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Abstract: Neutrophils undergo a unique form of cell death to generate neutrophil extracellular
traps (NETs). It is well established that citrullination of histones (e.g., CitH3) facilitates chromatin
decondensation during NET formation (NETosis), particularly during calcium-induced NETosis that
is independent of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (NOX) activation.
However, the importance of other forms of histone modifications in NETosis has not been established.
We considered that acetylation of histones would also facilitate NETosis. To test this hypothesis,
we induced NOX-dependent NETosis in human neutrophils with phorbol myristate acetate or
lipopolysaccharide (from Escherichia coli 0128), and NOX-independent NETosis with calcium ionophores
A23187 or ionomycin (from Streptomyces conglobatus) in the presence or absence of two pan histone
deacetylase inhibitors (HDACis), belinostat and panobinostat (within their half maximal inhibitory
concentration (IC50) range). The presence of these inhibitors increased histone acetylation (e.g., AcH4)
in neutrophils. Histone acetylation was sufficient to cause a significant increase (~20%) in NETosis in
resting neutrophils above baseline values. When acetylation was promoted during NOX-dependent or
-independent NETosis, the degree of NETosis additively increased (~15–30%). Reactive oxygen species
(ROS) production is essential for baseline NETosis (mediated either by NOX or mitochondria); however,
HDACis did not promote ROS production. The chromatin decondensation step requires promoter
melting and transcriptional firing in both types of NETosis; consistent with this point, suppression of
transcription prevented the NETosis induced by the acetylation of histones. Collectively, this study
establishes that histone acetylation (e.g., AcH4) promotes NETosis at baseline, and when induced by both
NOX-dependent or -independent pathway agonists, in human neutrophils. Therefore, we propose that
acetylation of histone is a key component of NETosis.

Keywords: neutrophils; NETosis; histone acetylation; histone decondensation; histone
deacetylase inhibitors

1. Introduction

Neutrophils are terminally differentiated innate immune cells (60–70% of all white blood cells)
that possess different strategies to fight pathogens, including degranulation, oxidative burst and
phagocytosis, and neutrophil extracellular trap (NET) formation [1–3]. In response to certain
inflammatory stimuli (e.g., phorbol 12-myristate 13-acetate (PMA), lipopolysaccharide (LPS), A23187,
ionomycin), these cells can undergo a unique form of programmed cell death to generate NETs [4,5].
Neutrophil extracellular traps are web-like structures that are made of decondensed chromatin coated
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with cytotoxic peptides. During NET formation (NETosis), increased intracellular levels of reactive
oxygen species (ROS) promote pathway-specific kinase activation, promoter melting, transcriptional
firing, extensive chromatin decondensation and eventual NET release [3,6,7]. To date, studies have
shown that NETs are formed through two major pathways: NOX-dependent and -independent
pathways [1,3]. The former requires the NOX-derived ROS whereas the latter requires mitochondrial
ROS (mROS) production [1,3]. At later stages of NETosis, granular enzymes such as myeloperoxidase
(MPO) and elastases coat the decondensed histones before being released as NETs.

Histone modifications could regulate chromatin decondensation and subsequent NET formation.
The citrullination of histones is considered as an important modification that facilitates chromatin
decondensation during NETosis. Increased intracellular calcium levels activate peptidylarginine
deiminase 4 (PAD4), which rapidly translocate into the nucleus and convert the arginine present
on histones (e.g., H3) into citrulline [1,8]. The loss of the positive charge of the modified histone
allows local decompaction of chromatin. Citrullination of histone H3 (CitH3) has been shown to occur
preferentially at promoter regions, and hence, could facilitate transcriptional firing and rapid chromatin
decondensation [3,8]. Recent studies, published from our lab and others show that CitH3 formation is a
hallmark of NOX-independent NETosis, but not NOX-dependent NETosis [1,9,10]. However, CitH3 is
not the only post-translational modification; acetylation could also decondense histones and increase
gene expression [11,12]. Yet, the relevance of histone acetylation in NETosis is unknown.

Histone acetylation (e.g., acetylated histone H4, AcH4), neutralizes the positive charge. Hence, this
alters the histone interaction with the negatively charged DNA, which allows transcription factors to
bind to the promoter regions and initiate transcription [13,14]. Conversely, the removal of acetyl groups
by histone deacetylase complex (HDAC) results in the compaction of the chromatin and inhibition
of transcription [14]. Neutrophils express 18 different HDACs, hence, these enzymes could promote
effective chromatin compaction [15,16]. Currently, there are 5 classes of HDAC inhibitors (HDACis)
available [17,18]. These are either class specific or pan-deacetylase (pan-DAC) inhibitors, which
inhibit most of HDACs; 3 of them are approved for clinical use, including belinostat and panobinostat.
The HDACis prevent histone deacetylation, and hence, could promote histone acetylation, transcription
and chromatin decondensation for NET formation.

We hypothesized that histone acetylation promotes NETosis. To test this, we used two pan HDAC
inhibitors belinostat and panobinostat, and tested histone acetylation, ROS production, transcription
and NETosis at baseline and with the induction of NOX-dependent and independent pathways.
By using primary neutrophils of healthy donors, our studies show that HDACis promote histone
acetylation and spontaneous NETosis (~20%) above baseline. AcH4 formation also increases during
NETosis induced by HDACis, which also have an additive effect of ~15–30% on both NOX-dependent
and -independent NETosis. In addition, HDACis increase NETosis without significantly altering ROS
generation either by NOX or mitochondria. Nevertheless, the inhibition of transcription suppressed
acetylation-induced NETosis. This is consistent with the fact that transcriptional firing, which is
downstream of histone acetylation, is required for NETs formation [3]. Therefore, for the first time,
we show that histone acetylation promotes NET formation by facilitating chromatin decondensation.
This finding would be useful for delineating molecular mechanisms of NETosis, and may be helpful
for understanding the alterations in NETosis during autoimmune diseases and in clinical conditions in
which these HDAC inhibitors are used for suppressing cell proliferation (e.g., cancer treatments) [19,20].

2. Materials and Methods

2.1. Research Ethics Board Approval

The study protocol for using human blood samples was approved by the ethics committee of
The Hospital for Sick Children, Toronto (No. 1000020217). All methods, including healthy human
volunteer recruitment for blood donation, were performed in accordance with the ethics committee
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guidelines. Signed informed consents were provided by all the volunteers participating in this study
prior to the blood donation.

2.2. Human Peripheral Blood Neutrophil Isolation

Neutrophils from healthy male donors were used in the study. Donors with eosinophils or either
a too low or too high neutrophil count were excluded from the study. This protocol usually yields
1–1.5 million neutrophils per mL of blood. A volume of 40–60 mL of peripheral blood was drawn from
healthy donors into K2 EDTA blood collection tubes (Becton, Dickinson and Co., Franklin Lakes, NJ,
USA) at the nursing station of the hospital. PolymorphPrepTM (Axis-Shield, Oslo, Norway) was used
for purifying neutrophils from peripheral blood by following the manufacturer’s instructions with
minor modifications. An equal volume of blood was layered over PolymorphPrep solution and was
then centrifuged at 600 × g for 35 min without any brakes. After centrifugation, the polymorphonuclear
neutrophil layer was collected and a washing solution (0.425% (w/v) NaCl with 10 mM HEPES) was
used for eliminating residues of PolymorphPrep. To purify neutrophils from the residual red blood
cells (RBCs), cells were washed twice with hypotonic solution (0.2% (w/v) NaCl) for 30 s, followed
by adding an equal volume of 1.6% (w/v) NaCl solution with 20 mM HEPES buffer to obtain the
isotonic condition. The cells were then washed twice to eliminate RBCs debris and soluble components.
RPMI 1640 medium (Invitrogen, Carlsbad, CA, USA) supplemented with 10 mM HEPES buffer was
used for re-suspending neutrophils. Cell density was quantified using a hemocytometer, and Cytospin
preparations were used to check the purity of the neutrophils. Neutrophil preparations with >95–98%
were used in all the experiments.

2.3. Sytox Green NETosis Assay

Sytox Green, a cell-impermeable DNA binding dye (Life Technologies, Carlsbad, CA, USA),
was used for estimating NETosis kinetics. A volume of 100 µL media (RPMI 1640 medium
supplemented with 10 mM HEPES) containing 50,000 neutrophils and 5 µM Sytox Green were seeded
into 96-well black clear-bottom plates. A volume of 5 µL of HDACis (final concentrations: 62.5, 125,
and 250 nM belinostat (PXD-101); 10, 20, and 40 nM panobinostat (LBH589)) or actinomycin D (Act-D;
final concentrations: 2.5 and 5 µM) was added to respective wells with controls (RMPI + neutrophils
only) for 30 min at 37 ◦C and 5% (v/v) CO2. 5 µL agonists (final concentrations: 25 nM PMA; 4 µM
A23187; 5 µg/mL LPS (from E. coli 0128); 5 µM Ionomycin, (unless otherwise stated)) were then added
and placed at 37 ◦C and 5% (v/v) CO2 incubator. Sytox Green fluorescence intensities were measured
every 60 min for up to 4 h using a fluorescence plate reader (504 nm excitation, 523 nm emission,
POLARstar OMEGA, BMG Labtech, Guelph, ON, Canada). The plates were briefly taken out for
~2–5 min, of the incubator for the readings. To calculate the NETotic index (% of Sytox Green accessible
total DNA), the baseline green fluorescence at time 0-min was subtracted from the fluorescence at each
time point and was then divided by the fluorescence values of 100% NET formation obtained by lysing
the cells with 0.5% (v/v) Triton X-100 (240 min time point).

2.4. DHR123, DCFDA and MitoSOX Plate Reader Assays (NOX- and Mitochondrial-Mediated ROS Analyses)

A volume of media containing 100,000 neutrophils and 20 µM dihydrorhodamine 123 (DHR123,
Thermo Fisher Scientific, Waltham, MA, USA) were incubated at 37 ◦C and 5% (v/v) CO2 incubator for
15 min. The cells were then centrifuged for 10 min (400 × g; with 9 acceleration and 9 deceleration ramp)
and were washed with an equal amount of media. Neutrophil-containing solutions (100 µL RPMI)
were seeded into 96-well black clear-bottom plates and 1 µM diphenyleneiodonium (DPI) or 200 µM
MitoTEMPO (Sigma-Aldrich, Oakville, ON, Canada) and HDACis (belinostat and panobinostat) were
added to respective wells with controls (RMPI + neutrophils only) for 60 min and 30 min, respectively,
at 37 ◦C and 5% (v/v) CO2. Then, 5 µL agonists (final concentrations: 25 nM PMA; 4 µM A23187;
5 µg/mL LPS from E. coli 0128; 5 µM Ionomycin) were added and placed at 37 ◦C and 5% (v/v) CO2

incubator. Fluorescence was measured every 10 min in the first 30 min and then every 30 min up until
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90 min by using a fluorescence plate reader (507 nm excitation, 529 nm emission, POLARstar OMEGA,
BMG Labtech). Relative fluorescence units (RFU) were calculated by subtracting the fluorescence at
each time point from the baseline fluorescence at time 0-min.

The 2’,7’-dichlorofluorescin diacetate (DCFDA) and MitoSOX Red (Thermo Fisher Scientific)
plate reader assays were performed similarly to DHR assay with the following exceptions: 15 µM
DCFDA and 5 µM MitoSOX red were incubated at 37 ◦C and 5% (v/v) CO2 incubator for 15 min
(no washing) and measured by fluorescence plate reader (DCFDA assay: 429 nm excitation, 520 nm
emission; MitoSOX assay: 510 nm excitation, 580 nm emission).

2.5. Fluorescence Confocal Imaging

A volume of 100 µL of media containing 100,000 neutrophils were seeded into 12-well chamber
slides. 5 µL of HDACi (250 nM belinostat; 20 nM panobinostat) and/or NETotic agonists (25 nM
PMA; 4 µM A23187; 5 µg/mL LPS from E. coli 0128; 5 µM Ionomycin) were then added to respective
wells with controls (RMPI + neutrophils only) and incubated for 120 min at 37 ◦C and 5% (v/v)
CO2. Paraformaldehyde (4%, w/v) was used for fixing neutrophils and NETs for 30 min, washed
and then permeabilized with 0.1% Triton-X 100 for 15 min at room temperature. Bovine serum
albumin (BSA) (5%, w/v) was used for blocking unspecific binding for 60 min at room temperature.
After washing with PBS, the specimen was incubated with primary antibodies: mouse anti-MPO
antibody (ab25989, Abcam; 1:500 dilution) was used for staining MPO (with secondary antibody
conjugated with a green fluorescence Alexa Fluor 488 dye; 1:1000 dilution; Thermo Fisher Scientific),
while rabbit anti-CitH3 antibody (ab5103, Abcam; 1:500 dilution) or rabbit anti-histone H4 (acetyl K5)
antibody (ab51997, Abcam, 1:1000) was used for detecting the presence of CitH3 or acetylated H4K5
(H4K5ac), respectively (with secondary antibody conjugated with a far-red fluorescence dye Alexa
Fluor 647; 1:1000 dilution; Thermo Fisher Scientific). DNA was stained with DAPI (1:100 dilution).
After treating with the secondary antibody, slides were washed and mounted by glass coverslips (Fisher
Scientific) with anti-fade fluorescent mounting medium (Dako, Carpinteria, CA, USA). The images
were then taken using an Olympus IX81 inverted fluorescence microscope with a Hamamatsu
C9100-13 back-thinned EM-CCD camera and Yokogawa CSU × 1 spinning disk confocal scan head
(Olympus Canada Inc., Richmond Hill, ON, Canada) with Spectral Aurora Borealis upgrade, four
separate diode-pumped solid-state laser lines (405, 491, 561, and 642 nm; Spectral Applied Research,
Richmond Hill, ON, Canada). The images were taken at 40 × /0.95 magnification and processed
by Volocity software (version 6.3, Cell Imaging Perkin-Elmer; Quorum Technologies Inc., Puslinch,
ON, Canada).

2.6. Western Blot

Tubes containing 1 × 106 cells were treated with 5 µL of HDACis (250 nM belinostat; 20 nM
panobinostat), NETotic agonists (25 nM PMA; 4 µM A23187; 5 µg/mL LPS from E. coli 0128; 5 µM
Ionomycin) and/or ultraviolet (UV) irradiation (0.24 J/cm2) for 90 min at 37 ◦C and 5% (v/v) CO2.
Cells were then cooled on ice for 10 min. Neutrophils were lysed using the lysis buffer containing RIPA
lysis buffer (Millipore, Etobicoke, ON, Canada) containing 1 mM PMSF, 1 mM sodium orthovanadate,
1 mM sodium fluoride, 1 mg/mL aprotinin, 1 mg/mL leupeptin, 1 mg/mL pepstatin, and a protease
inhibitor cocktail tablet per 5 mL (Roche Diagnostics, Laval, QC, Canada), DNase I (Invitrogen) and a
phosphatase inhibitor cocktail tablet per 10 mL (Roche). Samples were vortexed for 10 s to mix the
solution and incubated for 30 min at 37 ◦C and 5% (v/v) CO2 and then sonicated 3 times for 30-s
intervals. The bicinchoninic acid (BCA) protein assay kit (Thermo Fisher Scientific) was used to ensure
the same amount of total protein of each sample was used. Each sample was mixed with reducing
sample loading buffer (20% (v/v) glycerol, 2% (v/v) beta-mercaptoethanol, 4% (w/v) SDS, 0.130 M
Tris, Bromophenol Blue (1 mg/100 mL), pH 6.8). Samples were heated at 99 ◦C for 5 min prior to
loading into SDS-PAGE gel. Samples were run on a 4–20% Mini-PROTEAN® TGX™ precast protein
gels (Bio-RAD Laboratories, Mississauga, ON, Canada) at 120 V for 60 min to separate protein by size.
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Proteins were then transferred to nitrocellulose membranes by wet transfer. The empty spaces on the
membranes were then blocked with 5% (w/v) BSA in 0.1% (v/v) TBST for 1 h at room temperature.
All primary antibodies were dissolved in 1% (w/v) BSA in 0.1% (v/v) TBST and incubated with
membranes overnight at 4 ◦C followed by 3 washes with 0.1% PBST for 30 min. Primary antibodies
used were: anti-GADPH (2118, Cell Signaling Technology, Whitby, ON, Canada) rabbit mAb at 1:1000;
anti-histone H4K5ac (ab51997, Abcam) rabbit mAb at 1:1000; anti-cleaved caspase-3 (Asp175, Cell
Signaling) rabbit mAb at 1:1000. The membranes were then incubated in the secondary antibody
solution (1% (w/v) BSA in 0.1% (v/v) TBST) for 60 min and then washed 3 times with 0.1% (v/v)
PBST for 30 min. The secondary antibody used was: anti-rabbit IgG-HRP (Cell Signaling) at 1:5000.
The protein intensity was determined by enhanced chemiluminescent reagents, and the blots were
imaged in Li-Cor Odyssey FC Imaging System and densitometry analysis of the images performed
using Image Studio software (LI-COR Biotechnology, Lincoln, NE, USA). The H4K5ac protein bands
were normalized to the GAPDH bands.

2.7. Statistical Analyses

All data are presented as mean ± standard error of the mean (SEM) in line graphs. In box
plots, each data point is presented. The mean is indicated with “+”, and the full data spread is
indicated with lines and boxes are marked with median and upper and lower interquartile ranges.
GraphPad Prism statistical analysis software (Version 8.00 for Windows, San Diego, CA, USA) was
used for performing the statistical analysis by One-way ANOVA with a Dunnett or Tukey test, where
appropriate. A Dunnett post-test was used for comparing a fixed value of 1 with respective treatment
conditions. A mean difference with a p-value of ≤ 0.05 was considered to be statistically significant.

3. Results

3.1. HDAC Inhibitors Promote Histone Acetylation

Histone acetylation results in chromatin relaxation and subsequent increase in gene
transcription [13,14]. Therefore, we questioned whether HDACis have the potential to promote
histone acetylation in neutrophils for promoting NETosis. To test this point, we performed Western
blotting and immunofluorescence assays using neutrophils treated with belinostat, panobinostat,
and/or NETotic agonists and then stained against DAPI and H4K5ac (AcH4).

Immunofluorescence images of neutrophils incubated in RMPI (control) were characterized
by multi-lobulated nuclei; AcH4 (magenta; Anti-H4K5ac) was barely noticeable (Figure 1).
When neutrophils were treated with belinostat or panobinostat, we observed increased levels of
AcH4 compared to the untreated controls. It is apparent that acetylated histones are hallmark of
neutrophils with NETotic nuclei and decondensing chromatin. Collectively, both immunofluorescence
imaging (Figure 1; Supplementary Figures S1–S3; see single colour panels to verify colocalization
of AcH4 to chromatin DNA) and immunoblot analyses (Figure 2; see Supplementary Figure S4 for
uncropped Western blots) showed that neutrophils cotreated with HDACis and NETotic agonists
triggered more AcH4 formation compared to their respective controls without HDACs.



Biomolecules 2019, 9, 32 6 of 17

Biomolecules 2019, 9, 32 6 of 18 

 
Figure 1. Confocal microscopy images showing histone deacetylase inhibitors (HDACi) promote 
histone acetylation. Neutrophils were treated with negative control (RPMI media), or NETotic 
agonists (25 nM PMA; 4 μM A23187; 5 μg/mL lipopolysaccharides (LPS) from E. coli 0128; 5 μM 
Ionomycin) for 120 min. Cells were then fixed, immunostained, and imaged for histone acetylation 
(H4K5ac) and DNA (DAPI). Cells treated with RPMI show typical polymorphonuclear morphology 
of neutrophils. When treated with HDACis, belinostat and panobinostat, neutrophils show a further 
increase in histone acetylation. Blue, DAPI staining for DNA; Magenta, H4K5ac. Scale bar, 14 μm. n = 
2–3. See Supplementary Figures S1–S3 for single channel confocal images. 

Figure 1. Confocal microscopy images showing histone deacetylase inhibitors (HDACi) promote
histone acetylation. Neutrophils were treated with negative control (RPMI media), or NETotic agonists
(25 nM PMA; 4 µM A23187; 5 µg/mL lipopolysaccharides (LPS) from E. coli 0128; 5 µM Ionomycin)
for 120 min. Cells were then fixed, immunostained, and imaged for histone acetylation (H4K5ac) and
DNA (DAPI). Cells treated with RPMI show typical polymorphonuclear morphology of neutrophils.
When treated with HDACis, belinostat and panobinostat, neutrophils show a further increase in
histone acetylation. Blue, DAPI staining for DNA; Magenta, H4K5ac. Scale bar, 14 µm. n = 2–3.
See Supplementary Figures S1–S3 for single channel confocal images.
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Figure 2. Western blots showing that HDAC inhibitors induce histone acetylation. (A) Neutrophils were 
treated with RPMI (negative control), NETotic agonists (25 nM PMA; 4 μM A23187; 5 μg/mL LPS from 
E. coli 0128; 5 μM Ionomycin) or HDAC inhibitors (250 nM belinostat; 20 nM panobinostat) for 90 min. 
For each condition, lysates with the same amount of proteins were separated by polyacrylamide gels, 
proteins were transferred onto a membrane, and specific proteins were immunodetected (GADPH for 
loading control and H4K5ac for histone acetylation). (B) The densitometry analyses show increased 
histone acetylation when neutrophils are treated with HDAC inhibitors, compared to their 
corresponding controls. The values were normalized to the respective control values in each experiment. 
All data are presented as mean ± standard error of the mean (SEM); n = 3; *, p < 0.05 compared to 
respective controls. See Supplementary Figure S4 for the full Western blot. 

3.2. HDAC Inhibitors Promote Baseline NETosis 

Next, we conducted experiments to determine whether HDACis could mediate NETosis. To 
determine whether histone acetylation can promote NETosis, we treated neutrophils with pan-
HDACis, belinostat and panobinostat, and measured the Sytox Green-stainable DNA as a proxy for 
% NETosis (% of total DNA); this dye can detect the extracellular DNA, as Sytox Green is cell 
membrane impermeable. Incubating neutrophils with belinostat showed a gradual increase of Sytox 
Green accessible DNA, suggesting the increase in NET formation over the 4-h period (Figure 3A). In 
the presence of 250 nM belinostat, an increase in ~20% of the total DNA above the baseline increase 
was noted. Similarly, Sytox Green assays showed that the second HDACi, panobinostat also induced 
cells to undergo NETosis. Over the 4-h treatment period, the presence of either 20 or 40 nM 
panobinostat significantly increased the levels of NET formation, by ~15% compared to the respective 
agonist controls (Figure 3A). To verify that the DNA release estimated by Sytox Green is in fact 
corresponded to NETosis, we performed immunofluorescence assays. MPO colocalizes with DNA 
during NETosis and considered to be a marker of NETosis [3]. Also, CitH3 was shown to be a marker 
for calcium-dependent NOX-independent NETosis. Therefore, we used these two makers to verify 

Figure 2. Western blots showing that HDAC inhibitors induce histone acetylation. (A) Neutrophils
were treated with RPMI (negative control), NETotic agonists (25 nM PMA; 4 µM A23187; 5 µg/mL LPS
from E. coli 0128; 5 µM Ionomycin) or HDAC inhibitors (250 nM belinostat; 20 nM panobinostat) for
90 min. For each condition, lysates with the same amount of proteins were separated by polyacrylamide
gels, proteins were transferred onto a membrane, and specific proteins were immunodetected
(GADPH for loading control and H4K5ac for histone acetylation). (B) The densitometry analyses
show increased histone acetylation when neutrophils are treated with HDAC inhibitors, compared
to their corresponding controls. The values were normalized to the respective control values in each
experiment. All data are presented as mean ± standard error of the mean (SEM); n = 3; *, p < 0.05
compared to respective controls. See Supplementary Figure S4 for the full Western blot.

3.2. HDAC Inhibitors Promote Baseline NETosis

Next, we conducted experiments to determine whether HDACis could mediate NETosis.
To determine whether histone acetylation can promote NETosis, we treated neutrophils with
pan-HDACis, belinostat and panobinostat, and measured the Sytox Green-stainable DNA as a proxy
for % NETosis (% of total DNA); this dye can detect the extracellular DNA, as Sytox Green is cell
membrane impermeable. Incubating neutrophils with belinostat showed a gradual increase of Sytox
Green accessible DNA, suggesting the increase in NET formation over the 4-h period (Figure 3A).
In the presence of 250 nM belinostat, an increase in ~20% of the total DNA above the baseline
increase was noted. Similarly, Sytox Green assays showed that the second HDACi, panobinostat
also induced cells to undergo NETosis. Over the 4-h treatment period, the presence of either 20 or
40 nM panobinostat significantly increased the levels of NET formation, by ~15% compared to the
respective agonist controls (Figure 3A). To verify that the DNA release estimated by Sytox Green is in
fact corresponded to NETosis, we performed immunofluorescence assays. MPO colocalizes with DNA
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during NETosis and considered to be a marker of NETosis [3]. Also, CitH3 was shown to be a marker
for calcium-dependent NOX-independent NETosis. Therefore, we used these two makers to verify
the NETosis deduced by the Sytox green readings. Images show that extracellular DNA colocalized
with MPO and CitH3, confirming that belinostat induces NET formation (Figure 4). The effect of
panobinostat on NETosis was also verified by performing immunofluorescence assay, as cells treated
with 20 nM panobinostat had increased fluorescence for MPO and CitH3 when compared to the control,
and colocalized with DNA (Figure 4).

3.3. HDAC Inhibitors Additively Promote NOX-Dependent NETosis

It is well known that PMA and LPS induce NETosis by inducing NOX-derived ROS without the need
for CitH3 [8,21,22]. However, it is still unknown whether histone acetylation has any role in mediating
NOX-dependent NETosis. Therefore, we pre-incubated neutrophils with either belinostat or panobinostat
prior to exposing them to either PMA or LPS for 4 h. Neutrophils treated with PMA had ~45–55% more
NETosis than those treated with RPMI alone (Figure 3A,B; Supplementary Figure S5). When pre-treated
with belinostat, PMA-induced NETosis was increased in a time- and -concentration-dependent manner,
where both 125 and 250 nM belinostat treatments significantly increased DNA release by ~30% at 4-h
post-treatment. Similarly, neutrophils cotreated with 20 nM panobinostat for 4 h significantly induced
PMA-induced NETosis by ~20% (Figure 3B). NETs released by both belinostat- and panobinostat-activated
neutrophils were confirmed by the colocalization of MPO and DNA (Figure 4).

When treated with LPS for 4 h, neutrophils showed a ~35% increase in the NETotic index compared
to the baseline control (Figure 3C; Supplementary Figure S5). Plate reader assays demonstrated
that both belinostat and panobinostat had an additive effect in increasing LPS-mediated NETosis
in a time- and dose-dependent manner (Figure 3C). Total DNA release was ~20% and ~30%
higher than LPS-induced NETosis when neutrophils were treated with 250 nM belinostat and
20 nM panobinostat, respectively. These results were confirmed by performing immunofluorescence
imaging, where neutrophils treated with either belinostat or panobinostat had increased NETosis with
colocalization of MPO and DNA (Figure 4). Therefore, HDACis have additive effects in inducing
NOX-dependent NETosis.

3.4. HDAC Inhibitors Additively Promote NOX-Independent NETosis

To determine whether histone acetylation promotes NOX-independent NETosis, we pre-incubated
neutrophils with either belinostat and panobinostat prior to treating them with either A23187 or
ionomycin secreted by Gram-positive bacteria Streptomyces conglobatus. Sytox assays showed that
calcium ionophore A23187-induced NETosis by ~30–40% above the baseline and at a faster rate than
NOX-dependent agonists (Figure 3D; Supplementary Figure S5). Treating neutrophils with belinostat
further increased NETosis by ~20% than A23187-induced NETosis (Figure 3D). Similar observations
were made when cells were treated with panobinostat, in which it increased NETosis by ~15% more
than cells treated with only A23187. Results were confirmed by performing immunofluorescence
staining, where increased NETs and colocalization of DNA with MPO and CitH3 were observed when
neutrophils were treated with 250 nM belinostat or 20 nM panobinostat (Figure 4).

When neutrophils were treated with another NOX-independent NETosis agonist, ionomycin,
the NETosis was increased by ~60–70% than the baseline control (Figure 3E; Supplementary Figure S5).
The NETosis further increased by ~20% and ~25% when neutrophils were treated with ionomycin
in the presence of belinostat and panobinostat, respectively. NETs released by ionomycin- and
HDACis-activated neutrophils were also confirmed by immunofluorescence staining for MPO and
DNA (Figure 4). Therefore, HDACis have an additive effect on inducing NOX-independent NETosis.
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Figure 3. Sytox Green assays suggest that belinostat and panobinostat promote baseline NETosis as well as both 
NOX-dependent and -independent NETosis. Neutrophils were treated with HDACis and/or NETotic agonists 
and Sytox Green fluorescence intensities were then measured at 4 h by using a fluorescence plate reader. (A) 
Effects of belinostat and panobinostat on baseline NETosis. (B,C) Neutrophils were activated with PMA (B) or 
LPS (C) in the presence or absence of belinostat or panobinostat. (D,E) Neutrophils were activated with A23187 
(D) or ionomycin (E) in the presence or absence of belinostat or panobinostat. The full data spread is indicated 
with lines and boxes are marked with the mean (+), median and upper and lower interquartile ranges. * p < 0.05 
(One-Way ANOVA with Dunnett post-test, n = 5–7). See Supplementary Figure S5 for additional information. 

Figure 3. Sytox Green assays suggest that belinostat and panobinostat promote baseline NETosis as
well as both NOX-dependent and -independent NETosis. Neutrophils were treated with HDACis
and/or NETotic agonists and Sytox Green fluorescence intensities were then measured at 4 h by
using a fluorescence plate reader. (A) Effects of belinostat and panobinostat on baseline NETosis.
(B,C) Neutrophils were activated with PMA (B) or LPS (C) in the presence or absence of belinostat
or panobinostat. (D,E) Neutrophils were activated with A23187 (D) or ionomycin (E) in the presence
or absence of belinostat or panobinostat. The full data spread is indicated with lines and boxes are
marked with the mean (+), median and upper and lower interquartile ranges. * p < 0.05 (One-Way
ANOVA with Dunnett post-test, n = 5–7). See Supplementary Figure S5 for additional information.
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Figure 4. Confocal microscopy images confirm that HDACis promote baseline NETosis, as well
as NOX-dependent and -independent NETosis. Neutrophils were treated with negative control
(RPMI), or NETotic agonists (25 nM PMA; 4 µM A23187; 5 µg/mL LPS from E. coli 0128; 5 µM
Ionomycin) for 120 min. Then, cells were fixed, immunostained, and imaged for myeloperoxidase
(MPO), citrullinated histone H3 (CitH3) and DNA (DAPI). Cells in RMPI media show typical
polymorphonuclear morphology of neutrophils where myeloperoxidase (MPO) can be observed
in the cytoplasm. In neutrophils treated with PMA and LPS, MPO co-localizes to NET DNA; limited
amounts of CitH3 can be observed. However, CitH3 increases drastically when neutrophils are treated
with either A23187 or ionomycin. Interestingly, neutrophils treated with HDACis have increased levels
of NETosis in all conditions, which is evident by the intense co-localization of MPO and DNA. Blue:
DAPI staining for DNA; Green: MPO; Red: CitH3. Scale bar, 14 µm. n = 2–3.
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3.5. HDAC Inhibitor Do Not Induce Apoptosis

To determine whether HDACis induce other forms of neutrophil death or cytotoxicity, we examined
the nuclear morphology of neutrophils and analyzed an apoptotic marker, cleaved caspase 3 (cCasp-3) [23].
One of the hallmarks of apoptosis is the condensation of nuclei [24]. By analyzing our immunofluorescence
images, we found that the neutrophils treated with belinostat or panobinostat show morphological changes
that are similar to that of NETotic cells, but not neutrophils undergoing apoptosis (Figures 1 and 4).
To confirm this observation, we performed western blots and checked for cleavage of caspase 3
(cCasp-3). A recent study published from our lab showed that neutrophils treated with 0.24 J/cm2

ultraviolet irradiation resulted in apoptotic nuclear morphology, but not NETotic morphological
changes [25]. Western blotting showed negligible levels of cCasp-3 for neutrophils treated within
the IC50 concentrations used in the study for HDACis and/or NETotic agonists, compared to
UV-treated neutrophils (Supplementary Figure S6). Therefore, in our experimental conditions with these
concentrations, both HDACis promote NETosis, but not apoptosis in neutrophils.

3.6. HDAC Inhibitor-Mediated NETosis Requires Baseline ROS

It is known that both NOX-dependent and -independent agonists require ROS to induce NETosis [1].
To determine whether ROS is needed for NETosis induced by histone acetylation, we conducted
experiments in the presence of a NOX inhibitor (1 µM DPI) and a mROS scavenger (200 µM MitoTEMPO).
When pretreated with DPI or MitoTEMPO, belinostat-induced NETosis was suppressed below baseline
(Figure 5A). Both ROS inhibitors were also suppressed panobinostat-induced NETosis (Figure 5B).
Therefore, histone acetylation-mediated NETosis requires the presence of baseline ROS.

3.7. HDAC Inhibitors Do Not Promote NOX- and Mitochondrial-Derived ROS Production

After establishing that ROS is required to induce HDACi-mediated NETosis, we tested whether
HDACis on their own promote ROS production. We incubated neutrophils with HDACis and NETotic
agonists and measured the ROS generated by NOX using a DHR123 probe, which becomes fluorescent
R123 once oxidized by ROS [1,22]. As expected, DHR123 assays showed that neutrophils treated with
PMA and LPS had significantly higher cytosolic ROS levels compared to the control (10 to 90 min
post incubation; Figure 5C; Supplementary Figure S7A). As expected, A23187 and ionomycin did
not increase ROS levels above baseline control values. Cells treated only with 250 nM belinostat
or 20 nM panobinostat also showed no significant increase in cytosolic ROS levels compared to the
control (Figure 5C,D; Supplementary Figure S8A). Neutrophils cotreated with HDACis and PMA also
had no significant increase in cytosolic ROS production compared to neutrophils treated only with
PMA (Figure S8B). Similar observations were made for cells treated with HDACis and LPS, A23187,
or ionomycin (Figure S8C–E, respectively). DHR123 results were verified with DCFDA probe as it
also measures the cytosolic ROS peroxyl and hydrogen radicals. Cells treated with PMA or LPS,
but not A23187 and ionomycin, showed increased ROS levels compared to the control (Figure S7B).
Furthermore, HDACis-treated neutrophils had similar RFU values to the controls, even when cotreated
with NETotic agonists (Figure S8B–F).

To check whether HDACis induce mROS, MitoSOX assay was performed as this dye fluoresces
when it is oxidized by superoxide anion of mitochondrial origin [1]. As expected, neutrophils
treated with A23187 and ionomycin showed a significant increase in ROS levels compared to control,
starting at 5 min post-treatment (Figure 5E,F; Supplementary Figure S7C). However, cells treated with
PMA or LPS did not significantly induce mROS levels. For neutrophils treated only with HDACis,
results showed that mROS levels were not significantly higher than the control (Supplementary
Figure S8A). Results also demonstrated that HDACis treatments had an insignificant increase of
RFU readings when cotreated with either A23187 or ionomycin (Supplementary Figure S8D,E).
Similarly, cells cotreated with HDACis and PMA (or LPS) did not show a significant increase in
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mROS production (Supplementary Figure S8B,C). Therefore, HDACis promote both types of NETosis,
without contributing to the production of cytosolic or mROS levels.
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Figure 5. HDACis-mediated NETosis requires ROS production, but these inhibitors do not alter
ROS production. Neutrophils were treated with 250 nM belinostat or 20 nM panobinostat in the
presence or absence of NOX inhibitor and a mROS scavenger, 1 µM DPI and 200 µM MitoTEMPO,
respectively. After 4 h treatment, Sytox Green fluorescence intensities were then measured every
60 min for up to 4 h by using a fluorescence plate reader. (A,B) Neutrophils cotreated with DPI or
MitoTEMPO had significantly lower NETosis than belinostat (A) or panobinostat (B) treated cells.
(C–F) DHR123 and MitoSOX assays measuring NOX- and mitochondrial-derived ROS production of
neutrophils at 30 min, respectively. Neutrophils treated with belinostat (C,E) or panobinostat (D,E) do
not promote intracellular ROS or mROS levels. Kinetics data are presented as mean ± SEM. In box
graphs, full data spread is indicated with lines and boxes are marked with the mean (+), median and
upper and lower interquartile ranges. ROS generation data assessed by using DCFDA (C,D), while
by MitoSOX (E,F). *, p < 0.05 (One-Way ANOVA with Tukey post-test conducted at each time points;
n = 4). See Supplementary Figures S7 and S8 for additional information.

3.8. Transcriptional Firing Is Required for HDAC Inhibitors to Promote NETosis

Khan and Palaniyar have previously shown that transcriptional firing is required for both
NOX-dependent and -independent NETosis; suppression of transcription would inhibit DNA
decondensation step even when the early steps of NETosis were occurring, including ROS
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production [1,3]. Since HDACis induce histone decondensation, we next determined whether
HDACi-mediated NETosis require DNA transcription to induce NETosis. To answer this question,
we performed Sytox Green assays with neutrophils treated with actinomycin D (Act-D), which binds
to destabilized G-C rich promoter regions of DNA and inhibits transcription and incubated them with
belinostat or panobinostat for 4 h.

Neutrophils treated with 250 nM belinostat had a significant increase in NETosis compared
with the control (Figure 6A). By contrast, the NETosis was significantly inhibited when cells
were pre-treated with 2.5 and 5 µM Act-D in both time-dependent and dose-dependent manner
(Supplementary Figure S9A). Similar results were found when neutrophils were co-treated with both
20 nM panobinostat and Act-D (Figure 6B; Supplementary Figure S9B). Therefore, HDACi-mediated
increase in NETosis involves transcription.
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Figure 6. Transcription is required for HDACis to promote NETosis. Neutrophils were treated with
250 nM belinostat or 20 nM panobinostat in the presence of 0, 2.5 and 5 µM actinomycin D (Act-D),
a DNA transcription inhibitor. After 4-h treatment, Sytox Green fluorescence intensities were measured
by using a fluorescence plate reader. (A,B) Neutrophils treated with Act-D had significantly lower total
DNA release than belinostat- (A) or panobinostat-induced NETosis (B). The full data spread is indicated
with lines, and boxes marked with the mean (+), median and upper and lower interquartile ranges.
* p < 0.05 versus baseline with no HDACi; # p < 0.05 versus HDACi only (One-Way ANOVA with Tukey
post-test conducted at each time points; n = 4). See Supplementary Figure S9 for additional information.

4. Discussion

Several studies focused on citrullination of histone and considered that CitH3 formation is an
important contributor to NETosis. Our previous studies showed that histone citrullination is a hallmark
of calcium-mediated NOX-independent, but not NOX-dependent NETosis [3,8]. However, the role
of histone acetylation on NETosis was unknown [11,12]. In this study, we demonstrated that
histone hyperacetylation is found in NETotic cells that are stimulated by both NOX-dependent
and -independent agonists, and more pronounced when neutrophils are treated with HDACis,
either belinostat or panobinostat (Figures 1 and 2). Both belinostat and panobinostat induce
NETosis and additively promote NOX-dependent and NOX-independent NETosis (Figures 3 and 4).
Our results show that HDACis require baseline ROS production (Figure 5), but they do not induce
NOX- or mitochondria-derived ROS production (Figure 5; Supplementary Figure S8). In addition,
we demonstrated that HDACis-mediated NETs formation also uses transcriptional firing to decondense
chromatin (Figure 6). Collectively, these data show that histone acetylation promotes baseline NETosis
as well as both NOX-dependent and -independent NETosis (Figure 7).
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Figure 7. A unifying model showing the role of histone acetylation in NETosis. PMA and LPS
induce nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (NOX)-dependent whereas
calcium ionophores such as A23187 and ionomycin activate NOX-independent pathways of NETosis.
NOX-dependent and -independent pathways exert their downstream effects by inducing NOX ROS and
mitochondrial ROS, respectively. After several intermediate steps, chromatin decondenses to become NETs.
In the resting neutrophil nuclei, negatively charged DNA wraps around highly positively charged histones
(e.g., amino acids arginine and lysine) to form tightly compacted chromatin. Addition of an acetyl group
(H3C-C=O) to the tip of the side chain (-NH3) of the N-terminal lysines of histones (e.g., H4 histone with
K5 acetylation; H4K5ac, or AcH4) eliminates the positive charge (middle inset). Hence, histone acetylation
weakens the overall chromatin structure, and particularly uncompacts the nucleosomes at promoter regions
to allow the entry of various proteins to access DNA (e.g., transcription machinery). Histone acetyl
transferases (HAT) add acetyl groups to lysine residues whereas histone deacetylases (HDACs; 18 in
neutrophils) remove the acetyl groups. A balance between HAT and HDAC activities determines the
degree of histone acetylation. HDAC inhibitors (HDACis; e.g., Belinostat, Panobinostat) shift the balance
towards increased acetylation of histones. This modification promotes baseline as well as NOX-dependent
and -independent NETosis. Since HDACis modify histones that are downstream of ROS production,
they do not affect ROS production during NETosis. During the induction of calcium ionophore-mediated
NOX-independent pathway, increase in intracellular calcium concentrations also enables the cytoplasmic
peptidylarginine deiminase 4 (PAD4) to translocate into the nuclei. This active form of PAD4 (PAD4:Ca2+

complex) citrullinates the histones (i.e., the removal of the positive charge from arginine; e.g., CitH3)
particularly at the promoter regions. This modification also facilitates transcription. Process of genome-wide
transcription is necessary for decondensation of chromatin for both types of NETosis. In summary,
acetylation of histones promotes transcription and subsequent chromatin decondensation during baseline
NETosis as well as both NOX-dependent and NOX-independent NETosis.



Biomolecules 2019, 9, 32 15 of 17

Our study provides evidence that histone acetylation promotes NETosis. By performing
immunofluorescent imaging, we found that belinostat and panobinostat both induce histone
acetylation as evident by H4K5ac fluorescent intensities and Western bots (Figures 1 and 2, respectively).
Interestingly, we also found that histone acetylation increases as part of NOX-dependent and
-independent NETosis. This finding suggests that histone acetylation-deacetylation balance is altered
during both types of NETosis. Therefore, unlike histone citrullination [3], histone acetylation could
promote both types of NETosis (Figure 3). To further understand the mechanism, we first used two
ROS probes, DHR123 and DCFDA, to measure most of the cytosolic ROS [26]. Consistent with our
previous studies [1,8,9], we found baseline increase in ROS in neutrophils and a substantial increase
of cytosolic ROS levels during the activation of NOX pathway (e.g., with PMA, LPS), mROS increase
during the activation of NOX-independent pathway (e.g., with A23187 and ionomycin; Figure 5;
Supplementary Figure S7). However, histone acetylation does not significantly alter neither NOX nor
mitochondrial ROS production (Supplementary Figure S8). This is consistent with the fact that histone
acetylation is a downstream modification, and hence, should not affect ROS production.

Khan and Palaniyar (2017) have shown that transcriptional firing is required for NETosis to
occur [3]. Since histone acetylation could induce local chromatin decondensation and facilitate
transcription initiation for further decondensation, we tested the effect of histone acetylation on
transcription. Act-D inhibits acetylation induced NETosis (Figure 6); hence, we propose that
acetylation is another modification that promotes baseline as well as agonist-induced NET formation
via transcription. Hollands et al. (2016) attempted to study the effect of a histone acetyltransferase
(HAT) inhibitor, anacardic acid, on NETosis [27]. However, anacardic acid has off-target effects and
significantly induces intracellular ROS production, similar to PMA [28–32]. Therefore, the effect of
histone acetylation cannot be directly discerned by anacardic acid; inhibitors without off-target effects
are required to elucidate the role of histone acetylation on NETosis using this approach.

An increase in ~20–30% baseline, or the agonist-induced release of modified autoantigen from
neutrophils could contribute significantly to autoimmune diseases. Two studies examined the role
of post-translational modification of NET histones in Lupus. Liu et al. (2012) demonstrated that
treating neutrophils, isolated from systemic lupus erythematosus (SLE) peripheral blood, with PMA,
ionomycin and LPS can induce autoantibodies that targeted NETs [33]. Careful analysis revealed
that certain histone modifications, especially H2Bac, induced autoreactivity. Another recent study
showed that NETs generated from SLE patients had more acetylated histones than the NETs generated
from healthy donors [34]. Therefore, NETs generated with different forms of acetylation could affect
autoimmune diseases (e.g., SLE) or clinical conditions in which these HDAC inhibitors are used (e.g.,
cancer treatments) [19,20].

In summary, histone acetylation occurs during both types of NETosis, and HDACis increase
AcH4 formation in primary neutrophils. HDACis increase baseline NETosis and have an additive
effect on both NOX-dependent and -independent NETosis. Baseline histone acetylation-mediated
NETosis requires ROS production, but acetylation does not alter ROS production in neutrophils at
baseline or during agonist-induced NETosis. This post-translational modification of histone promotes
NETosis via facilitating transcription-mediated chromatin decondensation step. We conclude that
histone hyperacetylation promotes NETosis (Figure 7).

Supplementary Materials: The following are available online at http://www.mdpi.com/2218-273X/9/1/32/s1,
Figure S1: Single channel confocal microscopy images showing histone acetylation in the absence of HDAC
inhibitors; Figure S2: Single channel confocal microscopy images showing that belinostat promotes histone
acetylation; Figure S3: Single channel confocal microscopy images showing that panobinostat promotes histone
acetylation; Figure S4: Western blots confirming HDAC inhibitors’ potential to induce histone acetylation;
Figure S5: Sytox Green assays comparing the levels of NETosis of PMA, LPS, A23187 and ionomycin with the
baseline; Figure S6: Western blots showing HDAC inhibitors do not lead to apoptosis; Figure S7: DHR123,
DCFDA and MitoSOX assays for neutrophils treated with NOX-dependent and -independent agonists; Figure S8:
HDACis do not promote NOX- and mitochondrial-derived ROS production; Figure S9: Transcription is required
for HDACis-mediated NETosis.
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Biomolecules 2019, 9, 32 16 of 17

Author Contributions: H.J.H. planned and conducted experiments, analyzed the data, generated figures,
interpreted the results, and wrote the manuscript. M.A.K. assisted in planning the experiments, revising the
manuscript and generating figures. N.P. is the principal investigator and conceived the idea, supervised the study,
assisted with planning the experiments, interpreting the results, and editing and finalizing the manuscript.

Funding: This study was supported by research grants of the Canadian Institutes of Health Research
(MOP-111012 to N.P.) and Cystic Fibrosis Canada (Discovery Grant 3180 to N.P.). H.J.H. is a recipient of an Ontario
Graduate Scholarship (OGS), Ontario Student Opportunity Trust Fund/Restracomp studentship of SickKids and
The University of Toronto Fellowships (UTF). M.A.K. is a recipient of a Mitacs Elevate Postdoctoral Fellowship.

Acknowledgments: We also thank SickKids Imaging core facility for maintaining the microscopes and providing
microscopy support services.

Conflicts of Interest: The authors declare that they have no conflict of interest.

References

1. Douda, D.N.; Khan, M.A.; Grasemann, H.; Palaniyar, N. SK3 channel and mitochondrial ROS mediate
NADPH oxidase-independent NETosis induced by calcium influx. Proc. Natl. Acad. Sci. USA 2015, 112,
2817–2822. [CrossRef] [PubMed]

2. Yuen, J.; Pluthero, F.G.; Douda, D.N.; Riedl, M.; Cherry, A.; Ulanova, M.; Kahr, W.H.A.; Palaniyar, N.;
Licht, C. NETosing neutrophils activate complement both on their own NETs and bacteria via alternative
and non-alternative pathways. Front. Immunol. 2016, 7, 1–14. [CrossRef] [PubMed]

3. Khan, M.A.; Palaniyar, N. Transcriptional firing helps to drive NETosis. Sci. Rep. 2017, 7, 41749. [CrossRef]
[PubMed]

4. Takei, H.; Araki, A.; Watanabe, H.; Ichinose, A.; Sendo, F. Rapid killing of human neutrophils by the potent
activator phorbol 12-myristate 13-acetate (PMA) accompanied by changes different from typical apoptosis
or necrosis. J. Leukoc. Biol. 1996, 59, 229–240. [CrossRef] [PubMed]

5. Brinkmann, V.; Reichard, U.; Goosmann, C.; Fauler, B.; Uhlemann, Y.; Weiss, D.S.; Weinrauch, Y.; Zychlinsky, A.
Neutrophil Extracellular Traps Kill Bacteria. Science 2004, 303, 1532–1535. [CrossRef] [PubMed]

6. Metzler, K.D.; Goosmann, C.; Lubojemska, A.; Zychlinsky, A.; Papayannopoulos, V.
Myeloperoxidase-containing complex regulates neutrophil elastase release and actin dynamics during
NETosis. Cell Rep. 2014, 8, 883–896. [CrossRef] [PubMed]

7. Papayannopoulos, V.; Metzler, K.D.; Hakkim, A.; Zychlinsky, A. Neutrophil elastase and myeloperoxidase
regulate the formation of neutrophil extracellular traps. J. Cell Biol. 2010, 191, 677–691. [CrossRef]

8. Li, P.; Li, M.; Lindberg, M.R.; Kennett, M.J.; Xiong, N.; Wang, Y. PAD4 is essential for antibacterial innate
immunity mediated by neutrophil extracellular traps. J. Exp. Med. 2010, 207, 1853–1862. [CrossRef]

9. Khan, M.A.; Farahvash, A.; Douda, D.N.; Licht, J.-C.; Grasemann, H.; Sweezey, N.; Palaniyar, N.
JNK Activation Turns on LPS- and Gram-Negative Bacteria-Induced NADPH Oxidase-Dependent Suicidal
NETosis. Sci. Rep. 2017, 7, 3409. [CrossRef]

10. Obermayer, A.; Stoiber, W.; Krautgartner, W.-D.; Klappacher, M.; Kofler, B.; Steinbacher, P.; Vitkov, L.;
Grabcanovic-Musija, F.; Studnicka, M. New Aspects on the Structure of Neutrophil Extracellular Traps from
Chronic Obstructive Pulmonary Disease and In Vitro Generation. PLoS ONE 2014, 9, e97784. [CrossRef]

11. Sahakian, E.; Chen, J.; Powers, J.J.; Chen, X.; Maharaj, K.; Deng, S.L.; Achille, A.N.; Lienlaf, M.; Wang, H.W.;
Cheng, F.; et al. Essential role for histone deacetylase 11 (HDAC11) in neutrophil biology. J. Leukoc. Biol.
2017, 102, 475–486. [CrossRef] [PubMed]

12. Yang, J.; Ge, H.; Poulton, C.J.; Hogan, S.L.; Hu, Y.; Jones, B.E.; Henderson, C.D.; McInnis, E.A.;
Pendergraft, W.F.; Jennette, J.C.; et al. Histone modification signature at myeloperoxidase and proteinase
3 in patients with anti-neutrophil cytoplasmic autoantibody-associated vasculitis. Clin. Epigenetics 2016, 8.
[CrossRef] [PubMed]

13. Roth, S.Y.; Denu, J.M.; Allis, C.D. Histone acetyltransferases. Annu. Rev. Biochem. 2001, 70, 81–120. [CrossRef]
14. Lu, X.; Wang, L.; Yu, C.; Yu, D.; Yu, G. Histone Acetylation Modifiers in the Pathogenesis of Alzheimer’s

Disease. Front. Cell. Neurosci. 2015, 9. [CrossRef] [PubMed]
15. Kankaanranta, H.; Janka-Junttila, M.; Ilmarinen-Salo, P.; Ito, K.; Jalonen, U.; Ito, M.; Adcock, I.M.;

Moilanen, E.; Zhang, X. Histone deacetylase inhibitors induce apoptosis in human eosinophils and
neutrophils. J. Inflamm. (Lond.) 2010, 7, 9. [CrossRef] [PubMed]

http://dx.doi.org/10.1073/pnas.1414055112
http://www.ncbi.nlm.nih.gov/pubmed/25730848
http://dx.doi.org/10.3389/fimmu.2016.00137
http://www.ncbi.nlm.nih.gov/pubmed/27148258
http://dx.doi.org/10.1038/srep41749
http://www.ncbi.nlm.nih.gov/pubmed/28176807
http://dx.doi.org/10.1002/jlb.59.2.229
http://www.ncbi.nlm.nih.gov/pubmed/8603995
http://dx.doi.org/10.1126/science.1092385
http://www.ncbi.nlm.nih.gov/pubmed/15001782
http://dx.doi.org/10.1016/j.celrep.2014.06.044
http://www.ncbi.nlm.nih.gov/pubmed/25066128
http://dx.doi.org/10.1083/jcb.201006052
http://dx.doi.org/10.1084/jem.20100239
http://dx.doi.org/10.1038/s41598-017-03257-z
http://dx.doi.org/10.1371/journal.pone.0097784
http://dx.doi.org/10.1189/jlb.1A0415-176RRR
http://www.ncbi.nlm.nih.gov/pubmed/28550123
http://dx.doi.org/10.1186/s13148-016-0251-0
http://www.ncbi.nlm.nih.gov/pubmed/27752292
http://dx.doi.org/10.1146/annurev.biochem.70.1.81
http://dx.doi.org/10.3389/fncel.2015.00226
http://www.ncbi.nlm.nih.gov/pubmed/26136662
http://dx.doi.org/10.1186/1476-9255-7-9
http://www.ncbi.nlm.nih.gov/pubmed/20181093


Biomolecules 2019, 9, 32 17 of 17

16. Johnstone, R.W.; Licht, J.D. Histone deacetylase inhibitors in cancer therapy: Is transcription the primary
target? Cancer Cell 2003, 4, 13–18. [CrossRef]

17. Dokmanovic, M.; Marks, P.A. Prospects: Histone deacetylase inhibitors. J. Cell Biochem. 2005, 96, 293–304.
[CrossRef] [PubMed]

18. Marks, P.A.; Dokmanovic, M. Histone deacetylase inhibitors: Discovery and development as anticancer
agents. Expert Opin. Investig. Drugs 2005, 14, 1497–1511. [CrossRef]

19. Eckschlager, T.; Plch, J.; Stiborova, M.; Hrabeta, J. Histone deacetylase inhibitors as anticancer drugs. Int. J.
Mol. Sci. 2017, 18, 1414. [CrossRef]

20. Mottamal, M.; Zheng, S.; Huang, T.L.; Wang, G. Histone deacetylase inhibitors in clinical studies as templates
for new anticancer agents. Molecules 2015, 20, 3898–3941. [CrossRef]

21. Wang, Y.; Li, M.; Stadler, S.; Correll, S.; Li, P.; Wang, D.; Hayama, R.; Leonelli, L.; Han, H.; Grigoryev, S.A.;
et al. Histone hypercitrullination mediates chromatin decondensation and neutrophil extracellular trap
formation. J. Cell Biol. 2009, 184, 205–213. [CrossRef] [PubMed]

22. De Souza, C.N.; Breda, L.C.D.; Khan, M.A.; de Almeida, S.R.; Câmara, N.O.S.; Sweezey, N.; Palaniyar, N.
Alkaline pH promotes NADPH oxidase-independent neutrophil extracellular trap formation: A matter of
mitochondrial reactive oxygen species generation and citrullination and cleavage of histone. Front. Immunol.
2018, 8. [CrossRef]

23. Bressenot, A.; Marchal, S.; Bezdetnaya, L.; Garrier, J.; Guillemin, F.; Plénat, F. Assessment of Apoptosis by
Immunohistochemistry to Active Caspase-3, Active Caspase-7, or Cleaved PARP in Monolayer Cells and
Spheroid and Subcutaneous Xenografts of Human Carcinoma. J. Histochem. Cytochem. 2009. [CrossRef] [PubMed]

24. Farrell, A.W.; Halliday, G.M.; Lyons, J.G. Chromatin structure following UV-induced DNA damage-repair or
death? Int. J. Mol. Sci. 2011, 12, 8063–8065. [CrossRef] [PubMed]

25. Azzouz, D.; Khan, M.A.; Sweezey, N.; Palaniyar, N. Two-in-one: UV radiation simultaneously induces
apoptosis and NETosis. Cell Death Discov. 2018, 4, 51. [CrossRef] [PubMed]

26. Kalyanaraman, B.; Darley-Usmar, V.; Davies, K.J.A.; Dennery, P.A.; Forman, H.J.; Grisham, M.B.; Mann, G.E.;
Moore, K.; Roberts, L.J.; Ischiropoulos, H.; et al. Measuring reactive oxygen and nitrogen species with
fluorescent probes: Challenges and limitations. Free Radic. Biol. Med. 2012, 52, 1–6. [CrossRef] [PubMed]

27. Hollands, A.; Corriden, R.; Gysler, G.; Dahesh, S.; Olson, J.; Ali, S.R.; Kunkel, M.T.; Lin, A.E.; Forli, S.; Newton, A.C.;
et al. Natural product anacardic acid from cashew nut shells stimulates neutrophil extracellular trap production
and bactericidal activity. J. Biol. Chem. 2016, 291, 13964–13973. [CrossRef] [PubMed]

28. Mamidyala, S.K.; Ramu, S.; Huang, J.X.; Robertson, A.A.B.; Cooper, M.A. Efficient synthesis of anacardic
acid analogues and their antibacterial activities. Bioorganic Med. Chem. Lett. 2013. [CrossRef]

29. Kubo, J.; Lee, J.R.; Kubo, I. Anti-Helicobacter pylori agents from the cashew apple. J. Agric. Food Chem. 1999.
[CrossRef]

30. Sharma, R.; Kishore, N.; Hussein, A.; Lall, N. Antibacterial and anti-inflammatory effects of Syzygium jambos
L. (Alston) and isolated compounds on acne vulgaris. BMC Complement. Altern. Med. 2013. [CrossRef]

31. Pietrocola, F.; Lachkar, S.; Enot, D.P.; Niso-Santano, M.; Bravo-San Pedro, J.M.; Sica, V.; Izzo, V.; Maiuri, M.C.;
Madeo, F.; Mariño, G.; et al. Spermidine induces autophagy by inhibiting the acetyltransferase EP300.
Cell Death Differ. 2015. [CrossRef] [PubMed]

32. Harsha Raj, M.; Yashaswini, B.; Rössler, J.; Salimath, B.P. Combinatorial treatment with anacardic acid
followed by TRAIL augments induction of apoptosis in TRAIL resistant cancer cells by the regulation of p53,
MAPK and NFκβ pathways. Apoptosis 2016. [CrossRef] [PubMed]

33. Liu, C.L.; Tangsombatvisit, S.; Rosenberg, J.M.; Mandelbaum, G.; Gillespie, E.C.; Gozani, O.P.; Alizadeh, A.A.;
Utz, P.J. Specific post-translational histone modifications of neutrophil extracellular traps as immunogens
and potential targets of lupus autoantibodies. Arthritis Res. Ther. 2012, 14. [CrossRef]

34. Pieterse, E.; Hofstra, J.; Berden, J.; Herrmann, M.; Dieker, J.; van der Vlag, J. Acetylated histones contribute
to the immunostimulatory potential of neutrophil extracellular traps in systemic lupus erythematosus.
Clin. Exp. Immunol. 2015, 179, 68–74. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/S1535-6108(03)00165-X
http://dx.doi.org/10.1002/jcb.20532
http://www.ncbi.nlm.nih.gov/pubmed/16088937
http://dx.doi.org/10.1517/13543784.14.12.1497
http://dx.doi.org/10.3390/ijms18071414
http://dx.doi.org/10.3390/molecules20033898
http://dx.doi.org/10.1083/jcb.200806072
http://www.ncbi.nlm.nih.gov/pubmed/19153223
http://dx.doi.org/10.3389/fimmu.2017.01849
http://dx.doi.org/10.1369/jhc.2008.952044
http://www.ncbi.nlm.nih.gov/pubmed/19029405
http://dx.doi.org/10.3390/ijms12118063
http://www.ncbi.nlm.nih.gov/pubmed/22174650
http://dx.doi.org/10.1038/s41420-018-0048-3
http://www.ncbi.nlm.nih.gov/pubmed/29736268
http://dx.doi.org/10.1016/j.freeradbiomed.2011.09.030
http://www.ncbi.nlm.nih.gov/pubmed/22027063
http://dx.doi.org/10.1074/jbc.M115.695866
http://www.ncbi.nlm.nih.gov/pubmed/27226531
http://dx.doi.org/10.1016/j.bmcl.2013.01.074
http://dx.doi.org/10.1021/jf9808980
http://dx.doi.org/10.1186/1472-6882-13-292
http://dx.doi.org/10.1038/cdd.2014.215
http://www.ncbi.nlm.nih.gov/pubmed/25526088
http://dx.doi.org/10.1007/s10495-016-1223-8
http://www.ncbi.nlm.nih.gov/pubmed/26921178
http://dx.doi.org/10.1186/ar3933
http://dx.doi.org/10.1111/cei.12359
http://www.ncbi.nlm.nih.gov/pubmed/24758196
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Research Ethics Board Approval 
	Human Peripheral Blood Neutrophil Isolation 
	Sytox Green NETosis Assay 
	DHR123, DCFDA and MitoSOX Plate Reader Assays (NOX- and Mitochondrial-Mediated ROS Analyses) 
	Fluorescence Confocal Imaging 
	Western Blot 
	Statistical Analyses 

	Results 
	HDAC Inhibitors Promote Histone Acetylation 
	HDAC Inhibitors Promote Baseline NETosis 
	HDAC Inhibitors Additively Promote NOX-Dependent NETosis 
	HDAC Inhibitors Additively Promote NOX-Independent NETosis 
	HDAC Inhibitor Do Not Induce Apoptosis 
	HDAC Inhibitor-Mediated NETosis Requires Baseline ROS 
	HDAC Inhibitors Do Not Promote NOX- and Mitochondrial-Derived ROS Production 
	Transcriptional Firing Is Required for HDAC Inhibitors to Promote NETosis 

	Discussion 
	References

