.2847
http://www.ncbi.nlm.nih.gov/pubmed/22922410
https://doi.org/10.4049/jimmunol.1000675
http://www.ncbi.nlm.nih.gov/pubmed/21098229
https://doi.org/10.1038/ni.2987
https://doi.org/10.1038/ni.2987
http://www.ncbi.nlm.nih.gov/pubmed/25217981
https://doi.org/10.1111/acel.12222
https://doi.org/10.1111/acel.12222
http://www.ncbi.nlm.nih.gov/pubmed/24779584
https://doi.org/10.1038/cdd.2009.96
http://www.ncbi.nlm.nih.gov/pubmed/19609275
https://doi.org/10.1038/cr.2010.150
https://doi.org/10.1038/cr.2010.150
http://www.ncbi.nlm.nih.gov/pubmed/21060338
https://doi.org/10.1016/j.febslet.2013.05.053
https://doi.org/10.1016/j.febslet.2013.05.053
http://www.ncbi.nlm.nih.gov/pubmed/23735697
https://doi.org/10.1016/j.febslet.2010.06.006
http://www.ncbi.nlm.nih.gov/pubmed/20541553
https://doi.org/10.1016/j.dci.2006.11.010
https://doi.org/10.1016/j.dci.2006.11.010
http://www.ncbi.nlm.nih.gov/pubmed/17222907
http://www.prisma-statement.org/Default.aspx
https://doi.org/10.1177/0363546511401576
http://www.ncbi.nlm.nih.gov/pubmed/21398575
http://www.ncbi.nlm.nih.gov/pubmed/8604022
https://doi.org/10.1152/ajpcell.00108.2013
https://doi.org/10.1152/ajpcell.00108.2013
http://www.ncbi.nlm.nih.gov/pubmed/23720022
https://doi.org/10.1371/journal.pone.0048111
http://www.ncbi.nlm.nih.gov/pubmed/23110185
https://doi.org/10.1371/journal.pone.0176472


28. Tadie JM, Bae HB, Jiang S, Park DW, Bell CP, Yang H, et al. HMGB1 promotes neutrophil extracellu-

lar trap formation through interactions with Toll-like receptor 4. Am J Physiol Lung Cell Mol Physiol.

2013; 304(5):L342–9. https://doi.org/10.1152/ajplung.00151.2012 PMID: 23316068

29. Gupta AK, Giaglis S, Hasler P, Hahn S. Efficient neutrophil extracellular trap induction requires mobili-

zation of both intracellular and extracellular calcium pools and is modulated by cyclosporine A. PLoS

One. 2014; 9(5):e97088. Epub 2014/05/14. PubMed Central PMCID: PMC4018253. https://doi.org/

10.1371/journal.pone.0097088 PMID: 24819773

30. Patel S, Kumar S, Jyoti A, Srinag BS, Keshari RS, Saluja R, et al. Nitric oxide donors release extracel-

lular traps from human neutrophils by augmenting free radical generation. Nitric Oxide. 2010; 22

(3):226–34. Epub 2010/01/12. https://doi.org/10.1016/j.niox.2010.01.001 PMID: 20060922

31. Kirchner T, Moller S, Klinger M, Solbach W, Laskay T, Behnen M. The impact of various reactive oxy-

gen species on the formation of neutrophil extracellular traps. Mediators Inflamm. 2012; 2012:849136.

Epub 2012/04/07. PubMed Central PMCID: PMC3317033. https://doi.org/10.1155/2012/849136

PMID: 22481865

32. Nakazawa D, Tomaru U, Suzuki A, Masuda S, Hasegawa R, Kobayashi T, et al. Abnormal conforma-

tion and impaired degradation of propylthiouracil-induced neutrophil extracellular traps: implications of

disordered neutrophil extracellular traps in a rat model of myeloperoxidase antineutrophil cytoplasmic

antibody-associated vasculitis. Arthritis Rheum. 2012; 64(11):3779–87. Epub 2012/07/11. https://doi.

org/10.1002/art.34619 PMID: 22777766

33. Villanueva E, Yalavarthi S, Berthier CC, Hodgin JB, Khandpur R, Lin AM, et al. Netting neutrophils

induce endothelial damage, infiltrate tissues, and expose immunostimulatory molecules in systemic

lupus erythematosus. J Immunol. 2011; 187(1):538–52. Epub 2011/05/27. PubMed Central PMCID:

PMC3119769. https://doi.org/10.4049/jimmunol.1100450 PMID: 21613614

34. Parker H, Dragunow M, Hampton MB, Kettle AJ, Winterbourn CC. Requirements for NADPH oxidase

and myeloperoxidase in neutrophil extracellular trap formation differ depending on the stimulus. J Leu-

kocyte Biol. 2012; 92(4):841–9. https://doi.org/10.1189/jlb.1211601 PMID: 22802447

35. Urban CF, Ermert D, Schmid M, Abu-Abed U, Goosmann C, Nacken W, et al. Neutrophil extracellular

traps contain calprotectin, a cytosolic protein complex involved in host defense against Candida albi-

cans. PLoS Pathog. 2009; 5(10):e1000639. https://doi.org/10.1371/journal.ppat.1000639 PMID:

19876394

36. Kirchner T, Hermann E, Moller S, Klinger M, Solbach W, Laskay T, et al. Flavonoids and 5-aminosali-

cylic acid inhibit the formation of neutrophil extracellular traps. Mediators Inflamm. 2013;

2013:710239. Epub 2014/01/02. PubMed Central PMCID: PMC3871909. https://doi.org/10.1155/

2013/710239 PMID: 24381411

37. Welin A, Amirbeagi F, Christenson K, Bjorkman L, Bjornsdottir H, Forsman H, et al. The human neu-

trophil subsets defined by the presence or absence of OLFM4 both transmigrate into tissue in vivo and

give rise to distinct NETs in vitro. PLoS One. 2013; 8(7):e69575. Epub 2013/08/08. PubMed Central

PMCID: PMC3726694. https://doi.org/10.1371/journal.pone.0069575 PMID: 23922742

38. Wartha F, Beiter K, Albiger B, Fernebro J, Zychlinsky A, Normark S, et al. Capsule and D-alanylated

lipoteichoic acids protect Streptococcus pneumoniae against neutrophil extracellular traps. Cell Micro-

biol. 2007; 9(5):1162–71. https://doi.org/10.1111/j.1462-5822.2006.00857.x PMID: 17217430

39. Beiter K, Wartha F, Albiger B, Normark S, Zychlinsky A, Henriques-Normark B. An endonuclease

allows Streptococcus pneumoniae to escape from neutrophil extracellular traps. Curr Biol. 2006; 16

(4):401–7. https://doi.org/10.1016/j.cub.2006.01.056 PMID: 16488875

40. Berends ET, Horswill AR, Haste NM, Monestier M, Nizet V, von Kockritz-Blickwede M. Nuclease

expression by Staphylococcus aureus facilitates escape from neutrophil extracellular traps. J Innate

Immun. 2010; 2(6):576–86. Epub 2010/09/11. PubMed Central PMCID: PMC2982853. https://doi.org/

10.1159/000319909 PMID: 20829609

41. van Sorge NM, Beasley FC, Gusarov I, Gonzalez DJ, von Kockritz-Blickwede M, Anik S, et al. Methicil-

lin-resistant Staphylococcus aureus bacterial nitric-oxide synthase affects antibiotic sensitivity and

skin abscess development. J Biol Chem. 2013; 288(9):6417–26. Epub 2013/01/17. PubMed Central

PMCID: PMC3585076. https://doi.org/10.1074/jbc.M112.448738 PMID: 23322784

42. Gupta AK, Hasler P, Holzgreve W, Gebhardt S, Hahn S. Induction of neutrophil extracellular DNA lat-

tices by placental microparticles and IL-8 and their presence in preeclampsia. Hum Immunol. 2005; 66

(11):1146–54. https://doi.org/10.1016/j.humimm.2005.11.003 PMID: 16571415

43. Krautgartner WD, Vitkov L. Visualization of neutrophil extracellular traps in TEM. Micron. 2008; 39

(4):367–72. https://doi.org/10.1016/j.micron.2007.03.007 PMID: 17498964

44. Caudrillier A, Kessenbrock K, Gilliss BM, Nguyen JX, Marques MB, Monestier M, et al. Platelets

induce neutrophil extracellular traps in transfusion-related acute lung injury. J Clin Invest. 2012; 122

Overview of NETosis inducers

PLOS ONE | https://doi.org/10.1371/journal.pone.0176472 May 9, 2017 18 / 29

https://doi.org/10.1152/ajplung.00151.2012
http://www.ncbi.nlm.nih.gov/pubmed/23316068
https://doi.org/10.1371/journal.pone.0097088
https://doi.org/10.1371/journal.pone.0097088
http://www.ncbi.nlm.nih.gov/pubmed/24819773
https://doi.org/10.1016/j.niox.2010.01.001
http://www.ncbi.nlm.nih.gov/pubmed/20060922
https://doi.org/10.1155/2012/849136
http://www.ncbi.nlm.nih.gov/pubmed/22481865
https://doi.org/10.1002/art.34619
https://doi.org/10.1002/art.34619
http://www.ncbi.nlm.nih.gov/pubmed/22777766
https://doi.org/10.4049/jimmunol.1100450
http://www.ncbi.nlm.nih.gov/pubmed/21613614
https://doi.org/10.1189/jlb.1211601
http://www.ncbi.nlm.nih.gov/pubmed/22802447
https://doi.org/10.1371/journal.ppat.1000639
http://www.ncbi.nlm.nih.gov/pubmed/19876394
https://doi.org/10.1155/2013/710239
https://doi.org/10.1155/2013/710239
http://www.ncbi.nlm.nih.gov/pubmed/24381411
https://doi.org/10.1371/journal.pone.0069575
http://www.ncbi.nlm.nih.gov/pubmed/23922742
https://doi.org/10.1111/j.1462-5822.2006.00857.x
http://www.ncbi.nlm.nih.gov/pubmed/17217430
https://doi.org/10.1016/j.cub.2006.01.056
http://www.ncbi.nlm.nih.gov/pubmed/16488875
https://doi.org/10.1159/000319909
https://doi.org/10.1159/000319909
http://www.ncbi.nlm.nih.gov/pubmed/20829609
https://doi.org/10.1074/jbc.M112.448738
http://www.ncbi.nlm.nih.gov/pubmed/23322784
https://doi.org/10.1016/j.humimm.2005.11.003
http://www.ncbi.nlm.nih.gov/pubmed/16571415
https://doi.org/10.1016/j.micron.2007.03.007
http://www.ncbi.nlm.nih.gov/pubmed/17498964
https://doi.org/10.1371/journal.pone.0176472


(7):2661–71. Epub 2012/06/12. PubMed Central PMCID: PMC3386815. https://doi.org/10.1172/

JCI61303 PMID: 22684106

45. Tillack K, Breiden P, Martin R, Sospedra M. T lymphocyte priming by neutrophil extracellular traps

links innate and adaptive immune responses. J Immunol. 2012; 188(7):3150–9. Epub 2012/02/22.

https://doi.org/10.4049/jimmunol.1103414 PMID: 22351936

46. Palmer LJ, Cooper PR, Ling MR, Wright HJ, Huissoon A, Chapple IL. Hypochlorous acid regulates

neutrophil extracellular trap release in humans. Clin Exp Immunol. 2012; 167(2):261–8. Epub 2012/

01/13. PubMed Central PMCID: PMC3278692. https://doi.org/10.1111/j.1365-2249.2011.04518.x

PMID: 22236002

47. Palmer LJ, Chapple IL, Wright HJ, Roberts A, Cooper PR. Extracellular deoxyribonuclease production

by periodontal bacteria. J Periodontal Res. 2012; 47(4):439–45. Epub 2011/12/14. https://doi.org/10.

1111/j.1600-0765.2011.01451.x PMID: 22150619

48. Lappann M, Danhof S, Guenther F, Olivares-Florez S, Mordhorst IL, Vogel U. In vitro resistance mech-

anisms of Neisseria meningitidis against neutrophil extracellular traps. Mol Microbiol. 2013; 89

(3):433–49. Epub 2013/06/12. https://doi.org/10.1111/mmi.12288 PMID: 23750848

49. Braian C, Hogea V, Stendahl O. Mycobacterium tuberculosis- induced neutrophil extracellular traps

activate human macrophages. J Innate Immun. 2013; 5(6):591–602. https://doi.org/10.1159/

000348676 PMID: 23635526

50. Cogen AL, Yamasaki K, Muto J, Sanchez KM, Crotty Alexander L, Tanios J, et al. Staphylococcus epi-

dermidis antimicrobial delta-toxin (phenol-soluble modulin-gamma) cooperates with host antimicrobial

peptides to kill group A Streptococcus. PLoS One. 2010; 5(1):e8557. Epub 2010/01/07. PubMed Cen-

tral PMCID: PMC2796718. https://doi.org/10.1371/journal.pone.0008557 PMID: 20052280

51. Marin-Esteban V, Turbica I, Dufour G, Semiramoth N, Gleizes A, Gorges R, et al. Afa/Dr diffusely

adhering Escherichia coli strain C1845 induces neutrophil extracellular traps that kill bacteria and dam-

age human enterocyte-like cells. Infect Immun. 2012; 80(5):1891–9. Epub 2012/03/01. PubMed Cen-

tral PMCID: PMC3347451. https://doi.org/10.1128/IAI.00050-12 PMID: 22371374

52. Nishinaka Y, Arai T, Adachi S, Takaori-Kondo A, Yamashita K. Singlet oxygen is essential for neutro-

phil extracellular trap formation. Biochem Biophys Res Commun. 2011; 413(1):75–9. Epub 2011/08/

30. https://doi.org/10.1016/j.bbrc.2011.08.052 PMID: 21871447

53. Hong W, Juneau RA, Pang B, Swords WE. Survival of bacterial biofilms within neutrophil extracellular

traps promotes nontypeable Haemophilus influenzae persistence in the chinchilla model for otitis

media. J Innate Immun. 2009; 1(3):215–24. Epub 2009/01/01. https://doi.org/10.1159/000205937

PMID: 20375579

54. Liu CL, Tangsombatvisit S, Rosenberg JM, Mandelbaum G, Gillespie EC, Gozani OP, et al. Specific

post-translational histone modifications of neutrophil extracellular traps as immunogens and potential

targets of lupus autoantibodies. Arthritis Res Ther. 2012; 14(1):R25. Epub 2012/02/04. PubMed Cen-

tral PMCID: PMC3392818. https://doi.org/10.1186/ar3707 PMID: 22300536

55. Keshari RS, Jyoti A, Kumar S, Dubey M, Verma A, Srinag BS, et al. Neutrophil extracellular traps con-

tain mitochondrial as well as nuclear DNA and exhibit inflammatory potential. Cytometry A. 2012; 81

(3):238–47. https://doi.org/10.1002/cyto.a.21178 PMID: 22170804

56. Menegazzi R, Decleva E, Dri P. Killing by neutrophil extracellular traps: fact or folklore? Blood. 2012;

119(5):1214–6. https://doi.org/10.1182/blood-2011-07-364604 PMID: 22210873

57. Clark SR, Guy CJ, Scurr MJ, Taylor PR, Kift-Morgan AP, Hammond VJ, et al. Esterified eicosanoids

are acutely generated by 5-lipoxygenase in primary human neutrophils and in human and murine

infection. Blood. 2011; 117(6):2033–43. Epub 2010/12/24. PubMed Central PMCID: PMC3374621.

https://doi.org/10.1182/blood-2010-04-278887 PMID: 21177434

58. Menegazzo L, Ciciliot S, Poncina N, Mazzucato M, Persano M, Bonora B, et al. NETosis is induced by

high glucose and associated with type 2 diabetes. Acta Diabetol. 2015; 52(3):497–503. Epub 2014/11/

13. https://doi.org/10.1007/s00592-014-0676-x PMID: 25387570

59. O’Donoghue AJ, Jin Y, Knudsen GM, Perera NC, Jenne DE, Murphy JE, et al. Global substrate profil-

ing of proteases in human neutrophil extracellular traps reveals consensus motif predominantly con-

tributed by elastase. PLoS One. 2013; 8(9):e75141. Epub 2013/09/28. PubMed Central PMCID:

PMC3779220. https://doi.org/10.1371/journal.pone.0075141 PMID: 24073241

60. Saffarzadeh M, Juenemann C, Queisser MA, Lochnit G, Barreto G, Galuska SP, et al. Neutrophil

extracellular traps directly induce epithelial and endothelial cell death: a predominant role of histones.

PLoS One. 2012; 7(2):e32366. Epub 2012/03/06. PubMed Central PMCID: PMC3289648. https://doi.

org/10.1371/journal.pone.0032366 PMID: 22389696

61. Farley K, Stolley JM, Zhao P, Cooley J, Remold-O’Donnell E. A serpinB1 regulatory mechanism is

essential for restricting neutrophil extracellular trap generation. J Immunol. 2012; 189(9):4574–81.

Overview of NETosis inducers

PLOS ONE | https://doi.org/10.1371/journal.pone.0176472 May 9, 2017 19 / 29

https://doi.org/10.1172/JCI61303
https://doi.org/10.1172/JCI61303
http://www.ncbi.nlm.nih.gov/pubmed/22684106
https://doi.org/10.4049/jimmunol.1103414
http://www.ncbi.nlm.nih.gov/pubmed/22351936
https://doi.org/10.1111/j.1365-2249.2011.04518.x
http://www.ncbi.nlm.nih.gov/pubmed/22236002
https://doi.org/10.1111/j.1600-0765.2011.01451.x
https://doi.org/10.1111/j.1600-0765.2011.01451.x
http://www.ncbi.nlm.nih.gov/pubmed/22150619
https://doi.org/10.1111/mmi.12288
http://www.ncbi.nlm.nih.gov/pubmed/23750848
https://doi.org/10.1159/000348676
https://doi.org/10.1159/000348676
http://www.ncbi.nlm.nih.gov/pubmed/23635526
https://doi.org/10.1371/journal.pone.0008557
http://www.ncbi.nlm.nih.gov/pubmed/20052280
https://doi.org/10.1128/IAI.00050-12
http://www.ncbi.nlm.nih.gov/pubmed/22371374
https://doi.org/10.1016/j.bbrc.2011.08.052
http://www.ncbi.nlm.nih.gov/pubmed/21871447
https://doi.org/10.1159/000205937
http://www.ncbi.nlm.nih.gov/pubmed/20375579
https://doi.org/10.1186/ar3707
http://www.ncbi.nlm.nih.gov/pubmed/22300536
https://doi.org/10.1002/cyto.a.21178
http://www.ncbi.nlm.nih.gov/pubmed/22170804
https://doi.org/10.1182/blood-2011-07-364604
http://www.ncbi.nlm.nih.gov/pubmed/22210873
https://doi.org/10.1182/blood-2010-04-278887
http://www.ncbi.nlm.nih.gov/pubmed/21177434
https://doi.org/10.1007/s00592-014-0676-x
http://www.ncbi.nlm.nih.gov/pubmed/25387570
https://doi.org/10.1371/journal.pone.0075141
http://www.ncbi.nlm.nih.gov/pubmed/24073241
https://doi.org/10.1371/journal.pone.0032366
https://doi.org/10.1371/journal.pone.0032366
http://www.ncbi.nlm.nih.gov/pubmed/22389696
https://doi.org/10.1371/journal.pone.0176472


Epub 2012/09/25. PubMed Central PMCID: PMC3964884. https://doi.org/10.4049/jimmunol.1201167

PMID: 23002442

62. Brinkmann V, Goosmann C, Kuhn LI, Zychlinsky A. Automatic quantification of in vitro NET formation.

Front Immunol. 2012; 3:413. Epub 2013/01/15. PubMed Central PMCID: PMC3540390. https://doi.

org/10.3389/fimmu.2012.00413 PMID: 23316198

63. Landoni VI, Chiarella P, Martire-Greco D, Schierloh P, van-Rooijen N, Rearte B, et al. Tolerance to

lipopolysaccharide promotes an enhanced neutrophil extracellular traps formation leading to a more

efficient bacterial clearance in mice. Clin Exp Immunol. 2012; 168(1):153–63. Epub 2012/03/06.

PubMed Central PMCID: PMC3390506. https://doi.org/10.1111/j.1365-2249.2012.04560.x PMID:

22385250

64. Jaillon S, Peri G, Delneste Y, Fremaux I, Doni A, Moalli F, et al. The humoral pattern recognition recep-

tor PTX3 is stored in neutrophil granules and localizes in extracellular traps. J Exp Med. 2007; 204

(4):793–804. Epub 2007/03/29. PubMed Central PMCID: PMC2118544. https://doi.org/10.1084/jem.

20061301 PMID: 17389238

65. van der Spek AH, Bloise FF, Tigchelaar W, Dentice M, Salvatore D, van der Wel NN, et al. The Thyroid

Hormone Inactivating Enzyme Type 3 Deiodinase is Present in Bactericidal Granules and the Cyto-

plasm of Human Neutrophils. Endocrinology. 2016; 157(8):3293–305. Epub 2016/06/30. https://doi.

org/10.1210/en.2016-1103 PMID: 27355490

66. Lood C, Hughes GC. Neutrophil extracellular traps as a potential source of autoantigen in cocaine-

associated autoimmunity. Rheumatology (Oxford). 2016. Epub 2016/06/30.

67. Kulkarni R, Caskey J, Singh SK, Paudel S, Baral P, Schexnayder M, et al. Cigarette Smoke Extract-

Exposed Methicillin-Resistant Staphylococcus aureus Regulates Leukocyte Function for Pulmonary

Persistence. Am J Respir Cell Mol Biol. 2016; 55(4):586–601. Epub 2016/06/03. PubMed Central

PMCID: PMC5070110. https://doi.org/10.1165/rcmb.2015-0397OC PMID: 27253086

68. Agraz-Cibrian JM, Segura-Ortega JE, Delgado-Rizo V, Fafutis-Morris M. Alterations in neutrophil

extracellular traps is associated with the degree of decompensation of liver cirrhosis. J Infect Dev

Ctries. 2016; 10(5):512–7. Epub 2016/06/02. https://doi.org/10.3855/jidc.7165 PMID: 27249527

69. Yuen J, Pluthero FG, Douda DN, Riedl M, Cherry A, Ulanova M, et al. NETosing Neutrophils Activate

Complement Both on Their Own NETs and Bacteria via Alternative and Non-alternative Pathways.

Front Immunol. 2016; 7:137. Epub 2016/05/06. PubMed Central PMCID: PMC4831636. https://doi.

org/10.3389/fimmu.2016.00137 PMID: 27148258

70. Vollger L, Akong-Moore K, Cox L, Goldmann O, Wang Y, Schafer ST, et al. Iron-chelating agent des-

ferrioxamine stimulates formation of neutrophil extracellular traps (NETs) in human blood-derived neu-

trophils. Biosci Rep. 2016; 36(3). Epub 2016/04/30. PubMed Central PMCID: PMC5293572.

71. Van Avondt K, van der Linden M, Naccache PH, Egan DA, Meyaard L. Signal Inhibitory Receptor on

Leukocytes-1 Limits the Formation of Neutrophil Extracellular Traps, but Preserves Intracellular Bac-

terial Killing. J Immunol. 2016; 196(9):3686–94. Epub 2016/03/27. https://doi.org/10.4049/jimmunol.

1501650 PMID: 27016607

72. Bekeschus S, Winterbourn CC, Kolata J, Masur K, Hasse S, Broker BM, et al. Neutrophil extracellular

trap formation is elicited in response to cold physical plasma. J Leukoc Biol. 2016; 100(4):791–9. Epub

2016/03/20. https://doi.org/10.1189/jlb.3A0415-165RR PMID: 26992432

73. Boneschansker L, Inoue Y, Oklu R, Irimia D. Capillary plexuses are vulnerable to neutrophil extracellu-

lar traps. Integr Biol (Camb). 2016; 8(2):149–55. Epub 2016/01/23. PubMed Central PMCID:

PMC4755882.

74. Lood C, Blanco LP, Purmalek MM, Carmona-Rivera C, De Ravin SS, Smith CK, et al. Neutrophil extra-

cellular traps enriched in oxidized mitochondrial DNA are interferogenic and contribute to lupus-like

disease. Nat Med. 2016; 22(2):146–53. Epub 2016/01/19. PubMed Central PMCID: PMC4742415.

https://doi.org/10.1038/nm.4027 PMID: 26779811

75. Awasthi D, Nagarkoti S, Kumar A, Dubey M, Singh AK, Pathak P, et al. Oxidized LDL induced extra-

cellular trap formation in human neutrophils via TLR-PKC-IRAK-MAPK and NADPH-oxidase activa-

tion. Free Radic Biol Med. 2016; 93:190–203. Epub 2016/01/18. https://doi.org/10.1016/j.

freeradbiomed.2016.01.004 PMID: 26774674

76. Muller S, Behnen M, Bieber K, Moller S, Hellberg L, Witte M, et al. Dimethylfumarate Impairs Neutro-

phil Functions. J Invest Dermatol. 2016; 136(1):117–26. Epub 2016/01/15. https://doi.org/10.1038/

JID.2015.361 PMID: 26763431

77. Gazendam RP, van Hamme JL, Tool AT, Hoogenboezem M, van den Berg JM, Prins JM, et al.

Human Neutrophils Use Different Mechanisms To Kill Aspergillus fumigatus Conidia and Hyphae: Evi-

dence from Phagocyte Defects. J Immunol. 2016; 196(3):1272–83. Epub 2016/01/01. https://doi.org/

10.4049/jimmunol.1501811 PMID: 26718340

Overview of NETosis inducers

PLOS ONE | https://doi.org/10.1371/journal.pone.0176472 May 9, 2017 20 / 29

https://doi.org/10.4049/jimmunol.1201167
http://www.ncbi.nlm.nih.gov/pubmed/23002442
https://doi.org/10.3389/fimmu.2012.00413
https://doi.org/10.3389/fimmu.2012.00413
http://www.ncbi.nlm.nih.gov/pubmed/23316198
https://doi.org/10.1111/j.1365-2249.2012.04560.x
http://www.ncbi.nlm.nih.gov/pubmed/22385250
https://doi.org/10.1084/jem.20061301
https://doi.org/10.1084/jem.20061301
http://www.ncbi.nlm.nih.gov/pubmed/17389238
https://doi.org/10.1210/en.2016-1103
https://doi.org/10.1210/en.2016-1103
http://www.ncbi.nlm.nih.gov/pubmed/27355490
https://doi.org/10.1165/rcmb.2015-0397OC
http://www.ncbi.nlm.nih.gov/pubmed/27253086
https://doi.org/10.3855/jidc.7165
http://www.ncbi.nlm.nih.gov/pubmed/27249527
https://doi.org/10.3389/fimmu.2016.00137
https://doi.org/10.3389/fimmu.2016.00137
http://www.ncbi.nlm.nih.gov/pubmed/27148258
https://doi.org/10.4049/jimmunol.1501650
https://doi.org/10.4049/jimmunol.1501650
http://www.ncbi.nlm.nih.gov/pubmed/27016607
https://doi.org/10.1189/jlb.3A0415-165RR
http://www.ncbi.nlm.nih.gov/pubmed/26992432
https://doi.org/10.1038/nm.4027
http://www.ncbi.nlm.nih.gov/pubmed/26779811
https://doi.org/10.1016/j.freeradbiomed.2016.01.004
https://doi.org/10.1016/j.freeradbiomed.2016.01.004
http://www.ncbi.nlm.nih.gov/pubmed/26774674
https://doi.org/10.1038/JID.2015.361
https://doi.org/10.1038/JID.2015.361
http://www.ncbi.nlm.nih.gov/pubmed/26763431
https://doi.org/10.4049/jimmunol.1501811
https://doi.org/10.4049/jimmunol.1501811
http://www.ncbi.nlm.nih.gov/pubmed/26718340
https://doi.org/10.1371/journal.pone.0176472


78. Gogol M, Ostrowska D, Klaga K, Bochenska O, Wolak N, Aoki W, et al. Inactivation of alpha1-protein-

ase inhibitor by Candida albicans aspartic proteases favors the epithelial and endothelial cell coloniza-

tion in the presence of neutrophil extracellular traps. Acta Biochim Pol. 2016; 63(1):167–75. Epub

2015/12/08. https://doi.org/10.18388/abp.2015_1163 PMID: 26641639

79. Amini P, Stojkov D, Wang X, Wicki S, Kaufmann T, Wong WW, et al. NET formation can occur inde-

pendently of RIPK3 and MLKL signaling. Eur J Immunol. 2016; 46(1):178–84. Epub 2015/11/10.

PubMed Central PMCID: PMC4738457. https://doi.org/10.1002/eji.201545615 PMID: 26549703

80. Desai J, Kumar SV, Mulay SR, Konrad L, Romoli S, Schauer C, et al. PMA and crystal-induced neutro-

phil extracellular trap formation involves RIPK1-RIPK3-MLKL signaling. Eur J Immunol. 2016; 46

(1):223–9. Epub 2015/11/05. https://doi.org/10.1002/eji.201545605 PMID: 26531064

81. Shishikura K, Horiuchi T, Sakata N, Trinh DA, Shirakawa R, Kimura T, et al. Prostaglandin E2 inhibits

neutrophil extracellular trap formation through production of cyclic AMP. Br J Pharmacol. 2016; 173

(2):319–31. Epub 2015/10/28. https://doi.org/10.1111/bph.13373 PMID: 26505736

82. Totani L, Amore C, Di Santo A, Dell’Elba G, Piccoli A, Martelli N, et al. Roflumilast inhibits leukocyte-

platelet interactions and prevents the prothrombotic functions of polymorphonuclear leukocytes and

monocytes. J Thromb Haemost. 2016; 14(1):191–204. Epub 2015/10/21. https://doi.org/10.1111/jth.

13173 PMID: 26484898

83. Pulze L, Bassani B, Gini E, D’Antona P, Grimaldi A, Luini A, et al. NET amyloidogenic backbone in

human activated neutrophils. Clin Exp Immunol. 2016; 183(3):469–79. Epub 2015/10/16. PubMed

Central PMCID: PMC4750596. https://doi.org/10.1111/cei.12730 PMID: 26462606

84. Secundino I, Lizcano A, Roupe KM, Wang X, Cole JN, Olson J, et al. Host and pathogen hyaluronan

signal through human siglec-9 to suppress neutrophil activation. J Mol Med (Berl). 2016; 94(2):219–

33. Epub 2015/09/29. PubMed Central PMCID: PMC4766071.

85. Vorobjeva NV, Pinegin BV. Effects of the antioxidants Trolox, Tiron and Tempol on neutrophil extracel-

lular trap formation. Immunobiology. 2016; 221(2):208–19. Epub 2015/09/16. https://doi.org/10.1016/

j.imbio.2015.09.005 PMID: 26371849

86. Palmer LJ, Damgaard C, Holmstrup P, Nielsen CH. Influence of complement on neutrophil extracellu-

lar trap release induced by bacteria. J Periodontal Res. 2016; 51(1):70–6. Epub 2015/04/23. https://

doi.org/10.1111/jre.12284 PMID: 25900429

87. Lee J, Luria A, Rhodes C, Raghu H, Lingampalli N, Sharpe O, et al. Nicotine drives neutrophil extracel-

lular traps formation and accelerates collagen-induced arthritis. Rheumatology (Oxford). 2016. Epub

2016/12/26.

88. Grund LZ, Novaski I, Quesniaux VF, Ryffel B, Lopes-Ferreira M, Lima C. Neutrophils releasing IL-17A

into NETs are essential to plasma cell differentiation in inflamed tissue dependent on IL-1R. Autoim-

munity. 2017; 50(2):86–101. Epub 2016/12/25. https://doi.org/10.1080/08916934.2016.1261834

PMID: 28010135

89. Zhang X, Zhao S, Sun L, Li W, Glogauer M, Hu Y. Comparison of neutrophil functions between two

strains of inbred mice. Microbiol Immunol. 2016; 60(12):859–63. Epub 2016/12/23. https://doi.org/10.

1111/1348-0421.12459 PMID: 28004421

90. Flores R, Dohrmann S, Schaal C, Hakkim A, Nizet V, Corriden R. The Selective Estrogen Receptor

Modulator Raloxifene Inhibits Neutrophil Extracellular Trap Formation. Front Immunol. 2016; 7:566.

Epub 2016/12/23. PubMed Central PMCID: PMC5141331. https://doi.org/10.3389/fimmu.2016.00566

PMID: 28003814

91. Giaglis S, Stoikou M, Sur Chowdhury C, Schaefer G, Grimolizzi F, Rossi SW, et al. Multimodal Regu-

lation of NET Formation in Pregnancy: Progesterone Antagonizes the Pro-NETotic Effect of Estrogen

and G-CSF. Front Immunol. 2016; 7:565. Epub 2016/12/21. PubMed Central PMCID: PMC5136684.

https://doi.org/10.3389/fimmu.2016.00565 PMID: 27994595

92. Biermann MH, Podolska MJ, Knopf J, Reinwald C, Weidner D, Maueroder C, et al. Oxidative Burst-

Dependent NETosis Is Implicated in the Resolution of Necrosis-Associated Sterile Inflammation.

Front Immunol. 2016; 7:557. Epub 2016/12/19. PubMed Central PMCID: PMC5131011. https://doi.

org/10.3389/fimmu.2016.00557 PMID: 27990145

93. Branitzki-Heinemann K, Mollerherm H, Vollger L, Husein DM, de Buhr N, Blodkamp S, et al. Formation

of Neutrophil Extracellular Traps under Low Oxygen Level. Front Immunol. 2016; 7:518. Epub 2016/

12/10. PubMed Central PMCID: PMC5122589. https://doi.org/10.3389/fimmu.2016.00518 PMID:

27933059

94. Pieterse E, Jeremic I, Czegley C, Weidner D, Biermann MH, Veissi S, et al. Blood-borne phagocytes

internalize urate microaggregates and prevent intravascular NETosis by urate crystals. Sci Rep. 2016;

6:38229. Epub 2016/12/06. PubMed Central PMCID: PMC5137018. https://doi.org/10.1038/

srep38229 PMID: 27917897

Overview of NETosis inducers

PLOS ONE | https://doi.org/10.1371/journal.pone.0176472 May 9, 2017 21 / 29

https://doi.org/10.18388/abp.2015_1163
http://www.ncbi.nlm.nih.gov/pubmed/26641639
https://doi.org/10.1002/eji.201545615
http://www.ncbi.nlm.nih.gov/pubmed/26549703
https://doi.org/10.1002/eji.201545605
http://www.ncbi.nlm.nih.gov/pubmed/26531064
https://doi.org/10.1111/bph.13373
http://www.ncbi.nlm.nih.gov/pubmed/26505736
https://doi.org/10.1111/jth.13173
https://doi.org/10.1111/jth.13173
http://www.ncbi.nlm.nih.gov/pubmed/26484898
https://doi.org/10.1111/cei.12730
http://www.ncbi.nlm.nih.gov/pubmed/26462606
https://doi.org/10.1016/j.imbio.2015.09.005
https://doi.org/10.1016/j.imbio.2015.09.005
http://www.ncbi.nlm.nih.gov/pubmed/26371849
https://doi.org/10.1111/jre.12284
https://doi.org/10.1111/jre.12284
http://www.ncbi.nlm.nih.gov/pubmed/25900429
https://doi.org/10.1080/08916934.2016.1261834
http://www.ncbi.nlm.nih.gov/pubmed/28010135
https://doi.org/10.1111/1348-0421.12459
https://doi.org/10.1111/1348-0421.12459
http://www.ncbi.nlm.nih.gov/pubmed/28004421
https://doi.org/10.3389/fimmu.2016.00566
http://www.ncbi.nlm.nih.gov/pubmed/28003814
https://doi.org/10.3389/fimmu.2016.00565
http://www.ncbi.nlm.nih.gov/pubmed/27994595
https://doi.org/10.3389/fimmu.2016.00557
https://doi.org/10.3389/fimmu.2016.00557
http://www.ncbi.nlm.nih.gov/pubmed/27990145
https://doi.org/10.3389/fimmu.2016.00518
http://www.ncbi.nlm.nih.gov/pubmed/27933059
https://doi.org/10.1038/srep38229
https://doi.org/10.1038/srep38229
http://www.ncbi.nlm.nih.gov/pubmed/27917897
https://doi.org/10.1371/journal.pone.0176472


95. Sil P, Hayes CP, Reaves BJ, Breen P, Quinn S, Sokolove J, et al. P2Y6 Receptor Antagonist

MRS2578 Inhibits Neutrophil Activation and Aggregated Neutrophil Extracellular Trap Formation

Induced by Gout-Associated Monosodium Urate Crystals. J Immunol. 2017; 198(1):428–42. Epub

2016/12/03. https://doi.org/10.4049/jimmunol.1600766 PMID: 27903742

96. Sil P, Wicklum H, Surell C, Rada B. Macrophage-derived IL-1beta enhances monosodium urate crys-

tal-triggered NET formation. Inflamm Res. 2017; 66(3):227–37. Epub 2016/11/18. PubMed Central

PMCID: PMC5296223. https://doi.org/10.1007/s00011-016-1008-0 PMID: 27853847

97. Hirschfeld J, Roberts HM, Chapple IL, Parcina M, Jepsen S, Johansson A, et al. Effects of Aggregati-

bacter actinomycetemcomitans leukotoxin on neutrophil migration and extracellular trap formation. J

Oral Microbiol. 2016; 8:33070. Epub 2016/11/12. PubMed Central PMCID: PMC5103672. https://doi.

org/10.3402/jom.v8.33070 PMID: 27834173

98. Joshi MB, Baipadithaya G, Balakrishnan A, Hegde M, Vohra M, Ahamed R, et al. Elevated homocyste-

ine levels in type 2 diabetes induce constitutive neutrophil extracellular traps. Sci Rep. 2016; 6:36362.

Epub 2016/11/05. PubMed Central PMCID: PMC5095649. https://doi.org/10.1038/srep36362 PMID:

27811985

99. Park J, Wysocki RW, Amoozgar Z, Maiorino L, Fein MR, Jorns J, et al. Cancer cells induce metasta-

sis-supporting neutrophil extracellular DNA traps. Sci Transl Med. 2016; 8(361):361ra138. Epub

2016/11/01. https://doi.org/10.1126/scitranslmed.aag1711 PMID: 27798263

100. Suzuki E, Maverakis E, Sarin R, Bouchareychas L, Kuchroo VK, Nestle FO, et al. T Cell-Independent

Mechanisms Associated with Neutrophil Extracellular Trap Formation and Selective Autophagy in IL-

17A-Mediated Epidermal Hyperplasia. J Immunol. 2016; 197(11):4403–12. Epub 2016/11/01.

PubMed Central PMCID: PMC5123839. https://doi.org/10.4049/jimmunol.1600383 PMID: 27798153

101. Chen X, Shen Y, Draper W, Buenrostro JD, Litzenburger U, Cho SW, et al. ATAC-see reveals the

accessible genome by transposase-mediated imaging and sequencing. Nat Methods. 2016; 13

(12):1013–20. Epub 2016/11/01. https://doi.org/10.1038/nmeth.4031 PMID: 27749837

102. Hoffmann JH, Schaekel K, Gaiser MR, Enk AH, Hadaschik EN. Interindividual variation of NETosis in

healthy donors: introduction and application of a refined method for extracellular trap quantification.

Exp Dermatol. 2016; 25(11):895–900. Epub 2016/10/30. https://doi.org/10.1111/exd.13125 PMID:

27307108

103. Johnson JL, Ramadass M, He J, Brown SJ, Zhang J, Abgaryan L, et al. Identification of Neutrophil

Exocytosis Inhibitors (Nexinhibs), Small Molecule Inhibitors of Neutrophil Exocytosis and Inflamma-

tion: DRUGGABILITY OF THE SMALL GTPase Rab27a. J Biol Chem. 2016; 291(50):25965–82.

Epub 2016/10/21. PubMed Central PMCID: PMC5207069. https://doi.org/10.1074/jbc.M116.741884

PMID: 27702998

104. Sha LL, Wang H, Wang C, Peng HY, Chen M, Zhao MH. Autophagy is induced by anti-neutrophil cyto-

plasmic Abs and promotes neutrophil extracellular traps formation. Innate Immun. 2016; 22(8):658–

65. Epub 2016/09/28. https://doi.org/10.1177/1753425916668981 PMID: 27670946

105. Csomos K, Kristof E, Jakob B, Csomos I, Kovacs G, Rotem O, et al. Protein cross-linking by chlori-

nated polyamines and transglutamylation stabilizes neutrophil extracellular traps. Cell Death Dis.

2016; 7(8):e2332. Epub 2016/08/12. PubMed Central PMCID: PMC5108309. https://doi.org/10.1038/

cddis.2016.200 PMID: 27512953

106. Aleman OR, Mora N, Cortes-Vieyra R, Uribe-Querol E, Rosales C. Transforming Growth Factor-beta-

Activated Kinase 1 Is Required for Human FcgammaRIIIb-Induced Neutrophil Extracellular Trap For-

mation. Front Immunol. 2016; 7:277. Epub 2016/08/04. PubMed Central PMCID: PMC4947870.

https://doi.org/10.3389/fimmu.2016.00277 PMID: 27486461

107. Wilson-Welder JH, Frank AT, Hornsby RL, Olsen SC, Alt DP. Interaction of Bovine Peripheral Blood

Polymorphonuclear Cells and Leptospira Species; Innate Responses in the Natural Bovine Reservoir

Host. Front Microbiol. 2016; 7:1110. Epub 2016/08/04. PubMed Central PMCID: PMC4949235.

https://doi.org/10.3389/fmicb.2016.01110 PMID: 27486445

108. Jean S, Juneau RA, Criss AK, Cornelissen CN. Neisseria gonorrhoeae Evades Calprotectin-Mediated

Nutritional Immunity and Survives Neutrophil Extracellular Traps by Production of TdfH. Infect Immun.

2016; 84(10):2982–94. Epub 2016/08/03. PubMed Central PMCID: PMC5038063. https://doi.org/10.

1128/IAI.00319-16 PMID: 27481245

109. Aldabbous L, Abdul-Salam V, McKinnon T, Duluc L, Pepke-Zaba J, Southwood M, et al. Neutrophil

Extracellular Traps Promote Angiogenesis: Evidence From Vascular Pathology in Pulmonary Hyper-

tension. Arterioscler Thromb Vasc Biol. 2016; 36(10):2078–87. Epub 2016/07/30. https://doi.org/10.

1161/ATVBAHA.116.307634 PMID: 27470511

110. Okubo K, Kamiya M, Urano Y, Nishi H, Herter JM, Mayadas T, et al. Lactoferrin Suppresses Neutro-

phil Extracellular Traps Release in Inflammation. EBioMedicine. 2016; 10:204–15. Epub 2016/07/28.

PubMed Central PMCID: PMC5006695. https://doi.org/10.1016/j.ebiom.2016.07.012 PMID:

27453322

Overview of NETosis inducers

PLOS ONE | https://doi.org/10.1371/journal.pone.0176472 May 9, 2017 22 / 29

https://doi.org/10.4049/jimmunol.1600766
http://www.ncbi.nlm.nih.gov/pubmed/27903742
https://doi.org/10.1007/s00011-016-1008-0
http://www.ncbi.nlm.nih.gov/pubmed/27853847
https://doi.org/10.3402/jom.v8.33070
https://doi.org/10.3402/jom.v8.33070
http://www.ncbi.nlm.nih.gov/pubmed/27834173
https://doi.org/10.1038/srep36362
http://www.ncbi.nlm.nih.gov/pubmed/27811985
https://doi.org/10.1126/scitranslmed.aag1711
http://www.ncbi.nlm.nih.gov/pubmed/27798263
https://doi.org/10.4049/jimmunol.1600383
http://www.ncbi.nlm.nih.gov/pubmed/27798153
https://doi.org/10.1038/nmeth.4031
http://www.ncbi.nlm.nih.gov/pubmed/27749837
https://doi.org/10.1111/exd.13125
http://www.ncbi.nlm.nih.gov/pubmed/27307108
https://doi.org/10.1074/jbc.M116.741884
http://www.ncbi.nlm.nih.gov/pubmed/27702998
https://doi.org/10.1177/1753425916668981
http://www.ncbi.nlm.nih.gov/pubmed/27670946
https://doi.org/10.1038/cddis.2016.200
https://doi.org/10.1038/cddis.2016.200
http://www.ncbi.nlm.nih.gov/pubmed/27512953
https://doi.org/10.3389/fimmu.2016.00277
http://www.ncbi.nlm.nih.gov/pubmed/27486461
https://doi.org/10.3389/fmicb.2016.01110
http://www.ncbi.nlm.nih.gov/pubmed/27486445
https://doi.org/10.1128/IAI.00319-16
https://doi.org/10.1128/IAI.00319-16
http://www.ncbi.nlm.nih.gov/pubmed/27481245
https://doi.org/10.1161/ATVBAHA.116.307634
https://doi.org/10.1161/ATVBAHA.116.307634
http://www.ncbi.nlm.nih.gov/pubmed/27470511
https://doi.org/10.1016/j.ebiom.2016.07.012
http://www.ncbi.nlm.nih.gov/pubmed/27453322
https://doi.org/10.1371/journal.pone.0176472


111. de Buhr N, Reuner F, Neumann A, Stump-Guthier C, Tenenbaum T, Schroten H, et al. Neutrophil

extracellular trap formation in the Streptococcus suis-infected cerebrospinal fluid compartment. Cell

Microbiol. 2017; 19(2). Epub 2016/07/28.

112. Kusunoki Y, Nakazawa D, Shida H, Hattanda F, Miyoshi A, Masuda S, et al. Peptidylarginine Deimi-

nase Inhibitor Suppresses Neutrophil Extracellular Trap Formation and MPO-ANCA Production. Front

Immunol. 2016; 7:227. Epub 2016/07/05. PubMed Central PMCID: PMC4896908. https://doi.org/10.

3389/fimmu.2016.00227 PMID: 27375623

113. Abi Abdallah DS, Lin C, Ball CJ, King MR, Duhamel GE, Denkers EY. Toxoplasma gondii triggers

release of human and mouse neutrophil extracellular traps. Infect Immun. 2012; 80(2):768–77. https://

doi.org/10.1128/IAI.05730-11 PMID: 22104111

114. Hasan R, Rink L, Haase H. Zinc signals in neutrophil granulocytes are required for the formation of

neutrophil extracellular traps. Innate Immun. 2013; 19(3):253–64. Epub 2012/09/26. https://doi.org/

10.1177/1753425912458815 PMID: 23008348

115. Guimaraes-Costa AB, Nascimento MT, Froment GS, Soares RP, Morgado FN, Conceicao-Silva F,

et al. Leishmania amazonensis promastigotes induce and are killed by neutrophil extracellular traps.

Proc Natl Acad Sci U S A. 2009; 106(16):6748–53. https://doi.org/10.1073/pnas.0900226106 PMID:

19346483

116. Vong L, Lorentz RJ, Assa A, Glogauer M, Sherman PM. Probiotic Lactobacillus rhamnosus inhibits

the formation of neutrophil extracellular traps. J Immunol. 2014; 192(4):1870–7. https://doi.org/10.

4049/jimmunol.1302286 PMID: 24465012

117. Achouiti A, Vogl T, Urban CF, Rohm M, Hommes TJ, van Zoelen MA, et al. Myeloid-related protein-14

contributes to protective immunity in gram-negative pneumonia derived sepsis. PLoS Pathog. 2012; 8

(10):e1002987. Epub 2012/11/08. PubMed Central PMCID: PMC3486918. https://doi.org/10.1371/

journal.ppat.1002987 PMID: 23133376

118. Schorn C, Janko C, Latzko M, Chaurio R, Schett G, Herrmann M. Monosodium urate crystals induce

extracellular DNA traps in neutrophils, eosinophils, and basophils but not in mononuclear cells. Front

Immunol. 2012; 3:277. Epub 2012/09/13. PubMed Central PMCID: PMC3432456. https://doi.org/10.

3389/fimmu.2012.00277 PMID: 22969769

119. Chang A, Khemlani A, Kang H, Proft T. Functional analysis of Streptococcus pyogenes nuclease A

(SpnA), a novel group A streptococcal virulence factor. Mol Microbiol. 2011; 79(6):1629–42. Epub

2011/01/15. https://doi.org/10.1111/j.1365-2958.2011.07550.x PMID: 21231972

120. Papayannopoulos V, Staab D, Zychlinsky A. Neutrophil elastase enhances sputum solubilization in

cystic fibrosis patients receiving DNase therapy. PLoS One. 2011; 6(12):e28526. Epub 2011/12/17.

PubMed Central PMCID: PMC3235130. https://doi.org/10.1371/journal.pone.0028526 PMID:

22174830

121. Seper A, Hosseinzadeh A, Gorkiewicz G, Lichtenegger S, Roier S, Leitner DR, et al. Vibrio cholerae

evades neutrophil extracellular traps by the activity of two extracellular nucleases. PLoS Pathog.

2013; 9(9):e1003614. Epub 2013/09/17. PubMed Central PMCID: PMC3764145. https://doi.org/10.

1371/journal.ppat.1003614 PMID: 24039581

122. Azevedo EP, Guimaraes-Costa AB, Torezani GS, Braga CA, Palhano FL, Kelly JW, et al. Amyloid

fibrils trigger the release of neutrophil extracellular traps (NETs), causing fibril fragmentation by NET-

associated elastase. J Biol Chem. 2012; 287(44):37206–18. Epub 2012/08/25. PubMed Central

PMCID: PMC3481320. https://doi.org/10.1074/jbc.M112.369942 PMID: 22918834

123. Metzler KD, Fuchs TA, Nauseef WM, Reumaux D, Roesler J, Schulze I, et al. Myeloperoxidase is

required for neutrophil extracellular trap formation: implications for innate immunity. Blood. 2011; 117

(3):953–9. Epub 2010/10/27. PubMed Central PMCID: PMC3035083. https://doi.org/10.1182/blood-

2010-06-290171 PMID: 20974672

124. Yan J, Meng X, Wancket LM, Lintner K, Nelin LD, Chen B, et al. Glutathione reductase facilitates host

defense by sustaining phagocytic oxidative burst and promoting the development of neutrophil extra-

cellular traps. J Immunol. 2012; 188(5):2316–27. Epub 2012/01/27. PubMed Central PMCID:

PMC3480216. https://doi.org/10.4049/jimmunol.1102683 PMID: 22279102

125. Ermert D, Urban CF, Laube B, Goosmann C, Zychlinsky A, Brinkmann V. Mouse neutrophil extracellu-

lar traps in microbial infections. J Innate Immun. 2009; 1(3):181–93. https://doi.org/10.1159/

000205281 PMID: 20375576

126. Sollberger G, Amulic B, Zychlinsky A. Neutrophil Extracellular Trap Formation Is Independent of De

Novo Gene Expression. PLoS One. 2016; 11(6):e0157454. Epub 2016/06/17. PubMed Central

PMCID: PMC4911059. https://doi.org/10.1371/journal.pone.0157454 PMID: 27310721

127. Ramos MV, Mejias MP, Sabbione F, Fernandez-Brando RJ, Santiago AP, Amaral MM, et al. Induction

of Neutrophil Extracellular Traps in Shiga Toxin-Associated Hemolytic Uremic Syndrome. J Innate

Immun. 2016; 8(4):400–11. Epub 2016/05/28. https://doi.org/10.1159/000445770 PMID: 27230920

Overview of NETosis inducers

PLOS ONE | https://doi.org/10.1371/journal.pone.0176472 May 9, 2017 23 / 29

https://doi.org/10.3389/fimmu.2016.00227
https://doi.org/10.3389/fimmu.2016.00227
http://www.ncbi.nlm.nih.gov/pubmed/27375623
https://doi.org/10.1128/IAI.05730-11
https://doi.org/10.1128/IAI.05730-11
http://www.ncbi.nlm.nih.gov/pubmed/22104111
https://doi.org/10.1177/1753425912458815
https://doi.org/10.1177/1753425912458815
http://www.ncbi.nlm.nih.gov/pubmed/23008348
https://doi.org/10.1073/pnas.0900226106
http://www.ncbi.nlm.nih.gov/pubmed/19346483
https://doi.org/10.4049/jimmunol.1302286
https://doi.org/10.4049/jimmunol.1302286
http://www.ncbi.nlm.nih.gov/pubmed/24465012
https://doi.org/10.1371/journal.ppat.1002987
https://doi.org/10.1371/journal.ppat.1002987
http://www.ncbi.nlm.nih.gov/pubmed/23133376
https://doi.org/10.3389/fimmu.2012.00277
https://doi.org/10.3389/fimmu.2012.00277
http://www.ncbi.nlm.nih.gov/pubmed/22969769
https://doi.org/10.1111/j.1365-2958.2011.07550.x
http://www.ncbi.nlm.nih.gov/pubmed/21231972
https://doi.org/10.1371/journal.pone.0028526
http://www.ncbi.nlm.nih.gov/pubmed/22174830
https://doi.org/10.1371/journal.ppat.1003614
https://doi.org/10.1371/journal.ppat.1003614
http://www.ncbi.nlm.nih.gov/pubmed/24039581
https://doi.org/10.1074/jbc.M112.369942
http://www.ncbi.nlm.nih.gov/pubmed/22918834
https://doi.org/10.1182/blood-2010-06-290171
https://doi.org/10.1182/blood-2010-06-290171
http://www.ncbi.nlm.nih.gov/pubmed/20974672
https://doi.org/10.4049/jimmunol.1102683
http://www.ncbi.nlm.nih.gov/pubmed/22279102
https://doi.org/10.1159/000205281
https://doi.org/10.1159/000205281
http://www.ncbi.nlm.nih.gov/pubmed/20375576
https://doi.org/10.1371/journal.pone.0157454
http://www.ncbi.nlm.nih.gov/pubmed/27310721
https://doi.org/10.1159/000445770
http://www.ncbi.nlm.nih.gov/pubmed/27230920
https://doi.org/10.1371/journal.pone.0176472


128. Bystrzycka W, Moskalik A, Sieczkowska S, Manda-Handzlik A, Demkow U, Ciepiela O. The effect of

clindamycin and amoxicillin on neutrophil extracellular trap (NET) release. Cent Eur J Immunol. 2016;

41(1):1–5. Epub 2016/04/21. PubMed Central PMCID: PMC4829816. https://doi.org/10.5114/ceji.

2016.58811 PMID: 27095915

129. Schneider AE, Sandor N, Karpati E, Jozsi M. Complement factor H modulates the activation of human

neutrophil granulocytes and the generation of neutrophil extracellular traps. Mol Immunol. 2016;

72:37–48. Epub 2016/03/05. https://doi.org/10.1016/j.molimm.2016.02.011 PMID: 26938503

130. Fadini GP, Menegazzo L, Rigato M, Scattolini V, Poncina N, Bruttocao A, et al. NETosis Delays Dia-

betic Wound Healing in Mice and Humans. Diabetes. 2016; 65(4):1061–71. Epub 2016/01/08. https://

doi.org/10.2337/db15-0863 PMID: 26740598

131. Ma YH, Ma TT, Wang C, Wang H, Chang DY, Chen M, et al. High-mobility group box 1 potentiates

antineutrophil cytoplasmic antibody-inducing neutrophil extracellular traps formation. Arthritis Res

Ther. 2016; 18:2. Epub 2016/01/08. PubMed Central PMCID: PMC4718033. https://doi.org/10.1186/

s13075-015-0903-z PMID: 26739852

132. Martinod K, Witsch T, Farley K, Gallant M, Remold-O’Donnell E, Wagner DD. Neutrophil elastase-defi-

cient mice form neutrophil extracellular traps in an experimental model of deep vein thrombosis. J

Thromb Haemost. 2016; 14(3):551–8. Epub 2015/12/30. PubMed Central PMCID: PMC4785059.

https://doi.org/10.1111/jth.13239 PMID: 26712312

133. Corsiero E, Bombardieri M, Carlotti E, Pratesi F, Robinson W, Migliorini P, et al. Single cell cloning

and recombinant monoclonal antibodies generation from RA synovial B cells reveal frequent targeting

of citrullinated histones of NETs. Ann Rheum Dis. 2016; 75(10):1866–75. Epub 2015/12/15. PubMed

Central PMCID: PMC5036240. https://doi.org/10.1136/annrheumdis-2015-208356 PMID: 26659717

134. Konstantinidis T, Kambas K, Mitsios A, Panopoulou M, Tsironidou V, Dellaporta E, et al. Immunomod-

ulatory Role of Clarithromycin in Acinetobacter baumannii Infection via Formation of Neutrophil Extra-

cellular Traps. Antimicrob Agents Chemother. 2016; 60(2):1040–8. Epub 2015/12/09. PubMed

Central PMCID: PMC4750671. https://doi.org/10.1128/AAC.02063-15 PMID: 26643338

135. Andzinski L, Kasnitz N, Stahnke S, Wu CF, Gereke M, von Kockritz-Blickwede M, et al. Type I IFNs

induce anti-tumor polarization of tumor associated neutrophils in mice and human. Int J Cancer. 2016;

138(8):1982–93. Epub 2015/12/01. https://doi.org/10.1002/ijc.29945 PMID: 26619320

136. Domingo-Gonzalez R, Martinez-Colon GJ, Smith AJ, Smith CK, Ballinger MN, Xia M, et al. Inhibition

of Neutrophil Extracellular Trap Formation after Stem Cell Transplant by Prostaglandin E2. Am J

Respir Crit Care Med. 2016; 193(2):186–97. Epub 2015/09/30. PubMed Central PMCID:

PMC4731709. https://doi.org/10.1164/rccm.201501-0161OC PMID: 26417909

137. Nakazawa D, Shida H, Kusunoki Y, Miyoshi A, Nishio S, Tomaru U, et al. The responses of macro-

phages in interaction with neutrophils that undergo NETosis. J Autoimmun. 2016; 67:19–28. Epub

2015/09/09. https://doi.org/10.1016/j.jaut.2015.08.018 PMID: 26347075

138. Jovic S, Linge HM, Shikhagaie MM, Olin AI, Lannefors L, Erjefalt JS, et al. The neutrophil-recruiting

chemokine GCP-2/CXCL6 is expressed in cystic fibrosis airways and retains its functional properties

after binding to extracellular DNA. Mucosal Immunol. 2016; 9(1):112–23. Epub 2015/05/21. https://

doi.org/10.1038/mi.2015.43 PMID: 25993443

139. Haase H, Hebel S, Engelhardt G, Rink L. Ethylmercury and Hg2+ induce the formation of neutrophil

extracellular traps (NETs) by human neutrophil granulocytes. Arch Toxicol. 2016; 90(3):543–50. Epub

2015/02/24. https://doi.org/10.1007/s00204-015-1484-y PMID: 25701957

140. Basyreva LY, Brodsky IB, Gusev AA, Zhapparova ON, Mikhalchik EV, Gusev SA, et al. The effect of

Intravenous Immunoglobulin (IVIG) on \textit{ex vivo} activation of human leukocytes. Hum Antibod-

ies. 2016; 24(3–4):39–44. Epub 2017/01/28. https://doi.org/10.3233/HAB-160293 PMID: 28128763

141. Gondaira S, Higuchi H, Nishi K, Iwano H, Nagahata H. Mycoplasma bovis escapes bovine neutrophil

extracellular traps. Vet Microbiol. 2017; 199:68–73. Epub 2017/01/24. https://doi.org/10.1016/j.

vetmic.2016.12.022 PMID: 28110787

142. Pieterse E, Rother N, Yanginlar C, Hilbrands LB, van der Vlag J. Neutrophils Discriminate between

Lipopolysaccharides of Different Bacterial Sources and Selectively Release Neutrophil Extracellular

Traps. Front Immunol. 2016; 7:484. Epub 2016/11/22. PubMed Central PMCID: PMC5095130.

https://doi.org/10.3389/fimmu.2016.00484 PMID: 27867387

143. Liu S, Su X, Pan P, Zhang L, Hu Y, Tan H, et al. Neutrophil extracellular traps are indirectly triggered

by lipopolysaccharide and contribute to acute lung injury. Sci Rep. 2016; 6:37252. Epub 2016/11/17.

PubMed Central PMCID: PMC5110961. https://doi.org/10.1038/srep37252 PMID: 27849031

144. Braster Q, Silvestre Roig C, Hartwig H, Beckers L, den Toom M, Doring Y, et al. Inhibition of NET

Release Fails to Reduce Adipose Tissue Inflammation in Mice. PLoS One. 2016; 11(10):e0163922.

Epub 2016/10/05. PubMed Central PMCID: PMC5049774. https://doi.org/10.1371/journal.pone.

0163922 PMID: 27701440

Overview of NETosis inducers

PLOS ONE | https://doi.org/10.1371/journal.pone.0176472 May 9, 2017 24 / 29

https://doi.org/10.5114/ceji.2016.58811
https://doi.org/10.5114/ceji.2016.58811
http://www.ncbi.nlm.nih.gov/pubmed/27095915
https://doi.org/10.1016/j.molimm.2016.02.011
http://www.ncbi.nlm.nih.gov/pubmed/26938503
https://doi.org/10.2337/db15-0863
https://doi.org/10.2337/db15-0863
http://www.ncbi.nlm.nih.gov/pubmed/26740598
https://doi.org/10.1186/s13075-015-0903-z
https://doi.org/10.1186/s13075-015-0903-z
http://www.ncbi.nlm.nih.gov/pubmed/26739852
https://doi.org/10.1111/jth.13239
http://www.ncbi.nlm.nih.gov/pubmed/26712312
https://doi.org/10.1136/annrheumdis-2015-208356
http://www.ncbi.nlm.nih.gov/pubmed/26659717
https://doi.org/10.1128/AAC.02063-15
http://www.ncbi.nlm.nih.gov/pubmed/26643338
https://doi.org/10.1002/ijc.29945
http://www.ncbi.nlm.nih.gov/pubmed/26619320
https://doi.org/10.1164/rccm.201501-0161OC
http://www.ncbi.nlm.nih.gov/pubmed/26417909
https://doi.org/10.1016/j.jaut.2015.08.018
http://www.ncbi.nlm.nih.gov/pubmed/26347075
https://doi.org/10.1038/mi.2015.43
https://doi.org/10.1038/mi.2015.43
http://www.ncbi.nlm.nih.gov/pubmed/25993443
https://doi.org/10.1007/s00204-015-1484-y
http://www.ncbi.nlm.nih.gov/pubmed/25701957
https://doi.org/10.3233/HAB-160293
http://www.ncbi.nlm.nih.gov/pubmed/28128763
https://doi.org/10.1016/j.vetmic.2016.12.022
https://doi.org/10.1016/j.vetmic.2016.12.022
http://www.ncbi.nlm.nih.gov/pubmed/28110787
https://doi.org/10.3389/fimmu.2016.00484
http://www.ncbi.nlm.nih.gov/pubmed/27867387
https://doi.org/10.1038/srep37252
http://www.ncbi.nlm.nih.gov/pubmed/27849031
https://doi.org/10.1371/journal.pone.0163922
https://doi.org/10.1371/journal.pone.0163922
http://www.ncbi.nlm.nih.gov/pubmed/27701440
https://doi.org/10.1371/journal.pone.0176472


145. Doke M, Fukamachi H, Morisaki H, Arimoto T, Kataoka H, Kuwata H. Nucleases from Prevotella inter-

media can degrade neutrophil extracellular traps. Mol Oral Microbiol. 2016. Epub 2016/08/02.

146. Al-Khafaji AB, Tohme S, Yazdani HO, Miller D, Huang H, Tsung A. Superoxide induces Neutrophil

Extracellular Trap Formation in a TLR-4 and NOX-dependent mechanism. Mol Med. 2016; 22. Epub

2016/07/28. PubMed Central PMCID: PMC5082303.

147. Munafo DB, Johnson JL, Brzezinska AA, Ellis BA, Wood MR, Catz SD. DNase I inhibits a late phase

of reactive oxygen species production in neutrophils. J Innate Immun. 2009; 1(6):527–42. Epub 2009/

01/01. PubMed Central PMCID: PMC2919508. https://doi.org/10.1159/000235860 PMID: 20375609

148. Kawakami T, He J, Morita H, Yokoyama K, Kaji H, Tanaka C, et al. Rab27a is essential for the forma-

tion of neutrophil extracellular traps (NETs) in neutrophil-like differentiated HL60 cells. PLoS One.

2014; 9(1):e84704. https://doi.org/10.1371/journal.pone.0084704 PMID: 24404184

149. Arai Y, Nishinaka Y, Arai T, Morita M, Mizugishi K, Adachi S, et al. Uric acid induces NADPH oxidase-

independent neutrophil extracellular trap formation. Biochem Biophys Res Commun. 2014; 443

(2):556–61. https://doi.org/10.1016/j.bbrc.2013.12.007 PMID: 24326071

150. Scapinello S, Brooks AS, MacInnes JI, Hammermueller J, Clark ME, Caswell JL. Bactericidal activity

of porcine neutrophil secretions. Vet Immunol Immunopathol. 2011; 139(2–4):113–8. Epub 2010/10/

12. https://doi.org/10.1016/j.vetimm.2010.09.004 PMID: 20932586

151. Barrientos L, Marin-Esteban V, de Chaisemartin L, Le-Moal VL, Sandre C, Bianchini E, et al. An

improved strategy to recover large fragments of functional human neutrophil extracellular traps. Front

Immunol. 2013; 4:166. Epub 2013/06/28. PubMed Central PMCID: PMC3690357. https://doi.org/10.

3389/fimmu.2013.00166 PMID: 23805143

152. Derre-Bobillot A, Cortes-Perez NG, Yamamoto Y, Kharrat P, Couve E, Da Cunha V, et al. Nuclease A

(Gbs0661), an extracellular nuclease of Streptococcus agalactiae, attacks the neutrophil extracellular

traps and is needed for full virulence. Mol Microbiol. 2013; 89(3):518–31. Epub 2013/06/19. https://doi.

org/10.1111/mmi.12295 PMID: 23772975

153. Brinkmann V, Laube B, Abu Abed U, Goosmann C, Zychlinsky A. Neutrophil extracellular traps: how

to generate and visualize them. J Vis Exp. 2010;(36).

154. Cools-Lartigue J, Spicer J, McDonald B, Gowing S, Chow S, Giannias B, et al. Neutrophil extracellular

traps sequester circulating tumor cells and promote metastasis. J Clin Invest. 2013. Epub 2013/07/19.

PubMed Central PMCID: PMC3726160.

155. Pijanowski L, Golbach L, Kolaczkowska E, Scheer M, Verburg-van Kemenade BM, Chadzinska M.

Carp neutrophilic granulocytes form extracellular traps via ROS-dependent and independent path-

ways. Fish Shellfish Immunol. 2013; 34(5):1244–52. Epub 2013/02/21. https://doi.org/10.1016/j.fsi.

2013.02.010 PMID: 23422817

156. Kono M, Saigo K, Yamamoto S, Shirai K, Iwamoto S, Uematsu T, et al. Iron-chelating agent, defera-

sirox, inhibits neutrophil activation and extracellular trap formation. Clin Exp Pharmacol Physiol. 2016;

43(10):915–20. Epub 2016/06/23. https://doi.org/10.1111/1440-1681.12612 PMID: 27333499

157. Jiang D, Muschhammer J, Qi Y, Kugler A, de Vries JC, Saffarzadeh M, et al. Suppression of Neutro-

phil-Mediated Tissue Damage-A Novel Skill of Mesenchymal Stem Cells. Stem Cells. 2016; 34

(9):2393–406. Epub 2016/06/15. https://doi.org/10.1002/stem.2417 PMID: 27299700

158. Cacciotto C, Cubeddu T, Addis MF, Anfossi AG, Tedde V, Tore G, et al. Mycoplasma lipoproteins are

major determinants of neutrophil extracellular trap formation. Cell Microbiol. 2016; 18(12):1751–62.

Epub 2016/05/12. https://doi.org/10.1111/cmi.12613 PMID: 27166588

159. Zhang H, Zhao G, Guo Y, Menghwar H, Chen Y, Chen H, et al. Mycoplasma bovis MBOV_RS02825

Encodes a Secretory Nuclease Associated with Cytotoxicity. Int J Mol Sci. 2016; 17(5). Epub 2016/05/

03. PubMed Central PMCID: PMC4881454.

160. Aleman OR, Mora N, Cortes-Vieyra R, Uribe-Querol E, Rosales C. Differential Use of Human Neutro-

phil Fcgamma Receptors for Inducing Neutrophil Extracellular Trap Formation. J Immunol Res. 2016;

2016:2908034. Epub 2016/04/02. PubMed Central PMCID: PMC4806689. https://doi.org/10.1155/

2016/2908034 PMID: 27034964

161. Alfaro C, Teijeira A, Onate C, Perez G, Sanmamed MF, Andueza MP, et al. Tumor-Produced Interleu-

kin-8 Attracts Human Myeloid-Derived Suppressor Cells and Elicits Extrusion of Neutrophil Extracellu-

lar Traps (NETs). Clin Cancer Res. 2016; 22(15):3924–36. Epub 2016/03/10. https://doi.org/10.1158/

1078-0432.CCR-15-2463 PMID: 26957562

162. Moussavi-Harami SF, Mladinich KM, Sackmann EK, Shelef MA, Starnes TW, Guckenberger DJ, et al.

Microfluidic device for simultaneous analysis of neutrophil extracellular traps and production of reac-

tive oxygen species. Integr Biol (Camb). 2016; 8(2):243–52. Epub 2016/01/26. PubMed Central

PMCID: PMC4776335.

Overview of NETosis inducers

PLOS ONE | https://doi.org/10.1371/journal.pone.0176472 May 9, 2017 25 / 29

https://doi.org/10.1159/000235860
http://www.ncbi.nlm.nih.gov/pubmed/20375609
https://doi.org/10.1371/journal.pone.0084704
http://www.ncbi.nlm.nih.gov/pubmed/24404184
https://doi.org/10.1016/j.bbrc.2013.12.007
http://www.ncbi.nlm.nih.gov/pubmed/24326071
https://doi.org/10.1016/j.vetimm.2010.09.004
http://www.ncbi.nlm.nih.gov/pubmed/20932586
https://doi.org/10.3389/fimmu.2013.00166
https://doi.org/10.3389/fimmu.2013.00166
http://www.ncbi.nlm.nih.gov/pubmed/23805143
https://doi.org/10.1111/mmi.12295
https://doi.org/10.1111/mmi.12295
http://www.ncbi.nlm.nih.gov/pubmed/23772975
https://doi.org/10.1016/j.fsi.2013.02.010
https://doi.org/10.1016/j.fsi.2013.02.010
http://www.ncbi.nlm.nih.gov/pubmed/23422817
https://doi.org/10.1111/1440-1681.12612
http://www.ncbi.nlm.nih.gov/pubmed/27333499
https://doi.org/10.1002/stem.2417
http://www.ncbi.nlm.nih.gov/pubmed/27299700
https://doi.org/10.1111/cmi.12613
http://www.ncbi.nlm.nih.gov/pubmed/27166588
https://doi.org/10.1155/2016/2908034
https://doi.org/10.1155/2016/2908034
http://www.ncbi.nlm.nih.gov/pubmed/27034964
https://doi.org/10.1158/1078-0432.CCR-15-2463
https://doi.org/10.1158/1078-0432.CCR-15-2463
http://www.ncbi.nlm.nih.gov/pubmed/26957562
https://doi.org/10.1371/journal.pone.0176472


163. Cortjens B, de Boer OJ, de Jong R, Antonis AF, Sabogal Pineros YS, Lutter R, et al. Neutrophil extra-

cellular traps cause airway obstruction during respiratory syncytial virus disease. J Pathol. 2016; 238

(3):401–11. Epub 2015/10/16. https://doi.org/10.1002/path.4660 PMID: 26468056

164. Bachiega TF, Dias-Melicio LA, Fernandes RK, de Almeida Balderramas H, Rodrigues DR, Ximenes

VF, et al. Participation of dectin-1 receptor on NETs release against Paracoccidioides brasiliensis:

Role on extracellular killing. Immunobiology. 2016; 221(2):228–35. Epub 2015/09/30. https://doi.org/

10.1016/j.imbio.2015.09.003 PMID: 26416210

165. Noubouossie DF, Whelihan MF, Yu YB, Sparkenbaugh E, Pawlinski R, Monroe DM, et al. In vitro acti-

vation of coagulation by human neutrophil DNA and histone proteins but not neutrophil extracellular

traps. Blood. 2017; 129(8):1021–9. Epub 2016/12/07. https://doi.org/10.1182/blood-2016-06-722298

PMID: 27919911

166. Skopelja S, Hamilton BJ, Jones JD, Yang ML, Mamula M, Ashare A, et al. The role for neutrophil extra-

cellular traps in cystic fibrosis autoimmunity. JCI Insight. 2016; 1(17):e88912. Epub 2016/10/26.

PubMed Central PMCID: PMC5070963. https://doi.org/10.1172/jci.insight.88912 PMID: 27777975

167. Neeli I, Radic M. Opposition between PKC isoforms regulates histone deimination and neutrophil

extracellular chromatin release. Front Immunol. 2013; 4:38. Epub 2013/02/23. PubMed Central

PMCID: PMC3576869. https://doi.org/10.3389/fimmu.2013.00038 PMID: 23430963

168. Akong-Moore K, Chow OA, von Kockritz-Blickwede M, Nizet V. Influences of chloride and hypochlorite

on neutrophil extracellular trap formation. PLoS One. 2012; 7(8):e42984. Epub 2012/08/23. PubMed

Central PMCID: PMC3418225. https://doi.org/10.1371/journal.pone.0042984 PMID: 22912772

169. Zawrotniak M, Kozik A, Rapala-Kozik M. Selected mucolytic, anti-inflammatory and cardiovascular

drugs change the ability of neutrophils to form extracellular traps (NETs). Acta Biochim Pol. 2015; 62

(3):465–73. Epub 2015/08/21. https://doi.org/10.18388/abp.2015_1055 PMID: 26291043

170. Razvina O, Jiang S, Matsubara K, Ohashi R, Hasegawa G, Aoyama T, et al. Differential expression of

pentraxin 3 in neutrophils. Exp Mol Pathol. 2015; 98(1):33–40. Epub 2014/12/03. https://doi.org/10.

1016/j.yexmp.2014.11.009 PMID: 25449330

171. Savchenko AS, Inoue A, Ohashi R, Jiang S, Hasegawa G, Tanaka T, et al. Long pentraxin 3 (PTX3)

expression and release by neutrophils in vitro and in ulcerative colitis. Pathol Int. 2011; 61(5):290–7.

Epub 2011/04/20. https://doi.org/10.1111/j.1440-1827.2011.02651.x PMID: 21501295

172. Oehmcke S, Morgelin M, Herwald H. Activation of the human contact system on neutrophil extracellu-

lar traps. J Innate Immun. 2009; 1(3):225–30. Epub 2009/01/01. https://doi.org/10.1159/000203700

PMID: 20375580

173. Mizurini DM, Aslan JS, Gomes T, Ma D, Francischetti IM, Monteiro RQ. Salivary Thromboxane A2-

Binding Proteins from Triatomine Vectors of Chagas Disease Inhibit Platelet-Mediated Neutrophil

Extracellular Traps (NETs) Formation and Arterial Thrombosis. PLoS Negl Trop Dis. 2015; 9(6):

e0003869. https://doi.org/10.1371/journal.pntd.0003869 PMID: 26110417

174. Etulain J, Martinod K, Wong SL, Cifuni SM, Schattner M, Wagner DD. P-selectin promotes neutrophil

extracellular trap formation in mice. Blood. 2015; 126(2):242–6. https://doi.org/10.1182/blood-2015-

01-624023 PMID: 25979951

175. Maugeri N, Campana L, Gavina M, Covino C, De Metrio M, Panciroli C, et al. Activated platelets pres-

ent high mobility group box 1 to neutrophils, inducing autophagy and promoting the extrusion of neu-

trophil extracellular traps. J Thromb Haemost. 2014; 12(12):2074–88. https://doi.org/10.1111/jth.

12710 PMID: 25163512

176. Ollivier V, Roques C, Receveur N, Gratz M, Feldman L, Letourneur D, et al. Bioreactivity of stent mate-

rial: Activation of platelets, coagulation, leukocytes and endothelial cell dysfunction in vitro. Platelets.

2016:1–11. Epub 2016/12/30.

177. Stephan A, Batinica M, Steiger J, Hartmann P, Zaucke F, Bloch W, et al. LL37:DNA complexes pro-

vide antimicrobial activity against intracellular bacteria in human macrophages. Immunology. 2016;

148(4):420–32. Epub 2016/05/15. PubMed Central PMCID: PMC4948035. https://doi.org/10.1111/

imm.12620 PMID: 27177697

178. Zhao W, Fogg DK, Kaplan MJ. A novel image-based quantitative method for the characterization of

NETosis. J Immunol Methods. 2015; 423:104–10. Epub 2015/05/25. PubMed Central PMCID:

PMC4522197. https://doi.org/10.1016/j.jim.2015.04.027 PMID: 26003624

179. Ammollo CT, Semeraro N, Carratu MR, Colucci M, Semeraro F. Histones Differentially Modulate the

Anticoagulant and Profibrinolytic Activities of Heparin, Heparin Derivatives, and Dabigatran. J Phar-

macol Exp Ther. 2016; 356(2):305–13. Epub 2015/11/19. https://doi.org/10.1124/jpet.115.229823

PMID: 26578266

180. Dubois AV, Gauthier A, Brea D, Varaigne F, Diot P, Gauthier F, et al. Influence of DNA on the activities

and inhibition of neutrophil serine proteases in cystic fibrosis sputum. Am J Respir Cell Mol Biol. 2012;

47(1):80–6. https://doi.org/10.1165/rcmb.2011-0380OC PMID: 22343221

Overview of NETosis inducers

PLOS ONE | https://doi.org/10.1371/journal.pone.0176472 May 9, 2017 26 / 29

https://doi.org/10.1002/path.4660
http://www.ncbi.nlm.nih.gov/pubmed/26468056
https://doi.org/10.1016/j.imbio.2015.09.003
https://doi.org/10.1016/j.imbio.2015.09.003
http://www.ncbi.nlm.nih.gov/pubmed/26416210
https://doi.org/10.1182/blood-2016-06-722298
http://www.ncbi.nlm.nih.gov/pubmed/27919911
https://doi.org/10.1172/jci.insight.88912
http://www.ncbi.nlm.nih.gov/pubmed/27777975
https://doi.org/10.3389/fimmu.2013.00038
http://www.ncbi.nlm.nih.gov/pubmed/23430963
https://doi.org/10.1371/journal.pone.0042984
http://www.ncbi.nlm.nih.gov/pubmed/22912772
https://doi.org/10.18388/abp.2015_1055
http://www.ncbi.nlm.nih.gov/pubmed/26291043
https://doi.org/10.1016/j.yexmp.2014.11.009
https://doi.org/10.1016/j.yexmp.2014.11.009
http://www.ncbi.nlm.nih.gov/pubmed/25449330
https://doi.org/10.1111/j.1440-1827.2011.02651.x
http://www.ncbi.nlm.nih.gov/pubmed/21501295
https://doi.org/10.1159/000203700
http://www.ncbi.nlm.nih.gov/pubmed/20375580
https://doi.org/10.1371/journal.pntd.0003869
http://www.ncbi.nlm.nih.gov/pubmed/26110417
https://doi.org/10.1182/blood-2015-01-624023
https://doi.org/10.1182/blood-2015-01-624023
http://www.ncbi.nlm.nih.gov/pubmed/25979951
https://doi.org/10.1111/jth.12710
https://doi.org/10.1111/jth.12710
http://www.ncbi.nlm.nih.gov/pubmed/25163512
https://doi.org/10.1111/imm.12620
https://doi.org/10.1111/imm.12620
http://www.ncbi.nlm.nih.gov/pubmed/27177697
https://doi.org/10.1016/j.jim.2015.04.027
http://www.ncbi.nlm.nih.gov/pubmed/26003624
https://doi.org/10.1124/jpet.115.229823
http://www.ncbi.nlm.nih.gov/pubmed/26578266
https://doi.org/10.1165/rcmb.2011-0380OC
http://www.ncbi.nlm.nih.gov/pubmed/22343221
https://doi.org/10.1371/journal.pone.0176472


181. Schorn C, Janko C, Krenn V, Zhao Y, Munoz LE, Schett G, et al. Bonding the foe—NETting neutro-

phils immobilize the pro-inflammatory monosodium urate crystals. Front Immunol. 2012; 3:376. Epub

2012/12/13. PubMed Central PMCID: PMC3517988. https://doi.org/10.3389/fimmu.2012.00376

PMID: 23233855

182. Schauer C, Janko C, Munoz LE, Zhao Y, Kienhofer D, Frey B, et al. Aggregated neutrophil extracellu-

lar traps limit inflammation by degrading cytokines and chemokines. Nat Med. 2014; 20(5):511–7.

https://doi.org/10.1038/nm.3547 PMID: 24784231

183. Miyoshi A, Yamada M, Shida H, Nakazawa D, Kusunoki Y, Nakamura A, et al. Circulating Neutrophil

Extracellular Trap Levels in Well-Controlled Type 2 Diabetes and Pathway Involved in Their Formation

Induced by High-Dose Glucose. Pathobiology. 2016; 83(5):243–51. Epub 2016/05/18. https://doi.org/

10.1159/000444881 PMID: 27189166

184. Araujo CV, Campbell C, Goncalves-de-Albuquerque CF, Molinaro R, Cody MJ, Yost CC, et al. A

PPARgamma AGONIST ENHANCES BACTERIAL CLEARANCE THROUGH NEUTROPHIL

EXTRACELLULAR TRAP FORMATION AND IMPROVES SURVIVAL IN SEPSIS. Shock. 2016; 45

(4):393–403. Epub 2015/12/01. PubMed Central PMCID: PMC4792770. https://doi.org/10.1097/SHK.

0000000000000520 PMID: 26618986

185. Kraemer BF, Campbell RA, Schwertz H, Cody MJ, Franks Z, Tolley ND, et al. Novel anti-bacterial

activities of beta-defensin 1 in human platelets: suppression of pathogen growth and signaling of neu-

trophil extracellular trap formation. PLoS Pathog. 2011; 7(11):e1002355. Epub 2011/11/22. PubMed

Central PMCID: PMC3213094. https://doi.org/10.1371/journal.ppat.1002355 PMID: 22102811

186. McInturff AM, Cody MJ, Elliott EA, Glenn JW, Rowley JW, Rondina MT, et al. Mammalian target of

rapamycin regulates neutrophil extracellular trap formation via induction of hypoxia-inducible factor 1

alpha. Blood. 2012; 120(15):3118–25. Epub 2012/08/25. PubMed Central PMCID: PMC3471519.

https://doi.org/10.1182/blood-2012-01-405993 PMID: 22919032

187. Mori Y, Yamaguchi M, Terao Y, Hamada S, Ooshima T, Kawabata S. alpha-Enolase of Streptococcus

pneumoniae induces formation of neutrophil extracellular traps. J Biol Chem. 2012; 287(13):10472–

81. Epub 2012/01/21. PubMed Central PMCID: PMC3323051. https://doi.org/10.1074/jbc.M111.

280321 PMID: 22262863

188. Hirschfeld J, Dommisch H, Skora P, Horvath G, Latz E, Hoerauf A, et al. Neutrophil extracellular trap

formation in supragingival biofilms. Int J Med Microbiol. 2015; 305(4–5):453–63. https://doi.org/10.

1016/j.ijmm.2015.04.002 PMID: 25959370

189. Chi H, Sun L. Neutrophils of Scophthalmus maximus produce extracellular traps that capture bacteria

and inhibit bacterial infection. Dev Comp Immunol. 2016; 56:7–12. Epub 2015/11/21. https://doi.org/

10.1016/j.dci.2015.11.005 PMID: 26586641

190. Yan H, Zhou HF, Akk A, Hu Y, Springer LE, Ennis TL, et al. Neutrophil Proteases Promote Experimen-

tal Abdominal Aortic Aneurysm via Extracellular Trap Release and Plasmacytoid Dendritic Cell Activa-

tion. Arterioscler Thromb Vasc Biol. 2016; 36(8):1660–9. Epub 2016/06/11. PubMed Central PMCID:

PMC4965335. https://doi.org/10.1161/ATVBAHA.116.307786 PMID: 27283739

191. Imbert S, Bresler P, Boissonnas A, Gauthier L, Souchet L, Uzunov M, et al. Calcineurin inhibitors

impair neutrophil activity against Aspergillus fumigatus in allogeneic hematopoietic stem cell trans-

plant recipients. J Allergy Clin Immunol. 2016; 138(3):860–8. Epub 2016/05/02. https://doi.org/10.

1016/j.jaci.2016.02.026 PMID: 27132218

192. Akk A, Springer LE, Pham CT. Neutrophil Extracellular Traps Enhance Early Inflammatory Response

in Sendai Virus-Induced Asthma Phenotype. Front Immunol. 2016; 7:325. Epub 2016/09/13. PubMed

Central PMCID: PMC4999646. https://doi.org/10.3389/fimmu.2016.00325 PMID: 27617014

193. Demers M, Wong SL, Martinod K, Gallant M, Cabral JE, Wang Y, et al. Priming of neutrophils toward

NETosis promotes tumor growth. Oncoimmunology. 2016; 5(5):e1134073. Epub 2016/07/29. PubMed

Central PMCID: PMC4910712. https://doi.org/10.1080/2162402X.2015.1134073 PMID: 27467952

194. Shimomura Y, Suga M, Kuriyama N, Nakamura T, Sakai T, Kato Y, et al. Recombinant human throm-

bomodulin inhibits neutrophil extracellular trap formation in vitro. J Intensive Care. 2016; 4:48. Epub

2016/07/28. PubMed Central PMCID: PMC4957921. https://doi.org/10.1186/s40560-016-0177-9

PMID: 27453785

195. Demers M, Krause DS, Schatzberg D, Martinod K, Voorhees JR, Fuchs TA, et al. Cancers predispose

neutrophils to release extracellular DNA traps that contribute to cancer-associated thrombosis. Proc

Natl Acad Sci U S A. 2012; 109(32):13076–81. Epub 2012/07/25. PubMed Central PMCID:

PMC3420209. https://doi.org/10.1073/pnas.1200419109 PMID: 22826226

196. Dolgushin II, Savochkina AY, Smirnova TG, Kurnosenko IV, Mayakova VB, Savel’eva AA, et al. The

Role of Neutrophil Granulocyte Ultrastructures in the Formation of Extracellular Traps. Bull Exp Biol

Med. 2015; 159(4):472–4. Epub 2015/09/22. https://doi.org/10.1007/s10517-015-2995-5 PMID:

26388571

Overview of NETosis inducers

PLOS ONE | https://doi.org/10.1371/journal.pone.0176472 May 9, 2017 27 / 29

https://doi.org/10.3389/fimmu.2012.00376
http://www.ncbi.nlm.nih.gov/pubmed/23233855
https://doi.org/10.1038/nm.3547
http://www.ncbi.nlm.nih.gov/pubmed/24784231
https://doi.org/10.1159/000444881
https://doi.org/10.1159/000444881
http://www.ncbi.nlm.nih.gov/pubmed/27189166
https://doi.org/10.1097/SHK.0000000000000520
https://doi.org/10.1097/SHK.0000000000000520
http://www.ncbi.nlm.nih.gov/pubmed/26618986
https://doi.org/10.1371/journal.ppat.1002355
http://www.ncbi.nlm.nih.gov/pubmed/22102811
https://doi.org/10.1182/blood-2012-01-405993
http://www.ncbi.nlm.nih.gov/pubmed/22919032
https://doi.org/10.1074/jbc.M111.280321
https://doi.org/10.1074/jbc.M111.280321
http://www.ncbi.nlm.nih.gov/pubmed/22262863
https://doi.org/10.1016/j.ijmm.2015.04.002
https://doi.org/10.1016/j.ijmm.2015.04.002
http://www.ncbi.nlm.nih.gov/pubmed/25959370
https://doi.org/10.1016/j.dci.2015.11.005
https://doi.org/10.1016/j.dci.2015.11.005
http://www.ncbi.nlm.nih.gov/pubmed/26586641
https://doi.org/10.1161/ATVBAHA.116.307786
http://www.ncbi.nlm.nih.gov/pubmed/27283739
https://doi.org/10.1016/j.jaci.2016.02.026
https://doi.org/10.1016/j.jaci.2016.02.026
http://www.ncbi.nlm.nih.gov/pubmed/27132218
https://doi.org/10.3389/fimmu.2016.00325
http://www.ncbi.nlm.nih.gov/pubmed/27617014
https://doi.org/10.1080/2162402X.2015.1134073
http://www.ncbi.nlm.nih.gov/pubmed/27467952
https://doi.org/10.1186/s40560-016-0177-9
http://www.ncbi.nlm.nih.gov/pubmed/27453785
https://doi.org/10.1073/pnas.1200419109
http://www.ncbi.nlm.nih.gov/pubmed/22826226
https://doi.org/10.1007/s10517-015-2995-5
http://www.ncbi.nlm.nih.gov/pubmed/26388571
https://doi.org/10.1371/journal.pone.0176472


197. Carestia A, Kaufman T, Rivadeneyra L, Landoni VI, Pozner RG, Negrotto S, et al. Mediators and

molecular pathways involved in the regulation of neutrophil extracellular trap formation mediated by

activated platelets. J Leukoc Biol. 2016; 99(1):153–62. Epub 2015/09/01. https://doi.org/10.1189/jlb.

3A0415-161R PMID: 26320263

198. Brogden G, Krimmling T, Adamek M, Naim HY, Steinhagen D, von Kockritz-Blickwede M. The effect

of beta-glucan on formation and functionality of neutrophil extracellular traps in carp (Cyprinus carpio

L.). Dev Comp Immunol. 2014; 44(2):280–5. Epub 2014/01/18. https://doi.org/10.1016/j.dci.2014.01.

003 PMID: 24434196

199. Brogden G, von Kockritz-Blickwede M, Adamek M, Reuner F, Jung-Schroers V, Naim HY, et al. beta-

Glucan protects neutrophil extracellular traps against degradation by Aeromonas hydrophila in carp

(Cyprinus carpio). Fish Shellfish Immunol. 2012; 33(4):1060–4. Epub 2012/09/11. https://doi.org/10.

1016/j.fsi.2012.08.009 PMID: 22959188

200. Aleyd E, van Hout MW, Ganzevles SH, Hoeben KA, Everts V, Bakema JE, et al. IgA enhances NETo-

sis and release of neutrophil extracellular traps by polymorphonuclear cells via Fcalpha receptor I. J

Immunol. 2014; 192(5):2374–83. https://doi.org/10.4049/jimmunol.1300261 PMID: 24493821

201. Malachowa N, Kobayashi SD, Freedman B, Dorward DW, DeLeo FR. Staphylococcus aureus leuko-

toxin GH promotes formation of neutrophil extracellular traps. J Immunol. 2013; 191(12):6022–9.

Epub 2013/11/06. PubMed Central PMCID: PMC3903389. https://doi.org/10.4049/jimmunol.1301821

PMID: 24190656

202. Lippolis JD, Reinhardt TA, Goff JP, Horst RL. Neutrophil extracellular trap formation by bovine neutro-

phils is not inhibited by milk. Vet Immunol Immunopathol. 2006; 113(1–2):248–55. https://doi.org/10.

1016/j.vetimm.2006.05.004 PMID: 16806491

203. Grinberg N, Elazar S, Rosenshine I, Shpigel NY. Beta-hydroxybutyrate abrogates formation of bovine

neutrophil extracellular traps and bactericidal activity against mammary pathogenic Escherichia coli.

Infect Immun. 2008; 76(6):2802–7. Epub 2008/04/16. PubMed Central PMCID: PMC2423099. https://

doi.org/10.1128/IAI.00051-08 PMID: 18411287

204. Yoo DG, Winn M, Pang L, Moskowitz SM, Malech HL, Leto TL, et al. Release of cystic fibrosis airway

inflammatory markers from Pseudomonas aeruginosa-stimulated human neutrophils involves NADPH

oxidase-dependent extracellular DNA trap formation. J Immunol. 2014; 192(10):4728–38. https://doi.

org/10.4049/jimmunol.1301589 PMID: 24740504

205. Young RL, Malcolm KC, Kret JE, Caceres SM, Poch KR, Nichols DP, et al. Neutrophil extracellular

trap (NET)-mediated killing of Pseudomonas aeruginosa: evidence of acquired resistance within the

CF airway, independent of CFTR. PLoS One. 2011; 6(9):e23637. Epub 2011/09/13. PubMed Central

PMCID: PMC3164657. https://doi.org/10.1371/journal.pone.0023637 PMID: 21909403

206. Douda DN, Jackson R, Grasemann H, Palaniyar N. Innate immune collectin surfactant protein D

simultaneously binds both neutrophil extracellular traps and carbohydrate ligands and promotes bac-

terial trapping. J Immunol. 2011; 187(4):1856–65. Epub 2011/07/05. https://doi.org/10.4049/jimmunol.

1004201 PMID: 21724991

207. Yoo DG, Floyd M, Winn M, Moskowitz SM, Rada B. NET formation induced by Pseudomonas aerugi-

nosa cystic fibrosis isolates measured as release of myeloperoxidase-DNA and neutrophil elastase-

DNA complexes. Immunol Lett. 2014; 160(2):186–94. https://doi.org/10.1016/j.imlet.2014.03.003

PMID: 24670966

208. Floyd M, Winn M, Cullen C, Sil P, Chassaing B, Yoo DG, et al. Swimming Motility Mediates the Forma-

tion of Neutrophil Extracellular Traps Induced by Flagellated Pseudomonas aeruginosa. PLoS Pathog.

2016; 12(11):e1005987. Epub 2016/11/18. PubMed Central PMCID: PMC5113990. https://doi.org/10.

1371/journal.ppat.1005987 PMID: 27855208

209. Rohm M, Grimm MJ, D’Auria AC, Almyroudis NG, Segal BH, Urban CF. NADPH oxidase promotes

neutrophil extracellular trap formation in pulmonary aspergillosis. Infect Immun. 2014; 82(5):1766–77.

https://doi.org/10.1128/IAI.00096-14 PMID: 24549323

210. Kenno S, Perito S, Mosci P, Vecchiarelli A, Monari C. Autophagy and Reactive Oxygen Species Are

Involved in Neutrophil Extracellular Traps Release Induced by C. albicans Morphotypes. Front Micro-

biol. 2016; 7:879. Epub 2016/07/05. PubMed Central PMCID: PMC4896927. https://doi.org/10.3389/

fmicb.2016.00879 PMID: 27375599

211. Urban CF, Reichard U, Brinkmann V, Zychlinsky A. Neutrophil extracellular traps capture and kill Can-

dida albicans yeast and hyphal forms. Cell Microbiol. 2006; 8(4):668–76. https://doi.org/10.1111/j.

1462-5822.2005.00659.x PMID: 16548892

212. Hopke A, Nicke N, Hidu EE, Degani G, Popolo L, Wheeler RT. Neutrophil Attack Triggers Extracellular

Trap-Dependent Candida Cell Wall Remodeling and Altered Immune Recognition. PLoS Pathog.

2016; 12(5):e1005644. Epub 2016/05/26. PubMed Central PMCID: PMC4880299. https://doi.org/10.

1371/journal.ppat.1005644 PMID: 27223610

Overview of NETosis inducers

PLOS ONE | https://doi.org/10.1371/journal.pone.0176472 May 9, 2017 28 / 29

https://doi.org/10.1189/jlb.3A0415-161R
https://doi.org/10.1189/jlb.3A0415-161R
http://www.ncbi.nlm.nih.gov/pubmed/26320263
https://doi.org/10.1016/j.dci.2014.01.003
https://doi.org/10.1016/j.dci.2014.01.003
http://www.ncbi.nlm.nih.gov/pubmed/24434196
https://doi.org/10.1016/j.fsi.2012.08.009
https://doi.org/10.1016/j.fsi.2012.08.009
http://www.ncbi.nlm.nih.gov/pubmed/22959188
https://doi.org/10.4049/jimmunol.1300261
http://www.ncbi.nlm.nih.gov/pubmed/24493821
https://doi.org/10.4049/jimmunol.1301821
http://www.ncbi.nlm.nih.gov/pubmed/24190656
https://doi.org/10.1016/j.vetimm.2006.05.004
https://doi.org/10.1016/j.vetimm.2006.05.004
http://www.ncbi.nlm.nih.gov/pubmed/16806491
https://doi.org/10.1128/IAI.00051-08
https://doi.org/10.1128/IAI.00051-08
http://www.ncbi.nlm.nih.gov/pubmed/18411287
https://doi.org/10.4049/jimmunol.1301589
https://doi.org/10.4049/jimmunol.1301589
http://www.ncbi.nlm.nih.gov/pubmed/24740504
https://doi.org/10.1371/journal.pone.0023637
http://www.ncbi.nlm.nih.gov/pubmed/21909403
https://doi.org/10.4049/jimmunol.1004201
https://doi.org/10.4049/jimmunol.1004201
http://www.ncbi.nlm.nih.gov/pubmed/21724991
https://doi.org/10.1016/j.imlet.2014.03.003
http://www.ncbi.nlm.nih.gov/pubmed/24670966
https://doi.org/10.1371/journal.ppat.1005987
https://doi.org/10.1371/journal.ppat.1005987
http://www.ncbi.nlm.nih.gov/pubmed/27855208
https://doi.org/10.1128/IAI.00096-14
http://www.ncbi.nlm.nih.gov/pubmed/24549323
https://doi.org/10.3389/fmicb.2016.00879
https://doi.org/10.3389/fmicb.2016.00879
http://www.ncbi.nlm.nih.gov/pubmed/27375599
https://doi.org/10.1111/j.1462-5822.2005.00659.x
https://doi.org/10.1111/j.1462-5822.2005.00659.x
http://www.ncbi.nlm.nih.gov/pubmed/16548892
https://doi.org/10.1371/journal.ppat.1005644
https://doi.org/10.1371/journal.ppat.1005644
http://www.ncbi.nlm.nih.gov/pubmed/27223610
https://doi.org/10.1371/journal.pone.0176472


213. Byrd AS, O’Brien XM, Laforce-Nesbitt SS, Parisi VE, Hirakawa MP, Bliss JM, et al. NETosis in Neo-

nates: Evidence of a Reactive Oxygen Species-Independent Pathway in Response to Fungal Chal-

lenge. J Infect Dis. 2016; 213(4):634–9. Epub 2015/09/04. PubMed Central PMCID: PMC4721906.

https://doi.org/10.1093/infdis/jiv435 PMID: 26333942

214. Parker H, Albrett AM, Kettle AJ, Winterbourn CC. Myeloperoxidase associated with neutrophil extra-

cellular traps is active and mediates bacterial killing in the presence of hydrogen peroxide. J Leukocyte

Biol. 2012; 91(3):369–76. https://doi.org/10.1189/jlb.0711387 PMID: 22131345

215. von Kockritz-Blickwede M, Chow OA, Nizet V. Fetal calf serum contains heat-stable nucleases that

degrade neutrophil extracellular traps. Blood. 2009; 114(25):5245–6. Epub 2009/12/17. PubMed Cen-

tral PMCID: PMC2792215. https://doi.org/10.1182/blood-2009-08-240713 PMID: 20007813

Overview of NETosis inducers

PLOS ONE | https://doi.org/10.1371/journal.pone.0176472 May 9, 2017 29 / 29

https://doi.org/10.1093/infdis/jiv435
http://www.ncbi.nlm.nih.gov/pubmed/26333942
https://doi.org/10.1189/jlb.0711387
http://www.ncbi.nlm.nih.gov/pubmed/22131345
https://doi.org/10.1182/blood-2009-08-240713
http://www.ncbi.nlm.nih.gov/pubmed/20007813
https://doi.org/10.1371/journal.pone.0176472

