
Summary. Neutrophil extracellular traps (NETs) are
innate immune systems against invading pathogens.
NETs are characterized as released DNA mixed with
cytoplasmic antimicrobial proteins such as
myeloperoxidase, proteinase3 and neutrophil elastase.
While NETs are thought to have an important role in
host defense, recent work has suggested that NETs
contribute to tissue injury in non-infectious disease
states. Uncontrolled NET formation in autoimmune
diseases, metabolic disorders, cancers and thrombotic
diseases can exacerbate a disease or even be a major
initiator of tissue injury. But spotting NETs in tissues is
not easy. Here we review the available histopathological
evidence on the presence of NETs in a variety of
diseases. We discuss technical difficulties and potential
sources of misinterpretation while trying to detect NETs
in tissue samples.
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Introduction

Neutrophils contribute to host defense at sites of
tissue injury by patrolling through the circulatory
system. In the last two decades, the process of leukocyte
recruitment, and in particular neutrophil recruitment, has
been elucidated in great detail (de Oliveira et al., 2016).
At sites of tissue injury, endothelial cells expose on their
surface various molecules, such as selectins,

chemokines, and other adhesion molecules, which
contribute to the retardation of neutrophil flow and
increase neutrophil rolling and adhesion to endothelial
cells. More recently, the focus of research has shifted to
the effector functions of neutrophils within inflamed
tissues. Upon activation, neutrophils undergo
degranulation to release the toxic contents of
intracellular granules into the extracellular space.
Neutrophils also die at sites of injury and their dead cell
components are cleared by macrophages. Although
pathologists had already characterized as “leuko-
cytoclastic” neutrophil involvement in a number of
diseases, implying necrotic cell necrosis, the “silent way
of death” apoptosis, was anyway considered the
predominant route of neutrophil death. In 2004, the
formation of neutrophil extracellular traps (NET) was
first described as a non-phagocytic mode of bacterial
killing (Brinkmann et al., 2004). NET formation
involves the extrusion of nuclear chromatin into the
extracellular space, which occurs through necrosis,
resulting in rupture of the nuclear and plasma
membranes and extruded chromatin that is decorated
with cytoplasmic granule-derived proteins. Therefore,
the term NETosis is used to describe the combination of
NET formation and neutrophil death (Desai et al.,
2016a). 

In the last decade, NET formation has been
documented in numerous disease states, and functional
studies also suggest that NET formation contributes to
the pathogenesis of various experimental disease
models. Here, we review the biology of NET formation
under normal and pathogenic conditions. Interpretation
of these studies is often complicated given that NETs are
identified in vivo by the presence of circulating
neutrophil proteins or by positive immunostaining of
neutrophil components in the extracellular space.
Therefore, immunostaining techniques to visualize NETs
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and necrotic neutrophils in injured tissues and the
technical limitations of these approaches will also be
discussed. 
What is NET formation?

Phagocytosis was historically regarded as one of the
major functions of neutrophils. However, in 2004,
Zychlinsky and colleagues discovered that in response to
bacterial infection, neutrophils release their genetic
material and form web-like structures composed of
chromatin fibers (15-17 nm diameter) and decorated
with granule enzymes such as neutrophil elastase (NE),
myeloperoxidase (MPO), and cathepsin G (50 nm).
These structures were called ‘neutrophil extracellular
traps’ (NETs) (Brinkmann et al., 2004). Over the last
decade, the formation of NETs has been documented in
response to various bacterial, fungal, and viral
infections, and in a wide range of organisms from plants
to animals, including mice, cattle, horses, fish, cats,
rabbits, invertebrates and humans (Vorobjeva and
Pinegin, 2014). In addition to neutrophils, extracellular
traps are formed by other cell types, including
eosinophils (Yousefi et al., 2008), monocytes/
macrophages (Chow et al., 2010), mast cells (von
Kockritz-Blickwede et al., 2008), which raises first
doubts on a specific mechanism or on misinterpretation
of the final product, i.e. extracellular chromatin. Thus, in
general, extracellular traps may be referred to simply as
‘extracellular traps’ (ETs) (Wartha and Henriques-
Normark, 2008). Various stimuli, including phorbol
myristate acetate (PMA), bacterial pathogens (e.g. E.
coli, S. aureus, etc.), fungal pathogens (e.g. C. albicans,
Aspergillus fumigatus), lipopolysaccharide (LPS),
complement c5a, and various cytokines and chemokines
such as tumour necrosis factor α (TNFα) and
interleukin-8 (IL-8), can induce NET formation in vitro.
Schauer, et al. showed that NETs can also be found in
non-infectious disease conditions like gout (Schauer et
al., 2014). Neutrophils form NETs in response to
monosodium urate (MSU) crystals that accumulate in
the joints of patients with gout. Again, these data raise
doubts about whether all these different stimuli are
triggering an identical process or simply produce the
same result, io.e. a dead neutrophil with extracellular
chromatin, via different molecular mechanisms (Desai et
al., 2016a).

Neutrophils, once stimulated, undergo several
morphological changes during NETosis. Within an hour
of their activation, neutrophils flatten and multiple lobes
of the nucleus are lost. These events are followed by
chromatin decondensation and granule disintegration.
Approximately 2h after stimulation in vitro, the plasma
membrane ruptures leading to the release of NETs into
the extracellular space (Brinkmann et al., 2004). Thus,
neutrophils die in the process of forming NETs (Fuchs et
al., 2007). However, neutrophils may also form NETs
without undergoing cell death (Yipp and Kubes, 2013).
In such cases, neutrophils release chromatin through

specialized vacuoles, which does not require plasma
membrane rupture. This process has been referred to as
“vital NETosis”. 

Histone citrullination is an important post-
translational event during NETosis (Li et al., 2010),
since histone deamination results in chromatin
decondensation. Histone H3 citrullination is catalyzed
by the enzyme peptidyl arginine deiminase 4 (PAD4)
(Wang et al., 2009; Li et al., 2010). Despite its
importance, whether PAD4 is required to form NETs in
all cases is unclear, since NET formation was
inconsistently impaired in Pad4-/- mice under different
conditions. Thus, PAD4 is likely involved in NET
formation in a stimulus-dependent manner. Furthermore,
whether PAD4 and histone citrullination are required for
vital NET formation has not been determined.
Chromatin that is released as a component of NET is
decorated with serine-proteases, such as NE and MPO.
NE translocates from the cytoplasm to the nucleus where
its protease activity is involved in histone degradation
(Metzler et al., 2014). Reactive oxygen species (ROS)
are an important signaling mediator during NET
formation. The activation of NADPH oxidase is essential
for NETosis; NET formation is impaired in neutrophils
in humans or mice deficient in NADPH oxidase (Fuchs
et al., 2007; Rohm et al., 2014; Schauer et al., 2014).
ROS may also stimulate MPO-dependent proteolytic
activity of NE (Metzler et al., 2014). 
Traditional histopathological evidence of NETosis:
Karyorrhexis and leukocytoclastic vasculitis

Karyorrhexis, a word derived from the Greek words
for nucleus (karyon) and bursting (rhexis), refers to the
rupture of the nucleus during cell death leading to the
leakage of nuclear contents as it occurs during NETosis.
Initial swelling of the nucleus is followed by
decondensation of DNA and subsequent rupture of the
nuclear and plasma membranes leading to the release of
cellular contents into the extracellular space.
Karyorrhexis of neutrophils, which can be identified by
several methods, is an indicator of catastrophic cell
death in several disorders, including vasculitis, acute
lung injury, acute kidney injury, etc. 
Electron microscopy

Electron microscopy can be applied to identify
karyorrhexis in neutrophils by providing detailed
information on the nuclear changes that occur during
neutrophil cell death (Fuchs et al., 2007), including those
during apoptosis, necrosis, or NETosis (Fig. 1). 
Live cell microscopy with SYTOX green staining

SYTOX green is a cell-impermeable fluorescent
DNA dye; therefore, SYTOX green specifically stains
extracellular DNA. Peak excitation and emission
wavelengths of STYOX green are 504 nm and 523 nm,
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respectively. SYTOX green stains only neutrophils
undergoing karyorrhexis/NETosis; apoptotic or live cells
are not stained with SYTOX green (Fig. 2). Thus,
SYTOX green can be used to quantify the degree of
NETosis and necrotic cell death (Desai et al., 2016b). 

DAPI and Topro3 staining in paraformaldehyde-fixed
cells in vitro

Neutrophil karyorrhexis can be studied using
paraformaldehyde (PFA)-fixed cells in addition to live
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Fig. 1. Transmission electron microscopy. a. Unstimulated neutrophils present a well-defined nuclear membrane with lobulation. b. PMA stimulated
neutrophils show a breakdown of cell and nuclear membrane. The nucleus including chromatin are ruptured to cytoplasmic space and mixed with
granular components. Scale bars: 2500 nm.



cells. Activated PFA-fixed neutrophils can be stained
with cell-permeable DAPI (4',6-diamidino-2-
phenylindole) and cell-impermeable TO-PRO-3 to detect
cells undergoing NETosis. Peak excitation/emission
wavelengths for DAPI and TO-PRO-3 are 350/460 nm
and 642/661 nm, respectively. Neutrophils undergoing
karyorrhexis are stained with both DAPI and TO-PRO-3.
Combined with specific neutrophil markers, such as
Ly6B.1, neutrophil elastase, or MPO, DAPI and TO-
PRO-3 can also be used to study neutrophil karyorrhexis
in paraffin-fixed tissues of solid organs.
Leukocytoclastic vasculitis

The aetiopathology of leukocytoclastic vasculitis,
small vessel vasculitis or hypersensitivity vasculitis is
not entirely understood but is always associated with
neutrophil involvement. Remnants of NETs have been
reported in the circulatory system and in renal lesions of
patients with small vessel vasculitis (Kessenbrock et al.,
2009; O'Sullivan et al., 2015).
NET-specific immunostaining markers in tissues

NETs can be identified by co-localization or
complex formation of extracellular chromatin with
cytoplasmic proteins, implying nuclear and plasma
membrane rupture. Furthermore, a combination of
microscopy or flow cytometry (Zhao et al., 2015) and
fluorescence staining with a DNA-binding dye
(Brinkmann et al., 2012) can be applied to objectively
and accurately identify and quantify NETs in vitro.
However, these same methods cannot be applied to

evaluate NETs in tissues because NETs cannot be
isolated from tissues under native conditions. Therefore,
in fixed tissues, NETs are currently quantified by
subjective analysis of co-localized immunofluorescence
staining of swollen chromatin DNA with granule
proteins (Table 1). However, it is sometimes difficult to
distinguish whether a DNA signal reflects bona fide
NETosis or a false-positive event, such as the
accumulation of neutrophils or other routes of cell death.
In addition, the swelling of stained samples could
represent an artifact of tissue sample processing, which
involves cutting, washing, and incubating tissue
sections. For these reasons, NET-specific tissue markers
have been developed for various diseases (Barnado et
al., 2016). As described previously, Li, et al. reported
that histone citrullination by PAD4, which catalyzes the
conversion of arginine residues to citrulline, induces
chromatin decondensation during the process of NET
formation (Li et al., 2010). Although it is unclear
whether PAD4 is required for NET formation under all
circumstances, citrullinated histone (CitH) is always
present in neutrophils that will or have formed NETs.
Therefore, CitH may be used as a diagnostic marker for
NETs in tissues. In particular, in animal models of
autoimmune disease, thrombosis, or inflammatory
disease, CitH-positive neutrophils were detected in target
organs, indicating tissue-specific NETs (Table 1).
Tissue-specific NETs are detectable in ischemia/
reperfusion models of acute kidney disease and after
incisional skin injury (Figs. 3, 4). In addition to CitH-
positive neutrophils, NETosis in tissues is characterized
by immuno-positive NE staining and swollen DNA in
multiplexed immuno-histofluorescence (IHF) analysis.
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Fig. 2. Sytox green staining to study neutrophil using live microscopy. a. Most unstimulated neutrophils show no signal of Sytox green, and the
morphologies of cell membrane are maintained. b. PMA stimulated neutrophils show the loss of structure with high positivity of Sytox green. Scale bars:
50 µm.



Furthermore, for assessing tissue NET formation, IHF
staining of cryosections is likely to be superior to IHC
staining of formalin-fixed paraffin-embedded (FFPE)
tissues because the procedure to prepare FFPE sections
includes a step for deparaffinization-antigen retrieval,
which could injure fine DNA structures (Ludyga et al.,
2012) and result in the loss of antigenicity of
cytoplasmic and nuclear proteins. In contrast,
cryosection samples better maintain the structure of
DNA and antigenicity of granule proteins. Staining
samples for various combinations of antigens in
multiplexed IHF analysis will also improve the
classification of NETs. For example, citH3/NE-positive
cells in which citH3 and NE overlap indicate NET-
positive neutrophils, citH3/NE-positive cells in which
citH3 and NE do not overlap indicate pre-NETing
neutrophils, and citH3-negative/NE-positive cells
without swelling indicate infiltrating neutrophils. 

Live intravital imaging, combined with extracellular

DNA dyes, such as SYTOX green, and granule protein
markers, has also been used to identify NETs in vivo.
Intravital imaging is particularly useful for obtaining
time-course and dose-response data, and characterizing
the dynamics of specific molecules and the movements
of neutrophils in situ. Though SYTOX green has been
used in vivo, its use should be interpreted with caution
since it is able to detect necrotic cell DNA and
extracellular DNA, thereby making it difficult to
distinguish among NET DNA, necrotic extracellular
DNA, and intracellular DNA of dead cells. Therefore, it
is important to evaluate NETs in tissues with these
limitations in mind. 
Current evidence of NETosis in mouse models of
disease by immunostaining

NETs have been identified in a variety of animal
disease models, including models of infection,
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Table 1. Current evidence of NETosis in mouse models of disease by immunostaining.

Animal model Immunostaining Section / Fixation Organ Ref

Autoimmune disease

SLE model mice New Zealand mixed 2328 MPO/DNA(IHF),
CitH3/CRAMP (IHC) CryosectionFFPE Kidney,

Thrombus Knight et al., 2013

ANCA vasculitis mice ANCA model induced by NETs Gr-1 (IHC) not described Kidney Sangaletti et al., 2012

Rheumatoid Arthritis mice KRN transgenic mice 
sera induced model CitH (IHC) FFPE / PFA after ART Arthritic leg Rohrbach et al., 2012

GBM disease mice anti GBM serum induced model MPO (IHF) FFPE / PFA after ART Kidney Kumar et al., 2015
Thrombotic disease

Thrombosis mice Flow restriction model in IVC Live imaging by
muitiphonton scopy Live Imaging Thrombus von Bruhl et al., 2012

Thrombosis baboon Iliac vein occlusion by 
temporary balloon

Histone/DNA/ vWF 
(IHF) FFPE / not described Thrombus Fuchs et al., 2010

Metabolic Disease
Diabetes Mellitus Skin wound in STZ induced DM mice CitH3/ Ly6G/DNA (IHF) Cryosection / Zinc Wound Skin Wong et al., 2015
Gout MSU crystral induced tophous NE/DNA (IHF) FFPE / PFA after ART Skin pouch Schauer et al., 2014
Atheroscrerosis APO-E knockout mice MPO/CitH3/DNA (IHF) Cryosection / PFA Aorta Warnatsch et al., 2015
Sepsis
Sepsis model mice Histone injection induced model NE (IHF) Lung Clark et al., 2007

Sepsis model mice LPS injection induced model Live imaging by NE 
and Sytox Orange Live Imaging Cecum,

Liver Tanaka et al., 2014

Infection disease

Pneumonia model mice Pneumococcal Pneumonia 
infected model NE/Histone/DNA (IHF) not described Lung Beiter et al., 2006

Cancer
Metastatic tumor model mice RIP1-Tag2 model of insulinoma Gr1/DNA (IHF) Cryosection / Methanol Tumor Cedervall et al., 2015
Other disease
Ischemic hepatitis model Ischemic reperfusion injury in liver CitH3/Ly6G/DNA (IHF) Not described Liver Huang et al., 2015

Lung transplantation Graft dysfunction model 
after transplantation NE/Histone/DNA (IHF) Cryosection / not

described Lung Sayah et al., 2015

SLE: systemic lupus erythematosus, MPO: myeloperoxidase, IHF: immunohistofluorescence, CitH3: citrullinated histone3, IHC: immunohistochemistry,
PFA: paraformaldehyde, ANCA: anti neutrophil cytoplasmic antibodies, NETs: neutrophil extracellular traps, Gr-1: granulocyte receptor-1 antigen,
FFPE: formalin-fixed paraffin-embedded, ART: antigen retrieval treatment, GBM: glomerular basement membrane, IVC: inferior vena cava, vWF: von
willebrand factor, STZ: streptozotocin, DM: Diabetes Mellitus, Ly6G: lymphocyte antigen 6 complex locus G, NE: neutrophil elastase, APO-E:
apolipoprotein E, LPS: lipopolysaccharide
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Fig. 3. Tissue NETs in ischemia reperfusion kidney mouse model and incisional skin scar mouse model. In unilateral ischemia (35min)-reperfusion
(24hours) kidney model mice, a large amount of neutrophils (NE single positive cells) and NET neutrophils (NE/CitH3 double positive cells) are
detected mainly at the boundary zone of the medulla and cortex. Semithin cryosection of each organ stained for NE (Green), CitH3 (Red) and DNA
(Blue). NE: neutrophil elastase; CitH3: citrullinated histone 3. Scale bars: 50 µm.
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Fig. 4. Tissue NETs in ischemia reperfusion kidney mouse model and incisional skin scar mouse model. In mice skin scar model, 3 days after injury,
NETosis are seen. Semithin cryosection of each organ stained for NE (Green), CitH3 (Red) and DNA (Blue). NE: neutrophil elastase; CitH3:
citrullinated histone 3. Scale bars: 50 µm.



autoimmune disease, metabolic disease, and malignant
tumors (Table 1). NETs in the lung were reported in a
case of pneumococcal pneumonitis, which were
identified through multiplexed IHF staining for NE,
histones, and DNA (Beiter et al., 2006). Alpha-enolase,
which is produced by pneumococci, binds to the
myoblast antigen, 24.1D5, to induce NET formation
(Mori et al., 2012). A subtype of pneumococcus
produces an endonuclease to degrade the DNA scaffold
of NETs and facilitate microbial growth at sites of
infection, which may lead to sepsis. While, NETs are
involved in pathogenesis of sepsis. Tanaka, et al.
demonstrated NET formation in specific organs in LPS-
induced sepsis animal models by imaging live
neutrophils stained with NE and SYTOX green (Tanaka
et al., 2014). LPS, which is a component of the outer
membrane of Gram-negative bacteria, induces platelet
activation and aggregation via TLR4 signalling, which in
turn stimulates NET formation (Clark et al., 2007). Xu,
et al. reported that intravenous injection of histones into
mice induced platelet coagulation and microthrombi
formation, which connected with NETs (Xu et al., 2009).
Mice rapidly died of the impaired circulation by the
robust thrombus with NETs when challenged with high
concentrations of histones. Furthermore, Huang, et al.
demonstrated NET formation in a hepatic ischemia/
treperfusion injury model by imaging live neutrophils
stained with CitH/NE markers and SYTOX green
(Huang et al., 2015). Hepatic ischemia/reperfusion
injury raises circulatory levels of histones, which can
directly activate TLR9. NET formation is also involved
in the pathogenesis and severity of thrombosis. Flow
restriction (von Bruhl et al., 2012) or the insertion of a
temporary balloon catheter (Fuchs et al., 2010) in the
veins of mice induces thrombus, where the histone
components of chromatin bind with coagulation factors
to provide the scaffold for NETs. NETs together with
platelet-rich red blood cells ensnare invading microbes.

These findings indicate that focal association of NETs
and microthrombi can be beneficial during infection, but
that systemic circulation of NETs unabated is toxic and
can be fatal. 

NET formation is also involved in the pathogenesis
and development of autoimmune diseases (Barnado et
al., 2016). In systemic lupus erythematosus (SLE), anti-
neutrophil cytoplasmic antibody-associated systemic
small-vessel vasculitis (ANCA-SSV), and rheumatoid
arthritis, NET components are antigens for each disease-
specific autoantibody. Furthermore, autoantibodies can
stimulate neutrophils to undergo NETosis, potentially
resulting in a vicious circle of inflammation. For
example, SLE is a heterogenic autoimmune disorder
with a broad spectrum of clinical presentations but is
characterized by the presence of anti-nuclear
autoantibodies. Impairment of deoxyribonuclease I
(DNase I) activity by anti-DNase I autoantibodies
(Hakkim et al., 2010) may increase the persistence of
NETs, leading to sustained inflammation and
development of autoantibodies characteristic of SLE.
Knight, et al. reported that the administration of a NET
inhibitor improved lupus nephritis in a SLE mouse
model (Knight et al., 2013), in which tissue-specific
MPO/CitH-positive NETs were identified by IHF and
IHC, respectively. Furthermore, ANCA-SSV is a
systemic disease characterized by the presence of
autoantibodies against antigens in the cytoplasm of
neutrophils (i.e., NET components); thus, ANCA
vasculitis might develop upon prolonged exposure of the
immune system to NETs (Nakazawa et al., 2012b),
(Sangaletti et al., 2012). Indeed, ANCA binding directly
to MPO on the surface of primed neutrophils activate
NET formation by intiating histone citrullination via an
unknown mechanism (Nakazawa et al., 2014). Tissue-
specific NETs were also identified in crescentic
glomerulonephritis as swollen Gr-1 (IHF) and DNA-
positive neutrophils (22932797). Rheumatoid arthritis is
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Table 2. Current evidence of NETosis in human disease by immunostaining.

Disease Immunostaining Section/Fixation Organ Ref

Autoimmune disease
SLE MPO/DNA (IHF) Not described Kidney Hakkim et al., 2010
ANCA vasculitis MPO/CitH3/DNA (IHF) FFPE / with ART Kidney Kessenbrock et al., 2009; O'Sullivan et al., 2015
Rheumatoid Arthritis MPO/DNA (IHF) Cryosection / - Synovial tissue Khandpur et al., 2013
Psoriasis NE/DNA (IHF) Cryosection /Acetone Skin Skrzeczynska-Moncznik et al., 2012
Thrombotic disease
Thrombosis with sepsis CitH3/DNA (IHF) FFPE / with ART Thrombus Savchenko et al., 2014
Thrombosis with ANCA vasculitis CitH3 (IHC) FFPE / with ART Thrombus Nakazawa et al., 2012a
Other diseases
Hyper uric acid syndrome (Gout) NE/DNA (IHF) FFPE / with ART Synovial tissue Schauer et al., 2014
Preeclampsia NE/Histone/DNA (IHF) Cryosection / Acetone Placental tissue Gupta et al., 2005
SLE: systemic lupus erythematosus, MPO: myeloperoxidase, IHF: immunohistofluorescence, ANCA: anti neutrophil cytoplasmic antibodies, CitH3:
citrullinated histone3, FFPE: formalin-fixed paraffin-embedded, ART: antigen retrieval treatment, IHC: immunohistochemistry, NE: neutrophil elastase,
PFA: paraformaldehyde



characterized by autoantibodies against citrullinated
proteins, which can stimulate neutrophils to undergo
NETosis in the synovial fluid, as determined by Cit-H
(IHC) staining (Rohrbach et al., 2012). In anti-
glomerular basement membrane (GBM) animal models,
glomerular inflammation induces NETs and the release
of histones, which are toxic to endothelial cells,
podocytes, and parietal epithelial cells, thereby causing
severe kidney injury (Kumar et al., 2015). Metabolic
diseases, such as diabetes mellitus (DM) and
hyperuricemia, are also characterized by high levels of
NETs, resulting in chronic inflammation. High glucose
levels induce histone citrullination in neutrophils
through the upregulation of PAD4 gene expression,
regardless of the type of DM (Wong et al., 2015). NET
components released in response to high glucose levels
can disrupt wound healing through the inhibition of re-
epithelialization. Gout attacks (i.e., acute hyperuricemia)
are also caused by NET-related inflammation.
Monosodium urate (MSU) promotes NET formation
independently of ROS by activating NF-κB signalling.
Subcutaneous injection of MSU can also induce
NETosis (Schauer et al., 2014), which was observed as
NE/histone/DNA triple-positive neutrophils (IHF),
through receptor-interacting protein kinase (RIPK)1-
RIPK3-mixed lineage kinase domain-like (MLKL)
signalling (Desai et al., 2016b), which elicits necroptotic
cell death. Crosstalk between PAD4 and RIPK1/3
signalling has not been characterized. NETs induced by
tumors can have negative collateral effects on distal
organs and have been detected by IHF in tissues
surrounding an insulinoma as Gr1/DNA-positive
neutrophils (Cedervall et al., 2015). 
Current evidence of NETosis in human disease by
immunostaining 

NETs play a significant role in the development and
pathogenesis of diverse human diseases as well. In
sepsis (Margraf et al., 2008), autoimmune diseases
(Zhang et al., 2014) and thrombotic disease (Fuchs et al.,
2012), the presence of excessive NETs is correlated with
higher mortality. For these NETs detection, plasma DNA
(Margraf et al., 2008; Zhang et al., 2014) and circulating
MPO (Fuchs et al., 2012) were quantified by PICO
green assay, ELISA, respectively. Furthermore, tissue-
specific NETs may be used to diagnose specific
pathologies if NETs are identified in more diseases.
However, NETs are generally identified in formalin-
fixed paraffin-embedded (FFPE) tissue sections by
immunostaining (Table 2) because of the cost and space
advantages of preserving clinical samples by FFPE
methods. Kesseonbrock et al. showed the presence of
NETs by IHF multiplex staining for MPO, NE, DNA
using FFPE samples (Kessenbrock et al., 2009). The
proof of the tissue NETs using CitH marker had been
demonstrated by IHC mono staining using FFPE
samples, because the IHF staining of CitH does not work
in some human tissues after formalin fixation

(Nakazawa et al., 2012a), nor in some mouse tissues
(Kusunoki et al., 2016). Meanwhile, some recent reports
have shown that IHF staining of CitH in human FFPE
samples was useful for NETs detection (O'Sullivan et al.,
2015). Therefore, with the accumulation of further
evidence we should address which staining method
would be better for human tissue NETs detection and
whether the procedure is the same or not in each disease
and organ.

The use of fresh frozen samples stained for citH3,
neutrophil granule protein markers, and DNA would lead
to more reliable NET detection in the future. In addition,
therapeutic efficacy has been assessed by tissue-specific
NET staining in animal models, which, if translated 
to humans, would provide another useful therapeutic
index. 
Summary on NET formation in disease

NETs are important for host defense against local
infections, but dysregulated NET formation can result in
persistent inflammation, hypercoagulation, and
disturbance of wound healing. Inhibition of NETs could
be therapeutically beneficial for various diseases,
including sepsis, autoimmune diseases, thrombosis,
metabolic diseases, and cancer; however, considering the
importance of neutrophils to innate immunity, inhibition
of NET formation, such as with a PAD4 inhibitor, should
not interfere with the ability of the innate immune
system to respond to pathogens (Martinod et al., 2015).
Therefore, a better understanding of the roles of NETs in
the pathogenesis of these diseases will be required to
develop specific therapies. This will require
improvements in the techniques to identify bona fide
NETs and the development of reliable NET-specific
markers in tissues, such as citrullinated histone. 
Acknowledgements. D.N. was supported by the Alexander-von-
Humboldt Foundation. H.J.A. was supported by the Deutsche
Forschungsgemeinschaft (AN372/14-3, 16-1, 20-1, 23-1) and the
European Union’s Horizon 2020 research and innovation programme
under grant agreement No 668036 (RELENT. The opinions expressed
in this article are those of the authors and do not reflect the official
position or views of the EC, its agencies or officers.

References

Barnado A., Crofford L.J. and Oates J.C. (2016). At the bedside:
Neutrophil extracellular traps (nets) as targets for biomarkers and
therapies in autoimmune diseases. J. Leukoc. Biol.99, 265-278.

Beiter K., Wartha F., Albiger B., Normark S., Zychlinsky A. and
Henriques-Normark B. (2006). An endonuclease allows
Streptococcus pneumoniae to escape from neutrophil extracellular
traps. Curr. Biol. 16, 401-407.

Brinkmann V., Reichard U., Goosmann C., Fauler B., Uhlemann Y.,
Weiss D.S., Weinrauch Y. and Zychlinsky A. (2004). Neutrophil
extracellular traps kill bacteria. Science 303, 1532-1535.

Brinkmann V., Goosmann C., Kuhn L.I. and Zychlinsky A. (2012).

211
NETs evidence in pathology



Automatic quantification of in vitro net formation. Front. Immunol. 3,
413.

Cedervall J., Zhang Y., Huang H., Zhang L., Femel J., Dimberg A. and
Olsson A.K. (2015). Neutrophil extracellular traps accumulate in
peripheral blood vessels and compromise organ function in tumor-
bearing animals. Cancer Res. 75, 2653-2662.

Chow O.A., von Kockritz-Blickwede M., Bright A.T., Hensler M.E.,
Zinkernagel A.S., Cogen A.L., Gallo R.L., Monestier M., Wang Y.,
Glass C.K. and Nizet V. (2010). Statins enhance formation of
phagocyte extracellular traps. Cell Host Microbe 8, 445-454.

Clark S.R., Ma A.C., Tavener S.A., McDonald B., Goodarzi Z., Kelly
M.M., Patel K.D., Chakrabarti S., McAvoy E., Sinclair G.D., Keys
E.M., Allen-Vercoe E., Devinney R., Doig C.J., Green F.H. and
Kubes P. (2007). Platelet tlr4 activates neutrophil extracellular traps
to ensnare bacteria in septic blood. Nat. Med. 13, 463-469.

de Oliveira S., Rosowski E.E. and Huttenlocher A. (2016). Neutrophil
migration in infection and wound repair: Going forward in reverse.
Nat. Rev. Immunol. 16, 378-391.

Desai J., Mulay S.R., Nakazawa D. and Anders H.J. (2016a). Matters of
life and death. How neutrophils die or survive along net release and
is "netosis" = necroptosis? Cell. Mol. Life Sci. 73, 2211-2219.

Desai J., Kumar S.V., Mulay S.R., Konrad L., Romoli S., Schauer C.,
Herrmann M., Bilyy R., Muller S., Popper B., Nakazawa D.,
Weidenbusch M., Thomasova D., Krautwald S., Linkermann A. and
Anders H.J. (2016b). Pma and crystal-induced neutrophil
extracellular trap formation involves ripk1-ripk3-mlkl signaling. Eur.
J. Immunol. 46, 223-229.

Fuchs T.A., Kremer Hovinga J.A., Schatzberg D., Wagner D.D. and
Lammle B. (2012). Circulating DNA and myeloperoxidase indicate
disease activity in patients with thrombotic microangiopathies. Blood
120, 1157-1164.

Fuchs T.A., Abed U., Goosmann C., Hurwitz R., Schulze I., Wahn V.,
Weinrauch Y., Brinkmann V. and Zychlinsky A. (2007). Novel cell
death program leads to neutrophil extracellular traps. J. Cell Biol.
176, 231-241.

Fuchs T.A., Brill A., Duerschmied D., Schatzberg D., Monestier M.,
Myers D.D. Jr, Wrobleski S.K., Wakefield T.W., Hartwig J.H. and
Wagner D.D. (2010). Extracellular DNA traps promote thrombosis.
Proc. Natl. Acad. Sci. USA 107, 15880-15885.

Gupta A.K., Hasler P., Holzgreve W., Gebhardt S. and Hahn S. (2005).
Induction of neutrophil extracellular DNA lattices by placental
microparticles and il-8 and their presence in preeclampsia. Human
Immunol. 66, 1146-1154.

Hakkim A., Furnrohr B.G., Amann K., Laube B., Abed U.A., Brinkmann
V., Herrmann M., Voll R.E. and Zychlinsky A. (2010). Impairment of
neutrophil extracellular trap degradation is associated with lupus
nephritis. Proc. Natl. Acad. Sci. USA 107, 9813-9818.

Huang H., Tohme S., Al-Khafaji A.B., Tai S., Loughran P., Chen L.,
Wang S., Kim J., Billiar T., Wang Y. and Tsung A. (2015). Damage-
associated molecular pattern-activated neutrophil extracellular trap
exacerbates sterile inflammatory liver injury. Hepatology 62, 600-614.

Kessenbrock K., Krumbholz M., Schonermarck U., Back W., Gross
W.L., Werb Z., Grone H.J., Brinkmann V. and Jenne D.E. (2009).
Netting neutrophils in autoimmune small-vessel vasculitis. Nat. Med.
15, 623-625.

Khandpur R., Carmona-Rivera C., Vivekanandan-Giri A., Gizinski A.,
Yalavarthi S., Knight J.S., Friday S., Li S., Patel R.M., Subramanian
V., Thompson P., Chen P., Fox D.A., Pennathur S. and Kaplan M.J.
(2013). Nets are a source of citrullinated autoantigens and stimulate

inflammatory responses in rheumatoid arthritis. Sci. Translat. Med.
5, 178ra140.

Knight J.S., Zhao W., Luo W., Subramanian V., O'Dell A.A., Yalavarthi
S., Hodgin J.B., Eitzman D.T., Thompson P.R. and Kaplan M.J.
(2013). Peptidylarginine deiminase inhibition is immunomodulatory
and vasculoprotective in murine lupus. J. Clin. Invest. 123, 2981-
2993.

Kumar S.V., Kulkarni O.P., Mulay S.R., Darisipudi M.N., Romoli S.,
Thomasova D., Scherbaum C.R., Hohenstein B., Hugo C., Muller S.,
Liapis H. and Anders H.J. (2015). Neutrophil extracellular trap-
related extracellular histones cause vascular necrosis in severe GN.
J. Am. Soc. Nephrol. 26, 2399-2413.

Kusunoki Y., Nakazawa D., Shida H., Hattanda F., Miyoshi A., Masuda
S., Nishio S., Tomaru U., Atsumi T. and Ishizu A. (2016).
Peptidylarginine deiminase inhibitor suppresses neutrophil
extracellular trap formation and MPO-ANCA production. Front.
Immunol. 7.

Li P., Li M., Lindberg M.R., Kennett M.J., Xiong N. and Wang Y. (2010).
Pad4 is essential for antibacterial innate immunity mediated by
neutrophil extracellular traps. J. Exp. Med. 207, 1853-1862.

Ludyga N., Grunwald B., Azimzadeh O., Englert S., Hofler H., Tapio S.
and Aubele M. (2012). Nucleic acids from long-term preserved ffpe
tissues are suitable for downstream analyses. Virchows Arch. 460,
131-140.

Margraf S., Logters T., Reipen J., Altrichter J., Scholz M. and Windolf J.
(2008). Neutrophil-derived circulating free DNA (cf-DNA/nets): A
potential prognostic marker for posttraumatic development of
inflammatory second hit and sepsis. Shock 30, 352-358.

Martinod K., Fuchs T.A., Zitomersky N.L., Wong S.L., Demers M.,
Gallant M., Wang Y. and Wagner D.D. (2015). Pad4-deficiency does
not affect bacteremia in polymicrobial sepsis and ameliorates
endotoxemic shock. Blood 125, 1948-1956.

Metzler K.D., Goosmann C., Lubojemska A., Zychlinsky A. and
Papayannopoulos V. (2014). A myeloperoxidase-containing complex
regulates neutrophil elastase release and actin dynamics during
netosis. Cell Rep. 8, 883-896.

Mori Y., Yamaguchi M., Terao Y., Hamada S., Ooshima T. and
Kawabata S. (2012). Alpha-enolase of Streptococcus pneumoniae
induces formation of neutrophil extracellular traps. J. Biol. Chem.
287, 10472-10481.

Nakazawa D., Tomaru U., Yamamoto C., Jodo S. and Ishizu A. (2012a).
Abundant neutrophil extracellular traps in thrombus of patient with
microscopic polyangiitis. Front. Immunol. 3, 333.

Nakazawa D., Tomaru U., Suzuki A., Masuda S., Hasegawa R.,
Kobayashi T., Nishio S., Kasahara M. and Ishizu A. (2012b).
Abnormal conformation and impaired degradation of
propylthiouracil-induced neutrophil extracellular traps: Implications of
disordered neutrophil extracellular traps in a rat model of
myeloperoxidase antineutrophil cytoplasmic antibody-associated
vasculitis. Arthrit. Rheumat. 64, 3779-3787.

Nakazawa D., Shida H., Tomaru U., Yoshida M., Nishio S., Atsumi T.
and Ishizu A. (2014). Enhanced formation and disordered regulation
of nets in myeloperoxidase-ANCA-associated microscopic
polyangiitis. J. Am. Soc. Nephrol. 25, 990-997.

O'Sullivan K.M., Lo C.Y., Summers S.A., Elgass K.D., McMillan P.J.,
Longano A., Ford S.L., Gan P.Y., Kerr P.G., Kitching A.R. and
Holdsworth S.R. (2015). Renal participation of myeloperoxidase in
antineutrophil cytoplasmic antibody (ANCA)-associated
glomerulonephritis. Kidney Int. 88, 1030-1046.

212
NETs evidence in pathology



Rohm M., Grimm M.J., D'Auria A.C., Almyroudis N.G., Segal B.H. and
Urban C.F. (2014). Nadph oxidase promotes neutrophil extracellular
trap formation in pulmonary aspergillosis. Infection Immunity 82,
1766-1777.

Rohrbach A.S., Hemmers S., Arandjelovic S., Corr M. and Mowen K.A.
(2012). Pad4 is not essential for disease in the k/bxn murine
autoantibody-mediated model of arthritis. Arthrit. Res. Ther. 14,
R104.

Sangaletti S., Tripodo C., Chiodoni C., Guarnotta C., Cappetti B.,
Casalini P., Piconese S., Parenza M., Guiducci C., Vitali C. and
Colombo M.P. (2012). Neutrophil extracellular traps mediate transfer
of cytoplasmic neutrophil antigens to myeloid dendritic cells toward
anca induction and associated autoimmunity. Blood 120, 3007-
3018.

Savchenko A.S., Martinod K., Seidman M.A., Wong S.L., Borissoff J.I.,
Piazza G., Libby P., Goldhaber S.Z., Mitchell R.N. and Wagner D.D.
(2014). Neutrophil extracellular traps form predominantly during the
organizing stage of human venous thromboembolism development.
J. Thrombosis Haemostasis 12, 860-870.

Sayah D.M., Mallavia B., Liu F., Ortiz-Munoz G., Caudrillier A.,
DerHovanessian A., Ross D.J., Lynch J.P. 3rd, Saggar R., Ardehali
A., Ware L.B., Christie J.D., Belperio J.A. and Looney M.R. (2015).
Neutrophil extracellular traps are pathogenic in primary graft
dysfunction after lung transplantation. Am. J. Resp. Crit. Care Med.
191, 455-463.

Schauer C., Janko C., Munoz L.E., Zhao Y., Kienhofer D., Frey B., Lell
M., Manger B., Rech J., Naschberger E., Holmdahl R., Krenn V.,
Harrer T., Jeremic I., Bilyy R., Schett G., Hoffmann M. and
Herrmann M. (2014). Aggregated neutrophil extracellular traps limit
inflammation by degrading cytokines and chemokines. Nat. Med. 20,
511-517.

Skrzeczynska-Moncznik J., Wlodarczyk A., Zabieglo K., Kapinska-
Mrowiecka M., Marewicz E., Dubin A., Potempa J. and Cichy J.
(2012). Secretory leukocyte proteinase inhibitor-competent DNA
deposits are potent stimulators of plasmacytoid dendritic cells:
Implication for psoriasis. J. Immunol. 189, 1611-1617.

Tanaka K., Koike Y., Shimura T., Okigami M., Ide S., Toiyama Y.,
Okugawa Y., Inoue Y., Araki T., Uchida K., Mohri Y., Mizoguchi A.
and Kusunoki M. (2014). In vivo characterization of neutrophil
extracellular traps in various organs of a murine sepsis model. PloS
One 9, e111888.

von Bruhl M.L., Stark K., Steinhart A., Chandraratne S., Konrad I.,
Lorenz M., Khandoga A., Tirniceriu A., Coletti R., Kollnberger M.,
Byrne R.A., Laitinen I., Walch A., Brill A., Pfeiler S., Manukyan D.,
Braun S., Lange P., Riegger J., Ware J., Eckart A., Haidari S.,
Rudelius M., Schulz C., Echtler K., Brinkmann V., Schwaiger M.,

Preissner K.T., Wagner D.D., Mackman N., Engelmann B. and
Massberg S. (2012). Monocytes, neutrophils, and platelets
cooperate to initiate and propagate venous thrombosis in mice in
vivo. J. Exp. Med. 209, 819-835.

von Kockritz-Blickwede M., Goldmann O., Thulin P., Heinemann K.,
Norrby-Teglund A., Rohde M. and Medina E. (2008). Phagocytosis-
independent antimicrobial activity of mast cells by means of
extracellular trap formation. Blood 111, 3070-3080.

Vorobjeva N.V. and Pinegin B.V. (2014). Neutrophil extracellular traps:
Mechanisms of formation and role in health and disease.
Biochemistry (Mosc.) 79, 1286-1296.

Wang Y., Li M., Stadler S., Correll S., Li P., Wang D., Hayama R.,
Leonelli L., Han H., Grigoryev S.A., Allis C.D. and Coonrod S.A.
(2009). Histone hypercitrul l ination mediates chromatin
decondensation and neutrophil extracellular trap formation. J. Cell
Biol.184, 205-213.

Warnatsch A., Ioannou M., Wang Q. and Papayannopoulos V. (2015).
Inflammation. Neutrophil extracellular traps license macrophages for
cytokine production in atherosclerosis. Science 349, 316-320.

Wartha F. and Henriques-Normark B. (2008). Etosis: A novel cell death
pathway. Sci. Signal. 1, pe25.

Wong S.L., Demers M., Martinod K., Gallant M., Wang Y., Goldfine A.B.,
Kahn C.R. and Wagner D.D. (2015). Diabetes primes neutrophils to
undergo netosis, which impairs wound healing. Nat. Med. 21, 815-
819.

Xu J., Zhang X., Pelayo R., Monestier M., Ammollo C.T., Semeraro F.,
Taylor F.B., Esmon N.L., Lupu F. and Esmon C.T. (2009).
Extracellular histones are major mediators of death in sepsis. Nat.
Med. 15, 1318-1321.

Yipp B.G. and Kubes P. (2013). Netosis: How vital is it? Blood 122,
2784-2794.

Yousefi S., Gold J.A., Andina N., Lee J.J., Kelly A.M., Kozlowski E.,
Schmid I., Straumann A., Reichenbach J., Gleich G.J. and Simon
H.U. (2008). Catapult-like release of mitochondrial DNA by
eosinophils contributes to antibacterial defense. Nat. Med. 14, 949-
953.

Zhang S., Lu X., Shu X., Tian X., Yang H., Yang W., Zhang Y. and
Wang G. (2014). Elevated plasma cfDNA may be associated with
active lupus nephritis and partially attributed to abnormal regulation
of neutrophil extracellular traps (nets) in patients with systemic lupus
erythematosus. Intern. Med. (Tokyo, Japan) 53, 2763-2771.

Zhao W., Fogg D.K. and Kaplan M.J. (2015). A novel image-based
quantitative method for the characterization of netosis. J. Immunol.
Meth. 423, 104-110.

Accepted September 5, 2016

213
NETs evidence in pathology


