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Neutrophil extracellular traps (NETs) comprise neutrophil DNA, citrullinated (deiminated)
histones, and proteases (1, 2). NET formation in vivo mostly occurs at the sites of inflammation.
Neutrophils, adhering to the endothelium or after extravasation, generate NETs upon interaction
with microbes, activated platelets, cytokines, alarmins, such as high-mobility group box 1 (HMGB1),
or uric acid. Environmental cues, such as hyperosmolarity or hyperglycemia, neurotransmitters, and
some autoantibodies also trigger NET generation (3–7). In vitro, two main pathways are activated:
suicidal and vital NETosis (8). In the former, membrane integrity is disrupted and neutrophils die.
In contrast, after “vital” NETosis neutrophils still migrate, chase bacteria, and extrude residual
nuclear material through exocytosis (9). Generation of reactive oxygen species (ROS) and fusion of
neutrophil primary granules with the nuclear membrane that promote interactions between elastase,
myeloperoxidase (MPO), and DNA are features of suicidal NETosis. Their role in vital NETosis is
debated (8, 10–12). Activation of the autophagic pathway is intermingled with NET generation.
Autophagy sustains the metabolic requirements of the extensive intracellular vesicular formation,
transport, and fusion associated with NET generation. It also sustains neutrophil survival (5).
Neutrophils undergo extensive ex vivo manipulations and methodological approaches vary
among research groups, possibly explaining some discrepancies and nurturing some healthy skepticism (13). Some reports indicate a role of the mitochondrial DNA, which is devoid of histones, in
NET generation. The relative contribution of nuclear vs. mitochondrial DNA to extracellular traps
generation remains a controversial issue (14).
Under physiological conditions, NETs enhance the host response to microbes by (i) providing
a template concentrating humoral innate immune molecules, such as pentraxin 3 (PTX3) and
complement, together with microbicidal molecules, such as histones, MPO, proteinase 3 (PR3), or
cathelicidin, and (ii) contrasting the hematogenic spread of pathogens through immunothrombosis
(i.e., activation of platelets and of the coagulation cascade through NET components) (15). The
actions of NET-embedded von Willebrand factor, of citrullinated histones, and of negative charges
on platelet recruitment/activation and on the progression of the coagulation cascade contribute to
thrombosis. Excellent reviews on this issue have been published (16, 17). The bioactive molecules
integrated within the chromatin threads may vary according to the inciting stimuli or the environment. The characterization of the NETs proteome is a fascinating challenge for the near future.
Neutrophils are abundant in the blood, and their concentration and activation state increase
following surges of systemic cytokines during acute phase responses. Thus, NETs are readily available
and easily renewable tools for the first-line response to infectious agents. However, there is a price
to pay. During acute infections (e.g., during sepsis), NETs favor progression toward septic shock,
disseminated intravascular coagulation, and acute respiratory distress syndrome (ARDS), as well as
tissue damage and organ failure, possibly because of the deleterious effects of immunothrombosis.
On the other hand, the imbalance between the rate formation and degradation of NETs might favor
the persistence and the presentation of autoantigens and facilitate autoimmunity (1).
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Systemic lupus erythematosus (SLE) is a paradigm of the
pathogenic continuum that links nuclear antigens exposure
to autoimmunity. Neutrophil from patients with SLE show
prolonged survival (possibly through enhanced autophagy) and
are thus endowed with additional chances to generate NETs. In
addition, the clearance of extracellular DNA in SLE is impaired
either as a genetically determined trait influencing waste disposal or due to antibodies toward regulatory molecules, such as
DNases (18, 19).
Antineutrophil cytoplasmic antibodies (ANCA) represent
a variant on the theme of autoantibodies elicited following
enhanced generation and/or persistence of NETs. The formation
of NETs at sites of vascular inflammation in ANCA-associated
vasculitides (AAV) and the ability of ANCA to perpetuate the
generation of NETs were described in 2009 (3). Later on, dendritic
cells have been found to capture ANCA targets (i.e., MPO and
PR3) from NETs and to present them to T lymphocytes, while the
susceptibility to ANCA generation was found to be deeply rooted
in genetics. Neutrophil priming with HMGB1, a well-established
inducer of NETs and of autophagy, contributes to the action of
ANCA (20).
In rheumatoid arthritis, NETting neutrophils infiltrate the
synovium and rheumatoid nodules, while anti-citrullinated
peptides antibodies apparently boost the generation of NETs
(21). B cells that expand and differentiate within ectopic synovial
germinal centers frequently target deiminated antigens generated
during NETosis (22, 23) and/or as a consequence of the release of
bioactive peptidylarginine deiminases in the synovial fluid.
Anti-phospholipid antibodies in combination with ROS and
platelet-assisted TLR4 stimulation induce neutrophils to form
NETs, which in turn precipitate intravascular thrombosis (15).
Conversely, NET degradation appears to be impaired in a fraction
of patients with anti-phospholipid syndrome (19). Neutrophils
infiltrate the pancreas of patients with type 1 diabetes mellitus
(T1DM) (24) and, according to experimental models and indirect
clinical evidence (systemic levels of NETs by-products in serum),
cause an IFNα response, autoantibody generation, and β-cells
destruction through in situ NETosis (25, 26).

• confocal microscopy for neutrophil enzymes along extracellular DNA lattices (3, 5); and
• flow cytometry, based on nuclear morphology and variations
in MPO distribution (11) or staining of citrullinated histones
or DNA (27).
Fluorimetry is not time-consuming and generate semiquantitative information that can be associated with clinical
variables. However, it does not unambiguously identify the
source of DNA (neutrophils or other cells) or the process by
which DNA was released (NETosis, necrosis, necroptosis, etc.).
The association of DNA fragments to neutrophil enzymes and
the citrullination of histones are relatively specific for NETosis.
Thus, determination of MPO–DNA complexes and/or of
citrullinated histones selectively reveals the amount of NET
by-products in biological fluids. Human studies monitoring
in vivo NETs formation (3, 5) also revealed a concordant rise
in NETs by-products in plasma, suggesting that ELISA is sufficient per se to assess the degree of NET formation in human
inflammatory diseases (Figures 1A–F). Furthermore, parallel
quantitation of in vitro-generated NETs by confocal microscopy and concomitant measurement of DNA, DNA–MPO
complexes, and citrullinated histones in cell-free supernatants
drives to concordant results (Figures 1G–I). Thus, we believe
that, at present, only ELISA assays on plasma samples meet the
requirements of robustness, reproducibility, and easiness for
widespread clinical use.
However, it does not discriminate between vital or suicidal
NETosis nor assess the relative contribution of NET generation
and catabolism. Standardized protocols will be necessary for
transfer these assays to the clinics (28). For example, DNases for
sample enrichment influence the sensitivity of MPO/DNA-based
analytical assays (Figures 1G,H).
Microscopy allows a direct visualization of NETs. In expert
hands, it remains a powerful and informative tool, even more
when combined with the determination of NET by-products
(Figures 1A–F) (3, 5) and with high-throughput proteomic
assays. However, due to the high inter-observer variability, it
is not routinely used in clinical practice. Novel semi-automated
image analysis techniques might circumvent this limit. Flow
cytometry yields accurate and reproducible data. Large trials
are needed to pave the way to their widespread use (11, 28).
Besides improvements in NET detection, caution in the preanalytical sample handling is mandatory, since neutrophils and
platelets respond to physical and chemical stimuli during blood
sampling and transportation. Activated platelets, in particular,
release various signals – both soluble and associated with
microparticles – that impact on neutrophil functions, including
NET generation (12, 29).

INDICATORS AND MARKERS OF NETosis
The notion that NETs contribute to a wide range of autoimmune
diseases so far has had little impact on the clinical practice.
Reasons include
(i) the low threshold of activation of neutrophils, which limits
the development of robust, easy-to-perform, and cheap
diagnostic assays;
(ii) high costs of clinical trials; and
(iii) the lack of insight on appropriate targets to safely target
NETosis.

NETs, DRUG DEVELOPMENT,
AND REPOSITIONING

Three main approaches are currently used in research
laboratories:

Citrullination of histone residues is a key step in NETosis.
Pharmacological or genetic tools to inhibit deiminating enzymes
reduce the formation of NETs and their detrimental consequences
in preclinical models (30–32). The actual selectivity and potential

• analytical assays based on fluorimetry for cell-free DNA or on
ELISAs for soluble NET by-products (DNA–MPO or DNA–
neutrophil elastase complexes, citrullinated histones) (3, 5);
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FIGURE 1 | NETs by-products are easily detected in the plasma of patients ongoing acute myocardial infarction and reflect the NETs that
characterized coronary thrombi. (A–F) Coronary thrombi and plasma samples were obtained from 26 consecutive patients with STEMI underwent percutaneous
intervention within 1–6 h from the onset of chest pain. NETs by-products were determined in plasma samples (anticoagulated with EDTA, venipuncture through a
19-gage butterfly needle) and processed within 15 min of sampling. Whole blood was centrifuged 15 min (320 g; 4°C), and retrieved plasma was further centrifuged
(5 min at 100,000 g, 4°C) to eliminate any cellular debris. Obtained plasma was then aliquoted and frozen until de-determination of NETs by-products. All steps of
samples preparation were performed in sterile conditions. (A,B) The amount of DNA–MPO complexes and the quantification of histone H4 citrullinated were
assessed in the plasma samples of the same AMI patients in which were analyzed the composition of coronary thrombi, patients with chronic stable angina (CSA)
candidates for coronary revascularization, and sex- and age-matched healthy donors. (C–F) Representative confocal analysis of coronary thrombi of AMI patients
obtained during revascularization procedure. NETs were identified as DNA lattices with evident citrullination of histones (C,D) and by the presence of specific
neutrophil proteins such as PTX3 (E). We consistently detected the presence of NETs in close proximity of platelets (D–F) that frequently express HMGB1 (F)
[adapted from Maugeri et al. (5)]. (G,H) The use of DNAs impaired the sensitivity on NET determination: addition of DNase seems useful when low numbers of
neutrophils are used. Freshly purified human neutrophils (0.5–5 × 106) of healthy donors were placed on poly-l-lysine-coated slides for 20 min at 37°C, then were
challenged with PMA (100 ng/mL) for 20 min at 37°C. Then, treated or not with DNase I, after incubation plates were centrifuged 5 min (320 g; 4°C), supernatants
were retrieved and further cleared (5 min at 100,000 g) and frozen until determination of NETs by-products and cell-free DNA as we previously described [adapted
from Maugeri et al. (5)]. (I) Quantitative assays for NET formation. The results of a series of independent experiments carried out with cells of different donors are
presented in this back-to-back comparison of different quantitative assays to estimate the degree of NET generation. Neutrophils were stimulated with a large panel
of agonists to reproduce the environmental variability that occurs under physiological conditions. Quantitation of cell-free DNA is consistent with the degree of NET
generation as estimated by direct microscopy visualization and MPO/DNA- or citrullinated histone-based techniques in this set of experiments, where purified
neutrophils were employed [adapted from Maugeri et al. (5)].

safety risks of the available pharmacological inhibitors are not yet
established.
Mitochondrial generation of ROS triggers NET formation.
In addition, oxidized mitochondrial DNA within NETs could
contribute to its immunogenic potential. Interference with the respiratory chain and/or ROS scavenging exerts anti-inflammatory
effects and clinical benefit in mice models of sepsis and SLE (33).
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Targeting platelet/neutrophil reciprocal activation and
platelet microparticle-associated moieties, HMGB1 in particular
(5, 12, 34), and finding strategies aimed at restoring the phagocytosis of apoptotic substrates by neutrophils can exert a calming
influence over NET generation (35) and thus appear promising.
Other anti-NET treatments could aim at restoring and/or potentiating the NET clearance. NET-mediated lung injury in cystic
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fibrosis abates in response to nebulized DNase supplementation.
Studies improving the drug delivery could pave the way for the
application of this anti-NETs treatment to inflamed joints, kidney,
lung, or skin in the setting of autoimmune diseases.
The repositioning of known drugs and agents has advantages
over the development of new drugs, since toxicity/safety profiles
are usually known and cost and time to bring agents to market
abate. A proof-of-concept trial links reduced SLE flares to the
metformin inhibition of mtDNA-enriched NETs. An action of
metformin on HMGB1 release (5, 33) could also be involved.
Heparins are being used in a wide range of diseases for effects
independent of their anticoagulant properties (36), including
conditions, in which NETs generation possibly plays a role.
Heparins might interfere with the metabolic needs for NET
generation since they restrict the activation of the autophagic flux
(29). Prophylactic doses of low-molecular weight heparins, which
are routinely used for thromboprophylaxis and for the prevention
of pregnancy complications, indeed interfere with autophagy
induction of neutrophils of healthy subjects and virtually abrogate
the ability to generate NETs in response to various stimuli (29).
Thus, interference with NETosis might be involved in the benefit

of treatments selected mainly on empirical basis. Unfractionated
heparin has also been shown to dismantle NETs after they have
been generated, by liberating histones from the DNA backbone
and destabilizing the chromatin threads (37).
In conclusion, accumulating data on the role of NETs in
autoimmune diseases and in highly prevalent inflammatory conditions such as sepsis demonstrate that novel bioindicators and
treatments might readily become available and improve the quality of patients care from tomorrow. Its time to take the next step.

AUTHOR CONTRIBUTIONS
GR, AM, PR-Q, and NM selected the bibliography, discussed the
opinion approach, and wrote the manuscript.

FUNDING
The work in the authors’ laboratories was supported by the
Ministry of Higher Education and Research (MIUR) R0504,
by the Ministry of Health, and by the Ricerca Finalizzata
RF-2011-02352291.

REFERENCES
1. Radic M, Marion TN. Neutrophil extracellular chromatin traps connect
innate immune response to autoimmunity. Semin Immunopathol (2013)
35(4):465–80. doi:10.1007/s00281-013-0376-6
2. Grayson PC, Kaplan MJ. At the bench: neutrophil extracellular traps (NETs)
highlight novel aspects of innate immune system involvement in autoimmune
diseases. J Leukoc Biol (2016) 99(2):253–64. doi:10.1189/jlb.5BT0615-247R
3. Kessenbrock K, Krumbholz M, Schonermarck U, Back W, Gross WL, Werb Z,
et al. Netting neutrophils in autoimmune small-vessel vasculitis. Nat Med
(2009) 15(6):623–5. doi:10.1038/nm.1959
4. Mitroulis I, Kambas K, Chrysanthopoulou A, Skendros P, Apostolidou E,
Kourtzelis I, et al. Neutrophil extracellular trap formation is associated
with IL-1beta and autophagy-related signaling in gout. PLoS One (2011)
6(12):e29318. doi:10.1371/journal.pone.0029318
5. Maugeri N, Campana L, Gavina M, Covino C, De Metrio M, Panciroli C,
et al. Activated platelets present high mobility group box 1 to neutrophils,
inducing autophagy and promoting the extrusion of neutrophil extracellular
traps. J Thromb Haemos (2014) 12(12):2074–88. doi:10.1111/jth.12710
6. Grayson PC, Carmona-Riveira C, Graf J, Izzarry-Caro J, Phyllips K, Preston K,
et al. Neuroimmunomodulation of neutrophils as a novel mechanism of
levamisole-induced vasculitis. Ann Rheum Dis (2016) 75(Suppl 2):74–5.
7. Gupta S, Kaplan MJ. The role of neutrophils and NETosis in autoimmune
and renal diseases. Nat Rev Nephrol (2016) 12(7):402–13. doi:10.1038/
nrneph.2016.71
8. Yipp BG, Kubes P. NETosis: how vital is it? Blood (2013) 122(16):2784–94.
doi:10.1182/blood-2013-04-457671
9. Pilsczek FH, Salina D, Poon KK, Fahey C, Yipp BG, Sibley CD, et al.
A novel mechanism of rapid nuclear neutrophil extracellular trap formation
in response to Staphylococcus aureus. J Immunol (2010) 185(12):7413–25.
doi:10.4049/jimmunol.1000675
10. Metzler KD, Fuchs TA, Nauseef WM, Reumaux D, Roesler J, Schulze I, et al.
Myeloperoxidase is required for neutrophil extracellular trap formation:
implications for innate immunity. Blood (2011) 117(3):953–9. doi:10.1182/
blood-2010-06-290171
11. Zhao W, Fogg DK, Kaplan MJ. A novel image-based quantitative method
for the characterization of NETosis. J Immunol Methods (2015) 423:104–10.
doi:10.1016/j.jim.2015.04.027
12. Maugeri N, Rovere-Querini P, Manfredi AA. Disruption of a regulatory network consisting of neutrophils and platelets fosters persisting

Frontiers in Immunology | www.frontiersin.org

13.
14.
15.
16.

17.
18.

19.

20.

21.

22.

23.

4

inflammation in rheumatic diseases. Front Immunol (2016) 7:182. doi:10.3389/
fimmu.2016.00182
Nauseef WM, Kubes P. Pondering neutrophil extracellular traps (NETs)
with healthy skepticism. Cell Microbiol (2016) 18(10):1349–57. doi:10.1111/
cmi.12652
Yousefi S, Mihalache C, Kozlowski E, Schmid I, Simon HU. Viable neutrophils
release mitochondrial DNA to form neutrophil extracellular traps. Cell Death
Differ (2009) 16(11):1438–44. doi:10.1038/cdd.2009.96
Engelmann B, Massberg S. Thrombosis as an intravascular effector of innate
immunity. Nat Rev Immunol (2013) 13(1):34–45. doi:10.1038/nri3345
Gould TJ, Vu TT, Stafford AR, Dwivedi DJ, Kim PY, Fox-Robichaud AE,
et al. Cell-free DNA modulates clot structure and impairs fibrinolysis in
sepsis. Arterioscler Thromb Vasc Biol (2015) 35(12):2544–53. doi:10.1161/
ATVBAHA.115.306035
Kimball AS, Obi AT, Diaz JA, Henke PK. The emerging role of NETs in
venous thrombosis and immunothrombosis. Front Immunol (2016) 7:236.
doi:10.3389/fimmu.2016.00236
Hakkim A, Furnrohr BG, Amann K, Laube B, Abed UA, Brinkmann V, et al.
Impairment of neutrophil extracellular trap degradation is associated with
lupus nephritis. Proc Natl Acad Sci U S A (2010) 107(21):9813–8. doi:10.1073/
pnas.0909927107
Leffler J, Gullstrand B, Jonsen A, Nilsson JA, Martin M, Blom AM, et al.
Degradation of neutrophil extracellular traps co-varies with disease activity
in patients with systemic lupus erythematosus. Arthritis Res Ther (2013)
15(4):R84. doi:10.1186/ar4264
Ma YH, Ma TT, Wang C, Wang H, Chang DY, Chen M, et al. High-mobility
group box 1 potentiates antineutrophil cytoplasmic antibody-inducing
neutrophil extracellular traps formation. Arthritis Res Ther (2016) 18:2.
doi:10.1186/s13075-015-0903-z
Khandpur R, Carmona-Rivera C, Vivekanandan-Giri A, Gizinski A,
Yalavarthi S, Knight JS, et al. NETs are a source of citrullinated autoantigens
and stimulate inflammatory responses in rheumatoid arthritis. Sci Transl Med
(2013) 5(178):178ra140. doi:10.1126/scitranslmed.3005580
Pratesi F, Dioni I, Tommasi C, Alcaro MC, Paolini I, Barbetti F, et al.
Antibodies from patients with rheumatoid arthritis target citrullinated
histone 4 contained in neutrophils extracellular traps. Ann Rheum Dis (2014)
73(7):1414–22. doi:10.1136/annrheumdis-2012-202765
Corsiero E, Bombardieri M, Carlotti E, Pratesi F, Robinson W, Migliorini P,
et al. Single cell cloning and recombinant monoclonal antibodies generation from RA synovial B cells reveal frequent targeting of citrullinated

October 2016 | Volume 7 | Article 417

Ramirez et al.

24.
25.
26.

27.

28.
29.

30.

31.

Let Us Bet on NETs

histones of NETs. Ann Rheum Dis (2016) 75(10):1866–75. doi:10.1136/
annrheumdis-2015-208356
Valle A, Giamporcaro GM, Scavini M, Stabilini A, Grogan P, Bianconi E,
et al. Reduction of circulating neutrophils precedes and accompanies type 1
diabetes. Diabetes (2013) 62(6):2072–7. doi:10.2337/db12-1345
Diana J, Simoni Y, Furio L, Beaudoin L, Agerberth B, Barrat F, et al. Crosstalk
between neutrophils, B-1a cells and plasmacytoid dendritic cells initiates
autoimmune diabetes. Nat Med (2013) 19(1):65–73. doi:10.1038/nm.3042
Wang Y, Xiao Y, Zhong L, Ye D, Zhang J, Tu Y, et al. Increased neutrophil
elastase and proteinase 3 and augmented NETosis are closely associated with
beta-cell autoimmunity in patients with type 1 diabetes. Diabetes (2014)
63(12):4239–48. doi:10.2337/db14-0480
Gavillet M, Martinod K, Renella R, Harris C, Shapiro NI, Wagner DD, et al.
Flow cytometric assay for direct quantification of neutrophil extracellular
traps in blood samples. Am J Hematol (2015) 90(12):1155–8. doi:10.1002/
ajh.24185
Masuda S, Nakazawa D, Shida H, Miyoshi A, Kusunoki Y, Tomaru U, et al.
NETosis markers: quest for specific, objective, and quantitative markers. Clin
Chim Acta (2016) 459:89–93. doi:10.1016/j.cca.2016.05.029
Manfredi AA, Rovere-Querini P, D’Angelo A, Maugeri N. Low molecular
weight heparins prevent the induction of autophagy of activated neutrophils
and the formation of neutrophil extracellular traps. Pharmacol Res (2016).
doi:10.1016/j.phrs.2016.08.008
Knight JS, Zhao W, Luo W, Subramanian V, O’Dell AA, Yalavarthi S, et al.
Peptidylarginine deiminase inhibition is immunomodulatory and vasculoprotective in murine lupus. J Clin Invest (2013) 123(7):2981–93. doi:10.1172/
JCI67390
Wei L, Wasilewski E, Chakka SK, Bello AM, Moscarello MA, Kotra LP. Novel
inhibitors of protein arginine deiminase with potential activity in multiple
sclerosis animal model. J Med Chem (2013) 56(4):1715–22. doi:10.1021/
jm301755q

Frontiers in Immunology | www.frontiersin.org

32. Kusunoki Y, Nakazawa D, Shida H, Hattanda F, Miyoshi A, Masuda S, et al.
Peptidylarginine deiminase inhibitor suppresses neutrophil extracellular
trap formation and MPO-ANCA production. Front Immunol (2016) 7:227.
doi:10.3389/fimmu.2016.00227
33. Tsoyi K, Jang HJ, Nizamutdinova IT, Kim YM, Lee YS, Kim HJ, et al. Metformin
inhibits HMGB1 release in LPS-treated RAW 264.7 cells and increases
survival rate of endotoxaemic mice. Br J Pharmacol (2011) 162(7):1498–508.
doi:10.1111/j.1476-5381.2010.01126.x
34. Maugeri N, Rovere-Querini P, Baldini M, Baldissera E, Sabbadini MG,
Bianchi ME, et al. Oxidative stress elicits platelet/leukocyte inflammatory
interactions via HMGB1: a candidate for microvessel injury in systemic sclerosis. Antioxid Redox Signal (2014) 20(7):1060–74. doi:10.1089/ars.2013.5298
35. Manfredi AA, Covino C, Rovere-Querini P, Maugeri N. Instructive influences
of phagocytic clearance of dying cells on neutrophil extracellular trap generation. Clin Exp Immunol (2015) 179(1):24–9. doi:10.1111/cei.12320
36. Mulloy B, Hogwood J, Gray E, Lever R, Page CP. Pharmacology of heparin and
related drugs. Pharmacol Rev (2016) 68(1):76–141. doi:10.1124/pr.115.011247
37. Fuchs TA, Brill A, Duerschmied D, Schatzberg D, Monestier M, Myers DD Jr,
et al. Extracellular DNA traps promote thrombosis. Proc Natl Acad Sci U S A
(2010) 107(36):15880–5. doi:10.1073/pnas.1005743107
Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.
Copyright © 2016 Ramirez, Manfredi, Rovere-Querini and Maugeri. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

5

October 2016 | Volume 7 | Article 417

