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Neutrophils are primary host innate immune cells defending
against pathogens. One proposed mechanism by which neutro-
phils prevent the spread of pathogens is NETosis, the extrusion
of cellular DNA resulting in neutrophil extracellular traps
(NETs). The protease neutrophil elastase (NE) has been impli-
cated in the formation of NETs through proteolysis of nuclear
proteins leading to chromatin decondensation. In addition to
NE, neutrophils contain three other serine proteases that could
compensate if the activity of NE was neutralized. However,
whether they do play such a role is unknown. Thus, we deployed
recently described specific inhibitors against all four of the neu-
trophil serine proteases (NSPs). Using specific antibodies to the
NSPs along with our labeled inhibitors, we show that catalytic
activity of these enzymes is not required for the formation of
NETs. Moreover, the NSPs that decorate NET's are in an inactive
conformation and thus cannot participate in further catalytic
events. These results indicate that NSPs play no role in either
NETosis or arming NETs with proteolytic activity.

Neutrophils are short-lived cells that act as frontline defend-
ers of the innate immune response. Neutrophils neutralize mi-
crobial infections or other endogenous or exogenous stimuli
using a combination of responses including phagocytosis, an
oxidative burst and release of antimicrobial peptides and pro-
teins (1). The same stimuli can also lead to the extrusion of
decondensed chromatin from the cell nucleus, and even mito-
chondria (2), forming fibrous weblike structures called neutro-
phil extracellular traps (NETs) that are decorated with histones
and antimicrobial agents (3). The process of NET formation
(NETosis) has been defined as a type of regulated cell death (4).
With the extrusion of DNA from the cell, NETosis stands in
marked contrast to two other well-studied types of lytic cell
death: pyroptosis and necroptosis (5). Mechanistically, NET
release requires an oxidative burst and peptidyl arginine deimi-
nase 4 (PAD4)-mediated histone citrullination (6). The neutro-
phil serine protease (NSP) elastase (NE) has been implicated in
NET formation through translocation to the nucleus, where it
may hydrolyze histones, leading to chromatin decondensation
(7-9). NE is one of four NSPs stored in an active form in neu-
trophil azurophil granules (10). Pyroptosis is a lytic form of cell
death executed by proinflammatory caspases that results in
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release of cytokines and other damage-associated molecular
patterns. Although pyroptosis is generally described in mono-
cytes and macrophages, it is a cell fate that also awaits neutro-
phils (11). Pyroptosis results from the limited cleavage of gas-
dermin D (GSDMD) to release the lytic N-terminal domain
(12—14) that is thought to form pores in the plasma membrane,
leading to lysis and release of cellular components (15, 16). In
monocytic cells inflammatory caspases are the triggers of
pyroptosis (17), but in neutrophils the NSPs NE and cathepsin
G (CatG) also produce the signature lytic fragment of GSDMD
(11, 18). The NSP PR3 has a similar substrate specificity to NE,
whereas NSP4 has a distinct specificity for cleaving after argi-
nine (19, 20). Both have been implicated in the modulation of
inflammatory mediators, but neither has been implicated in
NETosis or pyroptosis (19, 21).

We hypothesized that other NSPs may be involved in NETo-
sis, and to test this hypothesis we employed a recently described
set of highly selective inhibitors of each NSP (22) to determine
whether they have a role in NET formation.

Results
Selective inhibition of NSPs minimally influences NETosis

NETosis was originally defined as DNA released from neu-
trophils following treatment with phorbol 12-myristate 13-ace-
tate (PMA) and IL-1 (3, 23), and to a lesser extent with bacte-
ria (Streptococcus aureus) or lipopolysaccharide (LPS) (3).
Accordingly, we analyzed the extent of DNA extrusion from
neutrophils induced with different stimulants: Candida albi-
cans (24), Escherichia coli strain JM109, PMA, LPS, TNF-q, IL-
183, IFN-vy. We developed a microplate-based assay incorporat-
ing cell impermeable SYTOX™ Green as an indicator of
released DNA. To eliminate a potential effect of SYTOX™
Green in NET formation, readings were taken at indicated time
points in a separate plate and the increase in fluorescence was
monitored up to 370 min. We observed that PMA leads to
extensive DNA extrusion, whereas C. albicans, E. coli, LPS,
TNF-« and IL-13, and IEN-v less potently activated NETosis
(Fig. 1A), in agreement with previous findings (25).

NE is considered to be a key mediator in the mechanism of
NETosis (7, 8, 26), but the role of the three other NSPs had not
been addressed previously because of the lack of specific inhibi-
tors. Having recently developed highly specific peptidyl inhibi-
tors of NSPs that gain access to the active forms of these
enzymes (22), we asked the question of which NSPs were
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Figure 1. NETosis induction and inhibition. A, kinetics of NET formation in freshly isolated neutrophils induced with the indicated stimuli. At the indicated
time points SYTOX™ Green was added to quantitate DNA release by reading the fluorescence at 532 nm. B, influence of NSP inhibitors on NET formation. Neu-
trophils were induced with the indicated stimuli for 4 h in the presence of 2.5 um of the inhibitors of the indicated enzymes, individually or in combination

(Combo). Released DNA was measured using SYTO

XTM

Green by reading at 532 nm. Each stimulus, color coded as in panel A, resulted in DNA release. A no-in-

hibitor control was set at 100% and other samples were normalized to this control. Values are mean = S.D. of at least three biological replicates.
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dominant in driving NETosis. We tested the engagement of
individual NSPs using neutrophils isolated from human periph-
eral blood with our specific NSP inhibitors, which we have pre-
viously demonstrated to be cell permeable (22). Each inhibitor
is composed of a tetrapeptide recognition element that endows
high specificity, an N-terminal biotin or fluorescence tag for
detection, and a C-terminal electrophilic warhead (diphenyl
a-aminophosphonate, PO3Ph,) that covalently attaches to
the catalytic nucleophile; the structure and validation of
these probes are described in previous work (22). We also
employed DPI as a positive control and the elastase inhibitor
GW311616A previously described to attenuate NETosis (7).
We previously calculated the concentration of each active NSP
(measured in 10” cells/ml) ranged from 230 to 340 nm for NE,
150 to 530 nm for PR3, 75 to 188 nm for CatG, and 17 to 34 nm
for NSP4 (20). To ensure complete saturation of each of the
NSPs by their specific inhibitors we used a large excess (2.5
uM). Neutrophils were added to a plate containing inhibitors
and treated with PMA, LPS, E. coli (J109), or C. albicans for 4 h.
As a positive NETosis-blocking control, neutrophils were
treated with diphenyleneiodonium (DPI), a NADPH oxidase
inhibitor (23). The amount of released DNA was measured af-
ter 4 h (Fig. 1B).

NET formation is known to be dependent on NADPH oxida-
tive burst, and accordingly was blocked by DPI. Compound
GW311616A, a protease inhibitor previously reported to
attenuate NETosis (7), had a small effect inhibiting DNA extru-
sion by about 50% (Fig. 1B). However, our selective NSP inhibi-
tors had minimal impact on the release of DNA. We used al-
antitrypsin (a1-PI), the endogenous cognate inhibitor of NE
(28), as a non—cell permeable control, and likewise we observed
no decrease in DNA release (Fig. 1B). To test for redundancy in
NSPs we combined all four inhibitors and again failed to see
any inhibition of DNA release (Fig. 1B, panel 1). Similarly, NSP
inhibitors failed to block DNA extrusion following stimulation
of neutrophils with LPS, E. coli (JM109), and C. albicans for 4 h.
Thus, in contrast to previous reports (8, 26), we were not able
to observe an influence of NSPs in NET formation, at a 4-h
time point.

These data allow us to conclude that NSPs play a minimal
role, if any, in the stimulus-dependent expulsion of DNA from
neutrophils, addressed with highly specific inhibitors of NSPs.

NSPs are in NETSs in an inactive conformation

NSPs are known to be present in NET structures (3, 8, 29),
but not necessarily in an active form (30). To determine the ac-
tivity status of NET-associated NSPs following induction of
NETosis, we stimulated fresh neutrophils for 3 h with PMA to
induce NET formation, followed by 30-min incubation with
BODIPY-tagged NSP probes to label the proteolytically active
form. After washing, fixing, and DNA staining we imaged the
active NSPs and DNA by confocal microscopy. The probes
appeared to be completely absent from NETs, and bright punc-
tate fluorescence originating from probes was directed to intra-
cellular granular compartments (Fig. 2). In some neutrophils
the nucleus appears somewhat intact but devoid of DNA; the
punctate pattern of probe staining is retained.
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We considered that we may have missed transient associa-
tion of active NSPs with NETs, and to this end we observed
changes in enzyme localization over time by live cell imaging.
Freshly isolated human neutrophils were simultaneously
treated with PMA, SYTOX™ Green, and a Cy5-labeled NE
probe, and the morphology changes and DNA release were
monitored for 4 h. Images were captured at 5-min intervals
(Movie S1) and representative frames are shown in Fig. 3A. The
probe is internalized immediately (fluorescent signal observed
at time 0). We observed NET formation beginning at 120 min.
However, at no time did we observe the NE probe associated
with NETs. We conclude that active NE is not associated with
NETs, even transiently. As in the previous 3-h time point (Fig.
2), active NE remained within the cells.

Importantly, during NETosis, DNA is extruded from the nu-
cleus outside the cell and the amount of nuclear DNA within
the nucleus dramatically decreased (Fig. 2). Another form of
cell death common to phagocytic cells is pyroptosis (31). In
contrast to NETosis, pyroptosis results in cell lysis where the
nucleus is retained in the cell (Fig. 3, B and C). NE (18) and
CatG (11) are both implicated in pyroptotic death of neutro-
phils. Consequently, we considered that it would be possible to
confuse pyroptosis with NETosis. A key distinction between
these two forms of cell death is whether DNA is retained within
the lysing cell (pyroptosis) or expelled from the lysing cell
(NETosis) (Fig. 3, Band C and Movie S2).

It is noteworthy that the location of NSPs following NET osis
was stimulus-independent because both PMA and LPS treat-
ment revealed cell-associated active NE and CatG, but no activ-
ity in NETs, as defined by probe binding (Fig. 4 and Movies
S3a-S3c¢).

When PMA-stimulated neutrophils were imaged with spe-
cific antibodies, we observed co-staining of antibodies and the
active NSPs, but also association of the antibodies with NET's
(Fig. 5). Our data are consistent with previous studies in which
antibodies were applied to visualize NSPs on NETs (3, 23), but
we now demonstrate that, at least in vitro, NET-associated
NSPs are captured in an inactive form.

Discussion

NETSs have been proposed to trap, immobilize, and kill bacte-
ria and fungi (3). The mechanism of NETosis involves reactive
oxygen species formation through NADPH oxidase activation,
nuclear envelope rupture, mixing of nuclear and cytosolic com-
ponents, and release of nuclear DNA (3, 23). Based on the use
of a small molecule inhibitor, NE has been implicated in NETo-
sis via hydrolysis of histone H4 leading to chromosome decon-
densation (8). However, NE released from neutrophils under-
going NETosis is bound in an inactive form in NETs (30),
raising the question of whether additional evidence would sup-
port a role for NE in NETosis. To address this question we uti-
lized highly efficient, selective inhibitors of NSPs in paradigms
of NETosis induction. None of the inhibitors were able to block
NETosis induced by any stimuli (LPS, PMA, E. coli, C. albi-
cans), despite evidence that the inhibitors are able to penetrate
living neutrophils. This conclusion is consistent with genetic
evidence that NE-deficient mice can form NETSs, but at odds
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Figure 2. Active NSPs remain intracellular and do not decorate NETs. Fresh neutrophils (1 X 10° cells/ml) were stimulated for 3 h with PMA to induce
NETosis and afterward treated with 100 nm of the indicated NSP-selective BODIPY-labeled probes (green) for 30 min followed by fixation and addition of propi-
dium iodide (red) to visualize DNA. Neutrophils were mounted and imaged by confocal microscopy. See also Movies S3a-S3c for Z-stack views of the data.

with a previous study (8) implicating NE in the generation of
NETs. The conclusions of the forgoing study were based largely
on the attenuation of NETosis by GW311616A, which we could
replicate (7). However, we do not think GW311616A is target-
ing NE because our highly selective cell-permeable NSP inhibi-
tors failed to inhibit NETosis. Accordingly, we propose that
GW311616A might have nonNE off target activity.

In terms of neutrophil lytic events, genetic evidence impli-
cates both NE and CatG in neutrophil pyroptosis (11, 18), but
we show, by using highly selective inhibitors, that neither are
involved in NETosis. It is possible to conflate NETosis with
pyroptosis (Fig. 3), which may explain the discrepancy between
our conclusion and that of the previous study (8).

NETosis is characterized by nuclear delobulization and sub-
sequent nuclear swelling, which is in contrast to pyroptosis and
necroptosis, where minimal nuclear expansion is observed
even though cellular swelling is evident. Necroptosis and
pyroptosis counteract microbial invasion by removal of the rep-
licative niche of pathogens through cell lysis. However, the lytic
nature of these death mechanisms also means that intracellular
damage-associated molecular patterns are released and can act
in an immunostimulatory manner (32) leading to acute organ
failure and septic shock (33). If left unchecked, both pyroptosis
and necroptosis can lead to autoimmune and autoinflamma-
tory disorders. NETs on the other hand are speculated to trap
pathogens on the extruded DNA fibers. However, they are also
regarded as a source of self-antigens and are increasingly impli-
cated in cancer progression (34, 35).

Previous studies have demonstrated that NSPs are released
from neutrophils and decorate NETs (3, 23, 29). Our studies
confirm this with the important caveat that the enzymes are
displayed in inactive forms. Because DNA is negatively charged

SASBMB

and NSPs are basic, pI of over 9 for NE (36), over 12 for CatG
(37), and predicted pI of 7.79 for PR3 and 9.15 for NSP4 (calcu-
lated for active enzyme structures, ExXPASy Database), we pre-
dict that ionic interactions with DNA in NETs could account
for enzyme inhibition. This is supported by evidence showing
that DNA can inhibit the activity of CatG (38) and NE (39) in
vitro. Alternatively, we cannot rule out the presence of endoge-
nous inhibitors that may prevent probe binding. Whatever the
mechanism that restrains activity of NSPs when associated
with NETs will be important to consider in studies where NSPs
are implicated in specific biological events, for example in the
processing of proinflammatory cytokines (40).

Experimental procedures

Neutrophils were isolated as described elsewhere (22) from
fresh blood from healthy donors obtained from Scripps Clinic,
La Jolla, CA. Procedures were reviewed and approved by both
the Sanford Burnham Prebys Medical Discovery Institute and
The Scripps Research Institute internal review boards (IRB-16-
6789) and abided by the Declaration of Helsinki principles. All
researchers working with isolated neutrophils completed a
required blood-borne pathogens plan which was reviewed by
the Sanford Burnham Prebys Medical Discovery Institute’s in-
ternal review board.

Induction of NETosis with different stimuli

A volume of 80 ul of 1 X 10° neutrophils/ml in RPMI/FBS
were added to wells of a 96-well black plate (Corning®), fol-
lowed by stimulation with PMA (100 nm), LPS (5 mg/ml),
fMLP (100 nm), C. albicans (m.o.i. 100), E. coli (m.o.i. 100),
TNF-« (10 nm), IL-18 (10 nm), or INF-vy (50 nm) for up to 370

J. Biol. Chem. (2020) 295(51) 17624-17631 17627
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Fl\i/gure 3. NETosis versus pyroptosis. A, time course of NET formation in PMA-treated neutrophils co-incubated with a Cy5-labeled NE probe (red) and SYTOX
™ Green to mark DNA. B and C, nuclear DNA is extruded in NETosis (B) and contained within the nucleus during pyroptosis induced by treatment of macro-
phages by LPS and ATP (C). In the images, the nucleus is marked by a continuous white line and the cell membrane with a dashed line. Panel B intentionally
duplicates the 244 min time point image from panel A to provide an enlarged display of the field captured in the image.

min. SYTOX™ Green was added to a concentration of 6.26
uM followed by measurement of fluorescence at 532 nm, using
a ClarioStar® (BMG Labtech). All incubations were at 37°C in
5% CO, in RPMI1640 (without phenol red) supplemented with
10% dye-free serum.

NETosis inhibition assay

NSP inhibitors and other compounds, at the concentra-
tions indicated in the figures, were added to neutrophils (1 X
10° cells/ml) followed by stimulation (100 nm PMA, 5 mg/ml
LPS, C. albicans (m.o.i. 100), or E.coli J109 (m.o.i. 100)) and
DNA fluorescence measurements with SYTOX™ Green
(532 nm, ClarioStar®, BMG Labtech) after 4 h. Data were col-
lected from 3-10 donors and normalized for each donor
separately.

Microscopy

Fresh neutrophils in RPMI/FBS were added to sterile cover-
slips coated with poly-p-lysine, stimulated with PMA (100 nm)
or LPS (5 mg/ml) for the indicated time, followed by the indi-
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cated NSP probe at 100 nM final concentration for 30 min. Su-
pernatant was removed by aspiration and the coverslips were
washed with 0.5% Triton X-100 in Dulbecco’s PBS (DPBS)
and fixed for 40 min with 4% paraformaldehyde (Sigma
Aldrich). Coverslips were blocked with 10% BSA in Hanks’
Balanced Salt Solution for 60 min and washed with DPBS.
Where indicated, coverslips were treated with primary anti-
bodies (1:200 dilution) in a solution of 3% BSA, 0.5% Triton X-
100 in DPBS (rabbit anti-PR3 (Abcam, ab21592), rabbit anti-
CatG (Abcam, ab131407), rabbit anti-NE (Abcam, ab21595),
and rabbit anti-NSP4 (Abcam, ab156095) overnight at 4°C.
Secondary antibody (AF568-conjugated anti-rabbit 1:1000
dilution in 3% BSA, 0.5% Triton X-100 in DPBS,) was added
and incubated for 1 h, followed by washing 3 times in a solu-
tion of 3% BSA, 0.5% Triton X-100 in DPBS. Propidium iodide
or SYTOX™ Green were added for 5 min and washed three
times with DPBS. Coverslips were mounted in Fluoromount
G and dried for 2 h. Neutrophils were imaged at 63X using
Leica confocal microscope with 488 nm (for BODIPY FL,
SYTOX™ Green), 552 nm (for Alexa Fluor™ 568) and 638
nm (for Cy5) lasers.

SASBMB
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Figure 4. Localization of active NSPs in neutrophils after induction with different stimuli. Neutrophils were treated as indicated, allowed to settle on cov-
erslips, and incubated with Cy5-labeled specific probes (red) as indicated. Slides were fixed and DNA stained with SYTOX™ Green. Images are representative

of three separate donors.

Time course of NET formation in Cy5-NE-ABP-labeled
neutrophils

A volume of 200 pl of 5 X 10° neutrophils/ml in 2% FBS in
RPMI medium were placed in the well and incubated for 30
min in 5% CO, at 37°C, followed by 50 nm PMA stimulation
and simultaneously 200 nM probe and 25 um SYTOX™ Green
addition. Then the neutrophils were analyzed up to 244 min at
63X using Leica confocal microscope with 488 nm and 638 nm
lasers (accordingly for SYTOX™ Green and Cy5). Data were
analyzed in a LasX software.

SASBMB

Pyroptosis

The RAW 264.7 murine macrophage cell line was obtained
from ATCC. Additional copies of the pyroptosis modulator
ASC were introduced by lentiviral transfection and selected
against puromycin resistance. Single cell clones were grown
and tested for amount of ASC expression (27). For live cell mi-
croscopy, cells were seeded at the concentration of 2 X 10°
cells/ml the previous night. Macrophages were primed with
100 ng/ml of LPS (Sigma Aldrich) for 4 h in DMEM containing
10% FBS. Cells were then washed with PBS and 500 nm
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Figure 5. Specific antibodies reveal that NSPs are bound to NETs, but in
an inactive form. Images represent neutrophils induced with PMA and
treated with the Cy5-labeled specific NSP probes (red), NSP-specific antibod-
ies imaged with Alexa Fluor™ 568 coupled secondaries (blue) followed by fix-
ation and addition of SYTOX™ Green to stain DNA (green). In all cases probe
staining is punctate and not associated with DNA, extracellular or intracellu-
lar. However, each NSP antigen substantially decorates DNA, revealing that
NET (DNA)-associated NSPs are inactive.

PR3

NSP4

SYTOX™ Green (Thermo Fisher) in OptiMEM (Gibco) was
added. Pyroptosis was induced by addition of 5 mm ATP (Sigma
Aldrich). Cells were imaged on an Olympus IX71 and images
collected with PictureFrame software. Movies were generated
with Fiji.

Data availability

All raw data are available at request by contacting Dr. Paulina
Kasperkiewicz (paulina.kasperkiewicz@pwr.edu.pl) from Wro-
claw University of Science and Technology. All remaining data
are contained within the main text or in the supporting
information.
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