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Introduction
Neutrophils are terminally differentiated white blood cells that 
have a short life in circulation. If called into action, neutrophils 
leave the blood vessels and move toward the site of infection, 
following a chemotactic gradient produced by microbial or endog
enous signals. At the inflammatory site, neutrophils are “activated” 
to perform several tasks, including cytokine secretion, degranula
tion, and phagocytosis. Elie Metchnikoff (Metchnikoff, 1893) 
and Paul Ehrlich (Ehrlich, 1880) were the first to show that 
phagocytes ingest and digest bacteria. This process is of para
mount importance in immunology.

Neutrophils have two distinctive morphological charac
teristics: the shape of their nucleus and their granules (Fig. 1). 
The nucleus of neutrophils is split into three to five lobules, 
hence the alternative name of “polymorphonuclear” often given 
to these cells. The evolutionary advantages of having a lobu
lated nucleus are not clear. Granules are specialized vesicles 
that contain a specific load, including many toxic molecules. 
Depending on their contents, granules are canonically classified 
into four groups: primary or azurophilic, secondary or specific, 
and tertiary or gelatinase, as well as secretory vesicles. Eosino
phils, basophils, and mast cells also have granules, and together 
with neutrophils they make up the “granulocyte” family.
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neutrophil extracellular trap; PAD4, peptidylarginine deiminase 4; PHOX, 
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Neutrophils are efficient phagocytes and engulf microbes 
into phagosomes that rapidly fuse with the granules, creating 
an inhospitable environment. There, microbes are exposed to 
many enzymes, including lysozyme, which breaks the bacterial 
wall; proteases; and phospholipases. Also, very cationic peptides, 
like bactericidal permeability–increasing protein (BPI), defen
sins, and cathelicidins, are discharged into the phagolysosome.  
Simultaneously, reactive oxygen species (ROS), like super
oxide and hydrogen peroxide, are generated by the NADPH  
oxidase complex at the phagosomal membrane and released 
into its lumen. The biological activity of many of these compo
nents under defined in vitro conditions has been demonstrated 
numerous times but the relative contribution of each of them to 
neutrophil function in vivo remains to be determined (Nathan, 
2006; Borregaard, 2010; Amulic et al., 2012).

Neutrophils can also kill pathogens extracellularly by  
releasing neutrophil extracellular traps (NETs; Brinkmann  
et al., 2004). The impact of NETs derives from the combined 
antimicrobial activities of granular components, histones, and 
some cytoplasmic proteins. Eosinophils and mast cells, which 
are granulocytes closely related to neutrophils, granulocyte 
homologues in lower vertebrates, and even plants release extra
cellular traps. Hence, in addition to describing the function of 
NETs, we will also comment on the significance of extracel
lular traps in evolution.

NET morphology
The ultrastructure of NETs is unusual; NETs consist of smooth 
filaments with a diameter of 17 nm (Brinkmann et al., 2004), 
composed of stacked, and probably modified, nucleosomes 
(Urban et al., 2009). This backbone is studded with globular 
domains with a diameter of 50 nm made of granular proteins 
(Fig. 2; Brinkmann et al., 2004). This morphology in high 
resolution scanning electron microscopy easily differentiates 
NETs from other fibrous structures such as fibrin. Interestingly, 
unfixed, fully hydrated NETs have a cloudlike appearance and 
occupy a space that is 10–15fold bigger than the volume of the 
cells they originate from (Video 1), reflecting what they may 
look like in vivo when space is available, for example in the 
lung alveolus.

Neutrophil extracellular traps (NETs) are made of pro
cessed chromatin bound to granular and selected cyto
plasmic proteins. NETs are released by white blood cells 
called neutrophils, maybe as a last resort, to control micro
bial infections. This release of chromatin is the result of  
a unique form of cell death, dubbed “NETosis.” Here we 
review our understanding of how NETs are made, their 
function in infections and as danger signals, and their 
emerging importance in autoimmunity and coagulation.
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is that NETs can result from the release of nuclear fragments 
and then their chromatin without compromising the plasma 
membrane (Pilsczek et al., 2010). Also, Yousefi et al. (2008, 
2009) have proposed that living eosinophils and neutrophils 
expel their mitochondria, which release their DNA into the 
extracellular space. Importantly, however, granulocytes are 
particularly poor in mitochondria, and mitochondrial DNA is 
100,000 times less abundant in extracellular traps than nuclear 
DNA (Pilsczek et al., 2010); hence, the significance of this 
finding awaits further investigation.

Many physiological inducers (Fig. 3 A) of NETosis have 
been reported. Infections with bacteria, fungi, and HIV para
sites (listed in Table 1) induce NETs. Other physiologically 
relevant stimuli are ROS like hydrogen peroxide (Fuchs et al., 
2007). NET formation is also triggered, albeit inefficiently, by 
antibodies (Kessenbrock et al., 2009) and antibody–antigen 
complexes (GarciaRomo et al., 2011; Lande et al., 2011), and 
by microbial components such as lipopolysaccharide (Neeli  
et al., 2009; Lim et al., 2011), M1 from Streptococcus pyogenes 

The mechanism of NET formation
NETs are the results of a unique form of cell death that 
morphologically is characterized by the loss of intracellular 
membranes before the integrity of the plasma membrane is 
compromised. Steinberg and Grinstein (2007) coined the term 
“NETosis” for neutrophil cell death that leads to the formation 
of NETs. To release NETs, activated neutrophils undergo  
dramatic morphological changes. Minutes after activation, 
they flatten and firmly attach to the substratum (Fig. 3 B).  
During the next hour, the nucleus loses its lobules, the chro
matin decondenses, and the inner and outer nuclear mem
branes progressively detach from each other. Concomitantly, 
the granules disintegrate. After 1 h, the nuclear envelope dis
aggregates into vesicles and the nucleoplasm and cytoplasm 
form a homogenous mass (Fig. 3 C). Finally, the cells round 
up and seem to contract until the cell membrane ruptures and 
the interior of the cell is ejected into the extracellular space, 
forming NETs (Fig. 3 D and Video 2; Fuchs et al., 2007).  
Notably, despite the intermixing of cellular compartments, 
during the last phase of NETosis, <30 proteins are present in 
NETs. Most of them originate from granules, few are from the 
nucleus, and cytoplasmic NET components are rare (Urban  
et al., 2009). NETosis is morphologically quite different from 
apoptosis and other forms of cell death (Fuchs et al., 2007). 
Other investigators have proposed alternative processes to the 
one just described that will, because of space limitations, not 
be discussed further. For example, one interesting observation 

Figure 2. Bacteria caught in NETs. Scanning electron microscopy of 
human neutrophils incubated with Salmonella, a bacterium that causes 
typhoid fever and gastroenteritis. The bacteria are trapped in NETs. 
Bar, 1 µm.

Figure 1. Neutrophil morphology. Transmission electron microscopy 
(TEM) of a naive human neutrophil. This cell contains various types of 
granules, clearly visible in the cytoplasm, as well as a lobulated nucleus. 
The highly condensed heterochromatin (dark) is neatly marginalized to the 
edge of the nucleus, only interrupted by euchromatic areas close to nuclear 
pores that mostly line the nuclear membrane. The brighter euchromatin is 
mostly in the center of the lobules. This neutrophil comes from a female 
donor and one inactivated x chromosome can be found as an extranuclear 
stretch of heterochromatin (arrowhead). These structures are termed Barr 
bodies, and in neutrophils “drum sticks.” Bar, 2 µm.
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MPO, which are stored in azurophilic granules. NE is released, 
by an unknown mechanism, from granules and enters the nu
cleus, where it degrades the linker histone H1 and processes 
core histones (Papayannopoulos et al., 2010). NE activity is es
sential for NET formation because NEdeficient mice do not 
make NETs, which contributes to their immune deficiency  
(Papayannopoulos et al., 2010). MPO also migrates to the nucleus 
later than NE, where it enhances chromatin decondensation 
(Papayannopoulos et al., 2010). In agreement with this require
ment, patients without MPO activity cannot produce NETs 
(Metzler et al., 2011), and hypochlorous acid, the product of 
MPO, is sufficient for NET release (Palmer et al., 2012). In ad
dition to partial degradation by NE, histones undergo further 
modifications to decondense the chromatin structure. Upon 
neutrophil activation, the enzyme peptidylarginine deiminase 4 
(PAD4) catalyzes the conversion of arginine residues to citrul
line in three of the four core histones. In NETs and decondensed 
nuclei, but not in the nucleus of unstimulated neutrophils, his
tones are citrullinated (Neeli et al., 2008, 2009; Wang et al., 
2009). The relevance of PAD4 was tested pharmacologically  
in cell lines, which make few NETs, if any, but not in neutro
phils. In PAD4null mice, hypercitrullination of H3 was not 
detectable, and the strain failed to produce NETs (Li et al., 
2010; Hemmers et al., 2011). Interestingly, in a S. pyogenes  
infection model, PAD4null mice developed larger lesions than 
their PAD4expressing siblings (Li et al., 2010), but NET for
mation remains to be quantified in this model.

(Oehmcke et al., 2009), or lipophosphoglycans from Leishma-
nia amazonensis (GuimarãesCosta et al., 2009). Rapid NET 
formation is also induced by platelets activated via Tolllike  
receptor 4 (TLR4; Clark et al., 2007). NET formation appears 
to require attachment of neutrophils to a substrate that stimu
lates the MAC1 integrin receptors (Neeli et al., 2008). In sus
pension, neutrophils make NETs poorly, probably preventing 
excessive formation of NETs in circulation and avoiding throm
bus formation, which will be discussed later.

Molecularly, the few events that have been shown to be 
required, sequentially, are the production of ROS, the migration 
of the protease neutrophil elastase (NE) and later myeloperoxi
dase (MPO) from granules to the nucleus, the processing of his
tones, and eventually the rupture of the cell. It is relevant to 
mention that the study of neutrophils is limited by the short life 
of these cells and the lack of established cell lines that faithfully 
reproduce granulocyte biology, which rules out many conven
tional molecular approaches. In this section, we review our  
current knowledge about the mechanism of NET formation.

NET formation requires the production of ROS. The 
NADPH oxidase enzyme complex (also called phagocytic 
oxidase; PHOX) assembles at the cell and phagosomal mem
brane and reduces molecular oxygen into superoxide anions by 
transferring electrons from NADPH. Superoxide dismutates into 
hydrogen peroxide, which in turn acts as substrate for one of 
the most abundant enzymes in the neutrophil’s granules: MPO. 
MPO reacts with hydrogen peroxide to generate hypohalous 
acids, such as hypochlorous acid (HOCl). ROS oxidize various 
types of molecules including nucleic acids, lipids, and proteins.

The requirement for ROS in NET formation was shown 
pharmacologically and, more relevantly, by testing the neutro
phils of patients with immune deficiencies. Patients with muta
tions in any of the subunits of the PHOX complex cannot 
produce ROS or make NETs. These chronic granulomatous dis
ease (CGD) patients suffer from lifethreatening recurrent in
fections (Fuchs et al., 2007; Bianchi et al., 2009). Interestingly, 
when neutrophils of CGD patients are treated with H2O2, the 
cells produce NETs, showing that the pathway can be rescued 
downstream of PHOX (Fuchs et al., 2007).

The most potent inducer of PHOX activation is PMA, 
which directly stimulates PKC. Downstream of PKC but up
stream of PHOX, the NET signaling cascade includes the Raf–
MEK–ERK kinase pathway (Hakkim et al., 2011) and Rac2 
(Rasrelated C3 botulinum toxin substrate 2; Lim et al., 2011).

During NETosis, the segregation between eu and hetero
chromatin is lost, and the nucleoplasm appears homogenous 
(Fuchs et al., 2007). This depends on the activity of NE and 

Figure 3. Schematic representation of the 
NETosis pathway. After stimulation of recep-
tors (A), neutrophils adhere to the substrate (B) 
and mobilize granule components, namely NE 
and MPO (C). Granules are depicted as red 
circles. Histones in the nucleus get processed, 
and the intracellular membranes disintegrate. 
Finally, the cell membrane ruptures, and the 
mixture of cytoplasm and nucleoplasm gets ex-
pelled to form NETs (D).

Table 1. Pathogens that induce NETs

Species References

S. aureus Fuchs et al., 2007;  
Pilsczek et al., 2010

S. pyogenes Buchanan et al., 2006
Group A S. pyogenes Lauth et al., 2009
E. coli Grinberg et al., 2008
Shigella flexneri Brinkmann et al., 2004
Nontypeable H. influenzae Hong et al., 2009
Yersinia enterocolitica and Yersinia 

pseudotuberculosis
Casutt-Meyer et al., 2010

Mannheimia haemolytica Aulik et al., 2010
Mycobacterium tuberculosis Ramos-Kichik et al., 2009
Candida albicans Urban et al., 2006
Aspergillus fumigatus Bruns et al., 2010
Aspergillus nidulans Bianchi et al., 2011
L. amazonensis Guimarães-Costa et al., 2009
Toxoplasma gondii Abi Abdallah et al., 2012
HIV-1 Saitoh et al., 2012

D
ow

nloaded from
 http://rupress.org/jcb/article-pdf/198/5/773/1357250/jcb_201203170.pdf by guest on 06 D

ecem
ber 2021



JCB • VOLUME 198 • NUMBER 5 • 2012 776

using the same markers mentioned here. Computerassisted 
analysis of the overlap between chromatin and neutrophil mark
ers can quantify NETs in tissue sections. Although more tech
nically challenging, NETs can also be identified in vitro and 
in vivo by measuring their size and detecting their antigens 
by scanning or transmission electron microscopy (Brinkmann  
et al., 2004; Krautgartner and Vitkov, 2008; Urban et al., 2009; 
Manzenreiter et al., 2012).

Methods that rely on noncellpermeable DNA dyes like 
SYTOX green are simple and can be used for automatic screen
ing of unfixed cells (Fuchs et al., 2007). In pure neutrophil  
cultures, quantification of extracellular DNA reflects the amount 
of NETs if the experimental setup excludes other forms of cell 
death. Special care must be taken when performing experiments 
that require prolonged incubation times (>4 h for human neutro
phils), cocultivation with microbes, or direct application of  
toxins or drugs to the cells, as under these conditions, mecha
nisms of DNA release other than NETosis can contribute to the 
experimental readout.

Another method that demonstrates the binding between 
chromatin and neutrophil proteins, and can be diagnostic for 
NET, consists of resolving partially digested NETs electropho
retically. Very cationic proteins such as NE, MPO, and histones 
that, when pure, migrate to the anode, are dragged toward the 
cathode when complexed to DNA. These proteins, however, 
move toward the anode when the DNA in the NETs is degraded.  
Immune or enzymatic quantification of these proteins was used 
to demonstrate NETs in sputum from cystic fibrosis (CF) patients 
(Papayannopoulos et al., 2011).

Antimicrobial activity
The main job of neutrophils is to eliminate microbes. It is prob
able that NETs evolved to rein in infections by, as their name 
indicates, “trapping,” preventing dissemination, inactivating 
virulence factors, and exterminating microbes. Trapping mi
crobes prevents their dissemination from the initial infection 
site. Microbes most likely stick to NETs through charge inter
actions (Urban et al., 2009; Bartneck et al., 2010). Indeed, 
pathogens mask themselves with a capsule or by changing their 
surface charge, thus preventing binding to NETs (Wartha et al.,  
2007). Bacteria also attach nucleases to their surfaces to disengage 
themselves from NETs (Sumby et al., 2005). Group A S. pyogenes 
(Buchanan et al., 2006), pneumococcus, and Staphylococcus 

The autophagy pathway was recently proposed to be re
quired for NETosis downstream of PHOX. When neutrophils 
are stimulated with PMA, they develop large vacuoles that are 
reminiscent of autophagosomes. Evidence for the involvement 
of this process in NETosis comes exclusively from pharmaco
logical studies with wortmannin, which inhibits PI3Kinases and 
PI3Klike enzymes and has low specificity (Remijsen et al., 
2011a). Experiments using genetic tools to implicate autophagy 
in NET formation have not been described.

Eventually, NETs are removed during the resolution of 
inflammation. NETs are susceptible to DNase1 (von Köckritz
Blickwede et al., 2009; Hakkim et al., 2010), an enzyme pro
duced by the pancreas. It is not known what happens to the 
debris left by DNase1 but perhaps phagocytes, macrophages, 
and neutrophils newly recruited to the inflammatory site clean 
up the mess (Bratton and Henson, 2011).

Methods to quantify NETs
NETs are rather fragile structures, and some effort is required to 
unambiguously detect and quantify them. NET quantification 
should rely on their unique composition: chromatin tightly 
linked to neutrophil proteins such as NE, MPO, or calgranulin. 
This definition excludes chromatin released by other forms of 
cell death. Published methods of NET quantification include 
microscopy (Brinkmann et al., 2004; Hakkim et al., 2010;  
Papayannopoulos et al., 2010; Metzler et al., 2011; Remijsen  
et al., 2011b) and DNA detection either with membrane 
impermeable DNA dyes (Brinkmann et al., 2004) or by staining 
the DNA in the supernatant after releasing the NETs with a 
mild nuclease treatment (Fuchs et al., 2007).

Immunostaining is an obvious way to detect NETs 
(Brinkmann et al., 2004, 2010) but is prone to biases introduced 
by the observer. Automatic microscopy (Hakkim et al., 2011) is 
an objective and quantitative method (Papayannopoulos et al., 
2010; Metzler et al., 2011) to measure NET formation. Changes 
in nuclear morphology (loss of lobules and expansion of the 
nucleus) and composition (migration of NE and MPO to the 
nucleus) are specific and quantitative markers of the progress of 
NETosis. Antichromatin antibodies stain the compact nuclei of 
unstimulated neutrophils weakly, but the signal increases as the 
chromatin relaxes (Fig. 4; Ermert et al., 2009). In tissue sections 
(Brinkmann et al., 2004) and in secretions (Papayannopoulos  
et al., 2011; Manzenreiter et al., 2012), NETs have been identified 

Figure 4. Visualizing NETs using chromatin 
antibodies or DNA-intercalating dyes. Human 
neutrophils were activated in vitro and then pro-
cessed for immunofluorescence. An antibody 
directed against the subnucleosomal complex 
of H2A, H2B, and DNA stains intact, compact 
chromatin only weakly, but reacts strongly with 
relaxed chromatin in the NETs (A, red in D). 
In contrast, DNA-intercalating dyes provide 
the brightest staining at sites of high DNA con-
centrations, as is the case in compact nuclei, 
whereas NETs are stained rather weakly (A, 
Hoechst 33342; blue in D). (C, green in D) The 
granular marker NE, which can be observed 
in granules in cells that are not yet activated, 
as well as in NETs. A projection of confocal 
z-stack is shown. Bar, 10 µm.
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Using these methods, investigators have shown that 
NETs kill Grampositive and negative bacteria, parasites, and 
fungi in vitro, but do NETs contribute to microbial killing in 
vivo? Interestingly, newborns are highly susceptible to infec
tions, and their formation of NETs is delayed (Fadeel, 2009; 
Yost et al., 2009; Yost and Zimmerman, 2009). More rele
vantly, patients with inherited deficiencies in genes involved 
in NET formation, namely PHOX, MPO, and NE, suffer from 
repeated infections, as do mice in which these genes were 
ablated. These proteins are important for many neutrophil 
functions, though some of the symptoms could be caused by 
defects in NET formation. Thus, experiments will have to be 
designed to tease apart the different functions of neutrophils 
to measure these enzymes’ contributions to NET formation, 
phagocytosis, and degranulation.

The importance of NETs in microbial defense is under
scored by their presence in pus. Superficial infections produce 
pus. For centuries, as Pisetsky (2011) pointed out in a recent  
review, pus with a high viscosity was regarded as “good” be
cause it resolved the infection. Now we know that pus consists 
mostly of neutrophils surrounded by NETs (Fig. 5).

The relevance of NETs was indirectly demonstrated in a 
CGD patient with severe Aspergillosis (Bianchi et al., 2009). 
CGD is an inherited disease caused by nonfunctional PHOX. 
This defect interferes with phagocytic killing and prevents the 
formation of NETs. As expected, neutrophils isolated from this 
patient did not kill hyphae of the Aspergillus strain isolated 
from his lungs because the neutrophils did not make NETs, and 
hyphae are too large to be phagocytosed. The life of the patient 
was in danger and, after other therapies failed, the patient was 
treated with gene therapy. This therapy partially restored the 
activity of PHOX, as well as the capacity to make NETs. Nota
bly, after gene therapy, the patient’s neutrophils, like those of 
a healthy donor, killed Aspergillus poorly by phagocytosis but 
effectively through NETs. The infection resolved only a couple 
of weeks after treatment and the patient was cured. Because the 
infectious agent was not susceptible to phagocytosis, this reco
very is likely caused by the regained capacity to make NETs.

Besides being active against bacteria, fungi, and parasites, 
NETs are also antiviral. Recently, Saitoh et al. (2012) found 
that NET formation can be triggered by human immunodefi
ciency virus 1 (HIV1), probably through TLR7 and TLR8, 
endosomal receptors that sense viral RNA. Interestingly, HIV1 
virions bound to NETs and were inactivated, a process that  
was blocked if DNase was present and NETs were degraded 
(Saitoh et al., 2012).

Histones: organizing life, inducing death
Histones are indispensable for eukaryotic and archaeal life. 
Two of each of the core histones, H2A, H2B, H3, and H4, form 
the nucleosome core particle, a disc of 10 nm in diameter that 
is wrapped by 147 base pairs of DNA. Histone H1 links these 
core particles, forming a stack that coils around itself. This ar
chitecture allows chromatin to condense, for example during 
mitosis, and relax to allow transcription.

Around the middle of the previous century, investiga
tors found that histones, unexpectedly, are potent antibiotics 

aureus (Berends et al., 2010) encode endonucleases that liber
ate them from NETs, permitting the invasion of deeper organs  
(Beiter et al., 2006). The antimicrobial activity of NETs depends 
on their structure, which provides a high local concentration of 
antimicrobials in direct proximity to trapped microorganisms 
and is lost after DNase digestion (Brinkmann et al., 2004).  
Accordingly, expression of these DNases is essential for these 
bacteria to be pathogenic (Buchanan et al., 2006).

NETs can inactivate microbial proteins, called “virulence 
factors,” that modify the function of host cells. NE on the NETs 
specifically cleaves virulence factors of Shigella flexneri,  
Salmonella typhimurium, and Yersinia enterocolitica (Weinrauch 
et al., 2002; Brinkmann et al., 2004). NETs also contain Ca
thepsin G and Proteinase 3, which are closely related to NE and 
might cleave virulence factors of a different class of pathogens  
(Averhoff et al., 2008). NETs contain several proteins that kill or 
inhibit microbes. These include enzymes (lysozyme, proteases), 
antimicrobial peptides (BPI, defensins), ion chelators (calgranu
lin), and, interestingly, histones. The antimicrobial activity of NETs  
is likely the result from the combination of these components,  
their effects enhanced by the high local concentrations achieved  
on the NETs. Also, some of the NET components work solo. 
Parker et al. (2012) showed that the activity of MPO on NETs is 
essential to kill S. aureus. The antifungal activity of NETs has been 
assigned to Calgranulin (Urban et al., 2009; Bianchi et al., 2011), 
which chelates Zinc, a cation required for fungal growth. Lastly, 
antibodies against histones prevent NETmediated killing of vari
ous microorganisms (Brinkmann et al., 2004), underlining the find
ing that these abundant proteins kill microbes very efficiently, as 
discussed next.

The antimicrobial activity of NETs can be measured with 
different methods. The simplest one is to induce the formation of 
NETs, add microbes, and assess the number of surviving bacteria 
after an incubation period by plating. This experiment is controlled 
with cultures where the NETs are degraded by DNases before in
fection. Any lingering live neutrophil capable of phagocytosis can 
be inhibited with Cytochalasin D. This method might not distin
guish between microbial killing and microbial “clumping”; i.e., 
several bacteria sticking together in a piece of NET could form 
a single colony. The issue of clumping is resolved by adding yet 
another step in the experiment by incubating the bacteria with  
DNases again just before plating to dissolve the clumps. Dissolving 
these “clumps” allows the adequate enumeration of bacteria (Urban  
et al., 2006, 2009; Wartha et al., 2007; Lauth et al., 2009; Bruns  
et al., 2010; Cogen et al., 2010; Parker et al., 2012); see also  
the editorial by Nauseef (2012). Clumping is a reflection of one 
of the other essential functions of NETs: trapping (Menegazzi  
et al., 2012).

A second method to measure microbial killing is to pre
vent killing by blocking NET components with antibodies 
(Brinkmann et al., 2004) or cation chelators, for example Zinc 
(Urban et al., 2009). Microbial killing can also be demon
strated using commercially available fluorescent dyes that  
report viability (Hong et al., 2009; Lauth et al., 2009) or in
dicators of metabolic activity. Also, recombinant microbes 
that express enzymes like luciferase (Gabriel et al., 2010) 
were reported.
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(Miller et al., 1942). They kill bacteria at nanomolar concentra
tions (Hirsch, 1958) far more effectively than most other anti
microbials. Much later, driven by the hypothesis that animals 
living in aquatic biotopes brimming with microorganisms need 
protection, histone fragments were isolated as antimicrobials 
from the stomachs of toads (Cho et al., 2009) and from other 
aquatic animals (Park et al., 1998; Birkemo et al., 2003, 2004; 
Kawasaki et al., 2003; Patat et al., 2004; Lüders et al., 2005; 
Dorrington et al., 2011; Noga et al., 2011). Histone fragments, as 
opposed to whole histones, kill microbes only in simple solu
tions, like saline; therefore, the role of these fragments in vivo 
should be investigated further. In mammals, extranuclear his
tones are found in the cytoplasm and on the surface of cells  
(for review see Parseghian and Luhrs, 2006) and are released 
abundantly in NETs (Urban et al., 2009).

Histones kill Grampositive and negative bacteria (Hirsch, 
1958) and parasites (Wang et al., 2011). One mole of his
tones kills 100fold more bacteria than other antimicrobi
als, such as defensins. The mechanism of histone toxicity is 
poorly understood, although, like many other antimicrobials, 
eukaryotic histones are cationic, probably allowing them to 
bind to microbial membranes, either destroying them or mak
ing them permeable enough for small factors, including his
tones themselves. Histone fragments might bind to prokaryotic 
DNA (Kawasaki et al., 2008) and interfere with gyrase activ
ity (Lemaire et al., 2008). Notably, Charles Esmon’s group  
(Xu et al., 2009) and others (Gupta et al., 2010; Saffarzadeh  
et al., 2012) showed that histones also kill mammalian cells, and 
implicated this toxicity in the pathogenesis of sepsis (Xu et al., 
2009). This could be another example of immune effectors 
inducing collateral damage. The mechanisms behind histone 
toxicity should be investigated further.

Chromatin sensing: NETs are a  
danger signal
The innate immune system evolved to detect and react to the 
disruption of homeostasis. This is sensed through receptors that 
detect microbespecific molecules called “pathogenassociated 
molecular patterns” (PAMPS) and endogenous molecules that 
signal danger, “dangerassociated molecular patterns” (DAMPs). 
PAMPs are common to many microbes, for example lipopoly
saccharide, peptidoglycan, and flagellin, which are of bacterial 
origin, as well as RNA and DNA, which can be of viral, bacte
rial, or parasitic origin. Some examples of DAMPs are heat 
shock proteins and highmobility group box 1 (HMGB1) pro
tein, as well as RNA and DNA of host origin.

DNA can be sensed by extra and intracellular receptors. 
Extracellular DNA activates TLR9, which resides in the phago
somes of monocytes and dendritic cells (DCs). TLR9 is prefer
entially activated by nonmethylated DNA rich in cytidine and 
guanosine, or CpG, which is more abundant in microbes than in 
eukaryotes. Lande et al. (2007) showed that DNA complexed 
with the antimicrobial LL37 (processed cathelicidin of 37 amino 
acids) or HMGB1 forms stable structures that activate DCs 
more potently than naked DNA. Importantly, DNA is rarely, if 
ever, naked; it complexes with “histonelike” proteins in bacte
ria and with histones in eukaryotes and archea. Hence, in vivo 

Figure 5. NETs are abundant in Pus. Pus consists of numerous neutrophils 
in various stages of NETosis (arrowheads) surrounded by NETs. Semithin 
cryosection of pus from a Molluscum contagiosum lesion stained for NE 
(green) and chromatin (red). Bar, 20 µm.
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not in normal placentas, NETs are in close contact with the syn
cytiotrophoblast. NETs could obstruct the intervillous space, 
reduce the blood flow, and lead to hypoxia in the fetus (Gupta  
et al., 2005). A second pathomechanism of the disease could be 
the induction of NETosis by activated endothelial cells. The  
resulting NETs could, in turn, damage the endothelium, estab
lishing a vicious circle leading to more severe preeclampsia 
(Gupta et al., 2010).

Coagulation. Coagulation is a way to reduce blood loss 
after injury, but it also represents a primitive innate immune  
response that limits microbial spreading (Esmon et al., 2011). 
Coagulation is an example of how the amount of NET formation 
can determine a “good” or “bad” outcome. NETs participate in 
timely clot formation, but if present in excess they induce mas
sive coagulation that can stop the blood supply of organs, causing 
severe ischemia.

Arterial blood clots are often induced by damage to the 
endothelium. In contrast, venous thrombi mainly develop when 
the blood flow is reduced for several hours. In both situations, 
neutrophils accumulate and adhere tightly to the endothelium. 
There, neutrophils produce NETs that serve as a scaffold for the 
stimulation of thrombus formation (Fuchs et al., 2010). Both 
NE and cathepsin G, two serine proteases that are in the NETs, 
degrade inhibitors of coagulation. In mice deficient in both en
zymes, during arterial thrombosis, fibrin deposition and clot 
formation are reduced, as is the case when the mice are treated 
with an antiNET antibody (Massberg et al., 2010). Interest
ingly, in an Escherichia coli systemic infection, the proportion 
of bacteria sequestered in the microvasculature of the liver was 
higher in animals with functional NETs than in animals treated 
with an antichromatin antibody that blocks NET function 
(Massberg et al., 2010), underlining the fact that coagulation 
also reduces bacterial spread to other organs. Together, these 
data indicate that clotting is enhanced by NETs, promoting de
fense against pathogens.

Although the vessel is not damaged at the onset of venous 
thrombogenesis, numerous neutrophils and macrophages are re
cruited and play a major role during formation of the thrombus. 
There, activated platelets stimulate neutrophils to form NETs 
(Clark et al., 2007; Caudrillier et al., 2012), which serve as a pro
thrombotic scaffold and bind and activate FXII (von Brühl et al., 
2012). Consequently, NETs can be detected in venous thrombi 
(Brill et al., 2012).

Periodontitis. Periodontitis, an inflammatory disease 
of the tissue supporting the teeth, is caused by bacteria, such as 
Porphyromonas gingivalis (Farquharson et al., 2012), that recruit 
neutrophils into the gingival crevice, where they produce NETs 
(Vitkov et al., 2009). Chronic periodontitis and hypercoagulation 
are epidemiologically associated to atherothrombosis (Demmer 
and Desvarieux, 2006), which can cause abdominal aneurysms. 
In a rat model, repeated injections with Porphyromonas gingi-
valis led to abdominal aneurysms (Delbosc et al., 2011). The 
intraluminal thrombi observed in this model were rich in NETs, 
which may damage the endothelium underlying the thrombus. 
In addition to the proteolytic enzymes present in NETs, histones 
were shown to directly kill endothelial cells (Gupta et al., 2010; 
Saffarzadeh et al., 2012). Luminal NETs were also found at 

TLR9 is likely exposed to DNA–protein complexes. The 
groups of both Michelle Gilliet and Virginia Pascual showed 
that NETs activate TLR9 in DCs (GarciaRomo et al., 2011; 
Lande et al., 2011). NETs can also prime T cells, although it is 
not known through which receptor (Tillack et al., 2012). DNA 
is not the only component of chromatin or of NETs that can  
activate the innate immune system. It was also reported that 
histones activate TLR2 and TLR4, which suggests that NETs 
serve as innate immune activators through different receptors 
(Semeraro et al., 2011).

DNase1, DNase1like 2, and DNase1like 3 are three simi
lar secreted enzymes that cleave DNA and dispose of extracellu
lar DNA, including NETs as mentioned in “Mehods to quantify 
NETs.” It is possible that these nucleases prevent TLR9 and 
other receptor activation by NETs, an option that is substanti
ated by the role they play in autoimmunity.

In summary, during inflammation, NETs are likely to con
tribute to alerting the immune system of a danger by activating 
DNA receptors such as TLR9. This activation might turn out 
to help in the recruitment of immune cells to mount an acquired 
immune response or to resolve the inflammation. The activation 
of DNA receptors by NETs can also have negative effects as 
reviewed in the “Autoimmunity” section.

The dark side of NETs
Paracelsus wrote, “All things are poison, and nothing is without 
poison; only the dose permits something not to be poisonous.” 
NETs can either fight disease or cause disease depending on the 
place, time, and dose. Making too many or not disposing of 
NETs at the right time and in the right place is pathogenic. Here 
we describe some pathologies where NETs play a role.

CF. CF is the most common severe inherited disease 
among people of European origin. CF patients produce large 
quantities of a tenacious mucus that facilitates colonization of 
the lungs with bacteria like S. aureus, Haemophilus influenzae, 
and Pseudomonas aeruginosa. The CF patients suffer from 
a persistent neutrophilrich inflammation that destroys their 
lungs. Recently, it was found that NETs are present in sputum 
from CF patients (Manzenreiter et al., 2012). The abundance of 
NETs, and specifically their chromatin backbone, contributes to 
the viscosity of CF sputum. Indeed, CF patients are palliatively 
treated with recombinant DNase to liquefy the sputum and fa
cilitate mucociliar clearance. During this process, NE is released 
from NETs and is thought to induce tissue damage. NE might play 
a paradoxical role and also be beneficial for the patient because 
this enzyme processes core histones, relaxes chromatin, and flu
idizes the sputum (Papayannopoulos et al., 2011), which may 
explain the failure of NE inhibitors in the clinics.

Preeclampsia. Preeclampsia is a late pregnancy dis
order affecting between 5 and 7% of pregnant women. It is char
acterized by hypertension and proteinuria. Often, acute kidney 
and liver failure as well as hemolysis are life threatening for the 
mother, whereas the fetus can suffer severe hypoxia. The outer
most layer of the placenta, the trophoblast, is a multinucleated 
syncytium covered with numerous microvilli. It continuously 
sheds membranous particles of various sizes. In vitro, these par
ticles induce NETs. For unknown reasons, in preeclamptic but 
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Pathogenic bacteria have evolved surface nucleases that detach 
them from the NETs to permit dissemination, as is the case with 
group A Streptococci (Buchanan et al., 2006) and pneumococci 
(Beiter et al., 2006). This was further, and elegantly, shown by 
the dependence on selection for a DNase for the global dissemi
nation of a hypervirulent strain of invasive group A Streptococcus 
(Walker et al., 2007).

On the host side, the principal components of NETs—
DNA and histones—are ancient. These two are shared between 
archea and eukaryotes. In humans, extracellular traps are not 
exclusive to neutrophils; mast cells (von KöckritzBlickwede 
et al., 2008) also release their chromatin decorated with cyto
plasmic proteins. Neutrophils and neutrophillike cells of mam
mals, fish (Palić et al., 2007a,b), and birds (Chuammitri et al., 
2009) make NETs through similar mechanisms. Even moths 
react to extracellular nucleic acids in a way reminiscent of 
NETs, but these structures have an RNA backbone (Altincicek  
et al., 2008). Surprisingly, upon infection, specialized cells 
in the surface of a plant’s root release their chromatin in  
a process that requires production of ROS (Hawes et al., 2011). 
These NETlike structures have a defense function, as degrad
ing them with DNases makes the plant more susceptible to  
fungal infections.

These examples from the plant and animal kingdoms 
suggest that chromatin evolved with two functions: first to or
ganize large pieces of DNA and second to be used as a weapon 
to defend the integrity of genomes. Chromatin is regarded 
as the safeguard and regulator of genetic information. NETs 
could be one of the configurations where chromatin is used in 
defense. The expulsion of chromatin as a weapon might well 
be an ancient tool conserved in evolution in the form of extra
cellular traps (ETs). Exploring how ETs are made and testing  
their relevance in sickness and in health could enhance our  
understanding of this novel aspect of immunity. ETs could, on 
the host side, help organisms survive in an environment where 
predation and parasitism by microbes are a threat. However, 
ETs drive the evolutionary selection of more pathogenic strains  
of microorganisms.

Online supplemental material
Two supplemental videos are available at http://www.jcb 
.org/cgi/content/full/jcb.201203170/DC1.
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