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Abstract

Neutrophil extracellular traps (NETs) contribute to innate immunity as well as numerous diseases 

processes such as deep vein thrombosis, myocardial ischemia, and autoimmune disease. To date, 

most knowledge on NETs formation has been gathered via the qualitative microscopic 

examination of individual neutrophils in vitro, or aggregate structures in vivo.

Here we describe a novel flow cytometry (FLOW)-based assay to identify and quantify NETs 

using antibodies against key NETs constituents, specifically DNA, modified histones and granular 

enzymes. This method is applicable to both murine and human samples for the assessment of 

induced NETs in vitro, or detection of NETosis in vivo in blood samples.

This FLOW-based method was validated by comparison with the well-established microscopy 

assay using two genetic mouse models previously demonstrated to show defective NETosis. It was 

then used on healthy human neutrophils for detection of ex vivo induced NETs and on blood 

samples from patients with sepsis for direct assessment of in vivo NET-forming neutrophils.

This new methodology allows rapid and robust assessment of several thousand cells per sample 

and is independent of potential observer-bias, the two main limitations of the microscopic 

quantification. Using this new technology facilitates the direct detection of in vivo circulating 

NETs in blood samples and purification of NETting neutrophils by fluorescence-activated cell 

sorting (FACS) for further analysis.
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INTRODUCTION

Neutrophils release neutrophil extracellular traps (NETs) after specific agonist induction as a 

form of non-apoptotic death in a stepwise process termed NETosis[1]. NETosis requires 

chromatin decondensation followed by nuclear membrane rupture that allows chromatin to 

mix with granule contents such as neutrophil elastase or myeloperoxidase (MPO). 

Ultimately the preformed NETs are released into the extracellular space.[1] Histone 

citrullination (H3Cit) that entails the conversion of arginine to citrulline on histone tails by 

peptidylarginine deaminase 4 (PAD4) promotes chromatin decondensation and is considered 

a key marker of early NETosis.[2-4] NETosis is also dependent on the production of 

reactive oxygen species (ROS) by the neutrophil NADPH oxidase complex[1], of which the 

Rho GTPase Rac is a component. It has been shown that PAD4- and Rac-deficient 

neutrophils have defective NETosis.[2-5]

NETs were initially described as component of innate immunity as they are able to bind 

microorganisms and ensure high local concentrations of antimicrobial agents.[6] 

Subsequently, NETs were shown to contribute to autoimmune diseases[7], cancer[8, 9], 

myocardial ischemia/reperfusion injury[10] and deep vein thrombosis.[11] Thus, a better 

understanding of NETosis may be a key to the development of novel therapeutic 

interventions for a wide array of clinical situations.

We have developed a flow cytometric-based protocol that is observer-independent and 

allows direct quantification of large numbers of cells. We validated this assay using mice 

previously shown to have defective NETosis due to genetic mutations of Rac and PAD4. 

The FLOW-based method was then used to detect and quantify NETs in human blood 

samples from healthy individuals after ex vivo induction of NETs and on blood samples 

from patients with sepsis for direct assessment of in vivo circulating NET-forming 

neutrophils. The FLOW-based method, based on immunological detection of NETs 

components, facilitates the detection and FACS-sorting of NETs in clinical settings and thus 

will facilitate new avenues of clinical and biological investigations.

METHODS

Microscopy-based NETs quantification assay

Mouse peripheral blood (PB) polymorphonuclear neutrophil (PMNs) isolation, stimulation 

and staining were performed as previously described.[3]

Flow-based assay to detect NETs

Purified mouse PB PMNs from Rac2−/− [12] or WT mice were suspended in RPMI1640 

(Invitrogen, Carlsbad, CA). Peripheral blood from Pad4−/− [4] or WT mice underwent red 

blood cell sedimentation with Hetastarch (6% hydroxyethyl starch, HES) in 0.9% NaCl 
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solution (Hospira, Inc., Lake Forest, IL) at 1:4 v/v dilution at 37°C and then was 

resuspended in RPMI1640. The flow-based assay described herein is performed entirely in 

suspension. Cells were stimulated with 100nM Phorbol-1-myristate-13-acetate, (PMA) 

(Sigma, St Louis, MO) or 4 μM Ionomycin (Life Technologies, Carlsbad, CA) for 4h at 

37°C in 5%CO2, then fixed in 2% paraformaldehyde, blocked for 30 min with 2% bovine 

serum albumin (BSA, Sigma) in Dulbecco's phosphate-buffered saline (DPBS, Life 

Technologies) at 37°C and, without a permeabilization step, incubated sequentially with the 

primary anti-histone H3 antibody (citrulline 2,8,17, ab5103; Abcam, Cambridge, MA) at 

1:300 dilution, Alexa Fluor700-conjugated secondary antibody (A-21038, Thermo 

Scientific, Rockford, IL) at 1:300 dilution and FITC-conjugated anti-myeloperoxidase 

antibody (mouse: ab90812, 1:50 dilution; human: ab11729, 1:10 dilution, Abcam). Each 

incubation was followed by a wash with 2% BSA in DPBS and centrifugation at 16,400 rpm 

at 4°C for 20 minutes. Samples were then resuspended in 2% BSA in DPBS containing 

Hoechst 33342, trihydrochloride trihydrate, (Thermo Scientific, Rockford, IL) at 1:5000 

dilution and analyzed by flow-cytometry according to the gating strategy detailed in Figure 

S1. There is no selection on the FSC/SSC properties, as those are very heterogenous for 

NETs in suspension. A minimum of 10,000 cells per condition were analyzed in duplicates.

Human samples

Discarded whole blood samples from patients at Boston Children's Hospital (BCH) or Beth 

Israel Deaconess Medical Center (BIDMC) were obtained under an Institutional Review 

Board-approved protocol (04-02-017R at BCH and 2005P000116 at BIDMC). Samples were 

anticoagulated with ethylenediaminetetraacetic acid (EDTA) and processed as described 

above within 3 hours of collection. Control samples were stimulated ex vivo with 4 μM 

Ionomycin for 30 min for qualitative analysis (Figure 2.A) and quantification (Figure 2.B.). 

For in vivo NETs quantification, cases fulfilling sepsis criteria of the American College of 

Chest Physicians (ACCP)[13] and controls, without recent infection or leukocytosis of any 

etiology, were selected.

Statistics

Data are presented as means ± SEM and were analyzed with two-sided Student or Mann-

Whitney test (Figure 2B) using GraphPad Prism software (Version 5.0, La Jolla, CA). 

Results were considered significant at P<0.05.

RESULTS AND DISCUSSION

Development and validation of the flow assay on murine samples

Rac2 is required for ROS-dependent NETosis in vitro[5]. We used neutrophils from 

Rac2−/− mice to compare the flow-based method with the well-established microscopic 

assay previously described[3, 5, 14]. Stimulated neutrophils from mouse blood were 

assessed for NETs by microscopy (Figure 1A) and by the flow method (Figure 1B) yielding 

similar qualitative and quantitative results. As expected, Rac2−/− neutrophils had reduced 

spontaneous NETosis in vitro. After 4 hours of treatment with PMA or ionomycin, induced 

NETosis was also significantly impaired in Rac2−/− PMNs using both methods of analysis 

(quantification in Table S1). In addition, these data indicate multiple levels of interaction 
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between Rac2 signaling and NETosis. To further strengthen the validity of our method, we 

compared WT and Pad4−/− neutrophils, which are characterized by severe impairment of 

NETosis [3, 4]. Following ionomycin treatment, WT neutrophils show massive NET 

formation while these are virtually undetectable in the Pad4−/− sample (Figure 1C).

Human neutrophils forming NETs can be purified by fluorescence activated cell sorting

We also compared flow and microscopic methods qualitatively. Neutrophils purified from 

peripheral blood of control individuals were treated by ionomycin and mixed 1:1 with 

unstimulated PMNs from the same donor. The cell mixture was then sorted onto glass slides. 

Representative photomicrographs (Figure 2A) demonstrate morphologic correlation between 

sorted DAPI+, H3Cit+ and MPO+NETs population with the characteristic shooting star 

morphology of extracellular fibrous DNA used to identify them by microscopy (right panel). 

Sorted intact PMNs, defined as DAPI+, H3Cit−, MPO−, exhibit typical multi-lobulated 

shaped nuclei of resting human neutrophils (left panel).

Detection of NETs in human blood

We next determined if the flow method could detect NETs in human blood samples. NETs 

were induced ex vivo with ionomycin in PB from controls, then quantified (Figure 2 i and 

ii). We show significant NET formation in these conditions (unstimulated 2.49±1.11% 

NETs, ionomycin 52.0±15.2% NETs, P = 0.031).

Quantification of in vivo NETs in patient or clinical blood samples

The flow method facilitates analysis of clinical blood samples. In vivo circulating NETs 

were quantified for 7 control individuals and 5 patients diagnosed with sepsis. We observed 

low NET counts in control samples (7.3±1.4 mean ± SEM, range 3.9-10.8 NETs/μl) (Figure 

2B). All sepsis samples showed significantly increased NETs (65.7±31.4 mean ± SEM, 

range 16.6-128.4, P<0.01 vs. control), consistent with previously described increase in NET 

surrogate markers observed in septic patients.[15, 16] These data indicate for the first time 

that NETs can be directly quantified in blood samples using the flow method.

In conclusion, we describe and validate in both murine and human samples a novel method 

to quantify NETs. This methodology circumvents two main limitations of the well-

established microscopic assay in that it is observer-independent and allows robust and rapid 

assessment of a much larger number of cells per sample. This original method is also a 

potential tool to investigate conditions associated with in vivo circulating NETs as a 

biomarker and to FACS-sort NETs for further biological analysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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KEY POINTS

• We describe a novel, convenient, observer-independent method of NETs 

quantification based on the flow cytometric detection of key NET components.

• This method allows the direct quantification of in vivo circulating NETs in 

blood samples.
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Figure 1. Development and validation of flow assay on mouse samples
A. and B. Validation of flow-based assay to measure NETs. Neutrophils were isolated from 

peripheral blood of Rac2−/− mice or WT controls and stimulated with ionomycin (4 μM), 

PMA (100 nM) or the same volume of RPMI (Unstim) for 4 hours. Cells were then fixed 

and stained for NETs, by either microscopy-based assay (A); or by a flow-based assay (B) 

(N= 4 each). T-test: *P<0.05, **P<0.01, ***P<0.001, versus control (WT Unstim) unless 

otherwise specified. (C) NETs were detected in PB from WT mice stimulated with 

ionomycin, but not in PB from Pad4−/− mice or from unstimulated WT controls. 

Representative flow data showing H3Cit-positive and MPO-positive cells defined as NETs.
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Figure 2. Validation and analysis of flow assay on human samples
A. Separation of NETs from resting neutrophils. Neutrophils were purified from peripheral 

blood of control individuals. NETs were induced by ionomycin for 4h and unstimulated 

PMNs from the same donor were kept in parallel. Both samples were then mixed 1:1 before 

fixation, staining, and sorting onto glass slides. Photomicrographs demonstrate the 

correlation between sorted DAPI+, H3Cit+ and MPO+ NETs population with the 

characteristic shooting star morphology of extracellular fibrous DNA used to identify them 

by microscopy (right panel). Sorted intact PMNs defined as DAPI+, H3Cit−, MPO− exhibit 

typical multi-lobulated shaped nuclei of resting human neutrophils (left panel). These 

images are representative from one of two independent experiments. B. Detection of NETs 

formed in human samples ex vivo or in vivo. Human EDTA-anticoagulated whole blood was 

processed as described. i. NETs were induced in PB from healthy donors and compared to 

the unstimulated sample. Representative flow data showing the initial FSC/SSC blot, and 

NETs detected as H3Cit and MPO double positive cells. ii. Quantitative analysis of (N=3), 

iii. Quantification of in vivo circulating NETs in PB samples from healthy controls (N=7) 

and patients with sepsis (N=5). Mann-Whitney test: **P<0.01.
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