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Abstract

Extracellular DNA traps are part of the innate immune response and are seen

with many infectious, allergic, and autoimmune diseases. They can be generated

by several different leukocytes, including neutrophils, eosinophils, and monocytes,

as well as mast cells. Here, we review the composition of these extracellular

DNA-containing structures as well as potential mechanisms for their production

and function. In general, extracellular DNA traps have been described as binding

to and killing pathogens, particularly bacteria, fungi, but also parasites. On the

other hand, it is possible that DNA traps contribute to immunopathology in

chronic inflammatory diseases, such as bronchial asthma. In addition, it has been

demonstrated that they can initiate and/or potentiate autoimmune diseases.

Extracellular DNA traps represent a frequently observed phenomenon in inflam-

matory diseases, and they appear to participate in the cross-talk between different

immune cells. These new insights into the pathogenesis of inflammatory diseases

may open new avenues for targeted therapies.

The formation of extracellular DNA traps has been reported

as an efficient mechanism in host defense used by neutrophils

(1), eosinophils (2), mast cells (3), and monocytes (4). These

cells of the innate immune system play important roles in

fighting against infections, particularly at barrier sites, where

the organism comes in contact with the environment. Extra-

cellular DNA traps have been shown to be able to bind and

to kill bacteria (1–4) and fungi (5–7) in the extracellular

space, but may also contribute to immunopathology (1, 2) or

even cause autoimmunity (8–10). It should be noted that

extracellular DNA-containing structures have also been

described in plants, protecting the root tips against infections

(11). The observations in plants support the concept that

DNA, besides its function in maintaining and providing

genetic information, can play an additional role in the innate

immune system that is conserved from the plants via insects,

various vertebrates to man (Fig. 1) (reviewed in 12).

This article summarizes recent findings regarding the

molecular composition of extracellular DNA traps, discusses

some controversial issues regarding the origin of DNA fibers

and the requirements for their release, and reviews the obser-

vations on these structures in diseased tissues and organs.

We focus mainly on data obtained in human and mouse sys-
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tems. We will first discuss the different cell types and the

molecular mechanisms leading to extracellular DNA trap

formation. In the second part of this work, we will summa-

rize our current knowledge regarding the presence and func-

tion of these newly discovered extracellular structures under

pathological, particularly inflammatory, conditions.

Neutrophil extracellular traps

Activated neutrophils can form protrusions and prominent

extracellular fibrous structures, called neutrophil extracellular

traps (NETs) (1). NETs are composed of DNA and contain

proteins from azurophilic (primary), specific (secondary), and

tertiary granules (1, 13). Interestingly, NETs also contain

histones (1), which exhibit strong antibacterial effects (14).

Myeloperoxidase (MPO) has been reported to exhibit a dual

function in NET formation: It is required for NET formation

and mediates a direct antibacterial activity within the NETs

(15, 16).

Several observations suggest that NETs are a result of an

active process performed by viable neutrophils: First, motile

neutrophils generate NETs (17). Second, neutrophil survival

factors, such as GM-CSF, interferons, IL-8, C5a, and LPS,

stimulate NET formation (1, 17, 18). Third, NET formation

is rather rapid and occurs much earlier than any regulated

cell death process (NETs can be produced within 5–10 min

after activation) (1, 17–19). Fourth, the ejection of DNA

appears to require energy (17). Fifth, cytoplasmic markers

other than granule proteins are not found within NETs (1,

17). Indeed, NETs were formed by viable neutrophils both

under in vitro and in vivo conditions (17, 19, 20). However,

the current opinion held by most investigators is that the

DNA release process requires the cell death of neutrophils

(21). This type of cell death (as required for NET formation)

has been called NETosis as it is believed that it must differ

from both apoptosis and necrosis (22). Unfortunately, this

concept is largely based on observations made using PMA-

stimulated neutrophils without careful time-dependent analy-

sis of NET formation and death-related events. In addition,

live-cell microscopic analysis revealed diffuse DNA release

from neutrophils after PMA stimulation alone, and the

generation of DNA-containing fibers was not demonstrated

(21). Furthermore, the time window between potential NET

formation and cell death following PMA stimulation is rather

small, explaining, at least partially, why the concept of

NETosis which has evolved might be misleading. Taken

together, the observations show that NETs can be formed by

viable neutrophils. Cell death may subsequently occur, but

has never been convincingly demonstrated as being a requi-

site for NET formation. Some authors use the term ‘NETo-

sis’ to describe the process of NET formation that, however,

does not seem to add more clarity in the nomenclature

regarding potential mechanisms of DNA release.

Other controversial findings previously reported are related

to the origin of the DNA found within NETs. Clearly, if cell

death is hypothesized as a requirement for DNA release, one

would assume that NETs consist of nuclear DNA following

disintegration of nuclei. However, by a combination of micro-

scopic and molecular biological techniques, it has been demon-

strated that NET-DNA is of mitochondrial origin (17).

Recently, another rapid mechanism of DNA release was

reported that involves vesicles containing nuclear DNA but

without cell death (19). Regardless of its origin, the DNA within

the NETs, although itself unlikely to be toxic, appears to be

essential for extracellular killing of bacteria (1, 17). Moreover,

nicotinamide adenine dinucleotide phosphate (NADPH) oxi-

dase activity was required for DNA release, as has been demon-

strated by pharmacological and genetic approaches (1, 17).

Neutrophils had to be sufficiently mature in order to express the

required machinery for transmembrane signaling events (18).

Eosinophil extracellular traps

Eosinophils are found in hematopoietic and lymphatic organs

as well as in the gastrointestinal tract, where they physiologi-

cally reside in the stomach, small intestine, and colon in man

(23). Eosinophils are believed to be involved in host defense

against helminth and bacterial infection, particularly by releas-

ing cationic granule proteins (24). In addition, eosinophils

have been demonstrated to express multiple cytokines under

in vivo conditions, suggesting that they play important immu-

noregulatory roles (25). Recently, eosinophils were reported

to be able to kill bacteria in the extracellular space by releas-

ing mitochondrial DNA together with granule proteins to

form net-like structures called eosinophil extracellular traps

(EETs) (2). Colocalization of released DNA with granule

proteins, such as eosinophil cationic protein (ECP) and major

basic protein (MBP), has been observed both in vitro and in

vivo (2, 26–28). As shown with pharmacological blocking

experiments, the underlying intracellular mechanisms leading

to ejection of mitochondrial DNA on the one hand and

piecemeal degranulation of granule proteins on the other

seem to be at least partially different (2).

Isolated eosinophils require priming with either IL-5 or

IFN-gamma and subsequent brief stimulation with lipopoly-

saccharide (LPS), eotaxin, or complement factor 5a (C5a) for

EET formation (2). Recently, it has been reported that

Figure 1 Cells and the triggers (animal: red, plant: green) needed

to produce extracellular DNA traps.
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thymic stromal lymphopoietin (TSLP) and Staphylococcus

aureus serve as strong stimuli for EET generation in the

context of eosinophil adhesion (29). Like NETs, EETs and

their ability to kill bacteria could be destroyed by deoxyribo-

nuclease (DNase) (2). Evidence that mitochondrial and not

nuclear DNA is released by eosinophils was obtained from

live-cell imaging analyses showing that the DNA was derived

from extranuclear cell structures, as well as from several

molecular biological techniques (2). The DNA release took

place in viable eosinophils in a catapult-like manner in less

than 1 s. Neither in tissue nor in isolated blood eosinophils

was EET production seen in association with eosinophil cell

death, suggesting that the release of mitochondrial DNA and

granule proteins is an active process by viable cells (2, 29).

Mast cell extracellular traps

Mast cells are tissue-dwelling cells found at various surfaces of

the body, such as skin and mucosa of the respiratory and gas-

trointestinal tract. They have been recognized as effector cells

in IgE-mediated allergic diseases (29), and in addition, there is

increasing evidence that mast cells play a role in innate

immune defense (30). For instance, mast cells were able to kill

opsonized bacteria upon binding to complement or IgG Fc

receptors, and endocytosis was observed via both oxidative

and nonoxidative pathways (30). Furthermore, it has been

reported that mast cells prestore and release pro-inflammatory

cytokines and compounds with antimicrobial activity from

their granules upon contact with pathogens (30). Like eosin-

ophils and neutrophils that are able to form EETs and NETs,

respectively, mast cells also generate extracellular structures

composed of DNA and granule proteins such as cathelicidin

LL-37 and tryptase (3) that have been called mast cell extracel-

lular traps (MCET). The bacteria were shown to be entrapped

by MCETs, and, as with NETs and EETs, digestion of the

DNA within MCETs by DNase abolished the extracellular

bacterial killing effect (3). MCET formation was NADPH

oxidase dependent and occurred within 15 min after exposure

of mast cells to Staphylococcus pyogenes. If the exposure to

S. pyogenes was prolonged over hours, some mast cell death

occurred and MCETs acquired histone proteins in addition to

DNA and granule proteins (3).

Monocyte extracellular traps

Monocytes are active innate immune effector cells responding

to pathogenic organisms in the blood, mucosal surfaces, and

tissues (31). They produce inflammatory cytokines and are

able to take up cells and toxic molecules (30). During inflam-

mation, they may differentiate to macrophages or dendritic

cells (31). Following phagocytosis, monocytes rapidly die,

undergoing either classical apoptosis or nonapoptotic cell

death depending on the type of bacteria to which they had

been exposed (4). In response to Escherichia coli or Klebsiella

pneumoniae, monocytes were observed to form extracellular

DNA traps within 1 h postexposure (4). These structures

were shown to contain histones in addition to DNA (4).

Furthermore, DNA release was associated with caspase-1

activation; its pharmacological inhibition significantly

reduced the number of monocytes releasing DNA (4). It

should be noted that extracellular DNA release in association

with histones and cathelicidins from PMA-stimulated RAW

264.7 macrophages has also been reported (32). Recently, it

was shown that bovine macrophages can produce DNA traps

upon stimulation with Mannheimia haemolytica bacteria (33).

Extracellular DNA traps in infectious diseases

Extracellular DNA trap formation has been related to host

defense in both animals and plants (Fig. 2). Gram-positive and

gram-negative bacteria have been demonstrated entrapped by

the extracellular DNA structures generated by neutrophils (1),

eosinophils (2), mast cells (3), monocytes (4), and plant root

tips (11). Attacking and killing bacteria require both DNA and

antimicrobial proteins, as either disintegrating the traps with

DNase or blocking of antimicrobial proteins abolished the

bactericidal activity (1–3). The first evidence that extracellular

DNA traps play a role in vivo came from the observation that

NETs could be detected during Shigella infection of rabbits as

well as in spontaneous human appendicitis (1). In addition,

EETs were shown to be present in the gut of patients suffering

from Spirochetosis or Schistosoma infection (2). EETs were

also present in infectious skin diseases, such as creeping disease

and scabies (26). It has been hypothesized that the formation

of extracellular DNA structures allows a targeted delivery of

antimicrobial components to the invading pathogens and/or

limits local immunopathology (1, 2).

Besides such descriptive data, functional observations dem-

onstrating antibacterial activity of extracellular DNA traps

have also been reported using experimental in vivo models.

For instance, in experimental sepsis, it could be shown that

TLR4-activated platelets induce platelet–neutrophil interac-

tions, resulting in NET formation in blood vessels, especially

in liver sinusoids and pulmonary capillaries. These NETs

were able to entrap gram-negative bacteria (20). On the other

hand, in this sepsis model, platelet-mediated NET formation

was associated with increased endothelial and tissue damage,

suggesting that NETs might also be relevant for multiorgan

dysfunction in sepsis patients (20). The antibacterial role of

eosinophils in association with EET formation has been dem-

onstrated in IL-5-transgenic mice (2).

The formation of extracellular DNA traps appears to be

particularly important for the defense against pathogens that

are too large to be phagocytosed, such as fungi, for example

Candida albicans or Nectria haematococca (5, 11). Moreover,

Figure 2 Potential roles of extracellular traps in host defense.
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in a mouse model of infection with the protozoon Toxoplama

gondii, NETs have been demonstrated to limit parasitic infec-

tion (34). In addition, Leishmania promastigotes induced

NETs, which subsequently captured and killed the pathogen,

a mechanism that seems to be important in human cutaneous

Leishmania infections (35).

In subgroups of patients with immune deficiencies, defects

in the production of extracellular DNA traps have been iden-

tified. Neutrophils from patients completely deficient in MPO

were unable to produce NETs and, thus, failed to inhibit Can-

dida albicans growth (15). In addition, both neutrophils and

eosinophils from patients with chronic granulomatous disease

(CGD) were unable to generate extracellular DNA traps due

to an impaired NADPH oxidase function (2, 17, 21). Follow-

ing gene therapy for CGD, the ability of neutrophils to pro-

duce NETs was restored, resulting in rapid cure of a patient

suffering from invasive aspergillosis (36). Moreover, the pro-

tective effect of statins on pneumonia infections was found to

be due to enhanced NET formation, resulting in efficient bac-

terial clearance (32). Sputum of patients with cystic fibrosis

contains abundant NETs (37). Nuclease therapy leads to

degradation of DNA structures and subsequent increase in

neutrophil elastase proteolytic activity (37).

Meanwhile, a number of mechanisms allowing bacteria to

escape DNA trapping have been recognized. For instance,

the DNases of invasive group A staphylococci and pneumo-

cocci (Streptococcus pneumonia) are able to degrade the extra-

cellular DNA and thereby destroy NETs, resulting in severe

infection, such as necrotizing fasciitis and pneumonia, respec-

tively (38–40).

Extracellular DNA traps in allergic diseases

In the pathogenesis of allergic diseases, eosinophils play an

important role, as they are known to release a broad spectrum

of cytokines and mediators that may lead to tissue damage,

enhancement of inflammation, and remodeling (25). Eosinoph-

ils are frequently found in asthmatic airways and the numbers

increase upon allergen challenge and asthma exacerbations

(41). In one subgroup of asthma patients, a predominantly neu-

trophil inflammation was observed (41). Recently, the question

has been addressed, whether eosinophils and neutrophils infil-

trating the airways produce extracellular DNA traps in human

asthmatics (27). In bronchial biopsies taken from allergic asth-

matics, the number of EETs consisting of DNA and colocaliz-

ing MPB correlated with the number of infiltrating eosinophils

(27). In patients with a high number of infiltrating neutrophils,

formation of NETs was observed (27). Interestingly, allergen

challenge was not followed by a detectable increase in extracel-

lular eosinophil or neutrophil DNA trap formation. What

might be the function of EETs and NETs in asthma? Clearly,

DNA traps might be produced as efficient tools to fight against

infectious agents potentially invading bronchi after epithelial

cell damage. On the other hand, it is still possible that the

DNA traps themselves contribute to the epithelial cell damage

characteristic for asthma. Finally, a DNA trap–mediated mech-

anism programmed to limit tissue damage, for example by

preventing the wide distribution of cytotoxic proteins, can also

not be excluded. Thus, currently, the role of EETs and NETs

in asthma remains unclear.

Besides asthma, EETs have also been detected in acute ato-

pic dermatitis, allergic contact dermatitis, and drug hypersensi-

tivity reactions using immunofluorescence staining techniques

and subsequent confocal microscopic analysis of biopsy speci-

mens (26). Z-stack analysis of the slides revealed the three-

dimensional structures of EETs composed of DNA and ECPs

in eosinophilic skin tissues (26). Although the overall number

of eosinophils producing EETs in these tissues was rather

small, aggregates of EETs around clusters of eosinophils have

been detected, for example in allergic contact dermatitis, where

up to 30% of eosinophils had carried out EET formation (26).

Similar to the situation with asthma, at present, we can only

speculate on the pathogenic role of these EETs in allergic skin

diseases. Evidence that EETs might cause tissue damage was

obtained by an observation made in bullous pemphigoid, an

autoimmune skin disease with subepidermal blister formation.

In prebullous stages, EET-producing eosinophils were seen

lining up along the cells of the dermal–epidermal junction. In

the epidermis covering these areas, the basal cell layer showed

signs of apoptosis. These findings suggest that the EETs might

contribute to blister formation (26). Moreover, the presence of

EETs in bullous delayed pressure urticaria also points to the

possibility that EETs participate in blister formation (28).

Extracellular DNA traps in autoimmune diseases

Psoriasis is considered an autoimmune disease exhibiting a pre-

dominantly pathogenic role of IL-17 and IL-23 (42). Among

the inflammatory cells, increased numbers of mast cells are

present in the papillary dermis. Neutrophils infiltrate both der-

mis and epidermis, where they form microabscesses. Recently,

it has been reported that both neutrophils and mast cells pro-

duce extracellular DNA traps, containing MPO or tryptase

and chymase, respectively (43). Interestingly, both cell types

also released IL-17, which seemed partially to associate with

the DNA-containing fibers of the traps. When skin explants

were treated with IL-1beta, IL-23, or both for 3 days, degranu-

lating and MCET-producing mast cells were observed (43).

Although the functional role of the extracellular DNA traps

released in association with IL-17 in psoriasis remains to be

investigated, it is possible that the antimicrobial peptide LL-37

converts the DNA of the traps into a potent activator of plas-

macytoid dendritic cells to produce IFN-alpha via Toll-like

receptor (TLR) 9 activation (44), thus contributing to the

predominantly Th1 differentiation in this disease (Fig. 3).

Systemic lupus erythematosus (SLE) is a life-threatening

autoimmune disease affecting multiple organs, such as kid-

ney, blood, and brain (45). Characteristic immunological

features of SLE are the autoantibody production by B cells

against nuclear self-antigens, for example, DNA and histones,

immune complex formation, as well as chronic activation

of plasmacytoid dendritic cells (pDC) (46). Furthermore, a

deficiency in the clearance of apoptotic cells, which leak

autoantigens and consequently stimulate autoantibody

production, has been recognized as the crucial pathogenic

mechanism (47). Furthermore, it has become evident that

© 2013 John Wiley & Sons A/S. Published by Blackwell Publishing Ltd
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NETs provide the link between autoantigen release, pDC, B

cells, and autoantibodies in SLE (10, 44). Upon priming with

type I interferons and exposure to autoantibodies, for exam-

ple antiribonucleoprotein antibody, neutrophils produced

NETs (10). As has been shown for psoriasis (44), LL-37 was

essential for the TLR9-mediated activation of pDC by self-

DNA to release IFN-alpha (10). NET components may also

activate B cells via B-cell receptor and TLR9 to produce

autoantibodies against DNA and LL-37 (44). Anti-DNA as

well as anti-LL-37 autoantibodies can be abundantly detected

in the blood of SLE patients (44). Moreover, these autoanti-

bodies may bind to DNA and LL-37 in NETs forming anti-

body-DNA/LL-37-complexes that can be recognized by both

pDC and B cells and thus further perpetuate an autoimmune

inflammation (10) (Fig. 4).

In addition to the increased formation of NETs (48), an

impaired degradation of NETs has been observed in SLE

patients in association with a kidney involvement that may

contribute to the presentation of self-antigens (49). The defi-

ciency in NET clearance is due to either inhibitors or anti-

bodies that protect NETs from DNase 1, which is

responsible for NET degradation (49).

Extracellular DNA traps promote vasculitis and

thrombosis

Evidence that NETs can damage the endothelium of blood

vessels and thus contribute to disease pathogenesis came

from research with sepsis (20) and SLE (46). In vitro experi-

ments demonstrated that activated endothelial cells can

directly stimulate neutrophils to generate NETs (50). After

prolonged coculture with neutrophils, the endothelial cells

underwent cell death, which could be prevented by DNase,

suggesting that the endothelial cell injury is mediated by

NETs (50). Antineutrophil cytoplasm antibodies (ANCA) are

the characteristic clinical findings correlating with disease

activity in patients with small vessel vasculitis (51). ANCA

are directed against the granule proteins of neutrophils, such

as proteinase-3 (PR3) and MPO, and they may activate

primed neutrophils to release lytic enzymes and ROS, leading

to detachment and lysis of endothelial cells (51). Recently, it

has been reported that ANCA stimulate the formation of

NETs (8). In agreement with previous observations that

LL-37 may convert self-DNA into an activator of pDC (44),

an increased local IFN-alpha production in kidney biopsy

specimens from patients with active SLE has been observed

(8). Moreover, infiltration of neutrophils was associated with

NETs containing PR3, MPO, and LL-37 (8).

As discussed earlier, NETs can be formed by platelet–
neutrophil interactions in vessels (19). On the other hand,

NETs have been shown to play a pathogenic role in throm-

bus formation, an observation that might explain the link

between thrombosis and infection (Fig. 5). In experimental

models of deep vein thrombosis, extracellular DNA was

observed in association with histones (52, 53); thus, a key

role for NETs in thrombus formation was postulated (54).

Infusion with DNase protected mice from thrombosis (53).

NETs perfused with blood promoted platelet adhesion and

aggregation, recruited red blood cells into the web, and

bound plasma proteins that are important for thrombus sta-

bility (52). In case of blood stasis, monocytes and neutroph-

Figure 3 Extracellular DNA traps activate plasmacytoid dendritic

cells (pDC). Upon keratinocyte injury, neutrophils and mast cells

are activated, resulting in IL-17 release and extracellular DNA trap

formation. IL-17 leads to LL-37 production by keratinocytes that,

together with the extracellular DNA, is able to stimulate pDC via

TLR9 to secrete IFN-a. Such a mechanism has been inferred in the

pathogenesis of psoriasis.

Figure 4 Neutrophil extracellular traps (NETs) maintain autoim-

mune inflammation. Extracellular DNA together with LL-37 stimu-

lates pDC to release IFN-a, thus priming neutrophils for NET

production. NETs contain besides DNA several granule proteins

such as LL-37, MPO, and PR3. The granule proteins may activate

B cells via the B-cell receptor (BCR) to produce autoantibodies,

whereas the DNA in association with LL-37 is able to stimulate

pDCs and B cells via TLR9. Autoantibodies produced by B cells

might further activate neutrophils to produce NETs and, addition-

ally, to bind to NETs. The resulting immune complexes may then

contribute to pDC and B-cell activation. Such a pathogenic scenario

has been implicated in SLE.

© 2013 John Wiley & Sons A/S. Published by Blackwell Publishing Ltd
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ils adhere to venous endothelial cells and release tissue fac-

tor (TF), resulting in intraluminal fibrin formation. Neu-

trophils present in the thrombi bind and activate factor XII

by generating NETs composed of DNA, MPO, neutrophil

elastase, histones, and, notably, disulfide isomerase, an

enzyme that activates factor XII (54). Furthermore, platelets

not only supported leukocyte recruitment, but also stimu-

lated NET formation, resulting in factor XII-dependent

coagulation (54). Interestingly, heparin was shown to exhibit

antithrombotic activity by reducing NET formation (54) in

addition to its action on NET degradation (52). As throm-

botic microangiopathy associated with degranulated eosin-

ophils has been observed in patients with hypereosinophilic

syndromes (55, 56), one can speculate that EETs may also

contribute to the thrombus formation.

Conclusions and future directions

The production of extracellular DNA traps is part of the

innate immune response, which is known to exert both bene-

ficial and unwanted effects on the host. Therefore, under con-

ditions of chronic inflammatory responses, it might make

sense to prevent the formation of DNA traps in order to

interrupt the inflammatory cascade, thus blocking associated

diseases such as thrombosis. On the other hand, extracellular

DNA traps are very efficient tools to bind and kill patho-

gens, and a general therapeutic inhibition of their production

might cause a severe immunodeficiency.

Several research questions appear to be open. For example,

what are the molecular mechanisms of DNA release? This

question also includes the question of the origin of the DNA:

Is it mitochondrial or nuclear DNA or both? Under which

conditions does cell death play a role (if any)? Are there

additional cell types able to produce extracellular DNA

traps? Moreover, other potential physiological agonists are

clearly of further interest. What is the overall contribution to

antimicrobial defense by extracellular DNA traps? Do extra-

cellular DNA traps play a role in cancer? These are just some

of the obvious questions, which will hopefully be answered in

the near future.

Acknowledgment

The authors’ laboratories are supported by the Swiss

National Science Foundation (to SY and HUS) and OPO

Foundation, Zurich (to DS).

Conflict of interest

The authors declare no conflict of interest related to this

manuscript.

References

1. Brinkmann V, Reichard U, Goosmann C,

Fauler B, Uhlemann Y, Weiss DS et al.

Neutrophil extracellular traps kill bacteria.

Science 2004;303:1532–1535.

2. Yousefi S, Gold JA, Andina N, Lee JJ,

Kelly AM, Kozlowski E et al. Catapult-like

release of mitochondrial DNA by eosinoph-

ils contributes to antibacterial defense. Nat

Med 2008;14:949–953.

3. von K€ockritz-Blickwede M, Goldmann O,

Thulin P, Heinemann K, Norrby-Teglund A,

Rohde M et al. Phagocytosis-independent

antimicrobial activity of mast cells by means

of extracellular trap formation. Blood

2008;111:3070–3080.

4. Webster SJ, Daigneault M, Bewley MA,

Preston JA, Marriott HM, Walmsley SR

et al. Distinct cell death programs in mono-

cytes regulate innate responses following

challenge with common causes of invasive

bacterial disease. J Immunol 2010;185:

2968–2979.

5. Urban CF, Reichard U, Brinkmann V,

Zychlinsky A. Neutrophil extracellular traps

capture and kill Candida albicans yeast and

hyphal forms. Cell Microbiol 2006;8:

668–676.

6. Bruns S, Kniemeyer O, Hasenberg M,

Aimanianda V, Nietzsche S, Thywissen A

et al. Production of extracellular traps

against Aspergillus fumigatus in vitro and in

infected lung tissue is dependent on invad-

ing neutrophils and influenced by

hydrophobin RodA. PLoS Pathog 2010;6:

e1000873.

7. McCormick A, Heesemann L, Wagener J,

Marcos V, Hartl D, Loeffler J et al. NETs

formed by human neutrophils inhibit growth

of the pathogenic mold Aspergillus fumiga-

tus. Microbes Infect 2010;12:928–936.

8. Kessenbrock K, Krumbholz M, Sch€oner-

marck U, Back W, Gross WL, Werb Z

et al. Netting neutrophils in autoimmune

small-vessel vasculitis. Nat Med 2009;15:623

–625.

9. Lande R, Ganguly D, Facchinetti V, Frasca

L, Conrad C, Gregorio J et al. Neutrophils

activate plasmacytoid dendritic cells by

releasing self-DNA-peptide complexes in

systemic lupus erythematosus. Sci Transl

Med 2011;3:73ra19.

10. Garcia-Romo GS, Caielli S, Vega B,

Connolly J, Allantaz F, Xu Z et al. Netting

neutrophils are major inducers of type I IFN

production in pediatric systemic lupus

erythematosus. Sci Transl Med

2011;3:73ra20.

Figure 5 Neutrophil extracellular traps (NETs) link infections with

thrombosis. In sepsis, platelets recognize LPS via TLR4 and acti-

vate neutrophils to generate NETs associated with tissue factor

(TF). This is followed by damage of endothelial cells, which further-

more release TF causing additional thrombocyte activation. The

NETs activate factor XII (F XII)-dependent coagulation, resulting in

intravascular thrombus formation. Therefore, NETs not only kill

microbes, but also seem to be involved in endothelial injury and

thrombus formation. NET-induced thrombosis may play a role in

the pathogenesis of sepsis, but also in any other pathological

condition associated with reduced blood flow.

© 2013 John Wiley & Sons A/S. Published by Blackwell Publishing Ltd

DNA traps in inflammation Simon et al.



11. Wen F, White GJ, VanEtten HD, Xiong Z,

Hawes MC. Extracellular DNA is required

for root tip resistance to fungal infection.

Plant Physiol 2009;151:820–829.

12. Kaplan MJ, Radic M. neutrophil extracellu-

lar traps: double-edged swords of innate

immunity. J Immunol 2012;189:2689–2695.

13. Jaillon S, Peri G, Delneste Y, Fr�emaux I,

Doni A, Moalli F et al. The humoral pattern

recognition receptor PTX3 is stored in neu-

trophil granules and localizes in extracellular

traps. J Exp Med 2007;204:793–804.

14. Hirsch JG. Bactericidal action of histones.

J Exp Med 1958;108:925–944.

15. 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;117:953–959.

16. Parker H, Albrett AM, Kettle AJ, Winterbo-

urn CC. Myeloperoxidase associated with

neutrophil extracellular traps is active and

mediates bacterial killing in the presence of

hydrogen peroxide. J Leukoc Biol

2012;91:369–376.

17. Yousefi S, Mihalache C, Kozlowski E, Sch-

mid I, Simon HU. Viable neutrophils release

mitochondrial DNA to form neutrophil

extracellular traps. Cell Death Differ

2009;16:1438–1444.

18. Martinelli S, Urosevic M, Daryadel A, Ober-

holzer PA, Baumann C, Fey MF et al.

Induction of genes mediating interferon-

dependent extracellular trap formation dur-

ing neutrophil differentiation. J Biol Chem

2004;279:44123–44132.

19. Pilsczek FH, Salina D, Poon KK, Fahey C,

Yipp BG, Sibley CD et al. A novel mecha-

nism of rapid nuclear neutrophil extracellu-

lar trap formation in response to

Staphylococcus aureus. J Immunol

2010;185:7413–7425.

20. Clark SR, Ma AC, Tavener SA, McDonald

B, Goodarzi Z, Kelly MM et al. Platelet

TLR4 activates neutrophil extracellular traps

to ensnare bacteria in septic blood. Nat Med

2007;13:463–469.

21. 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;176:231–241.

22. Steinberg BE, Grinstein S. Unconventional

roles of the NADPH oxidase: signaling, ion

homeostasis, and cell death. Sci STKE

2007;379:pe11.

23. Straumann A, Simon HU. The physiological

and pathophysiological roles of eosinophils

in the gastrointestinal tract. Allergy

2004;59:15–25.

24. Klion AD, Nutman TB. The role of eosin-

ophils in host defense against helminth

parasites. J Allergy Clin Immunol 2004;113:

30–37.

25. Roth N, St€adler S, Lemann M, H€osli S,

Simon HU, Simon D. Distinct eosinophil

cytokine expression patterns in skin diseases

– the possible existence of functionally dif-

ferent eosinophil subpopulations. Allergy

2011;66:1477–1486.

26. Simon D, Hoesli S, Roth N, Staedler S,

Yousefi S, Simon HU. Eosinophil extracellu-

lar DNA traps in skin diseases. J Allergy

Clin Immunol 2011;127:194–199.

27. Dworski R, Simon HU, Hoskins A, Yousefi

S. Eosinophil and neutrophil extracellular

DNA traps in human allergic asthmatic air-

ways. J Allergy Clin Immunol 2011;127:1260

–1266.

28. Kerstan A, Simon HU, Yousefi S, Leverkus

M. Extensive accumulation of eosinophil

extracellular traps in bullous delayed-pres-

sure urticaria: a pathophysiological link? Br

J Dermatol 2012;166:1151–1152.

29. Morshed M, Yousefi S, St€ockle C, Simon

HU, Simon D. Thymic stromal lymphopoie-

tin stimulates the formation of eosinophil

extracellular traps. Allergy 2012;67:1127–

1137.

30. Hofmann AM, Abraham SN. New roles for

mast cells in modulating allergic reactions

and immunity against pathogens. Curr Opin

Immunol 2009;21:679–686.

31. Geissmann F, Manz MG, Jung S, Sieweke

MH, Merad M, Ley K. Development of

monocytes, macrophages, and dendritic cells.

Science 2010;327:656–661.

32. Chow OA, von K€ockritz-Blickwede M,

Bright AT, Hensler ME, Zinkernagel AS,

Cogen AL et al. Statins enhance formation

of phagocyte extracellular traps. Cell Host

Microbe 2010;8:445–454.

33. Aulik NA, Hellenbrand KM, Czuprynski

CJ. Mannheimia haemolytica and its leuko-

toxin cause macrophage extracellular trap

formation by bovine macrophages. Infect

Immun 2012;80:1923–1933.

34. Abi Abdallah DS, Lin C, Ball CJ, King

MR, Duhamel GE, Denkers EY. Toxo-

plasma gondii triggers release of human and

mouse neutrophil extracellular traps. Infect

Immun 2012;80:768–777.

35. Guimar~aes-Costa AB, Nascimento MT,

Froment GS, Soares RP, Morgado FN,

Conceic�~ao-Silva F et al. Leishmania amazon-

ensis promastigotes induce and are killed by

neutrophil extracellular traps. Proc Natl

Acad Sci USA 2009;106:6748–6753.

36. Bianchi M, Hakkim A, Brinkmann V, Siler

U, Seger RA, Zychlinsky A et al. Restora-

tion of NET formation by gene therapy in

CGD controls aspergillosis. Blood

2009;114:2619–2622.

37. Papayannopoulos V, Staab D, Zychlinsky A.

Neutrophil elastase enhances solubilization

in cystic fibrosis patients receiving DNase

therapy. Plos One 2011;6:e28526.

38. Buchanan JT, Simpson AJ, Aziz RK, Liu

GY, Kristian SA, Kotb M et al. DNase

expression allows the pathogen group A

Streptococcus to escape killing in neutrophil

extracellular traps. Curr Biol 2006;16:

396–400.

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:

401–407.

40. Berends ET, Horswill AR, Haste NM,

Monestier M, Nizet V, von K€ockritz-Blickw-

ede M. Nuclease expression by Staphylococ-

cus aureus facilitates escape from neutrophil

extracellular traps. J Innate Immun

2010;2:576–586.

41. Agache I, Akdis C, Jutel M, Virchow JC.

Untangling asthma phenotypes and endo-

types. Allergy 2012;67:835–846.

42. Di Cesare A, Di Meglio P, Nestle FO. The

IL-23/Th17 axis in the immunopathogenesis

of psoriasis. J Invest Dermatol 2009;129:

1339–1350.

43. Lin AM, Rubin CJ, Khandpur R, Wang JY,

Riblett M, Yalavarthi S et al. Mast cells and

neutrophils release IL-17 through extracellu-

lar trap formation in psoriasis. J Immunol

2011;187:490–500.

44. Lande R, Gregorio J, Facchinetti V, Chat-

terjee B, Wang YH, Homey B et al. Plasma-

cytoid dendritic cells sense self-DNA

coupled with antimicrobial peptide. Nature

2007;449:564–569.

45. Tsokos GC. Systemic lupus erythematosus.

N Engl J Med 2011;365:2110–2121.

46. Bosch X. Systemic lupus erythematosus and

the neutrophil. N Engl J Med 2011;365:

758–760.

47. Mu~noz LE, Janko C, Schulze C, Schorn C,

Sarter K, Schett G et al. Autoimmunity and

chronic inflammation – two clearance-related

steps in the etiopathogenesis of SLE.

Autoimmun Rev 2010;10:38–42.

48. Villanueva E, Yalavarthi S, Berthier CC,

Hodgin JB, Khandpur R, Lin AM et al.

Netting neutrophils induce endothelial dam-

age, infiltrate tissues, and expose immuno-

stimulatory molecules in systemic lupus

erythematosus. J Immunol 2011;187:538–

552.

49. Hakkim A, F€urnrohr BG, Amann K, Laube

B, Abed UA, Brinkmann V et al. Impair-

ment of neutrophil extracellular trap degra-

dation is associated with lupus nephritis.

Proc Natl Acad Sci USA 2010;107:

9813–9818.

50. 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;584:3193–1937.

© 2013 John Wiley & Sons A/S. Published by Blackwell Publishing Ltd

Simon et al. DNA traps in inflammation



51. Kallenberg CG. Pathogenesis of ANCA-

associated vasculitides. Ann Rheum Dis

2011;70(Suppl 1):i59–i63.

52. Fuchs TA, Brill A, Duerschmied D, Schatzberg

D, Monestier M, Myers DD Jr et al. Extracel-

lular DNA traps promote thrombosis. Proc

Natl Acad Sci USA 2010;107:15880–15885.

53. Brill A, Fuchs TA, Savchenko A, Thomas

GM, Martinod K, De Meyer SF et al. Neu-

trophil extracellular traps promote deep vein

thrombosis in mice. J Thromb Haemost

2012;10:136–144.

54. von Br€uhl ML, Stark K, Steinhart A, Chan-

draratne S, Konrad I, Lorenz M et al.

Monocytes, neutrophils, and platelets coop-

erate to initiate and propagate venous

thrombosis in mice in vivo. J Exp Med

2012;209:819–835.

55. Liapsis H, Ho AK, Brown D, Mindel G,

Gleich G. Thrombotic microangiopathy

associated with the hypereosinophilic

syndrome. Kidney Int 2005;67:1806–1811.

56. Simon HU, Klion A. Therapeutic approaches

to patients with hypereosinophilic syndromes.

Semin Hematol 2012;49:160–170.

© 2013 John Wiley & Sons A/S. Published by Blackwell Publishing Ltd

DNA traps in inflammation Simon et al.


