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The inflammatory microenvironment is commonly characterized by extracellular acidosis
(PH < 7.35). Sensitivity to pH, CO. or bicarbonate concentrations allows neutrophils
to react to changes in their environment and to detect inflamed areas in the tissue.
One important antimicrobial effector mechanism is the production of neutrophil extra-
cellular traps (NETs), which are released during a programmed reactive oxygen spe-
cies (ROS)-dependent cell death, the so-called NETosis. Although several functions
of neutrophils have been analyzed under acidic conditions, the effect of extracellular
acidosis on NETosis remains mainly unexplored and the available experimental results
are contradictory. We performed a comprehensive study with the aim to elucidate the
effect of extracellular acidosis on ROS-dependent NETosis of primary human neutrophils
and to identify the underlying mechanisms. The study was performed in parallel in a
CO.-bicabonate-buffered culture medium, which mimics in vivo conditions, and under
HEPES-buffered conditions to verify the effect of pH independent of CO, or bicarbonate.
We could clearly show that extracellular acidosis (pH 6.5, 6.0, and 5.5) and intracellular
acidification inhibit the release of ROS-dependent NETs upon stimulation of neutrophils
with phorbol myristate acetate and immobilized immune complexes. Moreover, our
findings suggest that the diminished NET release is a consequence of reduced ROS
production and diminished glycolysis of neutrophils under acidic conditions. It was
suggested previously that neutrophils can sense the border of inflamed tissue by the pH
gradient and that a drop in pH serves as an indicator for the progress of inflammation.
Following this hypothesis, our data indicate that an acidic inflammatory environment
results in inhibition of extracellular operating effector mechanisms of neutrophils such as
release of ROS and NETs. This way the release of toxic components and tissue damage
can be avoided. However, we observed that major antimicrobial effector mechanisms
such as phagocytosis and the killing of pathogens by neutrophils remain functional under
acidic conditions.

Keywords: neutrophil extracellular traps, extracellular acidosis, pH, immobilized immune complexes, reactive
oxygen species, metabolism, glycolysis

Abbreviations: AUC, area under the curve; DPI, diphenyleniodiniumchlorid; DMSO, dimethyl sulfoxide; SM, scanning
electron microscopy; FM, fluorescence microscopy; GPI, glycosylphosphatidylinositol; HEPES, N-2-hydroxyethylpiperazine-
N'-2-ethanesulfonic-acid; HSA, human serum albumin; IC, immune complexes; iIC, immobilized immune complexes; FL,
fluorescence; MPO, myeloperoxidase; NETs, neutrophil extracellular traps; NOX2, NADPH oxidase; OD, optical density; PI,
propidium iodide; PI3K, phosphatidylinositol 3-kinase; PMA, phorbol myristate acetate; PMN, polymorphonuclear neutrophil
granulocytes; ROS, reactive oxygen species.
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INTRODUCTION

Polymorphonuclear neutrophil granulocytes (PMN) are key
players in the innate antimicrobial defense and in inflammatory
responses. Beside phagocytosis, degranulation, production of
reactive oxygen species (ROS), and secretion of chemoattract-
ants, one important antimicrobial effector mechanism is the
release of neutrophil extracellular traps (NETs) (1, 2). NETs are
extracellular fibrous structures composed of chromatin, histones,
and antimicrobial proteins, i.e., myeloperoxidase (MPO) (2).
They are mostly released from activated neutrophils during the
so-called NETosis, a programmed ROS-dependent cell death that
is distinct from apoptosis and necrosis (3-6). NETosis is a multi-
factorial process, which requires ROS (3-5), distinct intracellular
signaling pathways such as Akt, p38 MAPK, or MEK/ERK (7,
8), activation and/or translocation of enzymes [PAD4, MPO, and
neutrophil elastase (NE)] (9-11), actin polymerization (11), and
depends on glycolysis (12).

Although ROS and NETs contribute to pathogen containment,
they are also double-edge swords as they can cause endothelial
and tissue damage and thus contribute to inflammation and can
lead to severe pathogenesis (13-20). Therefore, to prevent tissue
damage, a proper regulation of neutrophil effector mechanisms
is essential at sites of infection and inflammation. One of the fac-
tors, which can modulate neutrophil functions is the pH value of
the inflammatory environment.

While the extracellular pH in the blood is firmly sustained at
7.35-7.45, inflammatory conditions are associated with acidifi-
cation with pH values ranging from 5.5 to 7.0 (21-23). Acidic
microenvironments are also described at sites of autoimmune
inflammation such as the synovial fluid from joints of patients
with rheumatoid arthritis (pH 6.0-7.0) (24) or in solid malignant
tumors (pH 5.8-7.4) (25-27). Acidification in areas of inflam-
mation is caused on the one hand by the massive infiltration and
the intense metabolic activity of the immune cells. Due to their
high energy demand and due to hypoxia at sites of inflammation,
neutrophils switch their metabolism to anaerobic glycolysis,
which leads to a local accumulation of lactic acid (28-30). On
the other hand, activated neutrophils and macrophages produce
superoxide by the NADPH oxidase (NOX2). This reaction in turn
leads to the intracellular accumulation of protons and results
in a transient intracellular acidification (31, 32). To maintain a
physiological intracellular pH (pHi), the intracellular protons are
transported out of neutrophils by Na*/H* exchangers (NHE), H*
channels, C1/ HCO; exchangers, and the vacuolar type H-ATPase
(V-ATPase) (31-33) and thus contribute to extracellular acidifi-
cation. In addition to metabolic activity and ROS production of
leukocytes, acidosis at sites of infection is also caused by short
chain fatty acids (i.e., butyrate, acetate, and propionate) released
as byproducts of the bacterial metabolism (34-37).

It has been reported that a change of the extracellular pH
(pHo) delays neutrophil apoptosis (38, 39) and influences the
cellular immune and bactericidal response (40). Most previ-
ous investigations observed inhibitory effects of extracellular
acidosis on neutrophil functions, such as chemotaxis, bacterial
killing, and superoxide production (39-43). However, activating
effects of extracellular acidosis on neutrophils have also been

described, such as calcium-mobilization, upregulation of the
B2-integrin CD18, MPO release, and enhanced ROS production
(H20,) (38, 44). It was postulated by Trevani et al. that activat-
ing effects of extracellular acidosis on human neutrophils are
dependent on the presence of extracellular bicarbonate and that
use of different buffer systems N-2-hydroxyethylpiperazine-N'-2-
ethanesulfonic-acid (HEPES) and cultivation conditions results
in different effects on neutrophils (38). Thus, previous reports are
contradictory.

Only few previous studies dealt with the influence of acidosis
on NETosis/NET formation. In one study, dealing with the effect
of anti-inflammatory drugs on NET-formation, phorbol myristate
acetate (PMA)-induced NET release was shown to be enhanced
under acidic conditions (pH 7.0 and 6.5) (45). In contrary, a recent
study showed that the CO, to bicarbonate ratio, which determines
the pH, modulates the spontaneous and induced NET formation,
suggesting that an acidic environment impairs NET formation
(46). In another study, bovine neutrophils were treated with the
fatty acid p-hydroxybutyrate (BHBA) (without investigating the
pH values) and an inhibitory effect on NET formation and NET
bactericidal activity was observed (47). Although, in the latter
study, the pH values were not determined, both above mentioned
studies suggest that acidosis or acidic components such as fatty
acids can modulate NETosis.

The aim of this study was to investigate whether extracellular
acidosis can modulate ROS-dependent NETosis of primary
human neutrophils and to identify underlying mechanisms. In
our comprehensive study, we investigated the effects of acidic
pH on PMA- and immobilized immune complex (iIC)-induced
NETosisina CO, — NaHCO; -buffered medium system compared
to HEPES-buffered conditions. Both, PMA- and iIC-induced
NET release depends on the formation of ROS by NOX2 and
MPO (3,4, 6, 8). In addition to ROS and NETs, further neutrophil
functions such as oxidative burst, phagocytosis, apoptosis, and
bacterial killing were analyzed under acidic conditions. We could
clearly show that extracellular acidosis inhibits the production
of ROS and the release of NETs by primary human neutrophils
in both systems while the apoptosis was delayed, the phagocytic
capacity was stable and the bacterial killing was enhanced under
extracellular acidosis.

MATERIALS AND METHODS

Ethics Statement

Blood collection was conducted with the understanding and writ-
ten consent of each participant and was approved by the Ethical
Committee of the Medical Faculty of the University of Liibeck
(05-124).

Isolation of Primary Human Neutrophils

Peripheral heparinized blood was collected by venipuncture from
healthy adult volunteers. Neutrophils were isolated as described
previously using Percoll gradient centrifugation (48). The purity
of granulocytes was >99% as determined by morphological
examination of Giemsa-stained cytocentrifuge slides. The viabil-
ity of the cells was >99% as determined by trypan blue exclusion.
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Media Acidification and Cell Culture

In this study, HEPES-buffered (Biochrom, Germany) or bicar-
bonate-buffered RPMI 1640 medium (Sigma-Aldrich, Germany)
supplemented with 0.5% human serum albumin (HSA, Baxter,
Germany) and 4 mM L-glutamin (Biochrom) was used. As physi-
ological pH, we used pH 7.4. Acidification of the media to pH
6.5, 6.0, or 5.5 was achieved by addition of isotonic HCI. The pH
value was determined using a pH meter at 37°C. Extracellular
acidification was achieved by resuspending cell pellets of freshly
isolated neutrophils in media previously adjusted to the desired
pH values. Cells were cultured at 37°C. For the bicarbonate
system, humidified 10% CO, atmosphere, which mimics res-
piratory acidosis, was used to maintain the acidic pH values. The
formulation of RPMI 1640 medium was modified for pH 7.4 by
increasing the NaHCO; concentration from 2.2 to 3.2 g/l to main-
tain pH 7.4 at 10% CO.. Following the Henderson-Hasselbach
equation, the buffer range of the used CO,-bicarbonate-buffered
medium system is from pH 5.1 to 7.4 (HCO; pK; = 6.1 at 37°C).
Some experiments were performed under CO, free conditions
with HEPES-buffered RPMI 1640 medium with 20 mM HEPES
(buffer range 6.8-8.2; pK, = 7.39 at 37°C) or with double buffered
RPMI 1640 medium (2 g/l NaHCOs, 10 mM HEPES) under 5%
CO.. Neutrophils were preincubated for 30 min in the desired
medium before running an assay.

Assessment of Neutrophil Viability

The viability of neutrophils was analyzed by flow cytometry using
Annexin V-FITC (Promokine, Germany) and propidium iodide
(PI) (Sigma-Aldrich) staining according to the manufacturers’
instruction. Cells were analyzed by flow cytometry using a FACS
Cantoll flow cytometer and Diva software (BD Biosciences,
USA).

Phagocytosis Assay

Neutrophils (5 X 10° cells/100 pl) were preincubated for 30 min
in bicarbonate- or HEPES-buffered medium (pH 7.4, 6.5, 6.0, and
5.5). Subsequently, Alexa-Fluor 488 conjugated opsonized non-
viable Staphylococcus aureus bioparticles (Invitrogen; S. aureus
to neutrophil ratio 2:1) or FluoSphere carboxylate-modified
latex microspheres with a diameter of 1 uM [Invitrogen; final
concentration of 0.015% (v/v)] were added and the co-culture
was incubated for further 30 min. Cultures were placed on ice
to stop phagocytosis, cells were washed to remove extracellular
bacteria/beads, and trypan blue was added to quench fluores-
cence of extracellular bacteria/beads sticking on the neutrophil
surface. Phagocytosis was assessed by flow cytometry using a
FACS Cantoll flow cytometer.

Bacterial Killing Assay

A bacterial killing assay with human neutrophils and opsonized
S. aureus (ATCC 25923) was performed as previously described
(49). Shortly, 10 x 10° neutrophils per milliliter were incubated
for 30 min in HEPES- or bicarbonate-buffered medium with dif-
ferent pH values. Also, 9 X 10° PMN were then co-incubated for
30 min at 37°C with 9 X 10° opsonized bacteria under different
pH values in bicarbonate- or HEPES-buffered media. Following

co-incubation, cells were lysed and the bacterial growth/survival
was measured in a Tecan infinite M200 Pro reader (Tecan) on
basis of changes in optical density (OD). Series of 1:2 dilutions
from the stock bacterial suspension were measured in parallel
and used to calculate the percentage of bacterial survival. The
different pH values did not impair the viability and did not affect
the growth kinetics of S. aureus (data not shown).

Neutrophil Stimulation with Immobilized
IC or PMA

Reactive oxygen species and NET studies were performed with
20 nM PMA or plate-bound iIC. PMA is the most widely used
inducer of ROS-dependent NETosis (50). iIC play a role in auto-
immune diseases and are also known to induce ROS-dependent
NET release (8). iIC were formed by using HSA and rabbit poly-
clonal anti-HSA-IgG (Sigma-Aldrich, Germany), as described
previously (8, 51). For functional assays, neutrophils in appropri-
ate assay medium were transferred to iIC-coated wells. Uncoated
wells were used for medium control and PMA stimulation.

Inhibitor Studies

In some studies, neutrophils were preincubated for 30 min at
37°C with various inhibitors in assay medium before running the
assay. For analysis of signaling pathways, 10 pM UO126 (ERK
inihibitor, Cell Signaling Technology, USA), 10 pM VIII (Akt
inhibitor, Calbiochem, Germany), or 10 pM SB 203580 (p38
MAPK inhibitor, Calbiochem) were used. To inhibit the Na*/H*
exchanger (NHE), neutrophils were preincubated with 10 uM of
the NHE-inhibitor DMA [5-(N,N-dimethyl)amiloride hypochlo-
ride, Sigma]. The H*ATPase (V-ATPase) was inhibited by adding
100 nM Bafilomycin A1l (InvivoGen, USA). The glycolysis path-
way was inhibited by use of 10 mM of the hexokinase-inhibitor
2-deoxyglucose (2DG, Sigma) or 100 uM of the glyceraldehyse-
3-phosphate-dehydrogenase inhibitor sodium idoacetate (SIA,
Sigma). Neutrophils exposed to the appropriate solvent [dimethyl
sulfoxide (DMSO)] concentrations and untreated neutrophils
served as controls. All inhibitors were freshly prepared for each
experiment. The used inhibitors and the final DMSO concentra-
tion (0.1% v/v) had no toxic effects on neutrophils within 7 h, as
analyzed by the Annexin V-/PI staining (data not shown).

NET Assays

Neutrophil extracellular trap formation of neutrophils was quan-
tified in culture by using the fluorescence-based SYTOXgreen
real-time assay and in supernatants by a capture ELISA that
detects MPO-associated DNA. For visualization of NETSs, fluores-
cence microscopy (FM) and scanning electron microscopy (SM)
were performed.

SYTOXgreen Kinetic Assay

The time kinetics of NET release was assessed by using the non-
cell permeable dsDNA dye SYTOXgreen (Invitrogen) (1, 4, 52).
To exclude a direct influence of pH on SYTOXgreen, a control
experiment with ds Lambda DNA was carried out. No difference
inSYTOXgreen fluorescence intensity between pH7.4,6.5,6.0 and
5.5 in HEPES- and bicarbonate-buffered medium was observed
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(data not shown). This was also shown by others (46). For NET
kinetics, 10° neutrophils per milliliter were incubated at 37°C
in iIC-coated or uncoated (medium control, PMA stimulation)
FLUOTRAC™ 600 plates (Greiner Bio-One) in bicarbonate- or
HEPES-buffered medium with different pH values containing
5 uM SYTOXgreen. The NET-bound SYTOXgreen fluorescence
(excitation: 488 nm, emission: 510 nm) was analyzed for 7 h every
5 min at 37°C by using Tecan infinite M200 Pro reader and Tecan
i-control 1.7 Software. For bicarbonate-buffered conditions, CO,
control was achieved during the assay by the use of a Tecan gas
module. For statistical analysis, the area under the curve (AUC)
was calculated (for PMA stimulation, from 4 h, for iIC stimula-
tion, from 7 h).

MPO-DNA Complex (NET) ELISA

Since NETs contain both DNA and MPO, a MPO-DNA complex
ELISA was used to detect and quantify soluble NETs in culture
supernatants as previously described (53-55). Briefly, 96-well
ELISA maxisorp plates (Nunc) were coated with 5 ug/ml mouse
anti-human MPO (BioRad) over night at 4°C. After three
washing steps and blocking with 1% BSA, 20 pl of cell culture
supernatant (from 1 X 10° neutrophils per milliliter) together
with 80 pl incubation buffer and 4 pl peroxidase labeled anti
DNA mAB (both from Cell Death Detection ELISA Plus, Sigma)
was added to the wells. Following 2 h incubation, the wells were
washed once and 100 ul peroxidase substrate was added. The
OD at 405 nm was measured after 20 min in an ELISA reader
(Tecan). Measured OD values of soluble MPO-DNA complexes
were normalized to the respective pH blank control (bicarbonate
or HEPES medium without PMN) and are depicted as increase
of NET formation.

Microscopical Assessment of NETs

Fluorescence microscopy and scanning electron microscopy was
used for visualization of NETs. For FM, 10° neutrophils per mil-
liter were incubated in iIC-coated ibiTreat p-slides (ibidi) for 7 h
when iIC was used as stimulus or for 4 h in Poly-Ly-Lysin coated
p-slides when PMA was used as stimulus. Following fixation with
4% paraformaldehyde (Sigma-Aldrich), staining of MPO and
DNA by using mouse anti-human MPO antibody (1:500, AbD
Serotec, Germany) and SYTOXgreen was carried out as described
previously (4, 56). Samples were analyzed with the AxioVert A.1
using the the Axiocam HRc and Axio Vision Rel. 4.8 software (all
Carl Zeiss, Germany) or with the Keyence BZ-9000E using the
BZ 1I Analyzer Software (KEYENCE, Germany).

For scanning electron microscopy, neutrophils (10° per mil-
liliter) were settled on iIC-coated or uncoated (medium control,
PMA) thermanox coverslips (Greiner BioOne). Following incu-
bation for 7 h (iIC)/4 h (PMA), the supernatant was removed
and samples were fixed with 1 ml Monti-Graziadei solution and
processed for SM as described (56). Preparates were examined
with a Zeiss EVO HD 15 (Zeiss).

ROS Assays

Three different methods were used to detect ROS production
by human neutrophils, including a fluorescent probe assay and
chemiluminescence assays.

Detection of Intra- and Extracellular ROS

The luminol-based chemiluminescence assay was used to detect
the sum of intra- and extracellular ROS, mainly MPO-generated
metabolites such as hydroxyl radicals (57, 58). This assay was
previously shown to be functional under acidic conditions (39).
Neutrophils (2 X 10/ml) in bicarbonate- or HEPES-buffered
medium containing 60 uM luminol (Sigma-Aldrich) were trans-
ferred to iIC-coated or uncoated (PMA, medium control) 96-well
LUMITRAC™600 plates (Greiner Bio-One) and ROS-dependent
chemiluminescence was analyzed using an infinite 200 reader and
the Tecan i-control 1.7 Software (Tecan, Germany). ROS release
was monitored for 1 h every 2 min at 37°C. For statistical analysis,
the AUC of each sample was calculated.

Detection of Extracellular Superoxide

Extracellular superoxide was detected by using the lucigenin-
amplified chemiluminescence assay (56, 58). This assay was
performed the same way as the luminol assay, but with 0.2 mM
lucigenin (Alexis, Germany) instead of luminol.

Detection of Intracellular ROS

The intracellular ROS production of individual cells was meas-
ured by flow cytometry using the substrate dihydrorhodamine
123 (DHR 123, Invitrogen) that is oxidized by ROS to the fluo-
rescent rhodamine 123. By using DHR 123 hydrogen peroxide
but also superoxide anions can be detected intracellularly (59).
Neutrophils (2 X 10°/ml) were loaded with 2 uM DHR and were
then cultivated under physiological versus acidic conditions
(unstimulated, PMA-, or iIC stimulated). Following 30 min incu-
bation, the reaction was stopped on ice and fluorescence intensity
of rhodamine 123 was immediately analyzed by FACS (Canto II).

Glucose Uptake Assay

To analyze the uptake of glucose, the fluorescent glucose analog
2(N-(7-nitrobenzen-2oxa-1,3-diazol-4-yl)amino)-2-deoxyglu-
cose (2-NBDG) (Cayman) was used. Also, 5 X 10° neutrophils
(5 x 1 0°ml) were preincubated for 30 min in glucose-free
XF-assay medium (SeahorseBiosciences, Denmark) supple-
mented with NaHCO; (2 g/1) or 20 nM HEPES at pH 7.4 or pH
6.0 and were then stimulated for 30 min with 20 nM PMA or
left untreated. And, 10 min before the end of stimulation time,
100 mg/ml 2-NBDG was added. Following centrifugation and
washing, cells were suspendend in FACS buffer and the uptake of
2-NBDG was analyzed by flow cytometry.

Lactate Assay

A lactate assay kit (Sigma-Aldrich) was used to detect the
metabolic compound L(+)-Lactate in supernatants of neutrophil
cultures. Neutrophils (5 X 10°/ml) were preincubated for 30 min
in bicarbonate-buffered RPMI medium (without HSA or FCS) at
pH 7.4 and 6.0 and were then stimulated for 90 min with 20 nM
PMA, iIC, or 100 ng/ml LPS or left untreated. Following incuba-
tion at 37°C under 10% CO, atmosphere, the supernatants of the
cultures were filtered through 10 kDa molecular weight cutoft
ultracentrifuge filters (Amicon) to remove lactate dehydrogenase,
and 5 pl of the filtrate was directly used in the lactate assay kit
following manufactures instruction. For calculation of lactate
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concentration, the resulting OD data were corrected for the
background by subtracting the appropriate blank value (medium
pH 7.4/pH 6.0—the OD values were the same) and the concen-
tration (nanograms per microliters) of lactate was calculated by
interpolation from standard curve.

Western Blot Analysis

Neutrophils (5 X 10°/ml) were left unstimulated or were stimu-
lated with iIC/PMA for 15 min at 37°C in medium with different
pH values. In some experiments, neutrophils were preincubated
with various inhibitors. Whole cell lysates were prepared using
TCA as described (60). Western blot analysis was carried out
by using antibodies against human phospho Akt (Thr308),
phospho-p44/42 MAPK (ERK1/2, thr202/Tyr204), phospho p38
MAPK (Thr180/Tyr182), or beta-actin (all from Cell Signaling
Technology) and probed with HRP-conjugated anti-rabbit or
anti-mouse IgG (New England Biolabs, USA). The signals were
detected by using Immobilon Western Chemiluminescence
HRP substrate (Millipore, USA) by using the Fusion Fxt
Chemiluminescence reader (Vilber Loumat, Germany). Signals
of pAkt, pERK1/2, or pp38 were normalized to beta-actin signals
on the same blots or of the same sample by using Image] software
(NIH, USA) (61).

Statistical Analysis

If not stated differently, the presented data were collected/gener-
ated from minimum of three independent experiments with neu-
trophils isolated from different blood donors. Statistical analysis
was performed with the GraphPad Prism software 6 using the
one-way ANOVA followed by Bonferroni t-test for multiple com-
parisons. A p-value <0.05 was considered statistically significant.

RESULTS

Methodological Considerations to the
Applied Media and Buffer Systems

To perform the experiments as close as possible to conditions
of in vivo extracellular environment a CO, —HCO;-buffered
medium system was used (HCO; pK; = 6.1 at 37°C). To maintain
acidic pH values, it was necessary to modulate the bicarbonate
and/or the CO, concentration. We consistently used 10% CO,,
which mimics a respiratory acidosis. To maintain a physiological
pH of 7.4 under the high CO; level, the formulation of RPMI-
1640 medium was modified for pH 7.4 by increasing the NaHCO;
concentration from 2.2 to 3.2 g/l. Under these CO,-HCO;
conditions, the adjusted pH values (7.4, 6.5, 6.0, and 5.5) were
stable for 7 h, which is the maximal duration of performed NETs
experiments. Interestingly, we observed that NaHCO; (2.2 g/1)-
buffered medium induces a NET signal by primary human
neutrophils without an additional stimulus at room air CO, level
(Figure S1 in Supplementary Material). The presence of 5 and
10% CO; inhibits the NaHCO;-induced NET signal (Figure S1
in Supplementary Material). Thus, the effects of bicarbonate
and CO, on NET release had to be taken into consideration
when using bicarbonate-buffered media, especially when dif-
ferent bicarbonate or CO, levels were used to maintain distinct

pH values. Therefore, to verify CO,/bicarbonate-independent
effects of pH on neutrophil functions, we used HEPES-buffered
medium in parallel samples. HEPES (pK, = 7.39 at 37°C) is a
zwitterionic single component buffer that works independent of
CO,. HEPES-buffered medium does not induce a NET-signal by
human neutrophils, neither under room air nor in an atmosphere
containing 10% CO, (Figure S1 in Supplementary Material).

Extracellular Acidosis Delays Neutrophil
Apoptosis

To exclude an apoptosis- or necrosis-inducing effect of the media
or acidosis on neutrophils, the survival of human neutrophils that
were cultivated in bicarbonate- or HEPES-buffered media (pH
7.4,6.5,6.0, or 5.5) was analyzed after 4 and 7 h incubation. These
time points were chosen, as these are the durations of PMA- (4 h)
or iIC-stimulated (7 h) NET experiments. Extracellular acidosis
significantly delayed apoptosis and prolonged survival of neutro-
phils as compared to pH 7.4 within 4 and 7 h in bicarbonate-
buffered medium (Figures 1A,B). Necrosis was not significantly
reduced, except at pH 5.5 after 4 h. A tendency toward a longer
survival and less apoptosis under acidic conditions was also visible
after 4 h incubation in HEPES-buffered medium (Figure 1C), but
the effects were not significant, neither for 4 h (Figure 1C) nor
for 7 h (Figure 1D) time points. Decreased neutrophil survival
and apoptosis rate was observed at pH 5.5 due to an increase in
necrosis within 4 and 7 h (Figures 1C,D). The necrosis-inducing
effect of strong acidic conditions (pH 5.5) can be explained by
the buffer range of the HEPES medium, which is from pH 6.8
to 8.2 meaning that there is no efficient buffering effect at pH
5.5 and thus necrosis of cells is induced. Based on these results
in subsequent experiments, we used pH 7.2, 6.5, 6.0, and 5.5 for
bicarbonate-buffered conditions, but only pH 7.4, 6.5, and 6.0 for
HEPES-buffered conditions.

Neutrophil Phagocytosis and Bacterial
Killing Are Functional in an Acidic

Environment

We analyzed the phagocytosis and bacterial killing capacity of
neutrophils in order to check if the neutrophils are still functional
under the chosen acidic environments. Phagocytosis was assessed
by use of non-viable opsonized S. aureus bioparticles, which did
not induce formation of NETs by primary human neutrophils
(Figure S2 in Supplementary Material). The percentage of cells
that phagocytosed S. aureus bioparticles (Figures 1E,G) and the
phagocyticcapacity (fluorescence/bacteriapercell) (Figures 1F,H)
was stable and was not reduced under acidic conditions neither
in the bicarbonate-CO,-buffered system (Figures 1E,F) nor
under HEPES-buffered conditions (Figures 1G,H). The same
results were observed for the phagocytosis of FluoSphere latex
beads (Figure S3 in Supplementary Material) verifying that the
phagocytic capacity of neutrophils is stable in an acidic environ-
ment. Co-incubation of viable opsonized S. aureus with human
neutrophils resulted in efficient killing of bacteria (Figure 1I).
And physiological pH of 7.4 less than 6% of bacteria survived
under bicarbonate-buffered conditions and less than 3% of bac-
teria under HEPES-buffered conditions (Figure 1I). Increasing
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FIGURE 1 | Effect of extracellular acidosis on neutrophil survival and phagocytosis. (A-D) Neutrophils (10° cells/ml) were incubated for 4 or 7 h in (A,B)
bicarbonate (10% CO,) or (C,D) N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic-acid (HEPES)-buffered RPMI 1640 at pH 7.4, 6.5, 6.0, and 5.5. Apoptosis and
necrosis rate of neutrophils was then analyzed by flow cytometry using Annexin V-FITC and propidium iodide staining. Mean values + SEM (% cells) from three
independent experiments for each pH value are given. “o < 0.05, **p < 0.01 as compared to pH 7.4 (E=H) neutrophils (5 x 10°cells/100 pl) were preincubated for
30 min in bicarbonate- or HEPES-buffered medium at pH 7.4, 6.5, 6.0, 5.5 and were then co-incubated for 30 min with opsonized Staphylococcus aureus
bioparticles. Phagocytosis of bioparticles was assessed by flow cytometry. (E,G) The percentage of neutrophils that phagocytosed S. aureus bioparticles

(mean + SEM) and (F,H) the mean fluorescence per cell (median + SEM, right panel) are shown (n = 3). (1) 9 x 10° neutrophils were co-incubated for 30 min with
9 x 108 opsonized S. aureus in bicarbonate- or HEPES-buffered medium at pH 7.4, 6.5, 6.0, and 5.5. Following lysis of neutrophils, bacterial survival was
measured on basis of changes in optical density. Percent of surviving bacteria (mean + SEM, n = 3) are shown. *p < 0.05, *p < 0.01, and ***p < 0.001 as
compared to pH 7.4.
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acidosis significantly enhanced the bacterial killing capacity of
neutrophils resulting in a decreased survival of S. aureus under
both HEPES and bicarbonate-buffered conditions (Figure 1I).
The different pH values did not impair the viability and growth
of S. aureus when neutrophils were not present (data not shown).
These data indicate that the neutrophils are still functional under
acidic conditions used in this study.

NET Formation Is Inducible under Both
Bicarbonate- and HEPES-Buffered

Conditions

As shown in Figures 2A-C, both PMA and iIC significantly
induced the release of NETs by human primary neutrophils at
pH 7.4 under both bicarbonate- and HEPES-buffered conditions
as detected by SYTOXgreen real-time kinetics and by MPO-
DNA (NET) ELISA. Scanning electron and FM (Figures 2E,F)
confirmed the SYTOXgreen and MPO-DNA assay results:
PMA- and iIC-stimulated neutrophils released complex three-
dimensional structures at pH 7.4, under both HEPES- and
bicarbonate-buffered conditions. Double staining for DNA and
MPO (Figures 3G,H) revealed that these structures consist
of decondensed DNA (green) associated with antimicrobial
proteins (MPO, red) (Figures 2G,H, overlay). The SYTOXgreen
kinetics reveals that PMA- and iIC-induced NETs are released
faster under bicarbonate- than under HEPES-buffered condi-
tions (Figure 2A). This may be due to the presence of bicarbo-
nate, as we observed that bicarbonate alone can induce a NET
signal, which can be decreased/inhibited by CO, (Figure S1 in
Supplementary Material). Moreover, we found that an increase in
CO; concentration resulted in decreased PMA- and iIC-induced
NETosis under bicarbonate-buffered conditions (Figure 2D).
Especially, for iIC-induced NETosis, this effect was clearly
obvious: while under room air, all cells released complex three-
dimensional fibers composed of DNA and MPO (Figure 2D),
only few NETs with a cloud like structure were released under
10% CO, and most cells showed intact nuclear morphology. By
using PMA, NET release was visible under both room air and
CO; conditions, but the NETs were bigger in size under room air
as under CO; conditions.

Extracellular Acidosis Inhibits the Release
of NETs

We next assessed the effect of extracellular acidosis on the forma-
tion of NETs. SYTOXgreen kinetics (Figures 3A-F) and DNA-
MPO complex ELISA (Figures 3G,H) revealed that increasing
extracellular acidosis results in reduced iIC- and PMA-induced
NET release under both bicarbonate- (Figures 3A-C,G) and
HEPES-buffered conditions (Figures 3D-EH). The inhibitory
effect was stronger under HEPES-buffered conditions, where
PMA-induced NET release was completely inhibited at pH 6.0
(Figure 3C). Under bicarbonate-buffered conditions, a statisti-
cally significant inhibitory effect was observed at pH 6.0 and 5.5
(Figure 3F). iIC-induced NET release was significantly inhibited
at all tested acidic pH under both, HEPES, and bicarbonate-
buffered conditions (Figures 3C,F). Extracellular acidosis alone,
without an additional stimulus, did not induce NET formation

by primary human neutrophils (Figure 3). The inhibitory effect
of extracellular acidosis on PMA- and iIC-induced NET release
was verified by scanning electron microscopy and revealed that
increasing acidosis leads to less NETs and more intact cells
(Figure 4). The inhibitory effect of extracellular acidosis on ROS-
dependent NET formation was also visible under double buffered
(HEPES + HCO;) conditions (Figure S4 in Supplementary
Material).

Extracellular Acidosis Inhibits Neutrophil
ROS Production

The effect of extracellular acidosis on PMA- and iIC-induced
ROS production of human neutrophils was assessed by using the
luminol- and lucigenin-based chemiluminescence assays and the
fluorescent probe DHR 123. Extracellular acidosis alone did not
induce the production of ROS in unstimulated cells, as no signal
was detected in the luminol, lucigenin, or in the DHR assay in
unstimulated neutrophils under acidic conditions (Figures 5 and
6). Experiments using the chemiluminescence-based techniques
revealed that extracellular acidosis results in decreased intra- and
extracellular MPO-dependent ROS (Figure 5) and extracellular
superoxide production (Figure 6) upon PMA and iIC stimula-
tion as compared to ROS production at pH 7.4. The inhibitory
effect was obvious for all tested acidic pH values under bicarbo-
nate- and under HEPES-buffered conditions (Figures 5C,F and
6C,F). Extracellular acidosis also inhibited the intracellular ROS
production, as measured by the DHR assay (Figures 6G,H). The
effect was, however, more obvious under bicarbonate-buffered
conditions. These results reveal an inhibitory effect of extracel-
lular acidosis under both HEPES- and bicarbonate-buffered
condition on PMA- and iIC-induced ROS production.

Inhibition of the Na*/H+* Exchanger

Decreases ROS and NET Production

As an approach to modulate pHi, PMA-stimulated neutrophils
were treated with DMA, an inhibitor of the Na*/H* exchanger
NHE-1 or bafilomycin, an inhibitor of V-ATPase. Blocking of
these proton transporters in activated neutrophils results in
intracellular acidification (33).

Blocking of NHE-1 with DMA significantly reduced the ROS
production (Figures 7A,B) and the NET release (Figures 7C,D)
of PMA- and iIC-stimulated neutrophils under both bicarbonate-
and HEPES-buffered conditions. The effects of the V-ATPase
inhibitor bafilomycin were not so pronounced. We observed a
significant reduced NET release upon PMA stimulation, but for
iIC-stimulated neutrophils, the effects of bafilomycin were not
significant (Figures 7C,D). The ROS signal was not significantly
altered in bafilomycin-treated neutrophils (Figures 7A,B).
Blocking of NHE-1 with DMA also results in reduced ROS
and NET production of PMA-stimulated neutrophils under
double-buffered conditions (HEPES + bicarbonate) (Figure S5
in Supplementary Material). As NHE-1 plays a major role for
intracellular homeostasis and blocking of NHE-1 in activated
neutrophils results in intracellular acidification, these results
suggest that the ROS and NET production is inhibited by intra-
cellular acidosis.
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FIGURE 2 | Continued

Neutrophil extracellular traps are induced by phorbol myristate acetate (PMA) and immobilized immune complex (ilC) under N-2-
hydroxyethylpiperazine-N’-2-ethanesulfonic-acid (HEPES)- and bicarbonate-buffered conditions at pH 7.4. A total of 10° neutrophils/ml were
preincubated for 30 min under bicarbonate- or HEPES-buffered conditions at pH 7.4 and were then stimulated with PMA, ilC, or left untreated. Release of neutrophil
extracellular traps (NETs) was monitored for 4 h (PMA) or 7 h (iIC) at 37°C (under 10% CO:; for bicarbonate-buffered system). (A) Representative real-time kinetics of
NET release measured by staining with SYTOXgreen and (B) area under the curve (AUC) values (mean + SEM) of NET-dependent relative fluorescence intensities
(RFUs) as measured by the SYTOXgreen assay. n = 3-9, *p < 0.01, **p < 0.001 as compared to unstimulated samples. (C) Myeloperoxidase (MPO)-DNA ELISA
was used to measure soluble NETs in neutrophil supernatants. Data (mean + SEM) are normalized to the respective pH blank controls (bicarbonate or HEPES
medium without cells) and depicted as percentage increase. n = 3, *p < 0.05 as compared to unstimulated. (D) CO. modulates PMA- and ilC-induced NETosis
under bicarbonate-buffered conditions. SYTOXgreen AUC values (mean + SEM) and fluorescence microscopy (FM) images (DNA green MPO red, overlay orange/
yellow) of PMA (20 nM, 4 h) or ilC (7 h)-stimulated neutrophils incubated under room air, 5% CO., or 10% CO are shown. (E,F) Representative scanning electron
microscopy (SM) and FM images of PMA- and ilC-induced NETs under (E) HEPES and (F) bicarbonate-buffered conditions. For FL microscopy, cells were fixed and
stained for DNA by using SYTOXgreen (green). (G,H) Immunohistochemical staining of fixed PMA- and iIC-induced NETs with MPO (red) by using mouse anti-human
MPO and Cy3 conjugated goat anti-mouse IgG. DNA was stained by SYTOXgreen (green). Overlay of green and red fluorescence images is shown. The white scale

bar represents 20 um and the black scale bar 10 ym.

Reduced ROS Are Responsible for
Inhibition of NETosis under Extracellular

Acidosis

To check if the diminished ROS production under acidic condi-
tions is the direct reason for inhibition of NETosis, unstimulated
and PMA-stimulated neutrophils were treated with hydrogen
peroxide, which directly induces NET formation. Upon treat-
ment of unstimulated neutrophils with hydrogen peroxide, we
observed first NET structures after 30 min and maximal NET
release after 180 min (Figure 8A). NET release was monitored
under extracellular physiological (pH 7.4) and acidic (pH 6.0)
conditions and at acidic pHi (DMA). Treatment of neutrophils
with hydrogen peroxide induced the release of NETs from unstim-
ulated neutrophils and enhanced the NET release of PMA- or
iIC-stimulated neutrophils under physiological conditions under
both HEPES (Figures 8B,E) and bicarbonate-buffered conditions
(Figures 8EI). Hydrogen peroxide treatment also induced NET
release from unstimulated neutrophils under acidic conditions
(pH 6.0) and from cells with acidic pHi (DMA). In bicarbonate-
buffered medium (Figures 8EI), the NET release upon hydrogen
peroxide treatment from unstimulated neutrophils was at
the same level under pH 6.0 as under physiological pH 7.4. In
HEPES-buffered medium (Figures 8B,E), hydrogen peroxide
also induced a significant induction of NETs under extracellular
acidosis, but not to the same level as under physiological pH 7.4. In
both bicarbonate- and HEPES-buffered conditions, the acidosis-
dependent inhibition of PMA- and iIC-induced NET formation
was totally recovered by hydrogen peroxide to the same extent as
under physiological conditions (Figures 8C-E,G-I). These data
show that NETosis under acidic conditions can still occur when
sufficient ROS are present and suggest that the diminished ROS
production is the reason for reduced NET release under acidic
conditions.

Activation of Akt, ERK 1/2, or p38 MAPK
Does Not Play a Role in the Acidosis-

Dependent Inhibition of NETosis

As Akt, ERK, and p38 MAPK pathways are involved in the induc-
tion of PMA- and iIC-induced ROS-dependent NET release,
phosphorylation of these molecules was assessed by western blot

analysis at various pH values. This analysis revealed that extracel-
lular acidosis alone leads to the phosphorylation of Akt, ERK1/2,
and p38-MAPK in human neutrophils under both bicarbonate-
and HEPES-buffered conditions (Figures 9A-D,F-H).

In order to avoid experimental artifact and to try to mimic
in vivo conditions the CO,-bicarbonate-buffered system was
used in subsequent signaling experiments. As expected, stimula-
tion of neutrophils with PMA-induced phosphorylation of p38
MAPK and ERK and Akt (Figures 9E-H). Extracellular acidosis
(pH 6.0) further enhanced phosphorylation of p38 MAPK and
Akt in PMA-stimulated neutrophils (Figures 9E-G), while the
PMA-induced ERK phosphorylation was apparently not further
enhanced by acidosis (Figures 9E,H). iIC-induced phospho-
rylation of Akt, p38 MAPK, and ERK was also further enhanced
under extracellular acidosis (Figures 9E,H).

To investigate whether the activation of Akt, ERK, or p38
MAPK pathways are involved in acidosis-dependent inhibition of
NETosis, neutrophils were treated with U0126, VIII, or SB203580,
inhibitors of MEK 1/2 upstream of ERK, Akt, and p38-MAPK,
respectively. As expected, the phosphorylation of ERK1/2 was
prevented by use of the inhibitor U0126 and the phosphorylation
of Akt by the use of the Akt inhibitor VIIT under both physiological
(pH 7.4) and acidic (pH 6.0) conditions (Figure 9E). These data
reveal that the inhibitors are functional under acidic conditions.
As SB203580 inhibits the catalytic p38 activity by binding to the
ATP pocket, this inhibitor does not inhibit the p38 phosphoryla-
tion by upstream kinases and no effect on phosphorylation was
visible in western blot analysis (Figure 9E).

The inhibitor studies were performed at pH 7.4, 6.5, 6.0, and
5.5, but as no effects were observed at the different pH values,
only results for pH 7.4 and 6.5 are shown. Upon PMA stimula-
tion, we observed a diminished ROS production (Figure 10A)
and NET release (Figure 10C), when ERK and p38 MAPK
activity were inhibited by using U0126 and SB203580 under
physiological pH. Although Akt is suggested to be involved in
PMA-induced NETosis and we observed a slight phosphoryla-
tion of Akt upon PMA stimulation (Figures 9B,F), blocking of
Akt phosphorylation did not affect the PMA-induced ROS and
NET formation (Figures 10A,C). The same effects were observed
under acidic conditions. For iIC-stimulated neutrophils, we
observed, as expected, less ROS production and NET release
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under the curve (AUC) values (mean + SEM) of NET-dependent relative fluorescence intensities (RFUs) as measured by the SYTOXgreen assay for (A-C) HEPES
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under physiological conditions when Akt, ERK, or p38 MAPK
were inhibited (Figures 10B,D). These inhibitory effects were
also obvious under acidic conditions.

Intracellular acidification, induced by blocking of NHE-1 in
PMA-stimulated neutrophils also led to enhanced Akt and p38
MAPK phosphorylation (Figures 11A-C), but did not affect
ERK phosphorylation (Figures 11A,D). The activating effect on
Akt and p38 phosphorylation was statistical significant under
extracellular acidosis (pH 6.0) but not under physiological pH
(Figures 11B,D). Blocking of Akt, ERK, or p38 MAPK did not
overturn the DMA/pHi-dependent inhibition of NETosis, as

measured by the SYTOXgreen assay (Figure 11E). As blocking
of Akt, ERK, or p38 MAPK did not reverse the inhibitory effect
of extra- or intracellular acidosis on ROS and NET formation,
these results suggest that these pathways play no direct role for
acidosis-dependent inhibition of PMA/iIC-induced ROS and
NETs.

Extracellular Acidosis Results in Reduced
Glycolysis

To assess if NETosis depends on glycolysis, human neutrophils in
bicarbonate-buffered medium were pretreated with two different
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FIGURE 4 | Extracellular acidosis inhibits the release of neutrophil extracellular trap (NET) fibers. Neutrophils (10%ml) were allowed to settle on coverslips
for 30 min under bicarbonate- or N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic-acid (HEPES)-buffered conditions at pH 7.4, 6.5, 6.0, and 5.5 and were then
stimulated with phorbol myristate acetate (PMA), immobilized immune complex (ilC), or left untreated. PMA-stimulated samples were fixed after 4 h and ilC-
stimulated and unstimulated neutrophils after 7 h incubation time. Representative scanning electron images of PMA- and ilC-induced NETs under (A) HEPES and
(B) bicarbonate-buffered conditions are shown. The white scale bar represents 20 pm and the black scale bar 10 um.

inhibitors of the glycolysis pathway and the release of NETs was
analyzed. Both inhibitors, 2DG, which inhibits the hexokinase
and SIA, which inhibits the glyceraldehyde-3-phosphate dehy-
drogenase completely inhibited the NETosis (Figures 12A,B).
These results clearly indicate that NETosis strictly depends on
glycolysis. Next, we asked if glycolysis in neutrophils is altered
in an acidic environment. The production of lactate, which is the
end product of glycolysis, was measured in unstimulated and
activated neutrophils under acidic (pH 6.0) versus physiologi-
cal (pH 7.4) conditions in a CO,-bicarbonate-buffered system.
Stimulation of neutrophils with PMA, iIC, or LPS resulted in a
significant increase of glycolysis/lactate production as compared
to unstimulated cells (Figure 12C). Extracellular acidosis led to
a significant decrease in the glycolysis rate of both unstimulated
and activated neutrophils (Figure 12C). As the production of
NETs depends on glycolysis, we suggest that the inhibition of
NETosis is the consequence of reduced glycolysis under acidic
conditions.

Since glycolysis requires the presence of glucose, we performed
a glucose-uptake assay to analyze if the decreased glycolysis rate
under acidic conditions is due to a limited uptake of glucose.
This assay was carried out by using the fluorescent glucose
analog 2-NBDG. Stimulation of neutrophils with PMA induced
a significant increase in 2-NBDG uptake (Figures 12D,F). The
basal glucose uptake of unstimulated neutrophils was not affected

by extracellular acidosis (Figure 12F). In PMA-activated neutro-
phils, we could observe a slight, but not statistically significant,
decrease in glucose uptake under extracellular acidosis in com-
parison to physiological pH of 7.4 (Figures 12E,F). Thus, it is to
expect that a limited glucose uptake is not the reason for reduced
glycolysis and for the inhibition of NETosis under extracellular
acidosis.

DISCUSSION

The inflammatory microenvironment under physiological
and pathological conditions is commonly characterized by
extracellular acidosis (pH <7.35) (21-23, 62). It has been
reported that the functions of neutrophils are modulated by
the extracellular pH (40). Although several functions of neu-
trophils have been analyzed under acidic conditions, to our
knowledge, the effect of extracellular acidosis on the formation
of NETs remains mainly unexplored. Only few studies suggest
that the pH can modulate NETosis. A recent study describes
that the CO, to bicarbonate ratio modulates the spontaneous
and induced NETosis, indicating that an acidic environment
impairs NET formation (46). In this study, it was also observed
that an alkaline pH (pH 7.6 and 7.8) can induce NET release
under HEPES-buffered conditions (46). On the contrary, in
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another study acidic conditions of pH 7.0 and 6.5, enhanced
PMA-induced NET release (45). Therefore, we designed a com-
prehensive study to elucidate the effect of extracellular acidosis
on ROS-dependent PMA- and iIC-induced NETosis and to
identify the underlying mechanisms. The study was performed
in parallel in a CO,-bicabonate-buffered system, which mim-
ics in vivo conditions and under HEPES-buffered conditions
to verify the effects of pH independent of CO, or bicarbonate.
We could clearly show that extracellular acidosis (pH 6.5, 6.0,
and 5.5) inhibits the release of PMA- and iIC-induced NETs
in comparison to physiological pH 7.4. As an approach to
manipulate the pHi, neutrophils were treated with DMA, an
inhibitor of the Na*/H* exchanger NHE-a. NHE-1 is the key
regulator by which neutrophils restore physiological pHi, e.g.,
when they are activated by phorbol diesters (63) and blocking
of NHE-1 in PMA-activated neutrophils was reported to result
in intracellular acidification (33). Induction of intracellular
acidosis by inhibition of NHE-1 also significantly reduced the
ROS and NET release of PMA- and iIC-stimulated neutrophils,
suggesting that NET production is also modulated by the intra-
cellular pH. Our data suggest that the inhibition of NETosis
under acidic conditions is due to the limited ROS production
and restricted glycolytic capacity.

Phorbol myristate acetate is the best characterized and a
strong inducer of NETosis (50). Since PMA acts directly on

PKC, by using PMA, we avoid the complexity of various signal-
ing pathways utilized by receptor-mediated stimuli upstream of
PKC. iIC play a central role in the pathogenesis of several auto-
immune inflammatory diseases as they provoke priming and
activation of neutrophils and stimulate the release of NETs (8,
51). Both PMA and iIC induce a ROS-dependent lytic/suicidal
NETosis, a form of cell death that is distinct from apoptosis or
necrosis. Beside ROS-dependent NETosis, ROS independent
NET release and vital NET formation, which allows neutrophils
to stay viable, has been reported for few microorganisms and
certain stimuli (5, 64-67). Since the mechanisms of ROS-
dependent suicidal NETosis are better understood, in this study,
we focused on the effect of extracellular acidosis on this form
of NETosis.

NETosis is a multifactorial process, but detailed mechanisms
are not completely understood so far. Both PMA- and iIC-
induced NETosis are known to be ROS dependent (3-5, 8). In
the present study, we have shown that extracellular acidosis as
well as intracellular acidosis (induced by NHE-1 blocking) results
in decreased intra- and extracellular ROS. Reduced ROS under
extra- and intracellular acidosis was also described by others (39,
68, 69). The inhibition of NETosis under acidic conditions seems
to be a direct consequence of limited ROS, as hydrogen peroxide
treatment, which directly induces NETs (70-74), recovers NET
formation of stimulated neutrophils under acidosis. ROS may

Frontiers in Immunology | www.frontiersin.org

12

February 2017 | Volume 8 | Article 184


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Behnen et al.

Extracellular Acidosis Inhibits NETs

74 65

6.0 74 65

pH

60 74 65 6.0

A x10°  puma B x10° ic
5 51 33
&z x
=4 =
Q 82
o [
c 31 )
g .
g 2 2
c £1
s
0+ 0 -
0 20 40 60 0 20 40 60
time [min] time [min]
(]
HEPE
x10° s
Q 27 unstimulated PMA ' [e3
=t ) [
< ) 1
@ ] 1
2 1.59 ) 1
] ) 1
7] ] ]
£ ' '
€ 17 ) '
= ' ]
£ ' !
@0.5_ : wokok : %
© ) ] *
3 ) *kk g
0. ) '
74 65 60 74 65 60 74 65 60
pH
G
«10° HEPES
5 g unstimulated ! PMA ' iIc
rd ) & 1
o ] *% 0
) 1
. [T
[0} 1) 1
3 q== ) [}
o )
S )
2 )
£ '
£ ]
© )
§ )
)
& )

D x10° PMA E x10°
§16
x
812
-
3
88
£
Eq
- |
e O
0 20 40 60 0 20 40 60
time [min] time [min]
F .
«10° bicarbonate
O 89 unstimulated PMA ) ilc
2 ) )
< ' )
@ ) )
Q 64 ' jaled )
2 ) )
@ ) [
2 ' '
€ 47 ) )
3 ' ) *
e [} [} *
5 21 ! | ENE
) ) )
3 ' %)
) )

74 65 60557465 60557465 6055
pH
H “10° bicarbonate
= 47 unstimulated ! PMA ' iIC
e ' )
X 4 ' )
m 3 ' * '
2 2] [ H
o T ' )
20.8- ' '
= ' '
£ ' '
€ ' '
g0.4- ) ]
g ' '
' )
& 04 ) )

74 65 6.055 7465 60557465 6055
pH

FIGURE 6 | Extracellular acidosis leads to decreased phorbol myristate acetate (PMA)- and immobilized immune complex (ilC)-induced superoxide
production in N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic-acid (HEPES)- and bicarbonate-buffered media. Neutrophils (2 x 10%ml) were
preincubated for 30 min under bicarbonate- or HEPES-buffered conditions at pH 7.4, 6.5, 6.0, and 5.5 and were then stimulated with PMA, iIC, or left untreated.
(A-F) Real-time analysis of extracellular superoxide was monitored by using the lucigenin assay for 1 h at 37°C (under CO: for bicarbonate-buffered conditions).
(A,B,D,E) Show representative real-time kinetics and (C,F) area under the curve (AUC) values (mean + SEM) of reactive oxygen species (ROS)-dependent
chemiluminescence intensities (RLU). n = 6 independent experiments. (G,H) Intracellular ROS production was analyzed by flow cytometry using DHR-123. Cells
were preincubated for 30 min in bicarbonate- or HEPES-buffered medium and then stimulated for 30 min with PMA or iIC in the presence of DHR. Mean + SEM

(n = 3) values of detected rhodamin fluorescence are shown (o < 0.05, *p < 0.01, and **p < 0.001 as compared to pH 7.4).

have multifactorial functions in NETosis, which still need to be
elucidated. In PMA-stimulated neutrophils, NOX2-dependent
ROS have been shown to activate intracellular signaling cascades
(Raf/MEK/ERK, Akt, and p38 MAPK), which mediate NETosis
(7, 75) while activation of phosphatidylinositol 3-kinase (PI3K)/
Akt, p38 MAPK, and ERK results directly from receptor activa-
tion and is NOX2/ROS independent upon iIC stimulation (8).
We observed that extracellular acidosis alone, without additional
stimuli, leads to the phosphorylation of ERK 1/2, p38 MAPK, and
Akt. Moreover, PMA- and iIC-induced phosphorylation of these
signaling molecules was enhanced under extracellular acidosis

while ROS and NET production were inhibited. In addition, we
could show enhanced phosphorylation of p38 MAPK and Akt
when the pHi was acidified by blocking NHE-1. The acidosis-
induced phosphorylation of Akt, p38 MAPK, and ERK, however,
does not seem to play a direct role for acidosis-dependent
inhibition of NETosis. This view is supported by the finding that
inhibition of ERK 1/2, p38 MAPK, and Akt did not reverse the
inhibitory effect of acidosis on PMA- or iIC-induced ROS and
NET formation. Martinez et al. also showed that extracellular
acidosis (pH 6.5) in a bicarbonate-buffered system triggers phos-
phorylation of Akt and ERK (44). By use of inhibitors, they could
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show that activation of these signaling pathways under acidic
pH is responsible for neutrophil shape change, calcium mobi-
lization, and enhanced endocytosis. Hence, they concluded that
extracellular acidosis induces neutrophil activation via PI3K/Akt
and ERK pathways. Under bicarbonate-buffered conditions, we
measured a prolonged survival, delayed apoptosis, stable phago-
cytosis, and higher bacterial killing capacity under extracellular
acidosis, indicating an enhanced functionality of neutrophils. We
have not addressed, however, the role of p38 MAPK, ERK, and
Akt in apoptosis delay and for neutrophil phagocytosis and kill-
ing capacity. Akt activation is also known to result in apoptosis
inhibition (76). Also in PMA-stimulated neutrophils, activation
of Akt has been shown to suppress apoptosis while inhibition of
Akt promotes caspase-dependent apoptosis (75). Thus, we can-
not rule out that upregulation of p38 MAPK, Akt, and ERK is
linked to acidosis-dependent apoptosis delay and activation of
neutrophils. But acidosis-dependent activation of p38 MAPK,
Akt, and ERK does not seem to be involved in the inhibition of
PMA- and iIC-induced ROS and NET production under acidic
conditions.

Some studies suggest that ROS are important signal media-
tors that regulate the morphological changes observed during

NETosis. In PMA-induced NETosis, hydrogen peroxide triggers
the activation and dissociation of NE from the azurosome to the
cytoplasm (11). NE is a key player during NETosis (10). In the
cytoplasm, activated NE binds and degrades F-actin, liberating
the protease to enter the nucleus where it drives the nuclear
decondensation required for NET release (10, 11). As hydrogen
peroxide directly regulates NE and actin dynamics and thus plays
a key role for the morphological process of NETosis, acidosis-
induced inhibition of ROS, therefore, could directly result in less
NETosis. This hypothesis is supported by the fact that hydrogen
peroxide treatment of neutrophils in an acidic environment
recovers NET formation to the same amount as under physiologi-
cal conditions.

It was also suggested that ROS may inactivate caspases,
thereby inhibiting apoptosis and favoring autophagy. Interplay
between autophagy and NET formation has been described
for PMA-induced NETosis (77, 78) and for NETs in acute gout
inflammatory arthritis (79), sepsis (80), and ANCA-associated
vasculitis (81). Both ROS and autophagy are required for
NETosis, as inhibition of either autophagy- or NOX2-dependent
ROS production prevents NET formation (77). Although one
study described that ROS production and autophagy occur
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independently during NETosis (77), several studies showed  the autophagy reaction ends in NETosis. Following this theory,
that ROS mediate the autophagy process (82-84), and it is sug-  limited ROS under acidosis could affect the autophagy process
gested that the level of intracellular ROS determines whether  and thus inhibit the NETosis.
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Nevertheless more experiments are needed to figure out what
are the molecular mechanisms downstream of ROS production
and upstream of NET formation under physiological conditions
and to reveal why limited ROS under acidic conditions inhibits
NETosis.

Neutrophils obtain most of their energy from glycolysis and
glucose is the principal energy source of neutrophils (85, 86).
It was reported that PMA-induced NET formation depends on
glucose and glycolysis (12). By use of two glycolysis pathway
inhibitors, we could verify that NETosis depends on glycolysis.
Upon stimulation with PMA, iIC, and LPS, we observed an
increased glycolysis rate in neutrophils. Moreover, we could
show that extracellular acidosis leads to a decrease in glycolysis
of unstimulated and activated neutrophils. These results suggest
that NETosis under extracellular acidosis is inhibited due to a
limited glycolytic activity of neutrophils. As glycolysis depends
on glucose, we performed a glucose-uptake assay to analyze
whether a limited uptake of glucose may be the reason for a
decreased glycolysis in an acidic environment. We could observe
an enhanced uptake of glucose upon PMA stimulation. But,
neither the basal glucose uptake of unstimulated cells nor the
glucose consumption of PMA-stimulated cells was significantly

altered under extracellular acidosis. These findings indicate that
acidosis-dependent inhibition of glycolysis and NETosis is not
due to a limited glucose uptake.

We observed a clear inhibitory effect of acidosis on PMA- and
ilC-induced ROS-dependent NETosis by using two different
buffer conditions, while the phagocytic activity and bacterial
killing capacity of neutrophils was not inhibited. Regarding
the modulatory effect of extracellular acidosis on neutrophil
immune response, both inhibitory (39-43) and activating effects
(38, 44) have been described. The biochemical basis of neutro-
phil activation or inhibition by extracellular acidosis is not yet
clarified. Trevani et al. (38) postulate that the activating effects
they observed on calcium mobilization, upregulation of CD18,
MPO release, and enhanced H,O, production are dependent on
the presence of extracellular bicarbonate. By addition of HCI (to
induce/adjust acidosis), bicarbonate reacts with protons (H*) to
carbon dioxide (CO,) and water (H,O). As the lipid bilayer is not
permeable for protons, but for CO,, diffusion of CO; into the cell
allows a rapid change of pHi (87). This drop in pHi is suggested
to play a key role for neutrophil activation through extracellular
acidosis. By using bicarbonate-free PBS, Trevani et al. observed
a slight decrease in pHi after extracellular acidification by HCl
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(38) and they further suggest that, in HEPES-buffered conditions,
addition of HCl may lead to titration of the HEPES without
significantly affecting the pHi. Although this explanation sounds
conclusive, there are other studies using bicarbonate-buffered
conditions observing an inhibitory effect of extracellular acidosis
on neutrophil functions such as oxidative burst and bacterial
killing (39). We performed a comprehensive study under both
HEPES-buffered conditions and in a CO,-bicarbonate-buffered

system, which mimics in vivo conditions. Under both conditions,
we observed a clear inhibitory effect of extracellular acidosis
on PMA- and iIC-induced ROS and NET production. Also,
intracellular acidification had an inhibitory effect under both
bicarbonate- and HEPES-buffered conditions. These results sug-
gest that the observed inhibitory effects on neutrophils ROS and
NET production under acidic conditions are due to the acidic pH
and independent of the chosen buffer system, as speculated by
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74 60
—PMA—

10 10° pH7.4 6.0

others (38). However, we have to consider that the biochemical
composition of the media and CO, level can affect neutrophil
functions. Our present observations and data from others (46, 88)
indicate that changes of each component of the bicarbonate sys-
tem, namely, the pH, CO, concentration, or bicarbonate concen-
tration, can modulate NET release of neutrophils. We observed
that unstimulated neutrophils can spontaneously release NETs
under physiological pH 7.4 when they are incubated at room air
in a bicarbonate-buffered medium. Increasing CO, concentra-
tions suppress the bicarbonate-induced NET signal and reduce
PMA and iIC-induced NETosis. A recent study also described
the potential of bicarbonate and CO, to modulate NETosis by
showing that a high ratio of bicarbonate to CO, and a moder-
ately alkaline pH enhance NETosis (46). Also, other functions
of neutrophils such as ROS production or cytokine secretion are
affected by CO,, pH, or bicarbonate (33, 87, 88). This sensitivity
of neutrophils to pH and to the bicarbonate to CO, ratio indicates
how well neutrophils are adapted to versatile in vivo conditions.
Blood pH is maintained by the bicarbonate system. Under physi-
ological/healthy conditions, which are defined by pH 7.35-7.45,
pCO; 23-46 mmHg (5-6%), and HCO; 21-26 mM, the sponta-
neously release of NETs is suppressed and thus the release of toxic

neutrophil components/NETs, which can cause tissue damage,
is prevented. The inflammatory microenvironment is character-
ized by extracellular acidosis (21-23, 62). Sensitivity to pH, CO,,
or bicarbonate concentrations allows neutrophils to react to
pathological changes and to detect inflamed areas. It is suggested
that neutrophils can sense the border of inflamed areas by the
pH gradient and that the drop in pH serves as an indicator for
the progress of inflammation (46). Following this hypothesis, our
data indicate that a highly inflammatory environment correlated
with severe acidosis results in inhibition of extracellular operat-
ing effector mechanisms of neutrophils such as release of ROS
and NET to avoid release of toxic components and tissue damage.
Moreover, as the phagocytosis was stable and the bacterial killing
capacity enhanced under extracellular acidosis, while NETosis
is inhibited, we hypothesize that the main antimicrobial effector
mechanism under acidic conditions is the intracellular killing of
pathogens.

CONCLUSION

Sensitivity to pH, CO, and bicarbonate allows neutrophils to react
to pathological chances and to detect inflamed areas. We here
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report functional sensitivity of ROS-dependent NETosis to extra-
cellular and intracellular pH under HEPES- and bicarbonate-
buffered conditions. Our findings suggest that the diminished
NET release is a consequence of reduced glycolysis and reduced
ROS production under acidic conditions. As ROS and NETs play
a pathophysiological role in several human diseases, including
autoimmunity and infectious diseases, sepsis, diabetes, acute
lung injury, eclampsia, and thrombosis, clarification of mecha-
nisms leading to acidosis in local microenvironments would be
necessary to understand the pathophysiology of NET-dependent
inflammatory diseases.

AUTHOR CONTRIBUTIONS

MB designed the study, performed research, analyzed the data,
interpreted the results, performed statistical analysis, and wrote
the manuscript. SM performed several studies and gave technical
support. AB performed phagocytosis assays and SEM preparates.
MK contributed scanning electron microscopy. TL participated
on the interpretation of the results and contributed to writing the
manuscript.

REFERENCES

1. Brinkmann V,Reichard U, Goosmann C, Fauler B, Uhlemann Y, Weiss DS, etal.
Neutrophil extracellular traps kill bacteria. Science (2004) 303(5663):1532-5.
doi:10.1126/science.1092385

2. Brinkmann V, Zychlinsky A. Neutrophil extracellular traps: is immunity the
second function of chromatin? J Cell Biol (2012) 198(5):773-83. d0i:10.1083/
jcb.201203170

3. Fuchs TA, Abed U, Goosmann C, Hurwitz R, Schulze I, Wahn V, et al. Novel
cell death program leads to neutrophil extracellular traps. J Cell Biol (2007)
176(2):231-41. doi:10.1083/jcb.200606027

4. Kirchner T, Moller S, Klinger M, Solbach W, Laskay T, Behnen M. The impact
of various reactive oxygen species on the formation of neutrophil extracellular
traps. Mediators Inflamm (2012) 2012:849136. doi:10.1155/2012/849136

5. Parker H, Dragunow M, Hampton MB, Kettle AJ, Winterbourn CC.
Requirements for NADPH oxidase and myeloperoxidase in neutrophil extra-
cellular trap formation differ depending on the stimulus. J Leukoc Biol (2012)
92(4):841-9. doi:10.1189/j1b.1211601

6. Parker H, Winterbourn CC. Reactive oxidants and myeloperoxidase and their
involvement in neutrophil extracellular traps. Front Immunol (2012) 3:424.
d0i:10.3389/fimmu.2012.00424

7. Keshari RS, Verma A, Barthwal MK, Dikshit M. Reactive oxygen species-in-
duced activation of ERK and p38 MAPK mediates PMA-induced NETs release
from human neutrophils. J Cell Biochem (2013) 114(3):532-40. doi:10.1002/
jcb.24391

8. Behnen M, Leschczyk C, Moller S, Batel T, Klinger M, Solbach W, et al.
Immobilized immune complexes induce neutrophil extracellular trap release
by human neutrophil granulocytes via FegammaRIIIB and Mac-1. ] Immunol
(2014) 193(4):1954-65. doi:10.4049/jimmunol. 1400478

9. Li P, Li M, Lindberg MR, Kennett MJ, Xiong N, Wang Y. PAD4 is essential
for antibacterial innate immunity mediated by neutrophil extracellular traps.
J Exp Med (2010) 207(9):1853-62. doi:10.1084/jem.20100239

10. Papayannopoulos V, Metzler KD, Hakkim A, Zychlinsky A. Neutrophil elas-
tase and myeloperoxidase regulate the formation of neutrophil extracellular
traps. J Cell Biol (2010) 191(3):677-91. doi:10.1083/jcb.201006052

11. Metzler KD, Goosmann C, Lubojemska A, Zychlinsky A, Papayannopoulos
V. A myeloperoxidase-containing complex regulates neutrophil elastase
release and actin dynamics during NETosis. Cell Rep (2014) 8(3):883-96.
doi:10.1016/j.celrep.2014.06.044

12. Rodriguez-Espinosa O, Rojas-Espinosa O, Moreno-Altamirano MM, Lopez-
Villegas EO, Sanchez-Garcia FJ. Metabolic requirements for neutrophil

ACKNOWLEDGMENTS

The authors thank Christo Oriin (Institute of Anatomy, University
of Liubeck) for technical support in scanning electron microscopy.
The authors also thank their former bachelor student Daniel
Hasche who carried out some pilot experiments with neutrophils
under acidic conditions and Dr. Natallia Salei for providing us
with the experimental protocols for glucose uptake and lactate
production. The authors also thank Dr. Jeroen R. Mesters for
helpful discussions about media, buffer systems, and pH values.

FUNDING

This work was supported by the grant E14-2010 from the medical
faculty of the University of Liibeck.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at http://journal.frontiersin.org/article/10.3389/fimmu.
2017.00184/full#supplementary-material.

extracellular traps formation. Immunology (2015) 145(2):213-24. doi:10.1111/
imm.12437

13. Ma AC, Kubes P. Platelets, neutrophils, and neutrophil extracellu-
lar traps (NETs) in sepsis. J Thromb Haemost (2008) 6(3):415-20.
doi:10.1111/j.1538-7836.2007.02865.x

14. Garcia-Romo GS, Caielli S, Vega B, Connolly J, Allantaz E, Xu Z, et al. Netting
neutrophils are major inducers of type I IFN production in pediatric systemic
lupus erythematosus. Sci Transl Med (2011) 3(73):73ra20. doi:10.1126/
scitranslmed.3001201

15. Papayannopoulos V, Staab D, Zychlinsky A. Neutrophil elastase enhances
sputum solubilization in cystic fibrosis patients receiving DNase therapy. PLoS
One (2011) 6(12):€28526. doi:10.1371/journal.pone.0028526

16. Villanueva E, Yalavarthi S, Berthier CC, Hodgin JB, Khandpur R, Lin AM,
et al. Netting neutrophils induce endothelial damage, infiltrate tissues, and
expose immunostimulatory molecules in systemic lupus erythematosus.
J Immunol (2011) 187(1):538-52. doi:10.4049/jimmunol.1100450

17. Marin-Esteban V, Turbica I, Dufour G, Semiramoth N, Gleizes A, Gorges R,
et al. Afa/Dr diffusely adhering Escherichia coli strain C1845 induces neutro-
phil extracellular traps that kill bacteria and damage human enterocyte-like
cells. Infect Immun (2012) 80(5):1891-9. doi:10.1128/IA1.00050-12

18. Khandpur R, Carmona-Rivera C, Vivekanandan-Giri A, Gizinski A,
Yalavarthi S, Knight JS, et al. NETs are a source of citrullinated autoantigens
and stimulate inflammatory responses in rheumatoid arthritis. Sci Transl Med
(2013) 5(178):178ral140. doi:10.1126/scitranslmed.3005580

19. Radic M, Marion TN. Neutrophil extracellular chromatin traps connect
innate immune response to autoimmunity. Semin Immunopathol (2013)
35(4):465-80. doi:10.1007/s00281-013-0376-6

20. Simon D, Simon HU, Yousefi S. Extracellular DNA traps in allergic, infec-
tious, and autoimmune diseases. Allergy (2013) 68(4):409-16. doi:10.1111/
all.12111

21. Edlow DW, Sheldon WH. The pH of inflammatory exudates. Proc Soc Exp Biol
Med (1971) 137(4):1328-32.

22. Abbot NC, Spence VA, Swanson-Beck J, Carnochan FM, Gibbs JH, Lowe JG.
Assessment of the respiratory metabolism in the skin from transcutaneous
measurements of pO2 and pCO,: potential for non-invasive monitoring of
response to tuberculin skin testing. Tubercle (1990) 71(1):15-22.

23. Simmen HP, Blaser J. Analysis of pH and pO2 in abscesses, peritoneal fluid,
and drainage fluid in the presence or absence of bacterial infection during and
after abdominal surgery. Am J Surg (1993) 166(1):24-7.

24. Ward TT, Steigbigel RT. Acidosis of synovial fluid correlates with synovial fluid
leukocytosis. Am J Med (1978) 64(6):933-6.

Frontiers in Immunology | www.frontiersin.org

February 2017 | Volume 8 | Article 184


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
http://journal.frontiersin.org/article/10.3389/fimmu.2017.00184/full#supplementary-material
http://journal.frontiersin.org/article/10.3389/fimmu.2017.00184/full#supplementary-material
https://doi.org/10.1126/science.1092385
https://doi.org/10.1083/jcb.201203170
https://doi.org/10.1083/jcb.201203170
https://doi.org/10.1083/jcb.200606027
https://doi.org/10.1155/2012/849136
https://doi.org/10.1189/jlb.1211601
https://doi.org/10.3389/fimmu.2012.00424
https://doi.org/10.1002/jcb.24391
https://doi.org/10.1002/jcb.24391
https://doi.org/10.4049/jimmunol.1400478
https://doi.org/10.1084/jem.20100239
https://doi.org/10.1083/jcb.201006052
https://doi.org/10.1016/j.celrep.2014.06.044
https://doi.org/10.1111/imm.12437
https://doi.org/10.1111/imm.12437
https://doi.org/10.1111/j.1538-7836.2007.02865.x
https://doi.org/10.1126/scitranslmed.3001201
https://doi.org/10.1126/scitranslmed.3001201
https://doi.org/10.1371/journal.pone.0028526
https://doi.org/10.4049/jimmunol.1100450
https://doi.org/10.1128/IAI.00050-12
https://doi.org/10.1126/scitranslmed.3005580
https://doi.org/10.1007/s00281-013-0376-6
https://doi.org/10.1111/
all.12111
https://doi.org/10.1111/
all.12111

Behnen et al.

Extracellular Acidosis Inhibits NETs

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Wike-Hooley JL, Haveman J, Reinhold HS. The relevance of tumour pH to the
treatment of malignant disease. Radiother Oncol (1984) 2(4):343-66.
Tannock IF, Rotin D. Acid pH in tumors and its potential for therapeutic
exploitation. Cancer Res (1989) 49(16):4373-84.

Schornack PA, Gillies R]. Contributions of cell metabolism and H+ diffusion
to the acidic pH of tumors. Neoplasia (2003) 5(2):135-45. doi:10.1016/
$1476-5586(03)80005-2

Kopaniak MM, Issekutz AC, Movat HZ. Kinetics of acute inflammation
induced by E. coli in rabbits. Quantitation of blood flow, enhanced vascular
permeability, hemorrhage, and leukocyte accumulation. Am J Pathol (1980)
98(2):485-98.

Arnould T, Thibaut-Vercruyssen R, Bouaziz N, Dieu M, Remacle J, Michiels C.
PGF(2alpha), a prostanoid released by endothelial cells activated by hypoxia,
is a chemoattractant candidate for neutrophil recruitment. Am J Pathol (2001)
159(1):345-57. doi:10.1016/50002-9440(10)61701-4
Grimshaw MJ, Balkwill FR.Inhibition of monocyteand macrophage chemotaxis
by hypoxia and inflammation - a potential mechanism. Eur ] Immunol (2001)
31(2):480-9.  doi:10.1002/1521-4141(200102)31:2<480::AID-IMMU480>
3.0.CO;2-L

van Zwieten R, Wever R, Hamers MN, Weening RS, Roos D. Extracellular
proton release by stimulated neutrophils. J Clin Invest (1981) 68(1):310-3.
Borregaard N, Schwartz JH, Tauber AIL Proton secretion by stimulated
neutrophils. Significance of hexose monophosphate shunt activity as source
of electrons and protons for the respiratory burst. J Clin Invest (1984)
74(2):455-9.

Coakley RJ, Taggart C, McElvaney NG, O'Neill SJ. Cytosolic pH and the
inflammatory microenvironment modulate cell death in human neutro-
phils after phagocytosis. Blood (2002) 100(9):3383-91. doi:10.1182/blood.
V100.9.3383

Menkin V. Biology of inflammation; chemical mediators and cellular injury.
Science (1956) 123(3196):527-34.

Rotstein OD, Nasmith PE, Grinstein S. The Bacteroides by-product succinic
acid inhibits neutrophil respiratory burst by reducing intracellular pH. Infect
Immun (1987) 55(4):864-70.

Rotstein OD, Vittorini T, Kao ], McBurney MI, Nasmith PE, Grinstein S.
A soluble Bacteroides by-product impairs phagocytic killing of Escherichia coli
by neutrophils. Infect Immun (1989) 57(3):745-53.

Grinstein S, Swallow CJ, Rotstein OD. Regulation of cytoplasmic pH
in phagocytic cell function and dysfunction. Clin Biochem (1991)
24(3):241-7.

Trevani AS, Andonegui G, Giordano M, Lopez DH, Gamberale R, Minucci
F et al. Extracellular acidification induces human neutrophil activation.
J Immunol (1999) 162(8):4849-57.

Cao S, Liu P, Zhu H, Gong H, Yao ], Sun Y, et al. Extracellular acidification acts
as a key modulator of neutrophil apoptosis and functions. PLoS One (2015)
10(9):e0137221. doi:10.1371/journal.pone.0137221

Lardner A. The effects of extracellular pH on immune function. J Leukoc Biol
(2001) 69(4):522-30.

Rabinovich M, DeStefano MJ, Dziezanowski MA. Neutrophil migration under
agarose: stimulation by lowered medium pH and osmolality. ] Reticuloendothel
Soc (1980) 27(2):189-200.

Rotstein OD, Fiegel VD, Simmons RL, Knighton DR. The deleterious effect of
reduced pH and hypoxia on neutrophil migration in vitro. J Surg Res (1988)
45(3):298-303.

Murata N, Mogi C, Tobo M, Nakakura T, Sato K, Tomura H, et al. Inhibition of
superoxide anion production by extracellular acidification in neutrophils. Cell
Immunol (2009) 259(1):21-6. doi:10.1016/j.cellimm.2009.05.008

Martinez D, Vermeulen M, Trevani A, Ceballos A, Sabatte ], Gamberale R,
et al. Extracellular acidosis induces neutrophil activation by a mechanism
dependent on activation of phosphatidylinositol 3-kinase/Akt and ERK path-
ways. ] Immunol (2006) 176(2):1163-71. doi:10.4049/jimmunol.176.2.1163
Lapponi MJ, Carestia A, Landoni VI, Rivadeneyra L, Etulain J, Negrotto S,
et al. Regulation of neutrophil extracellular trap formation by anti-inflam-
matory drugs. ] Pharmacol Exp Ther (2013) 345(3):430-7. doi:10.1124/
jpet.112.202879

Maueroder C, Mahajan A, Paulus S, Goflwein S, Hahn J, Kienhofer D,
et al. Ménage-a-Trois: the ratio of bicarbonate to CO, and the pH regulate
the capacity of neutrophils to form NETs. Front Immunol (2016) 7:583.
doi:10.3389/fimmu.2016.00583

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Grinberg N, Elazar S, Rosenshine I, Shpigel NY. {beta}-hydroxybutyrate
abrogates bovine neutrophil extracellular traps formation and bactericidal
activity against mammary pathogenic Escherichia coli. Infect Immun (2008)
76(6):2802-7. doi:10.1128/IA1.00051-08

Aga E, Katschinski DM, van Zandbergen G, Laufs H, Hansen B, Muller K,
et al. Inhibition of the spontaneous apoptosis of neutrophil granulocytes by
the intracellular parasite Leishmania major. ] Immunol (2002) 169(2):898-905.
doi:10.4049/jimmunol.169.2.898

Rada BK, Geiszt M, Kaldi K, Timar C, Ligeti E. Dual role of phagocytic NADPH
oxidase in bacterial killing. Blood (2004) 104(9):2947-53. doi:10.1182/
blood-2004-03-1005

Brinkmann V;, Goosmann C, Kuhn LI, Zychlinsky A. Automatic quantifica-
tion of in vitro NET formation. Front Immunol (2012) 3:413. doi:10.3389/
fimmu.2012.00413

Jakus Z, Nemeth T, Verbeek JS, Mocsai A. Critical but overlapping role
of FcgammaRIII and FcgammaRIV in activation of murine neutrophils
by immobilized immune complexes. JImmunol (2008) 180(1):618-29.
doi:10.4049/jimmunol.180.1.618

Bianchi M, Hakkim A, Brinkmann V, Siler U, Seger RA, Zychlinsky A, et al.
Restoration of NET formation by gene therapy in CGD controls aspergillosis.
Blood (2009) 114(13):2619-22. doi:10.1182/blood-2009-05-221606
Caudrillier A, Kessenbrock K, Gilliss BM, Nguyen JX, Marques MB, Monestier
M, et al. Platelets induce neutrophil extracellular traps in transfusion-related
acute lung injury. J Clin Invest (2012) 122(7):2661-71. doi:10.1172/JCI61303
Apostolidou E, Skendros P, Kambas K, Mitroulis I, Konstantinidis T,
Chrysanthopoulou A, et al. Neutrophil extracellular traps regulate IL-1beta-
mediated inflammation in familial Mediterranean fever. Ann Rheum Dis
(2016) 75(1):269-77. doi:10.1136/annrheumdis-2014-205958

Wang H, Sha LL, Ma TT, Zhang LX, Chen M, Zhao MH. Circulating level of
neutrophil extracellular traps is not a useful biomarker for assessing disease
activity in antineutrophil cytoplasmic antibody-associated vasculitis. PLoS
One (2016) 11(2):e0148197. doi:10.1371/journal.pone.0148197

Kirchner T, Hermann E, Moller S, Klinger M, Solbach W, Laskay T,
et al. Flavonoids and 5-aminosalicylic acid inhibit the formation of
neutrophil extracellular traps. Mediators Inflamm (2013) 2013:710239.
doi:10.1155/2013/710239

Briheim G, Stendahl O, Dahlgren C. Intra- and extracellular events in lumi-
nol-dependent chemiluminescence of polymorphonuclear leukocytes. Infect
Immun (1984) 45(1):1-5.

Stevens P, Hong D. The role of myeloperoxidase and superoxide anion in the
luminol- and lucigenin-dependent chemiluminescence of human neutrophils.
Microchem ] (1984) 30(2):135-46.

Henderson LM, Chappell JB. Dihydrorhodamine 123: a fluorescent probe for
superoxide generation? Eur ] Biochem (1993) 217(3):973-80.

Sarkar A, Hellberg L, Bhattacharyya A, Behnen M, Wang K, Lord JM, et al.
Infection with Anaplasma phagocytophilum activates the phosphatidylinositol
3-kinase/Akt and NF-kappaB survival pathways in neutrophil granulocytes.
Infect Immun (2012) 80(4):1615-23. doi:10.1128/IAL.05219-11

Rasband WS. Immage]. Bethesda, MD: U. S. National Institutes of Health (1997).
Available from: http://imagej.nih.gov/ij/

Dubos RJ. The micro-environment of inflammation or Metchnikoff revisited.
Lancet (1955) 269(6879):1-5.

Grinstein S, Elder B, Furuya W. Phorbol ester-induced changes of cytoplasmic
pH in neutrophils: role of exocytosis in Na+-H+ exchange. Am ] Physiol
(1985) 248(3 Pt 1):C379-86.

Clark SR, Ma AC, Tavener SA, McDonald B, Goodarzi Z, Kelly MM, et al.
Platelet TLR4 activates neutrophil extracellular traps to ensnare bacteria in
septic blood. Nat Med (2007) 13(4):463-9. d0i:10.1038/nm1565

Pilsczek FH, Salina D, Poon KK, Fahey C, Yipp BG, Sibley CD, et al.
A novel mechanism of rapid nuclear neutrophil extracellular trap formation
in response to Staphylococcus aureus. J Immunol (2010) 185(12):7413-25.
doi:10.4049/jimmunol.1000675

Chen K, Nishi H, Travers R, Tsuboi N, Martinod K, Wagner DD, et al.
Endocytosis of soluble immune complexes leads to their clearance by
FcgammaRIIIB but induces neutrophil extracellular traps via FegammaRITA
in vivo. Blood (2012) 120(22):4421-31. doi:10.1182/blood-2011-12-401133
Farley K, Stolley JM, Zhao P, Cooley J, Remold-O’Donnell E. A serpinB1 regu-
latory mechanism is essential for restricting neutrophil extracellular trap gen-
eration. J Immunol (2012) 189(9):4574-81. doi:10.4049/jimmunol.1201167

Frontiers in Immunology | www.frontiersin.org

February 2017 | Volume 8 | Article 184


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1016/S1476-5586(03)80005-2
https://doi.org/10.1016/S1476-5586(03)80005-2
https://doi.org/10.1016/S0002-9440(10)61701-4
https://doi.org/10.1002/1521-4141(200102)31:2<480::AID-IMMU480>3.0.CO;2-L
https://doi.org/10.1002/1521-4141(200102)31:2<480::AID-IMMU480>3.0.CO;2-L
https://doi.org/10.1182/blood.V100.9.3383
https://doi.org/10.1182/blood.V100.9.3383
https://doi.org/10.1371/journal.pone.0137221
https://doi.org/10.1016/j.cellimm.2009.05.008
https://doi.org/10.4049/jimmunol.176.2.1163
https://doi.org/10.1124/jpet.112.202879
https://doi.org/10.1124/jpet.112.202879
https://doi.org/10.3389/fimmu.2016.00583
https://doi.org/10.1128/IAI.00051-08
https://doi.org/10.4049/jimmunol.169.2.898
https://doi.org/10.1182/blood-2004-03-1005
https://doi.org/10.1182/blood-2004-03-1005
https://doi.org/10.3389/fimmu.2012.00413
https://doi.org/10.3389/fimmu.2012.00413
https://doi.org/10.4049/jimmunol.180.1.618
https://doi.org/10.1182/blood-2009-05-221606
https://doi.org/10.1172/JCI61303
https://doi.org/10.1136/annrheumdis-2014-205958
https://doi.org/10.1371/journal.pone.0148197
https://doi.org/10.1155/2013/710239
https://doi.org/10.1128/IAI.05219-11
http://imagej.nih.gov/ij/
https://doi.org/10.1038/nm1565
https://doi.org/10.4049/jimmunol.1000675
https://doi.org/10.1182/blood-2011-12-401133
https://doi.org/10.4049/jimmunol.1201167

Behnen et al.

Extracellular Acidosis Inhibits NETs

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Gabig TG, Bearman SI, Babior BM. Effects of oxygen tension and pH on the
respiratory burst of human neutrophils. Blood (1979) 53(6):1133-9.
Simchowitz L. Intracellular pH modulates the generation of superoxide rad-
icals by human neutrophils. J Clin Invest (1985) 76(3):1079-89. doi:10.1172/
JCI112061

Neeli I, Khan SN, Radic M. Histone deimination as a response to inflamma-
tory stimuli in neutrophils. J Immunol (2008) 180(3):1895-902. doi:10.4049/
jimmunol.180.3.1895

Neeli I, Dwivedi N, Khan S, Radic M. Regulation of extracellular chro-
matin release from neutrophils. ] Innate Immun (2009) 1(3):194-201.
doi:10.1159/000206974

Lim MB, Kuiper JW, Katchky A, Goldberg H, Glogauer M. Rac2 is required
for the formation of neutrophil extracellular traps. J Leukoc Biol (2011)
90(4):771-6. d0i:10.1189/j1b.1010549

Nishinaka Y, Arai T, Adachi S, Takaori-Kondo A, Yamashita K. Singlet oxygen
is essential for neutrophil extracellular trap formation. Biochem Biophys Res
Commun (2011) 413(1):75-9. doi:10.1016/j.bbrc.2011.08.052

Palmer L], Cooper PR, Ling MR, Wright HJ, Huissoon A, Chapple IL.
Hypochlorous acid regulates neutrophil extracellular trap release in
humans. Clin Exp Immunol (2012) 167(2):261-8. doi:10.1111/j.1365-2249.
2011.04518.x

Douda DN, Yip L, Khan MA, Grasemann H, Palaniyar N. Akt is essential to
induce NADPH-dependent NETosis and to switch the neutrophil death to
apoptosis. Blood (2014) 123(4):597-600. doi:10.1182/blood-2013-09-526707
Rane M]J, Klein JB. Regulation of neutrophil apoptosis by modulation
of PKB/Akt activation. Front Biosci (Landmark Ed) (2009) 14:2400-12.
doi:10.2741/3386

Remijsen Q, Vanden Berghe T, Wirawan E, Asselbergh B, Parthoens E, De
Rycke R, et al. Neutrophil extracellular trap cell death requires both autoph-
agy and superoxide generation. Cell Res (2011) 21(2):290-304. doi:10.1038/
¢r.2010.150

Itakura A, McCarty OJ. Pivotal role for the mTOR pathway in the formation of
neutrophil extracellular traps (NETs) via regulation of autophagy. Am J Physiol
Cell Physiol (2013) 305(3):C348-54. doi:10.1152/ajpcell.00108.2013
Mitroulis I, Kambas K, Chrysanthopoulou A, Skendros P, Apostolidou E,
Kourtzelis I, et al. Neutrophil extracellular trap formation is associated
with IL-1beta and autophagy-related signaling in gout. PLoS One (2011)
6(12):€29318. doi:10.1371/journal.pone.0029318

Kambas K, Mitroulis I, Apostolidou E, Girod A, Chrysanthopoulou A,
Pneumatikos I, et al. Autophagy mediates the delivery of thrombogenic tissue

81.

82.

83.

84.

85.

86.

87.

88.

factor to neutrophil extracellular traps in human sepsis. PLoS One (2012)
7(9):e45427. doi:10.1371/journal.pone.0045427

Tang S, Zhang Y, Yin SW, Gao X]J, Shi WW, Wang Y, et al. Neutrophil
extracellular trap formation is associated with autophagy-related signalling
in ANCA-associated vasculitis. Clin Exp Immunol (2015) 180(3):408-18.
doi:10.1111/cei.12589

Dewaele M, Maes H, Agostinis P. ROS-mediated mechanisms of autoph-
agy stimulation and their relevance in cancer therapy. Autophagy (2010)
6(7):838-54. doi:10.4161/auto.6.7.12113

Karna P, Zughaier S, Pannu V, Simmons R, Narayan S, Aneja R. Induction
of reactive oxygen species-mediated autophagy by a novel microtubule-
modulating agent. J Biol Chem (2010) 285(24):18737-48. do0i:10.1074/jbc.
M109.091694

Li ZY, Yang Y, Ming M, Liu B. Mitochondrial ROS generation for regulation
of autophagic pathways in cancer. Biochem Biophys Res Commun (2011)
414(1):5-8. doi:10.1016/j.bbrc.2011.09.046

Borregaard N, Herlin T. Energy metabolism of human neutrophils during
phagocytosis. J Clin Invest (1982) 70(3):550-7.

Healy DA, Watson RW, Newsholme P. Glucose, but not glutamine, protects
against spontaneous and anti-Fas antibody-induced apoptosis in human
neutrophils. Clin Sci (Lond) (2002) 103(2):179-89. doi:10.1042/

Coakley RJ, Taggart C, Greene C, McElvaney NG, O’Neill SJ. Ambient
pCO, modulates intracellular pH, intracellular oxidant generation,
and interleukin-8 secretion in human neutrophils. ] Leukoc Biol (2002)
71(4):603-10.

Leppkes M, Maueroder C, Hirth S, Nowecki S, Gunther C, Billmeier U,
et al. Externalized decondensed neutrophil chromatin occludes pancreatic
ducts and drives pancreatitis. Nat Commun (2016) 7:10973. doi:10.1038/
ncomms10973

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2017 Behnen, Moller, Brozek, Klinger and Laskay. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

22

February 2017 | Volume 8 | Article 184


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1172/JCI112061
https://doi.org/10.1172/JCI112061
https://doi.org/10.4049/jimmunol.180.3.1895
https://doi.org/10.4049/jimmunol.180.3.1895
https://doi.org/10.1159/000206974
https://doi.org/10.1189/jlb.1010549
https://doi.org/10.1016/j.bbrc.2011.08.052
https://doi.org/10.1111/j.1365-2249.
2011.04518.x
https://doi.org/10.1111/j.1365-2249.
2011.04518.x
https://doi.org/10.1182/blood-2013-09-526707
https://doi.org/10.2741/3386
https://doi.org/10.1038/cr.2010.150
https://doi.org/10.1038/cr.2010.150
https://doi.org/10.1152/ajpcell.00108.2013
https://doi.org/10.1371/journal.pone.0029318
https://doi.org/10.1371/journal.pone.0045427
https://doi.org/10.1111/cei.12589
https://doi.org/10.4161/auto.6.7.12113
https://doi.org/10.1074/jbc.M109.091694
https://doi.org/10.1074/jbc.M109.091694
https://doi.org/10.1016/j.bbrc.2011.09.046
https://doi.org/10.1042/
https://doi.org/10.1038/ncomms10973
https://doi.org/10.1038/ncomms10973
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Extracellular Acidification Inhibits the ROS-Dependent Formation of Neutrophil Extracellular Traps
	Introduction
	Materials and Methods
	Ethics Statement
	Isolation of Primary Human Neutrophils
	Media Acidification and Cell Culture
	Assessment of Neutrophil Viability
	Phagocytosis Assay
	Bacterial Killing Assay
	Neutrophil Stimulation with Immobilized IC or PMA
	Inhibitor Studies
	NET Assays
	SYTOXgreen Kinetic Assay
	MPO–DNA Complex (NET) ELISA
	Microscopical Assessment of NETs

	ROS Assays
	Detection of Intra- and Extracellular ROS
	Detection of Extracellular Superoxide
	Detection of Intracellular ROS

	Glucose Uptake Assay
	Lactate Assay
	Western Blot Analysis
	Statistical Analysis

	Results
	Methodological Considerations to the Applied Media and Buffer Systems
	Extracellular Acidosis Delays Neutrophil Apoptosis
	Neutrophil Phagocytosis and Bacterial Killing Are Functional in an Acidic Environment
	NET Formation Is Inducible under Both Bicarbonate- and HEPES-Buffered Conditions
	Extracellular Acidosis Inhibits the Release of NETs
	Extracellular Acidosis Inhibits Neutrophil ROS Production
	Inhibition of the Na+/H+ Exchanger Decreases ROS and NET Production
	Reduced ROS Are Responsible for Inhibition of NETosis under Extracellular Acidosis
	Activation of Akt, ERK 1/2, or p38 MAPK Does Not Play a Role in the Acidosis-Dependent Inhibition of NETosis
	Extracellular Acidosis Results in Reduced Glycolysis

	Discussion
	Conclusion
	Author Contributions
	Acknowledgments
	Funding
	Supplementary Material
	References


