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The Journal of Immunology

A Novel Mechanism of Rapid Nuclear Neutrophil
Extracellular Trap Formation in Response to
Staphylococcus aureus

Florian H. Pilsczek,*' Davide Salina,*"! Karen K. H. Poon,* Candace Fahey,*

Bryan G. Yipp,* Christopher D. Sibley,** Stephen M. Robbins,® Francis H. Y. Green,*"
Mike G. Surette,** Motoyuki Sugai,’ M. Gabriela Bowden,' Muzaffar Hussain,**
Kunyan Zhang,”* and Paul Kubes*'"

Neutrophil extracellular traps (NETs) are webs of DNA covered with antimicrobial molecules that constitute a newly described
killing mechanism in innate immune defense. Previous publications reported that NETs take up to 3—4 h to form via an oxidant-
dependent event that requires lytic death of neutrophils. In this study, we describe neutrophils responding uniquely to Staphy-
lococcus aureus via a novel process of NET formation that did not require neutrophil lysis or even breach of the plasma
membrane. The multilobular nucleus rapidly became rounded and condensed. During this process, we observed the separation
of the inner and outer nuclear membranes and budding of vesicles, and the separated membranes and vesicles were filled with
nuclear DNA. The vesicles were extruded intact into the extracellular space where they ruptured, and the chromatin was released.
This entire process occurred via a unique, very rapid (5-60 min), oxidant-independent mechanism. Mitochondrial DNA consti-
tuted very little if any of these NETs. They did have a limited amount of proteolytic activity and were able to Kill S. aureus. With
time, the nuclear envelope ruptured, and DNA filled the cytoplasm presumably for later lytic NET production, but this was dis-
tinct from the vesicular release mechanism. Panton—Valentine leukocidin, autolysin, and a lipase were identified in supernatants
with NET-inducing activity, but Panton—Valentine leukocidin was the dominant NET inducer. We describe a new mechanism of NET

release that is very rapid and contributes to trapping and Killing of S. aureus. The Journal of Immunology, 2010, 185: 7413-7425.

eutrophil extracellular traps (NETs) were discovered
N in 2004 and have been described as a potential bacte-

rial killing mechanism. Brinkmann et al. (1) first re-
ported that neutrophils were activated to release their DNA,
which was laden with proteases that trapped and killed microbes.
NETs have also been documented in vivo in several pathological
conditions, including experimental shigellosis in rabbits and
human appendicitis (1), preeclampsia (2), in the vasculature of
a patient with acute interstitial pneumonitis (3), in skin lesions of
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patients with leishmaniasis (4), during autoimmune disease (5),
and in pneumococcal pneumonia (6) and necrotizing fasciitis
caused by Streptococcus pyogenes in mice (7-9). It is intriguing
that numerous bacteria have evolved the ability to produce DNa-
ses, which recently have been shown to degrade NET components,
thereby freeing themselves from capture (1, 6, 8). This increases
the virulence of pathogens, such as Streptococcus pneumoniae (6)
and S. pyogenes (7-9).

In a very detailed series of imaging experiments, Fuchs et al.
(10) demonstrated that the formation of NETs in response to
phorbol ester as well as Staphylococcus aureus is the last step in a
process of active neutrophil death. These investigators showed
that over the period of ~3 h, the neutrophils underwent very sig-
nificant morphological changes dependent in part on the produc-
tion of large quantities of oxidants from the neutrophil enzyme
NADPH oxidase. NET formation was initiated by the loss of nu-
clear segregation of euchromatin and heterochromatin. The char-
acteristic lobular form of the neutrophil nucleus was lost, and, at
later time points, the nuclear envelope disintegrated. The granular
membranes disappeared, and the nuclear, cytoplasmic, and gran-
ular components were mixed together. Finally, the cell membrane
ruptured allowing the extrusion of the NETs. Importantly, in this
form of cell death, DNA fragmentation did not occur, allowing the
chromatin to unfold once released into the extracellular space.
Fuchs et al. (10) concluded that this rather lengthy 3-h process of
oxidant-dependent NET formation allowed neutrophils to con-
tinue their antimicrobial role even after cell death.

However, more recently, Yousefi et al. (11) reported that IL-5
or IFN-y—primed eosinophils could catapult their DNA in re-
sponse to LPS. This process was rapid and did not cause apoptosis
of the eosinophils. The authors suggested that this was primarily
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due to the fact that eosinophils extruded mitochondrial not nuclear
DNA. The same group also reported that neutrophils, primed with
GM-CSE, would then respond to LPS or C5a by releasing mito-
chondrial DNA via an oxidant-mediated event (12). In this way,
a neutrophil could release NETs but retain its nucleus and pre-
sumably continue its other antimicrobial functions. However, neu-
trophils are terminally differentiated cells that do not need protein
synthesis to survive for their very short life span and perform their
effector functions. Indeed, the nucleus and constituent DNA were
demonstrated to be expendable decades ago. Vigorous spinning of
neutrophils to remove nuclei rendered anuclear, resealed cytoplasts
that had the capacity to chemotax, phagocytose, and kill bacteria
(13) raising the possibility that a neutrophil might be able to survive
even if it released its nuclear DNA.

S. aureus is one of the most common human pathogens re-
sponsible for more than 10 million skin and soft tissue infections
each year in North America alone (14). S. aureus has evolved
multiple mechanisms of inhibiting neutrophil phagocytosis by
interfering with complement activation and preventing Fc receptor
binding to Ab immobilized to S. aureus (15-18). Even if S. aureus
is phagocytosed, it can survive inside neutrophils (19). Therefore,
a rapid extracellular killing mechanism might be a more effective
strategy to eradicate S. aureus. In this study, we identified that
neutrophils employ a very rapid novel process of nuclear NET
formation primarily in response to S. aureus that is distinct from
the previously reported NET formation inasmuch as it does not
require oxidant-dependent processes, neutrophil lysis, or mito-
chondrial DNA release.

Materials and Methods

Reagents and media

Unless stated otherwise, all reagents were purchased from Sigma Chemical
Company (St. Louis, MO). Bacteria were grown on Todd-Hewitt agar
supplemented with 5% yeast and in brain heart infusion broth at 37°C and
5% carbon dioxide. All culture media for bacteria were purchased from
Difco (Sparks, MD) unless stated otherwise. DMEM was purchased from
Difco and prepared according to the protocol of the manufacturer.

Bacterial strains and culture conditions

Escherichia coli was grown on Lenox L agar plates and in Luria broth
(Invitrogen, Carlsbad, CA). S. pneumoniae was grown on Columbia agar
supplemented with 5% sheep blood. S. aureus was grown on tryptic soy and
brain heart infusion agar. The following bacteria were used in this study:
S. aureus ATCC 25923; Staphylococcus epidermidis ATCC 14990; Pseu-
domonas aeruginosa PAOl; Gemella haemolysans C304 (cultivated from
sputum of a cystic fibrosis patient and identified with 16S rRNA sequenc-
ing); S. pyogenes ATCC 19615; S. pneumoniae ATCC 6303; Acinetobacter
baumannii ATCC 19761; E. coli #16/126075 (cultivated by Calgary Labo-
ratory Services [Calgary, Alberta, Canada] from blood of a patient with
sepsis). In some cases, bacteria were lysed as previously described (20). In
addition, we also used the following clinical strains of S. aureus: USA 400
(C8830) was obtained from a patient with serious skin infection, and M92
was a nasal colonizing strain obtained from a healthy individual. The lipase
nonsecreting strain of S. aureus (MW2 geh::psk950) and the parent strain
were used as described (21).

Human neutrophil isolation

Whole blood was collected into acid citrate dextrose (1:5 blood, v/v).
Erythrocytes were removed using dextran sedimentation followed by two
rounds of hypotonic lysis. Neutrophils were isolated from the resulting cell
suspension using Ficoll-Histopaque density centrifugation. Purified neutro-
phils were suspended in DMEM at a concentration of 1 X 107 cells/ml (3).

Ethics statement

Permission for taking blood samples from human donors was obtained
from the Foothills Hospital (Calgary, Alberta, Canada) ethics board.
Written informed consent was provided by each human subject who
donated blood.

STAPHYLOCOCCUS AUREUS AND NETS

NETs quantification assay

S. aureus were grown to stationary phase for 20 h, centrifuged for 2 min at
20,000 X g, and the pellet resuspended in normal saline. Bacteria were
quantified as previously described (20). Bacteria were added to neutrophils
in DMEM in 1.5-ml tubes at bacteria to neutrophil ratios of 10:1 (de-
termined from preliminary work) and incubated at 37°C and 5% carbon
dioxide for various times. PMA, a potent inducer of NET production (1)
and a protein kinase C activator of neutrophils, was used at 20 nM or 100
M. Sytox Green (Molecular Probes, Carlsbad, CA) was used in 96-well
culture plates at 2.5 uM and studied with a 1420 Multilabel Counter Victor
3V fluorescence reader (PerkinElmer, Waltham, MA). Fluorescence was
due to extracellular DNA as addition of DNase abolished fluorescence.

Microscopy

In some experiments, a Richardson RTM-3 microscope (Richardson Tech-
nologies, Bolton, Ontario, Canada) was used. The percentage of total
surface area covered by NETs was determined with ImageJ software version
1.41 (National Institutes of Health, Bethesda, MD). In some experiments,
NETs were visualized using autologous plasma-coated culture dishes (35
mm; World Precision, Sarasota, FL) and a confocal microscope (Olympus,
Center Valley, PA, IX81 inverted confocal microscope with Fluoview 1000
acquisition software, X40 objective). In some experiments, a cell-imper-
meable membrane culture insert (0.02 pm, 25 mm; Nunc, Rochester, NY)
was used for separation of neutrophils and S. aureus. Sytox Green (5 wM),
Hoechst 33342 (5 pg/ml), and propidium iodide (5 pg/ml) were purchased
from Molecular Probes.

Cytotoxicity assay

Lysis of neutrophils was studied with the lactate dehydrogenase detection
assay CytoTox-ONE Homogeneous Membrane Integrity Assay (Promega,
Madison, WI) according to the protocol of the manufacturer. Fluorescence
was detected with a fluorescence reader (PerkinElmer Fusion with Fusion
Instrument Control Application 4.0).

Viability of neutrophils

Viability of neutrophils was tested with the Live/Dead Fixable Red Dead
Cell Stain kit (Invitrogen), and apoptosis of neutrophils was tested with the
APO-BrdU TUNEL assay kit (Invitrogen) according to the protocols of the
manufacturer. A FACScan flow cytometer and CellQuest Pro software from
BD Biosciences (Sparks, MD) were used.

Elastase assay

The EnzChek elastase assay kit (Molecular Probes) was used according
to the protocol of the manufacturer. Fluorescence was detected with an
X4 2030 Multilabel Reader fluorescence reader (PerkinElmer).

Reactive oxygen substrate assay

To quantify ROS, cytochrome c¢ reduction was detected with increase of
absorbance at 550 nm (extinction coefficient = 21.1 em™ ! mM™!) with
a spectrophotometer (Biomate-3; Thermo Spectronic, Burlington, Ontario,
Canada) as part of a standard cytochrome c reduction assay. Cu/Zn super-
oxide dismutase (300 UN per ml; Oxis, Foster City, CA and Sigma, St.
Louis, MO), which metabolizes reactive oxygen species (ROS), and diben-
ziodolium chloride (DPI; 10250 wM; Sigma), an inhibitor of NADPH
oxidase, were used to confirm that reactive oxygen substrates were detected.

Scanning electron microscopy

Coverslips were coated with autologous plasma and incubated for 1 h at
37°C and 5% carbon dioxide. Neutrophils and S. aureus were prepared as
before but incubated on coverslips. The incubated cells were fixed with
2.5% glutaraldehyde, postfixed with 1% osmium tetroxide/1% tannic acid,
dehydrated with a graded ethanol series, critical-point dried, and covered
with a gold film by sputter coating. The specimens were analyzed with an
FEI XL30 ESEM (Hillsboro, OR) scanning electron microscope.

Transmission electron microscopy

Neutrophils and S. aureus were prepared as before and fixed with 2.5%
glutaraldehyde. The supernatant was removed and warm 2% agar added.
After cooling the embedded pellet was cut into pieces. After washing three
times, the pieces were postfixed in 1% osmium tetroxide in cacodylate
buffer for 1 h, dehydrated through a graded series of acetone, and em-
bedded in epoxy-based resin. Ultrathin sections were cut in a Reichert-
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Jung (Depew, NY) Ultracut E microtome using a diamond knife and
stained with 4% aqueous uranyl acetate and Reynolds’ lead citrate. The
sections were observed in a Hitachi (Norcross, GA) H7650 transmission
electron microscope at 80 kV, and images were taken with an AMT
(Danvers, MA) 16000 digital camera mounted on the microscope.

Bacteria killing assay

Twenty-four—well culture plates were coated with 10% FBS (Hyclone,
Burlington, Ontario, Canada) and subsequently washed three times with
HBSS. S. aureus was grown to logarithmic phase, pelleted during centrifu-
gation, suspended in normal saline, and incubated with autologous non-heat-
inactivated serum at 10% for 30 min at room temperature. Neutrophils were
prepared as before and resuspended in cold HBSS. Wells were filled with
HBSS for a final volume of 500 1. DNase was used at 5000 U per milliliter.
After adding neutrophils, the culture plate was centrifuged at 200 X g for 5
min at room temperature and subsequently incubated at 37°C and 5% carbon
dioxide for 15 min. After incubation, bacteria were added to neutrophils at
bacteria to neutrophil ratio of 10:1, and the culture plate was centrifuged as
before followed by incubation at 37°C and 5% carbon dioxide for 1 h. After
incubation, 100-pl samples were obtained, serially diluted, plated, and
grown overnight before counting of colonies.

Analysis of S. aureus supernatant contents

Brain heart infusion fluid media were inoculated with S. aureus ATCC 25923
and grown for 12 h at 37°C and 250 rpm. The culture was used to inoculate
1:100 of 1 1 brain heart infusion fluid media and grown for 12 h at 37°C and
250 rpm. Supernatant was obtained by centrifugation at 20,000 X g for 20
min at4°C. Proteins were precipitated with 60% ammonium sulfate followed
by centrifugation at 20,000 X g for 20 min at 4°C. The precipitate was treated
with desalting columns PD-10 followed by ion-exchange chromatography
with HiTrap SP FF columns (both from GE Healthcare, Piscataway, NJ) and
used according to the protocol of the manufacturer.

The collected fractions were tested for NET formation with the NET

quantification assay, and fractions with activity were selected for further
fractionation with gel filtration chromatography with Superose 6 columns
(GE Healthcare) and used according to the protocol of the manufacturer.
The collected fractions were tested for NET formation, and fractions in-
ducing NETs were collected followed by one-dimensional SDS-PAGE.
Individual bands were manually dissected and sent to the mass spec-
trometry facility.
In-gel destaining and digestion. Gel plugs were rinsed once with 200 pl
HPLC-grade water, twice with 200 pl 25 mM ammonium bicarbonate in
50% (v/v) acetonitrile, followed by 100 wl acetonitrile to dehydrate the gel
plugs, which were then lyophilized. The dry gel plugs were rehydrated in 5-7
! 25 mM ammonium bicarbonate, pH 8, containing 12.5 ng/pl trypsin. After
rehydration, an additional 30 wl 25 mM ammonium bicarbonate was added,
and the gel plugs were incubated overnight at 37°C. Peptides were extracted
from gel plugs by two rounds of incubation with 50 w1 1% formic acid in 50%
acetonitrile for 15 min. The pooled extracts were reduced to dryness and
reconstituted in mobile phase buffer A for liquid chromatography.

Digests were analyzed using an integrated Agilent 1100 LC-Ion-Trap-
XCT-Ultra system (Agilent Technologies, Santa Clara, CA), fitted with
an integrated fluidic cartridge for peptide capture, separation, and nano-
spraying (HPLC Chip). Injected samples were trapped and desalted on
a precolumn channel (40-nl volume; Zorbax [Palo Alto, CA] 300 SB-C;g)
for 5 min with 3% acetonitrile with 0.2% formic acid delivered by an
auxiliary pump at 4 wl/min. The peptides were then reverse-eluted from
the trapping column and separated on the analytical column (150 mm
length; Zorbax 300SB-C,g) at 0.3 pl/min. Peptides were eluted using a
5-70% (v/v) acetonitrile gradient in 0.2% (v/v) formic acid over 45
min. Tandem mass spectrometry (MS/MS) spectra were collected by data-
dependent acquisition, with parent ion scans of 8100 Th/s over m/z 300—
2000 and MS/MS scans at the same rate over m/z 100-2200. Peak-list data
were extracted from these files by DataAnalysis software for the Agilent
Technologies (Santa Clara, CA) 6300 series ion trap, v3.4 (build 175).
Mascot v2.1 (Matrix Science, Boston, MA) was used to search the MS/MS
data using the following parameters: 1.6 Da precursor ion mass tolerance,
0.8 Da fragment ion mass tolerance, one potential missed cleavage and
oxidized methionine as a variable modification.

Specific S. aureus reagents

Recombinant autolysin was used as previously described by Dr. M. Sugai
(Hiroshima University, Hiroshima, Japan). Purified LukF and LukS were
provided by Dr. M. G. Bowden (Texas A&M University System Health
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Science Center, Houston, TX) after purification by ion-exchange chro-
matography followed by liquid chromatography (22). Antiserum from
rabbits against amidase (60 kDa), glucosaminidase (50 kDa), the complete
autolysin molecule (138 kDa, amidase and glucosamidase), and as control
anti-epidermal differentiation factors A were used as previously described
(23). Antiserum from rabbits against Panton—Valentine leukocidin (PVL)-
F, PVL-S, PVL-FS, and as control plasmin sensitive IgG1 and clumping
factor A IgG 1004 were used as previously described (24).

Statistical analysis

The unpaired one-tailed Student ¢ test with a Bonferroni correction where
necessary was used. A p value <0.05 was considered significant. For the
electron microscopy counting, ANOVA was used to calculate the p value.

Results

S. aureus: a unique NET inducer

A wide variety of Gram-positive and Gram-negative bacteria were
exposed to neutrophils, and rapid 1-h NET formation was quan-
tified by measuring DNA content with Sytox Green, a molecule that
is fluorescent when it intercalates into strands of DNA (25) but is
impermeant to live cells. DNase was used to ensure DNA speci-
ficity. NET structures were confirmed using three different mi-
croscopy techniques. Neutrophils alone released very little DNA
into the surrounding milieu consistent with the fact that the freshly
isolated neutrophils were quiescent (Fig. 14). Most Gram-negative
or Gram-positive bacteria induced a 2- to 3-fold increase in ex-
tracellular DNA in 1 h (Fig. 1A). In dramatic contrast, S. aureus
induced more than 10-fold NETs within a 1-h incubation period
(Fig. 1A). Micrococcal nuclease is an enzyme found in S. aureus
that has previously been shown to increase the NET signal with
Sytox Green. To ensure this was not why the signal was so much
higher in S. aureus, we added micrococcal nuclease (from S. au-
reus) to other strains of bacteria. This had no effect on our readout
at lower concentrations and decreased the signal at higher con-
centrations (data not shown) suggesting that our S. aureus results
may actually underestimate the amount of NETs formed.

S. pyogenes and P. aeruginosa also induced a substantial amount
of extracellular DNA. DNase added 10 min before the end of the
1-h incubation (Fig. 1A) eliminated Sytox Green fluorescence.
When cells were sonicated, over 10- to 20-fold more DNA was de-
tected than that under control conditions (data not shown). PMA, at
a concentration used by others (20 nM) (10) as a potent inducer of
NETs over 3—4 h, caused almost no DNA release during the first
hour of neutrophil stimulation (data not shown) consistent with pre-
vious reports (1). A much higher dose of PMA (100 wM), known to
induce apoptosis (26), caused only a small release of extracellular
DNA (Fig. 1A).

Sytox Green could potentially intercalate into extracellular
bacterial DNA. However, only P. aeruginosa released significant
amounts of its own DNA in the absence of neutrophils (Supple-
mental Fig. 1A). When bacteria were lysed, again only P. aeru-
ginosa had significant DNA content (Supplemental Fig. 1B). Most
importantly, the extracellular DNA was not secondary to lysis of
neutrophils, despite S. aureus having lytic properties (15). An
insignificant change in lactate dehydrogenase (LDH), a marker
of cell lysis, was observed from neutrophils exposed to S. aureus
or any of the other bacteria examined. Therefore, lysis could not
account for the dramatic increase in DNA release with S. aureus.
When very high doses of PMA (100 pnM) were used, a small
amount of DNA was deected, but LDH also increased (Fig. 1B).
LDH increased 10-fold when neutrophils were lysed with Triton
X-100 (Fig. 1B and Supplemental Fig. 1C).

We used a wide range of S. aureus to neutrophil ratios and
observed optimal NET production (Supplemental Fig. 2A) and
minimal LDH release (Supplemental Fig. 2B) at a ratio of 10:1
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FIGURE 1. Human neutrophils release different amounts of neutrophil extracellular traps (NETs) depending on the bacterium due to a mechanism
distinct from necrosis and apoptosis. A, Neutrophils were prepared from human donors. Bacteria were incubated to stationary phase, centrifuged, and
suspended in normal saline. The number of bacteria included in samples was quantified according to nucleic acid staining results (24). Neutrophils and
bacteria were incubated at a bacteria to neutrophil ratio of 10:1 for 1 h, and NETs were quantified with Sytox Green in a fluorescence microplate reader.
Control: neutrophils alone. B, Neutrophils and bacteria were prepared as above, and LDH release was assessed with an enzymatic fluorometric assay. C-E,
Neutrophils and S. aureus were incubated for (C) 10-60 min and (D) 1-24 h, and NETs were quantified and (E) LDH release measured. The data in A—E are
presented as mean * SD of triplicate samples and are representative of at least three experiments. *p < 0.05; **p < 0.005 versus control group. F and G,
Neutrophils and S. aureus were prepared as before, incubated for 1 h, and studied with the (F) Live/Dead fixable dead cell stain kit and (G) APO-BrdU
TUNEL assay kit and flow cytometry. The data in F and G are presented as mean = SEM of at least three experiments. *p < 0.05; **p < 0.005 versus
control group.

S. aureus to neutrophils. These conditions were used for the re- neutrophils to be positive for APO-BrdU TUNEL (Fig. 1G).
mainder of the experiments. NETs were detected within 10 min of Clearly, during the first hour of NET formation with S. aureus, the
S. aureus exposure increasing more subtly (2-fold) over the re- neutrophils remained alive and not necrotic or apoptotic.
maining 1 h (Fig. 1C) and doubling again by 4 h (Fig. 1D). Recent studies suggested that mitochondrial DNA could be
By 24 h, the DNA release was no longer due to S. aureus as released from both eosinophils (11) and neutrophils (12). We pre-
neutrophils alone (Fig. 1D) or with PMA (data not shown) induced pared neutrophils and S. aureus as described previously, and NETs
similar extracellular DNA levels presumably because all the cells were studied with real-time PCR. Copies of both mitochondrial
were dead and lysed. Indeed, lysis of neutrophils was not a major and nuclear genes were detected; however, nuclear DNA was in
part of S. aureus-induced NET induction until 2-3 h (Fig. 1E), an molar excess, with the vast majority of NET DNA (>100,000
observation entirely consistent with Fuchs and colleagues (10) times more) being of genomic rather than mitochondrial origin
who described neutrophil lysis as a component of neutrophil NET (data not shown).
formation beginning at 2 h and reaching peak levels at 3 and 4 h.

Neutrophil viability assessed by flow cytometry was above 90% Neutrophils respond to S. aureus by releasing NETs, but not

with and without S. aureus in the first hour (Fig. 1F). Heat-killed 58

neutrophils all stained positive with a dead cell stain (97.2 = Three complementary microscopy techniques were used to detect
1.8%, mean * SEM). Flow cytometry also revealed very few NET production. Neutrophils and bacteria or PMA were incubated
apoptotic neutrophils with or without S. aureus, whereas PMA at only for 5 min and stained with Sytox Green. Immunofluorescence

concentrations known to cause apoptosis caused more than 60% of microscopy was used to detect early NET formation or neutrophil
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uptake of Sytox Green (breach in membrane integrity). Very rarely
was a neutrophil fluorescent in absence of any stimulus (Fig. 24),
but Sytox Green could be seen inside the neutrophils with high
concentrations of PMA (marked with arrows) (Fig. 2B). By con-
trast, diffuse NET structures formed as early as 5 min after incu-
bation with S. aureus, with no intracellular Sytox Green detected
in any of the nearby cells (Fig. 2C). These fluorescent structures
were completely abrogated if DNase was added at the end of
incubation (Fig. 2D). With time, NETs filled the entire field of
view (Fig. 2F). The surface area covered by NETs produced by
S. aureus even after just 5-min incubation was much greater than
that after stimulation with PMA (Fig. 2F).

Approximately 10-15% of neutrophils could be seen releasing
NETs in response to S. aureus at 10 min (Supplemental Fig. 3). It
is likely that some neutrophils had already released their NETs or
numerous neutrophils released a small amount of DNA that was
not detectable by microscopy, as 25% of total DNA was released
at this early time point (Supplemental Fig. 4), according to the
fluorescence DNA assay.

Scanning electron microscopy of untreated neutrophils revealed
no NET production (Fig. 3A). With PMA, the neutrophils spread
on the coverslips, but extracellular structures were not seen
(Fig. 3B). Early NET release from otherwise intact neutrophils was
seen in response to S. aureus (Fig. 3C). S. aureus was frequently
covered by NETs (Fig. 3D), and the NET components appeared
to form lattice-like structures (Fig. 3E). NETs appeared to be
released through a small area on the neutrophil surface, and NETs
from multiple neutrophils fused (Fig. 3F). Overt signs of neutro-
phil lysis were not detected.

FIGURE 2. Microscopy images and quantification of
NETs induced by S. aureus. Neutrophils and S. aureus
were prepared as before and incubated for 5 min.
Samples were stained with Sytox Green and studied on
autologous plasma-coated glass slides with a fluores-
cent Richardson microscope and X20 objective (D with
X40 objective). A—D, The images show neutrophils
incubated alone (A), neutrophils incubated with PMA
with arrows pointing to intracellular Sytox Green (B),
neutrophils incubated with S. aureus and two of five
NETs marked with arrows (C), and neutrophils in-
cubated with S. aureus and DNase (D). The images of
A-D were acquired with bright field light. E, Neu-
trophils were incubated with S. aureus, stained with
Sytox Green, and the immunofluorescence image shows
a conglomerate of NETs at a later time. The images (A— 30 pm
E) are representative of at least three experiments with
neutrophils from different donors. Original magnifica-
tion X20. F, The surface area covered by the NETs was
quantified per 100 neutrophils with image analysis
software. The data are presented as mean * SEM of
three experiments. **p < 0.005.

30 pm
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Transmission electron microscopy revealed dramatic morpho-
logical changes in nuclear structure (Fig. 4). Whereas untreated
neutrophils had clear polymorphonuclear appearance with intact
nuclear membranes (Fig. 4A), after stimulation with S. aureus,
neutrophils first underwent a massive dilation between the inner
and outer nuclear membranes referred to as blebbing (Fig. 4B;
magnified image in Fig. 4C). Within this inner and outer nuclear
membrane separation are strands of DNA with bound nucleosomes
in a repeated array showing a “beads on a string” ultrastructural
appearance. This appearance is characteristic for strands of DNA
with bound nucleosomes (Fig. 4C, strands shown by arrowhead;
image magnified in Fig. 4D) reported in classical cell biology
literature (27-30). The nucleosome “beads” measure an average
of ~11 nm under high power (Fig. 4D arrowheads), which is
consistent with reported literature of the diameter of nucleosomes
wound by DNA. Some cells with dilatation of the nuclear enve-
lope are surrounded by extracellular DNA NETs despite having
intact plasma membranes (Fig. 4E). According to the published
literature, the extracellular DNA NETSs contain proteinaceous
material, with granule contents, and an underlying DNA back-
bone with an average diameter of 50 nm (10), consistent with the
NET shown in Fig 4E.

In later time points, there are vesicles seen in the cytoplasm
of cells surrounded by DNA NETs (Fig. 5A, small arrowhead;
image magnified in Fig 5B). Strikingly, within the lumen of the
vesicles there are also “beads on a string” strands of DNA (Fig.
5C, arrowhead). It is worth noting that in the early stages of
vesicle formation, the nuclei maintain intact nuclear pore com-
plexes (Fig. 5C, star), and breakdown of the nuclear membrane

Neutrophils
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FIGURE 3. Scanning electron microscopy of NETs
after incubation with S. aureus. Neutrophils and S. au-
reus were incubated for 1 h on autologous plasma-
coated slides, fixed with glutaraldehyde, stained with
a gold film (see Materials and Methods), and studied
with scanning electron microscopy. A, Neutrophils
alone. B, Neutrophils stimulated with PMA. C-F, Neu-
trophils incubated with S. aureus: (D) S. aureus was
covered by NETs; (E) NETs formed lattice-like struc-
tures and entangled S. aureus; (F) NETs were seen
emanating from a small area on the neutrophil surface
and fused to other NETs. The images are representative
of three experiments with neutrophils from different
donors.

was not evident despite DNA clearly outside the cell (Fig 4E
and Fig. 5A). As many vesicles continue to bud from the nuclear
envelope, the nuclei become rounded with uniformly condensed
chromatin (Fig. 5D). These nuclei also contain the large nuclear
envelope dilatations (Fig. 5D, arrowhead). A DNA-containing vesi-
cle is seen budding off the nuclear envelope (Fig. SF, arrowhead),
and many vesicles can be seen as separate entities in the cytoplasm
(Fig. 5E, 5F). During this stage, cytoplasmic dense granules are also
seen lining up along the intact plasma membrane (Fig. 5F).

Neutrophils eventually undergo completion of nuclear envelope
breakdown, releasing DNA material into the cytoplasm with
tubules of nuclear envelope (Fig. 6A, 6B, small arrowheads)
detaching from underlying chromatin (Fig. 6A, 6B, large arrow-
heads). The ultrastructure of these events is virtually identical
to nuclear envelope breakdown in prometaphase in mammalian
cells (31). The vesicles released from the nuclear envelope are
seen at the plasma membrane (Fig. 6C). The vesicles containing
DNA strands are released into the extracellular space (Fig. 6D,
small arrowhead) where they then lyse and empty their contents
to form NETs (Fig. 6E, large arrowhead). Some dense cytoplasmic
granules are also released into the extracellular space (Fig. 6C,
arrowhead), whereas others are seen fusing with the plasma mem-
brane to empty their contents (Fig. 6F, small arrowhead), con-
sistent with published reports of NETs containing granule con-
tents. These images suggest the contents of granules and DNA
vesicles mix in the extracellular space. Some anuclear cells con-
tain DNA material throughout the cytoplasm while entangling
bacterial clusters in a DNA NET (Fig. 6F, arrowhead).

To elucidate the timing of these events, a total of 50 randomly
selected cells at each time point (n = 200) were quantified in the em
for the different obvious morphologies over time (experiment

STAPHYLOCOCCUS AUREUS AND NETS

10 pm

repeated to measure intraobserver error). As time progressed from
5 min to 1 h, after neutrophil incubation with S. aureus, there was
a linear decrease of cells with intact nuclei and an inverse increase
in cells undergoing nuclear envelope dilation, nuclear condensa-
tion, and nuclear envelope breakdown (Fig. 6G). Nuclear dilatations
were seen most frequently at early time points (25 min), whereas
nuclear condensation peaked at 45 min, and complete nuclear en-
velope breakdown was most frequently seen at 60 min. This sug-
gests that a neutrophil likely undergoes morphological changes in
a specific order: 1) nuclear envelope dilation and vesicular forma-
tion and release, 2) nuclear condensation, followed by 3) nuclear
envelope breakdown. Lytic release of DNA from neutrophils was
not seen in the first 60 min. The entire population of neutrophils in an
incubation doing this in an asynchronous manner with DNA being
extruded into NETSs via a mechanism is consistent with the bio-
chemical and fluorescent imaging data where NET formation from
a neutrophil occurs in less than 20 min.

NETs are caused primarily by released bacterial products

It is possible that molecules released from S. aureus contribute to
NET production. Indeed, supernatant concentrates from S. aureus
grown to stationary phase for 12 h and filter-sterilized induced
ample NETs but had to be diluted due to increased concentrations
of all proteins over this growth period (Fig. 7A4). Low dilutions (1/
24) of supernatant incubated with neutrophils caused a large
amount of DNA release but LDH increased to the same level as
was observed with lysed cells (Fig. 7A) indicating complete
neutrophil lysis. Samples with dilutions of 1/493 and 1/2466 in-
duced similar levels of NET production as live bacteria with no
significant increase in LDH (Fig. 7A). To ensure that it was not the
12-h incubation that was necessary for the NET production via
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FIGURE 4. Transmission electron microscopy of NET formation
showing nuclear envelope alterations. Neutrophils and S. aureus were pre-
pared as before, and after fixation with glutaraldehyde they were processed
and studied with transmission electron microscopy. Images were obtained
from samples with neutrophils alone (A) and neutrophils incubated with
S. aureus (B—E). B and C show neutrophils displaying separation of inner
nuclear membrane (INM) from outer nuclear membrane (ONM). The nu-
clear pore complex (NPC) is shown as a marker of INM and ONM. There
are small DNA strands with characteristic, previously published “beads on
a string” appearance within the lumen between the INM and ONM mea-
suring an average of 11 nm in diameter (strand in C, arrowhead, is magnified
in D, arrowheads display the repeated array or “beads on a string”). Cells
with nuclear dilations at early time points are surrounded by NETs (E).
Original magnifications X10,000 (4), X20,000 (B), X30,000 (C), X80,000
(D), X20,000 (E), and X10,000 (F) using 60 kV voltage. Sections were
stained with uranyl acetate and lead citrate (see Materials and Methods).
Scale bars are as shown.

supernatant, supernatants from bacteria incubated for brief periods
(30 min) or the use of semipermeable membranes to separate
neutrophils from bacteria demonstrated that there was physiologic
ongoing release of mediators from S. aureus that induced NET
production (data not shown). This activity could be abolished by
addition of proteinase K suggesting a protein(s) is responsible for
the NETs (Fig. 7A).

Using ion-exchange and size-exclusion chromatography, samples
were fractionated, and active fractions were identified using our
standard NET fluorescence assay (Supplemental Fig. 5). The active
fractions were subjected to mass spectrometry, and three proteins
were the most frequently found proteins in the fractions with acti-
vity. These included PVL and more specifically the LukS (com-
ponent), autolysin (N-acetylmuramyl-L-alanine amidase and endo-
b-N-acetylglucosaminidase), and a lipase (glycerol ester hydrolase).

Next, recombinant autolysin was used to determine whether this
protein could induce NET formation (Fig. 7B). There was no in-
crease in NET formation when a concentration of 0.125 pg/m
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FIGURE 5. Transmission electron microscopy of NET formation show-
ing nuclear vesicle formation. A—F, Images were obtained from samples with
neutrophils incubated with S. aureus. Images show neutrophils with DNA
containing vesicles in the cytoplasm (A, small arrowhead) with extracellular
NETs containing bacteria (A, large arrowhead). Enlarged view of vesicle (B,
arrowhead) containing DNA strands (C, arrowhead). These nuclei have in-
tact nuclear pore complexes present (C, star). Neutrophils with rounded
condensed nuclei and intact nuclear envelope are seen in later stages of NET
formation (D). These nuclei also contain nuclear envelope dilatations (ar-
rowhead) and DNA vesicles in the cytoplasm (D). Vesicles are seen budding
off the nuclear envelope (E and F, arrowhead) with cytoplasmic granules
migrating to the plasma membrane. Original magnifications X3,000 (A),
X20,000 (B), X30,000 (C), X3,000 (D), X10,000 (E), and X10,000 (F)
using 60 kV voltage. Sections were stained with uranyl acetate and lead
citrate (see Materials and Methods). Scale bars are as shown.

autolysin was used. Increasing the autolysin concentrations to
above 1 pg/ml doubled the amount of NET release, and further
increasing the concentration 5-fold did not further increase NET
production. This makes autolysin a very minor NET inducer. Less
than 5% of neutrophils incubated with recombinant autolysin
produced NETs. No increase in LDH or propidium iodide was
detected (data not shown).

PVL has two components, LukF and LukS. LukF alone (up to 6.0
pg/ml) and LukS alone (up to 54 pg/ml) induced NET formation
(data not shown). However, as little as 0.2 pg/ml of the two
components together (Fig. 7C) induced some NET release, and at
0.7 pg/ml, 50% of total DNA was released (relative to lysed cells)
with no detectable LDH release (data not shown). Higher con-
centrations of PVL (~3 pg/ml) significantly increased the amount
of LDH release, so these concentrations were not studied further.
Propidium iodide staining to detect dead cells confirmed very low
numbers of dead cells with 0.7 pg/ml PVL or lower (data not
shown). DNase abolished the fluorescence suggesting the fluo-
rescence was a result of DNA (data not shown).

Antiserum against PVL but not against autolysin decreased
NET formation caused by S. aureus supernatant

The third major component identified in S. aureus supernatant was
lipase. Although no recombinant or isolated lipase was available,
a strain of S. aureus (MW2 geh::psk950) that does not produce
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FIGURE 6. Transmission electron microscopy of NET formation showing end stages of nuclear breakdown. Neutrophils and S. aureus were prepared as
before and studied with transmission electron microscopy. A—F, Images were obtained from samples with neutrophils incubated with S. aureus. In A and B,
neutrophils undergoing completion of nuclear envelope breakdown are shown containing tubules of nuclear envelope (small arrowheads) detaching from
underlying chromatin (large arrowheads). Vesicles containing DNA strands are seen fusing with the outer plasma membrane (C, upper small arrowhead)
and some released directly into the extracellular space (C—E, containing DNA strands shown by the arrowhead) in response to bacteria (D, large arrowhead).
The vesicles are seen lysing and releasing their content in the extracellular space to form NETs (E, large arrowhead). Granules are seen in the extracellular
space (C, small lower arrowhead) and also fusing with the plasma membrane (E, small arrowhead). An anuclear cell is shown that has undergone
completion of nuclear envelope breakdown (F). DNA material was released through the plasma membrane and has formed bacterial clusters within NETs
(F, arrowhead). A total of 50 randomly selected cells at each time point were quantified for different morphological changes (experiment repeated to
measure intraobserver SE, n = 200 for each experiment) (G). There were statistically significant changes in nuclear morphologies over the 1-h experiment
with a linear increase in cells undergoing nuclear envelope breakdown (ANOVA, p value <0.01, SE bars included). Original magnifications X5,000 (A),
X5,000 (B), X8,000 (C), X12,000 (D), X15,000 (E), and X2,000 (F) using 60 kV voltage. Sections were stained with uranyl acetate and lead citrate (see
Materials and Methods). Scale bars are as shown.
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lipase still produced ample NETs excluding this molecule as
a potential NET-inducing molecule (data not shown).

In the next experiment, antisera against autolysin and/or PVL were
used. Whereas autolysin antiserum did not inhibit NET production,
antiserum against PVL inhibited NET production by ~50%, and this
value was not further improved by either the addition of autolysin
antiserum or testing the role of PVL in lipase-deficient supernatant with
or without autolysin antiserum (Fig. 7D). Inhibition of NET form-
ation with antiserum against PVL and autolysin was not different be-
tween supernatants of lipase-deficient S. aureus and parent strain.

Neutrophils responded to metabolically inactive S. aureus (dead
bacteria) with NET production, but the response was much
smaller than that with live S. aureus (Fig. 7E), suggesting an
importantrole for the soluble bacterial metabolites and mediators.

NET formation caused by different S. aureus strains

S. aureus ATCC 25923 strain was used for the majority of this
study. We also tested S. aureus strains including USA 400, which
produces PVL and can cause serious infections in humans. This

strain is also known as community-acquired methicillin-resistant
S. aureus. By contrast, M92 is a strain of S. aureus that was grown
from a healthy person as a colonizing strain. S. epidermidis,
tested as a negative control Staphylococcus species, often grows
on human skin without causing disease and causes less rapid and
frequent tissue destruction during infection. No difference in the
quantity of NETs formed was seen between ATCC 25923 and
USA 400, but more NETs were formed by ATCC 25923 compared
with the colonizer M92 and S. epidermidis (data not shown). In
summary, the amount of NET formation differs between different
strains and may correlate with degree of pathogenesis.

Early formation of NETs by S. aureus is independent of ROS
produced by NADPH oxidase

When oxidant production by neutrophils was examined, PMA
induced oxidant production within 2 min. By contrast, S. aureus
did not produce detectable levels of oxidants at 10 min despite
ample NET production (Supplemental Fig. 6). By 30 min. S.
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aureus was causing significant oxidant production (Supple-
mental Fig. 6). This delay may be due to time to phagocytosis or
due to the antioxidant properties of S. aureus. Inhibition of
NADPH oxidase with DPI was previously shown to abolish
NET production effectively when neutrophils were stimulated
for 4 h (10). No inhibition of NET production was detected
when DPI was administered and then neutrophils were co-in-
cubated with S. aureus at any time point over the first hour (Fig.
8A and Supplemental Fig. 6). DPI at this concentration pre-
vented PMA-stimulated neutrophil oxidant production as ef-
fectively as the free radical scavenger superoxide dismutase (Fig.
8B). DPI could inhibit NET production over longer incubation
periods with S. aureus; 30% at 2 h and by 80% at 3 and 4 h (Fig.
8C). The fact that the oxidant-independent NETs formed at 1 and
2 h but were no longer present at 3 h suggests that there was
a continuous degradation of NETSs, an observation consistent with
the fact that S. aureus releases DNases that help the bacterium
degrade and escape NETs (15).

Early NETs can kill S. aureus but have limited proteolytic
activity

Neutrophils were co-incubated with S. aureus and DNase for 1 h (0
min), and then samples were obtained for overnight growth and
CFU determination (Fig. 8D). The results demonstrate a very
significant ability of neutrophils to kill S. aureus that was im-
paired when NET formation was limited with DNAse: S. aureus
viability was increased significantly (Fig. 8D). However, neu-
trophils co-incubated with varying concentrations of S. aureus
with DNase added during the last 5 min of incubation did reveal

>

FIGURE 8. NETs are formed during inhibition
of NADPH oxidase and can kill S. aureus but have
limited proteolytic activity. A, Neutrophils and S.
aureus were prepared as before, and NADPH
oxidase was inhibited with DPI. NETs were
quantified with Sytox Green in a fluorescence
microplate reader. The data are presented as mean
+ SEM from seven experiments. B, Neutrophils
were purified and cytochrome ¢ was added. To
quantify ROS, cytochrome ¢ reduction was de-
tected with a spectrophotometer. Samples were
also incubated with DPI or superoxide dismutase
(SOD) before stimulation with PMA as indicated.
The data are presented as mean = SEM from four
experiments. C, Neutrophils and bacteria were
prepared as before with or without DPI and in-
cubated for the indicated times. NETs were
quantified with Sytox Green. The data are pre-
sented as mean = SD of triplicate samples and are
representative of three experiments. *p < 0.05;
*%p < 0.005 versus control group. D, Neutrophils
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some increased survival (Supplemental Fig. 7). Indeed at low
concentrations of S. aureus, as much as 10-fold greater amounts of
free bacteria were detected in the presence of DNase, suggesting
that live bacteria trapped in NETs can be released after dissolving
NETs with DNase at low concentrations of S. aureus.

Previous reports have demonstrated that NETs have elastase
immobilized to their surface. Elastase activity associated with the
NETs as a measure of proteolytic activity was not detected in
the first 10 min (data not shown) but was detected in response to S.
aureus within the first hour. However, it was substantially less than
the amount measured at 4 h when lysis was the dominant mech-
anism of NET production (Fig. 8E). Clearly, the NETs can kill
bacteria very effectively, but the neutrophils do not release all their
granular content. In addition to elastase as a hallmark feature of
NETs, we were also able to see histones associated with the early
NET production, and this molecule also has ample bactericidal
activity (32).

Finally, to ensure that these experiments were not an in vitro
artifact, we also examined NET production in vivo by s.c. injection
of S. aureus and subsequent examination of neutrophil behavior
using spinning disk microscopy as previously described (33). We
clearly observed an increase in NET production from neutrophils
within 10 min of S. aureus exposure. Moreover, the NETs were
associated with histones (data not shown).

Discussion

The fact that S. aureus can cause systemic and severe localized
infection in otherwise healthy children and adults underscores the
importance of understanding how this pathogen manages to evade

w

[ norva N with PMA

1104
801
504

204

ROS (arbitrary units)

Untreated SOD

o

1 NoDNase EEE With DNase

40

30 ,—l
20
| [ ]
0

0 min

CFU x 10%100 pl

2h 3h 4h 0 min

and S. aureus were incubated with DNase for 1 h
(0 min), and subsequently samples were obtained
and grown overnight on culture plates for CFU
counting. The data are presented as mean + SEM
from three experiments. **p < 0.005 versus
control group. E, Neutrophils and S. aureus were
prepared as before, and neutrophil elastase was
quantified with EnzChek elastase assay kit at 1 or
4 h. The data are presented as mean = SEM from
three experiments. *p < 0.05 or **p < 0.005
versus control group.
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the host innate immune system. In this regard, S. aureus has
evolved multiple ways of inhibiting immune defense mechanisms.
S. aureus disrupts complement activation by secreting Staphylo-
coccus complement inhibitor (16) and expressing clumping factor
on the cell wall (17) thereby preventing opsonization. Moreover,
S. aureus can interfere with neutrophil receptors that bind Ab
bound to the bacteria (18). Moreover, S. aureus also has evolved
inhibitory mechanisms of oxidant production by neutrophils. In-
deed, the golden pigment for which S. aureus is named is a potent
antioxidant (34), and S. aureus produces abundant amounts of
superoxide dismutase and catalase such that marginal oxidative
burst function is detected from neutrophils infected with this
pathogen (35, 36). This is very important because as previously
mentioned, oxidants are critical for NET production via cell lysis,
raising the possibility that neutrophils will be incapable of pro-
ducing NETs. S. aureus also secretes numerous molecules that can
lyse neutrophils so a rapid, extracellular killing mechanism that
functions independent of oxidant production might be optimal for
S. aureus killing. Indeed, this study has identified a novel process
of NET release in response to S. aureus that is radically different
from the lytic pathway described by Fuchs and colleagues (10).

Other Gram-positive or Gram-negative bacteria induced NETs
to a much lesser magnitude at these early time points. Incubation
with S. aureus for 10 min was sufficient for substantial NET
formation, despite minimal neutrophil lysis, death, or apoptosis.
This suggests a coordinated mechanism of chromatin release as
a rapid defense mechanism against invading bacteria. Indeed, a
very striking transformation of the nucleus occurred over the first
few minutes that included a very rapid morphological change from
polymorphonuclear to a condensed sphere. This included a sepa-
ration of the inner and outer nuclear envelope and budding of
vesicles, where both separated envelopes and vesicles were filled
with nuclear DNA. Then the DNA was released from a discrete
site on the plasma membrane into the extracellular space. Notably,
the DNA-containing vesicles could be seen in the extracellular
space suggesting the release of intact vesicles rather than nuclear
and plasma membrane fusion. The released DNA was primarily of
nuclear not mitochondrial origin.

Unlike the original demonstration of NET production (10), the
very rapid NET formation described in the current study occurred
independent of oxidants. In fact, 10-min exposure of neutrophils
to S. aureus was not sufficient time to detect oxidants (Supple-
mental Fig. 6), yet NETs were already forming in that time frame
(Fig. 10). In fact, S. aureus has numerous antioxidant mechanisms
likely explaining the limited or delayed production of oxidants
relative to a compound like PMA. It is our contention that the
early NET production is dependent on vesicular exocytosis, and
the nuclear envelope disintegration likely leads to filling of the
cytoplasm with DNA and the ultimate lysis of the cell releasing all
intracellular contents including the classical NETs that were
originally described (1, 10). It is however conceivable that some of
the nonlytic NET production does involve nuclear envelope break-
down, which can occur via numerous other oxidant-independent
mechanisms. Indeed, during cell division the nuclear envelope
disintegrates independent of oxidants (37) and is dependent on
microtubule-associated motor protein dynein (31). Further evi-
dence that oxidants were unlikely to be the underlying mechanism
in rapid NET production is that PMA within minutes causes ro-
bust, near-maximal oxidant production from neutrophils, and yet
at least 3 h is required for NET production to occur under these
circumstances (10).

NET-inducing factors identified to date include IL-8, PMA,
bacteria, mycobacteria, fungi (38), protozoa (4), platelet-activating
factor, LPS (39), and M1 protein (40). The components of NET
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structures may be influenced by the stimulant, because after
stimulation with C5a, NETs contained mitochondrial DNA (12).
The S. aureus supernatant used in this study contained a number of
potential NET-inducing factors. S. aureus releases numerous fac-
tors that could cause NETs, but PVL is worth mentioning. PVL is
a pore-forming toxin and depending on the concentration cau-
ses cell death by necrosis or by apoptosis (41). Neutrophils ex-
posed to S. aureus in our study were not apoptotic, necrotic, or
overtly ruptured, arguing against high, lysing concentrations of
PVL as the NET-inducing agent. However, it is possible that lower
concentrations of PVL induce NETSs, whereas higher concen-
trations induce lysis. Our experiments revealed a concentration of
PVL that did indeed induce NETs without cell lysis. However, our
data suggest that there are other as yet unidentified molecules
aside from PVL that contribute to NET formation. Our data also
suggest that not all pore-forming molecules necessarily induce
NETs as autolysin had only minor NET-inducing properties, and
S. pneumoniae, which produces cholesterol-dependent cytolysin
pneumolysin, did not induce large amounts of NETs. S. pyogenes,
which releases the B-pore-forming toxin hemolysin, did induce
moderate levels of NETs. Therefore, the possibility that PVL and
some other molecules cause NET production inducing severe
collateral tissue damage during human infections is intriguing and
potentially of great therapeutic interest (14).

The different imaging approaches presented in this study show
the cell nucleus changing from polymorphonuclear to spherical and
then NETs emerging in a localized area on the neutrophil surface.
Based on the transmission electron microscopy, initial NET for-
mation could be via vesicular release. This could indicate a regu-
lated extrusion of chromatin at the neutrophil surface. However, we
also saw anuclear neutrophils with DNA throughout the cytoplasm
suggesting also a nonvesicular mechanism of NET formation,
which may be related to the more “classical” lytic NET production
described by Fuchs and colleagues (10). This process is unlikely
to be similar to RBC expulsion of the intact cell nucleus, followed
by resealing of the erythrocyte cell surface (42). Although neu-
trophils can also reseal after the removal of nuclei through vig-
orous centrifugation (13), our data do not support the release of
the entire nucleus all at once. However, it is worth noting that loss
of the nucleus in neutrophils does not spell the end of that cell.
Indeed, the latter study (13) reported that removal of nuclei from
neutrophils would not prevent chemotaxis, adherence, phagocy-
tosis, or bacterial killing. In fact, in preliminary experiments, we
observed neutrophils releasing their DNA in response to S. aureus
in tissues and then continue to crawl in the tissues (B.G. Yipp and
P. Kubes, unpublished observations).

This raises intriguing questions about the mechanism involved
in the formation of NETs. The transmission electron microscopy
images displayed a dramatic separation of the inner and outer
nuclear membranes containing chromatin. These deformations of
the nuclear envelope are strikingly similar to the ultrastructure from
mouse embryo fibroblasts homozygous for the lamin A deletion
(43). In fact, numerous heritable human diseases called “lam-
inopathies™ exist that display clinical phenotypes from nuclear
lysis due to fragility of the nuclear envelope. More interestingly,
studies from patients with a defective nuclear envelope protein
called emerin show evidence of similar dilatations and deforma-
tions of the nuclear envelope whereby heterochromatin is lost into
the elements of the endoplasmic reticulum (43). The changes de-
scribed in patients (43) are very similar to the changes observed in
this study, where neutrophils activated by bacteria displayed bi-
zarre nuclear morphologies with chromatin material found within
the dramatically dilated lumen of the nuclear envelope, endoplas-
mic reticulum, and within vesicles released into the cytoplasm.
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The linker of nucleoskeleton and cytoskeleton complex repre-
sents the cell protein connections between the nuclear envelope and
cytoskeletal elements (44—46). Neutrophils have been previously
found to be missing numerous proteins of the linker of nucle-
oskeleton and cytoskeleton protein complex, which spans both the
inner and outer nuclear membranes and is attached to the outer
actin cytoskeleton (44). Whether this natural defect is present to
permit NET formation remains unknown. It is intriguing that the
process of NET formation is associated with nuclear envelope
breakdown ultrastructurally similar to mitotic cells with sheets
of nuclear membrane detaching from chromatin (31). The latter
mechanism 1is facilitated by microtubule motor proteins, and in
fact inhibition of tubulin polymerization and actin filamentation
decrease formation of NET structures (47). Further studies are
required to elucidate the nuclear changes of NET formation, for
example, the role of nuclear envelope proteins and the outer cy-
toskeleton, and possible exocytosis of DNA-containing vesicles
arising from disrupted chromatin or inner nuclear membrane pro-
tein interactions.

Our data suggest that the rapid NET formation described in this
study has the capacity to ensnare and kill bacteria and perhaps
prevent their dissemination. We propose that the rapid release of
NETs may be essential to wall off the infection (e.g., during
infections of the skin with abscess formation). This would allow the
neutrophil to phagocytose NET-immobilized bacteria and/or kill
them with oxidants, proteases, and perhaps even via more toxic
NETs released at later time points. It is intriguing that in chronic
infections in cystic fibrosis patients, DNAse is used as an inhalant to
help liberate mucous plugs but will almost certainly affect NET
formation in these chronically infected patients. The implication of
disrupting NET formation in this condition remains to be eluci-
dated. It should not be forgotten that NETs can harm surrounding
tissue (3), and this particularly avid release of NETs with S. aureus
could explain some of the notable tissue necrosis caused by this
increasingly problematic pathogen.
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