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Neutrophils migrating from the blood (pH 7.35–7.45) into the surrounding tissues 
encounter changes in extracellular pH (pHe) conditions. Upon activation of NADPH 
oxidase 2 (Nox), neutrophils generate large amounts of H+ ions reducing the intracel-
lular pH (pHi). Nevertheless, how extracellular pH regulates neutrophil extracellular trap 
(NET) formation (NETosis) is not clearly established. We hypothesized that increasing 
pH increases Nox-mediated production of reactive oxygen species (ROS) and neu-
trophil protease activity, stimulating NETosis. Here, we found that raising pHe (ranging 
from 6.6 to 7.8; every 0.2 units) increased pHi of both activated and resting neutrophils 
within 10–20  min (Seminaphtharhodafluor dual fluorescence measurements). Since 
Nox activity generates H+ ions, pHi is lower in neutrophils that are activated compared 
to resting. We also found that higher pH stimulated Nox-dependent ROS production 
(R123 generation; flow cytometry, plate reader assay, and imaging) during spontaneous 
and phorbol myristate acetate-induced NETosis (Sytox Green assays, immunoconfocal 
microscopy, and quantifying NETs). In neutrophils that are activated and not resting, 
higher pH stimulated histone H4 cleavage (Western blots) and NETosis. Raising pH 
increased Escherichia coli lipopolysaccharide-, Pseudomonas aeruginosa (Gram-
negative)-, and Staphylococcus aureus (Gram-positive)-induced NETosis. Thus, higher 
pHe promoted Nox-dependent ROS production, protease activity, and NETosis; lower 
pH has the opposite effect. These studies provided mechanistic steps of pHe-mediated 
regulation of Nox-dependent NETosis. Raising pH either by sodium bicarbonate or Tris 
base (clinically known as Tris hydroxymethyl aminomethane, tromethamine, or THAM) 
increases NETosis. Each Tris molecule can bind 3H+ ions, whereas each bicarbonate 
HCO3− ion binds 1H+ ion. Therefore, the amount of Tris solution required to cause the 
same increase in pH level is less than that of equimolar bicarbonate solution. For that 
reason, regulating NETosis by pH with specific buffers such as THAM could be more 
effective than bicarbonate in managing NET-related diseases.

Keywords: neutrophil extracellular trap formation, ph, spontaneous neTosis, naDPh-dependent neTosis, 
lipopolysaccharide-induced neTosis, gram-negative bacteria-induced neTosis, gram-positive bacteria-induced 
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inTrODUcTiOn

Neutrophils infiltrating tissues during an inflammatory response 
encounter a range of levels of pH (1–3). Nevertheless, how extra-
cellular pH (pHe) regulates NETosis is not clearly understood. In 
response to different agonists, neutrophils undergo two major 
types of NETosis (4–6). It has been well-established that bacterial 
endotoxin, Gram-negative bacteria (e.g., Pseudomonas aerugi-
nosa), and Gram-positive bacteria (e.g., Staphylococcus aureus) 
induce NADPH oxidase 2 (Nox) and subsequent ROS produc-
tion (7–9). We have recently shown that neutrophils undergo 
increased Nox-dependent NETosis in response to higher doses 
of lipopolysaccharide (LPS) and increasing microbial load (7). By 
contrast, increasing intracellular calcium concentration induces 
citrullination of histones and thereby facilitates Nox-indepen-
dent NETosis (5, 9). In this study, we address the mechanism by 
which pH regulates Nox-dependent NETosis.

Paradoxically, neutrophils carry two sets of NETosis-related 
enzymes, with either acidic or basic pH optima. The pH optima 
for neutrophil proteases (e.g., elastase, proteinase 3, and cath-
epsins) and myeloperoxidase (MPO) are basic (pH 7.5–8.5) and 
acidic (pH 4.7–6.0), respectively (10–12). A recent study showed 
that acidic pH lowers neutrophil extracellular trap (NET) forma-
tion induced by phorbol myristate acetate (PMA) and immune 
complexes (13). However, the effect of pH on LPS, Gram-positive, 
and Gram-negative bacteria are unknown. Therefore, we here 
studied the effect of pH on Nox-dependent NETosis induced 
by agonists such as PMA, LPS, P. aeruginosa, and S. aureus. We 
show that altered pHe rapidly affects neutrophilic intracellular pH 
(pHi), Nox-mediated reactive oxygen species (ROS) production, 
protease-mediated histone cleavage, and subsequent NETosis. 
Raising pH through a range from 6.6 to 7.8 increases the level of 
NETosis. These findings help explain how pH regulates NETosis 
and demonstrate that pH adjustment could potentially be used to 
regulate NETosis of migrating neutrophils. Tris is a more effective 
pH regulator than bicarbonate, therefore, Tris-based buffers could 
be better for correcting pH and regulating NET-related diseases.

MaTerials anD MeThODs

research ethics Board approval
This study protocol for using human blood samples was approved 
by the ethics committee of The Hospital for Sick Children, 
Toronto. All the procedures including healthy human volunteer 
recruitment for blood donation were performed in accordance 
with the ethics committee guidelines. All the volunteers partici-
pating in this study gave their signed consent prior to blood draw.

Buffer and reagent Preparation
SYTOX® Green Nucleic Acid Stain dye, DHR123, and pHi 
indicator Seminaphtharhodafluor (SNARF) were obtained 
from Molecular Probes (Thermo Fisher Scientific, Waltham, 
MA, USA). All buffers, agonists, inhibitors, and other reagents 
were purchased from Sigma-Aldrich unless otherwise stated. 
The standard medium of these experiments was RPMI 1640 
medium (Invitrogen) supplemented with 10 mM HEPES buffer. 

The amount of HCl and NaOH was predetermined to change 
the pH of RPMI media to 6.6, 6.8, 7.0, 7.2, 7.4, 7.6, or 7.8,  
and these isotonic RPMI media with different pHs were added to 
the neutrophil suspension for further experiments.

Primary human neutrophils isolation
The primary human neutrophils were isolated by using a slight 
modification of the PolymorphPrep (Axis-Shield) protocol as 
previously reported (4–7). Briefly, the peripheral blood from the 
healthy male donors was collected in K2 EDTA blood collection 
tubes (Becton, Dickinson and Co.). Equal volumes of blood were 
layered over the PolymorphPrep (Axis-Shield) and spun for 
35 min at 600 × g, 25°C to separate the neutrophil band. After 
washing the neutrophil band, red blood cells were lysed with 
a 0.2% (w/v) NaCl hypotonic solution for 30  s followed by an 
addition of an equal volume of 1.6% (w/v) NaCl solution with 
20 mM HEPES buffer to provide the isotonic condition. Isolated 
neutrophils were resuspended in RPMI medium (Invitrogen) 
containing 10  mM HEPES (pH 7.2). Neutrophil counting and 
viability check were done by trypan blue and using a hemocy-
tometer. Furthermore, the purity of neutrophils was determined 
by Cytospin preparation and imaging. Only neutrophil prepara-
tions with >95–98% live and pure were used in the experiments. 
For each experiment, multiple donors were used to get enough 
replicates; see details in specific figure legends.

snarF Preparation phi Detection
Isolated neutrophils were treated with 10 µM SNARF®-4F 5-(and-
6)-Carboxylic Acid (Thermo Fisher Scientific) pH indicator dye 
and incubated at 37°C for 15 min. After incubation, the cells were 
washed and suspended in fresh RPMI medium at 1 × 106/mL cells. 
A volume of 50 µL, containing 50,000 neutrophils was seeded into 
a 96-well clear bottom black plate (BD Biosciences). Equal volumes 
(50 µL) of the isotonic RPMI with predetermined pH (6.6, 6.8, 7.0, 
7.2, 7.4, 7.6, and 7.8) were added into the wells to adjust the pH of 
the corresponding wells. Neutrophils buffered with different pHs 
were stimulated either with only media (−ve control) or PMA. 
The dual emission spectra of SNARF were measured after adding 
media (−ve control) and PMA and considered as the zero time 
point reading. Further pH changes were recorded for every 10 min 
up to 60 min with an Omega fluorescence microplate reader. The 
emission spectrum of SNARF undergoes a pH-dependent wave-
length shift, and therefore, the ratios (580/640 nm) of the fluores-
cence intensities from the dye at two emission wavelengths were 
used for pHi determinations. Carboxy SNARF-4F is typically used 
by exciting the dye at one wavelength (between 488 and 530 nm) 
while monitoring the fluorescence emission at two wavelengths, 
typically at 580 and 640  nm. The fluorescence response of the 
SNARF indicators has been calibrated with pH-controlled RPMI 
(6.6, 6.8, 7.0, 7.2, 7.4, 7.6, and 7.8) buffered in the presence and 
absence of the cells. Each condition was tested with a technical 
duplicate. Biological replicates (n-values; donors) of independent 
experiments were reported in figure legends.

rOs Detection assay
DHR123 dye (Scientific Inc., MA, USA) was used to measure the 
intracellular ROS production. The neutrophils were preloaded 
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with DHR123 (20 µM) for 10 min as per manufacturer’s instruc-
tions with brief modification as we reported earlier (5, 7, 14).  
After washing the extracellular DHR123 dye, cells were resus-
pended in fresh RPMI (10  mM HEPES) media and 50  µL of 
50,000 cells, seeded into 96-well plates. Furthermore, DHR123-
preloaded neutrophils media were adjusted for pHs (6.6, 6.8, 
7.0, 7.2, 7.4, 7.6, and 7.8) by adding the equal volume (50  µL) 
of isotonic RPMI calibrated for respective pHs. These cells were 
activated with either only media (negative control), PMA, or LPS 
for another 30 min. The fluorescence was measured every 10 min 
by an Omega fluorescence microplate reader (900 data points 
per well) to assess the kinetics of the ROS generation in different 
conditions. Each condition was tested with a technical duplicate. 
Biological replicates (n-values; donors) of independent experi-
ments were reported in figure legends. Confocal images were 
acquired as described earlier by counter staining of the nuclei 
with DAPI in different pH conditions.

Flow cytometry
Flow cytometry was used for validating the ROS production 
in neutrophils at different pHe conditions. Cells were treated 
with 20  µM DHR123 for 10  min at 37°C. These preloaded 
cells were washed and resuspended in fresh media, and their  
pHs were adjusted to 6.6, 7.4, and 7.8. These cells with adjusted 
pHes were activated with either media only (−ve control) or PMA 
for 30 min, and the ROS production was analyzed by counting 
104 events using the 488 filter and the FITC laser of the Gallios 
(Beckman Coulter Inc.) flow cytometer. Data were analyzed by 
using Flow Jo software.

sytox green neTosis assay
A cell impermeable DNA binding Sytox Green dye (Life 
Technologies) was used for measuring the real-time kinetics 
of NET release under different conditions. A volume of 50 µL 
media containing 50,000 neutrophils mixed with 5  µM Sytox 
green were seeded into 96-well plates. Equal volumes of the 
isotonic RPMI media with double the strength of different pHs 
were added into the respective wells to make the final pH 6.6, 6.8, 
7.0, 7.2, 7.4, 7.6, and 7.8 of the corresponding wells. These neu-
trophils under different pHs were activated with agonists, only 
media (−ve control), PMA, LPS, P. aeruginosa, and S. aureus.  
The changes in green fluorescence signal was measured every 
30  min for up to 240  min using a fluorescence plate reader 
(504 nm excitation and 523 nm emission, POLARstar OMEGA, 
BMG Labtech). By using this POLARstar OMEGA plate reader, 
900 data points per well were scanned at each time point to quan-
tify the fluorescence intensity. Total DNA (100% DNA) present 
in these neutrophils was determined by the fluorescence values 
of the cells lysed with 0.5% (v/v) Triton-X-100. To calculate 
percentage of NETosis in each condition, the green fluorescence 
at time 0 min was subtracted from the fluorescence at each time 
point and was then divided by the fluorescence values of cell 
lysed with 0.5% (v/v) Triton X-100. All the experimental values 
were standardized to total DNA at each time point. Each condi-
tion was tested with a technical duplicate. Biological replicates 
(n-values; donors) of independent experiments were reported 
in figure legends.

immunofluorescence confocal imaging
A volume of 100  µL RPMI medium containing 100,000 neu-
trophils were seeded into 12-well chamber slides (BD Falcon). 
Chamber slides were used for obtaining the high-resolution 
images. The pH of the respective chamber was adjusted as 
explained earlier by adding an equal volume of the isotonic 
RPMI with different pHs (6.6, 7.4, and 7.8). The neutrophils were 
activated with either media only (−ve control), PMA, LPS, P. 
aeruginosa, or S. aureus for 120 min. The cells and NETs were 
fixed with paraformaldehyde [4% (w/v) for 10  min; 2% (w/v) 
for overnight] and immunostained with various NET markers. 
Mouse anti-MPO antibody (ab25989; Abcam) at 1:500 dilution 
was used for staining MPO (with secondary antibody conjugated 
with a green fluorescence Alexa fluor 488 dye; 1:2,000 dilution; 
Thermo Fisher Scientific), while rabbit anti-citrullinated histone 
3 antibody (ab5103; Abcam, Lot # GR273046-3) at 1:500 dilu-
tion was used for detecting the presence of citrullinated histone 
H3 (CitH3, with secondary antibody conjugated with a far-red 
fluorescence dye Alexa fluor 647; 1:1,000 dilution; Thermo Fisher 
Scientific). DNA was stained with DAPI (1:1,000 dilution). 
After treating the secondary antibody, slides were washed and 
mounted by glass cover slips (Fisher Scientific) with anti-fade 
fluorescent mounting medium (Dako). 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 with 
Spectral Aurora Borealis upgrade, four separate diode-pumped 
solid-state laser lines (Spectral Applied Research, 405, 491, 
561, and 642  nm). The images were taken at 40×/0.95 magni-
fication and processed by Volocity software (version 6.3, Cell 
Imaging Perkin-Elmer). Immunostained confocal images were 
quantified by counting normal neutrophils (multilobed nuclei), 
decondensed (nuclei lost multilobed shape), cloud-like puffed 
extracellular DNA, and extended extracellular DNA (NET-like 
structure) to determine the degree of NETosis.

immunoblot analysis
For the immunoblot analysis, the tubes containing 1 × 106 cells 
with adjusted pHs (6.6, 7.0, 7.4, and 7.8) in each experimental 
condition were activated either by negative control (only media) 
or by PMA for 120 min. After incubation, the tubes were placed on 
ice for 10 min and then centrifuged at 20,000 rcf at 4°C for 10 min. 
The supernatant was then discarded, and the cell pellets were lysed 
using the lysis buffer containing 1% (w/v) Triton X-100, 25 mM 
NaF, 50 mM Tris, 10 mM KCl, 10 µg/mL aprotinin, 2 mM PMSF, 
1 mM levamisole, 1 mM NaVO3, 0.5 µM EDTA, 25 µM leupeptin, 
25 µM pepstatin, one protease inhibitor cocktail tablets per 5 mL 
(Roche), and one phosphatase inhibitor cocktail tablet per 10 mL 
(Roche). The samples were then vortexed for 10 s followed by three 
times of sonication using an aquasonic sonicator (VWR, model 
50D at the highest power setting), at 8–10°C, 3 min each. A quarter 
volume of 5 × loading dye [125 mM Tris HCl at pH 6.8, 6% (w/v) 
SDS, 8% (v/v) β-mercaptoethanol, 18% (v/v) glycerol, 5 mM EDTA, 
5 mM EGTA, 10 µg/mL leupeptin, 10 µg/mL pepstatin, 10 µg/mL 
aprotinin, 10 mM NaF, 5 mM NaVO3, and 1 mM levamisole] was 
added followed by 10 min of heating at 95°C with 350 rcm shaking. 
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The samples were separated in a 5% (w/v) stacking and 10% (w/v) 
resolving gel at 100 V and transferred on a nitrocellulose mem-
brane for 90 min at 400 mA. After transfer, the membranes were 
blocked with 5% (w/v) milk or BSA in 0.05% phosphate-buffered 
saline (PBS) with 0.1% Tween (PBST) for 1 h at room temperature. 
The membranes were incubated with the primary antibody at 
4°C overnight followed by three washes with PBST for 30 min. 
The antibodies used were as follows: anti-Histone H4 (ab16483; 
Abcam) rabbit pAb at 1:1,000 and anti-GAPDH (FL-335; Santa 
Cruz) rabbit pAb at 1:2,500. The membranes were then incubated 
in the secondary antibody solution for 1 h and then washed three 
times with 0.1% PBST for 30 min. The secondary antibodies used 
were as follows: donkey anti-rabbit IgG-HRP (31458; Thermo 
Fisher) at 1:7,500. The densitometry analysis of the blots was done 
using the Image Studio software (LI-COR Biotechnology) and 
normalized to the GAPDH.

Bacterial culture
Pseudomonas aeruginosa and S. aureus were selected from single 
colonies in LB-agar plates and grown overnight in sterile LB 
broth. Overnight bacterial growth culture was diluted by a factor 
of 10 and subcultured for 3 h to eliminate the dead colonies or 
bacteria. Bacterial culture was harvested and washed three times 
in 5 mL of PBS (pH 7.4) by centrifugation at 5,000 × g for 5 min 
at 4°C. The bacterial concentration was determined by taking 
optical density (OD) at 600 nm. Furthermore, the multiplicity of 
infection was calculated by using the colony-forming unit (CFU) 
formula established in the laboratory by empirical methods:  
(CFU) × 108 = (OD600) × 30.88 − 99.61.

statistical analysis
Statistical analysis was performed using GraphPad Prism statisti-
cal analysis software (Version 5.0a). Student’s t-test was used for 
comparing two groups, and for more than two groups, ANOVA 
with Bonferroni’s posttest or Dunnett’s test was used where appro-
priate. The technical repeats and applied statistics are mentioned 
in each Figure legends. A p-value of ≤0.05 was considered to be 
statistically significant. All data are presented as mean ± SEM.

resUlTs

high ph Promotes spontaneous  
and PMa-induced neTosis
We first determined the effect of pH on spontaneous and Nox-
dependent NETosis. We incubated purified peripheral blood 
neutrophils (PMNs) at pH above or below physiological blood 
pH (6.6–7.8; in 0.2 pH increments) with or without the prototypic 
agonist PMA to induce Nox-dependent NETosis. Monitoring 
Sytox green fluorescence (a proxy for extracellular NET DNA) 
every 30 min for 4 h showed that raising pH increased the rate 
and amount of NETosis (Figures 1A,B). To confirm true NETosis, 
we conducted confocal immunofluorescence microscopy. These 
images showed colocalization of MPO and NET DNA and 
confirmed that resting and PMA-stimulated neutrophils formed 
greater amounts of NETs with increasing pH (Figures  1C,D; 
Figure S1 in Supplementary Material). A regression line at the 

final time point showed a clear increase in Sytox Green readings 
with increasing pH (Figures 1A,B, inset). The slope of spontane-
ous NETosis was less steep than that of PMA-mediated NETosis, 
indicating that the rate of spontaneous NETosis was lower than 
that of PMA-mediated NETosis. Overall, pH affected both 
spontaneous and PMA-mediated NETosis; pH above the normal 
blood pH of ~7.4 promoted NETosis, whereas a more acidic pH 
suppressed NETosis.

changes in phe rapidly altered phi
To determine the mechanism that governs pH-mediated NETosis, 
we next tested how pHe changes affect pHi. We used a pH-sensitive 
dual-wavelength SNARF dye for this purpose. SNARF-loaded 
neutrophils were suspended in media with six different levels of 
pHe ranging from 6.6 to 7.8, in the presence or absence of PMA. 
Changes in pHi were monitored by SNARF wavelength ratios every 
10 min up to 1 h. We limited our analysis to 1 h because neutrophils 
in both control and PMA conditions are viable up to this time point 
(Figure 1; Sytox assays also indicate cell permeability), avoiding the 
extracellular buffers entering any dead cells. Within 10–20 min, the 
changes in pHi of the neutrophils reflected the changes in pHe in 
both control and PMA conditions (Figures 2A,B). The pHi values 
of PMA-treated neutrophils were lower than in control neutrophils 
(the SNARF ratio difference was 0.62; p = 0.001 and p = 0.002) 
over the entire pHe range studied; however, the pHi did not change 
substantially after 10  min (slope of the graphs at 10 and 60 for 
controls: 0.124 vs. 0.126; for PMA: 0.093 vs. 0.095) (Figures 2C,D). 
Activated Nox catalyzes the oxidation of NADPH and generates 
NADP+, electron (e−), and H+, concomitantly transports e− out 
of the cytoplasm but leaves the NADP+ and H+ in the cytoplasm; 
hence, pHi should be lower in PMA-activated neutrophils than 
control neutrophils. The data obtained in this set of experiments 
indicate that activated neutrophils had an acidic pHi, which was 
further reduced by low pHe.

higher ph stimulated rOs Production  
in both resting and PMa-stimulated 
neutrophils
The e− generated by Nox reacts with molecular O2 to generate 
superoxide among other ROS, which are important for NETosis 
(15, 16). Therefore, we measured intracellular ROS by DHR123 as 
previously described (5, 7, 14). Neutrophils were preloaded with 
DHR123 and activated with or without PMA at six different pH 
levels. Generation of oxidized green florescence R123 in these 
neutrophils was monitored every 10 min for 30 min. Raising pH 
stimulated ROS production in both control and PMA-treated 
neutrophils (Figures  3A,B). The magnitude and rates of ROS 
production were higher for PMA-treated than control neutrophils 
(see insets). To confirm increased ROS production, we imaged 
these cells as well as performed flow cytometry analyses at 30 min 
where ROS production was high in PMA-treated cells. These data 
sets show that increasing pH increased ROS production. Elevating 
pH also increased production of ROS in control neutrophils, 
albeit to a lesser degree (Figures  3C,D). Therefore, raising pH 
increased ROS production in neutrophils, and the pH effect was 
enhanced in the presence of the activators of neutrophils.
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FigUre 1 | Low extracellular pH (pHe) suppressed spontaneous and phorbol myristate acetate (PMA)-mediated NETosis. Neutrophils resuspended in media of 
predetermined pHe (6.6, 6.8, 7.0, 7.2, 7.4, 7.6, and 7.8) containing 5 µM Sytox Green dye were activated by either medium (−ve control) or PMA. Florescence was 
recorded by a plate reader for every 30 min up to 4 h. The percentage of DNA release (NETosis) was reported in comparison to an assigned value of 100% for the 
total DNA released by neutrophils lysed by triton-X. (a) The percentage of DNA release kinetics: neutrophils in higher pHe showed more NETosis. The inset 
regression graph of all seven pH conditions at 240-min time points showed a linear increment of the NETosis with increasing pH. (B) In neutrophils activated with 
PMA, low pH suppressed the PMA-induced NETosis parallel to decreased pH gradient, as shown in the kinetics and respective inset linear regression plots (n = 4–5; 
*p < 0.05; two-way ANOVA with Bonferroni’s posttest conducted at each time point; best fit linear regression analysis; error bars represent SEM). (c) Neutrophils 
resuspended in media of pH 6.6, 7.4, and 7.8 were activated by medium (−ve control) or PMA for 120 min. The fixed cells were immunostained for myeloperoxidase 
(MPO) and DNA. Confocal images showed the intact morphology of the nuclei in media control and PMA-activated neutrophils in low pH media. At higher pH, MPO 
colocalized to neutrophil extracellular trap (NET)-DNA generated by control and PMA, although the amount of NETosis was much higher in PMA-activated compared 
to control cells (blue, DAPI staining for DNA; green, MPO; n = 3; scale bar 20 µm). (D) The percentages of normal, decondensed, or puffed and NET-like (NETotic) 
cells were calculated based on the MPO, DAPI staining, MPO-DAPI colocalization, and nuclear morphology. The quantitative analyses confirm the qualitative 
analyses of the NETs status in neutrophils under pH conditions either treated by media only (−ve control) or PMA (n = 3; *p < 0.05, comparing the condition 
between pH 6.6 and 7.8; one-way ANOVA with Tukey’s multiple comparison posttest). See additional details in Figure S1 in Supplementary Material.
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FigUre 2 | Extracellular pH (pHe) altered intracellular pH (pHi) within 10–20 min. pHi of the neutrophils activated with media (−ve control) and phorbol myristate 
acetate (PMA) was estimated from the excitation ratios of Seminaphtharhodafluor (SNARF) fluorescence. (a,B) The time course of the fluorescence ratio analysis 
showed that the change in pHe was followed by a pHi change within 10–20 min. (c,D) Linear regression for two time-points (10 and 60 min) showed that the pHi 
values of PMA-treated neutrophils were lower than the control neutrophils. However, the slopes of the graphs at 10- and 60-min different time points were not 
different (n = 3–4; p-value in each graph shows whether the slope is different than 0; error bars represent SEM).
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nox regulated the ph-Dependent 
increase in spontaneous  
and PMa-Mediated neTosis
Neutrophils can generate ROS either by Nox or mitochondria 
(17, 18). To determine whether pH-dependent NETosis is 
attributable to Nox-mediated ROS production, we repeated the 
NETosis assays, in the presence or absence of the Nox inhibitor 
diphenyleneiodonium (DPI). Sytox Green plate reader assays 
(Figures 4A,B; Figure S2 in Supplementary Material) and confo-
cal microscopy (Figures  4C,D) indicated that DPI suppresses 
both spontaneous and PMA-mediated NETosis. Therefore, like 
PMA-mediated NETosis, spontaneous NETosis was also depend-
ent on Nox activity.

Taken together, these results (Figures 1–4) showed that altera-
tions in pHe led to pHi adjustments within 10–20 min; elevating 
pH stimulated Nox activity and subsequent ROS production and 
thereby enhancing spontaneous and PMA-mediated NETosis 
(PMA > > no PMA). Higher pH facilitated these steps, whereas 

low pH exerted the opposite effect, suppressing both spon-
taneous and PMA-mediated NETosis.

higher ph Promoted histone cleavage 
and Modification during neTosis
In addition to ROS generation, cleavage of histones by granular 
proteases is a key step in Nox-dependent NETosis. Therefore, we 
determined H4 cleavage by Western blot analysis during spontane-
ous and PMA-mediated NETosis across a range of pH conditions. 
No substantial differences were detected during spontaneous 
NETosis. By contrast, a clear pH-dependent increase in H4 cleavage 
was detected during PMA-mediated NETosis. Standardizing H4 
cleavage with GAPDH confirmed the pH-dependent increase in 
histone cleavage (Figures 5A,B). The intensity of all protein bands 
decreased with increasing pH, suggesting that neutrophil proteases 
were more active at higher pH. Therefore, neutrophil proteases that 
are more active at higher pH promote histone cleavage in PMA-
mediated NETosis under more alkaline conditions.
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FigUre 3 | Raising extracellular pH increased reactive oxygen species (ROS) production. Neutrophils preloaded with DHR123 ROS indicator dye in media of 
various pH values were activated with media (−ve control) or phorbol myristate acetate (PMA). The ROS generation kinetics was estimated by a fluorescence plate 
reader up to 30 min post activation. (a,B) The R123-based ROS generation kinetics showed that elevating pH increased ROS production in both control and 
PMA-treated neutrophils. As shown in the inset regression plot, the magnitude and the rate of ROS production were higher for PMA-treated neutrophils than control 
neutrophils (n = 3–4; *p < 0.05, between pH 6.6 and 7.8 conditions at respective time points; two-way ANOVA with Bonferroni’s posttest conducted at each time 
point; best fit non-linear polynomial second-order regression analysis; p-value in each inset graph shows whether the slope is different than 0; error bars represent 
SEM). (c) The ROS generation in neutrophils activated with either control or PMA at pH 6.6, 7.4, or 7.8 was imaged by confocal microscopy. The R123 (green) and 
DNA (blue) fluorescence staining at 30 min showed more ROS at higher pH in both control and PMA-activated neutrophils, although the amount was greater in 
PMA-treated cells (n = 3; scale bar 20 µm). (D) Flow cytometry analyses were performed to detect the ROS production in each cell. DHR123-preloaded neutrophils 
were activated either by media (−ve control) or PMA for 30 min at different pH conditions (pH 6.6, 7.4, and pH 7.8). Mean fluorescence intensities (percentage of 
maximum) showed higher ROS production at higher pH (n = 3; *p < 0.05, between pH 6.6 and 7.8 conditions; one-way ANOVA with Dunnett’s posttest).
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We also examined the degree of CitH3 formation by immu-
nocytochemistry to examine the relevance of PAD4 in the pH-
dependent increase in Nox-dependent NETosis. Some degree of 
CitH3 formation (based on the qualitative examination of CitH3 

immunostaining) was detected at higher pH conditions. The few 
NETotic neutrophils present at higher pH showed CitH3, whereas 
the intact neutrophils did not (Figure S3 in Supplementary Material). 
Nevertheless, CitH3 is hardly detectable in PMA-mediated NETosis 
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FigUre 4 | The Nox inhibitor diphenyleneiodonium (DPI) suppressed a pH-dependent increase in spontaneous and phorbol myristate acetate (PMA)-mediated 
NETosis. The Sytox Green NETosis kinetics were performed using neutrophils at different pHs, activated by medium only (−ve control) or PMA in the presence or 
absence of the Nox inhibitor, DPI. (a,B) As shown in the percentage of DNA release bar graph, DPI suppressed both pH-dependent increases in spontaneous and 
PMA-mediated NETosis (n = 3–4; *p < 0.05; one-way ANOVA with Tukey’s multiple comparison posttest; error bars represent SEM). (c) Confocal images of the 
myeloperoxidase (MPO) and DNA staining confirmed the spontaneous and PMA-mediated NETosis suppression (blue, DAPI staining for DNA; green, MPO; n = 3; 
scale bar 20 µm). (D) The percentages of normal, decondensed or puffed, and neutrophil extracellular trap (NET)-like (NETotic) cells were calculated based on the 
MPO, DAPI staining, MPO-DAPI colocalization, and nuclear morphology. The quantitative analyses confirm the qualitative analyses of the NET status in neutrophils 
under pH conditions either treated by media only (−ve control) or PMA with DPI (n = 3; one-way ANOVA with Tukey’s multiple comparison posttest). See Figure S2 
in Supplementary Material for the NETosis kinetics tracing and regression slope of the NETosis suppression.
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compared to the positive controls (neutro phils activated with 
calcium ionophore A23187). As expected, the degree of CitH3 for-
mation was much less in PMA-mediated Nox-dependent NETosis 

than calcium ionophore-mediated NETosis (4, 5). Therefore, 
raising pH induced a modest degree of CitH3 formation, but the 
contribution of CitH3 to Nox-dependent NETosis is low.
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FigUre 5 | Elevating pH promoted histone cleavage. Histone H4 
immunoblot analysis was performed by using neutrophils stimulated with 
either medium (−ve control) or phorbol myristate acetate (PMA) in different 
pH conditions (6.6, 7.0, 7.4, and 7.8). (a) Histone H4 immunoblot showed a 
pH-dependent increase in H4 cleavage during PMA-mediated NETosis, 
without substantial cleavage observed in spontaneous NETosis. GAPDH 
blots were used as loading controls (n = 3). (B) The densitometry data of 
each H4 band were normalized to the total intensities of both bands. The 
densitometry data showed the increased pH gradient promotes H4 cleavage 
in PMA-mediated NETosis (n = 3; *p < 0.05, comparing between bands I and 
II at their respective pH conditions; one-sample t-test compared to each 
band). See Figure S4 in Supplementary Material, for the full Western blot 
images.
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ph changes had similar effects  
on lPs- and Bacteria-induced neTosis
Gram-negative bacteria, their cell wall component LPS, and 
Gram-positive bacteria induce Nox-dependent NETosis (5, 7, 
19, 20). Therefore, to determine the effect of pH on biologically 
relevant NETosis-inducing agonists, we first tested the effect 
of pH on LPS-mediated NETosis. Sytox Green plate reader 
assays and imaging showed that raising pH stimulated LPS-
mediated NETosis (Figure 6A). Regression analyses conducted 
at the last time point showed a clear pH-dependent effect of 
NETosis (inset). Immunofluorescence confocal microscopy 
and quantifying neutrophil with different nuclear morphology 
and extracellular DNA confirmed the Sytox Green plate reader 
assay findings (Figures 6B,C). Therefore, as with PMA-mediated 
Nox-dependent NETosis, elevating pH stimulated LPS-mediated 
NETosis.

We also tested the effect of pH on NETosis induced by 
pathogens such as the Gram-negative bacterium P. aeruginosa 
and Gram-positive bacterium S. aureus. Like PMA and LPS 
conditions, more NETosis occurred in response to bacteria under 
more alkaline conditions (Figure  7). Collectively, these data 
(Figures 1–7) showed that raising pH increased ROS production, 
protease activity, and NETosis induced under baseline conditions, 

as well as by PMA, LPS, Gram-negative, and Gram-positive 
bacteria. The pH effect was much higher when the NETosis was 
induced by an agonist.

correcting low ph by sodium 
Bicarbonate and Tris Base corrects 
neTosis
Different compounds can be used for adjusting pH. Bicarbonate 
and Tris are two compounds that can be used to increase pH 
in humans. Theoretically, each Tris molecule can bind to three 
H+ ions, whereas each bicarbonate ion can neutralize one H+ 
ion. Hence, we tested the efficiency of these compounds in 
modulating NETosis. To increase the pH of the media from 6.6 
to various pHs, Tris solutions required smaller volumes than 
the equimolar bicarbonate solutions (Figure 8A). Neutrophils 
in low pH (6.6) media were activated by negative control 
(medium), PMA, or LPS to induce NETosis. After 30 min, the 
pH was adjusted by adding precalculated amounts of sodium 
bicarbonate or Tris to 7.4, and NETosis kinetics were recorded. 
The percentage of DNA release graphs show that the pH eleva-
tion from 6.6 to 7.4 enabled these neutrophils to undergo effec-
tive NETosis (Figures 8B–D). Therefore, both bicarbonate and 
Tris base (or THAM) could be used for increasing the pH and 
subsequently promoting NETosis. Tris requires much smaller 
volumes than bicarbonate solutions to adjust the pH, hence, 
this trivalent molecule may be a better treatment option than 
bicarbonate.

DiscUssiOn

Infection and inflammation can alter the pH of affected tissues. 
Open wounds, tumors, ducts from several glands, and airway 
secretions show variable baseline pH, which change under 
disease conditions (21–24). Neutrophils that extravasate into 
infected and/or inflamed tissues or body fluids will be exposed 
to various pH conditions [e.g., pH is high in pancreatitis; low 
in cystic fibrosis (CF) airways; and moderate in arthritis joints] 
(25–29). How the pHe regulates Nox-dependent NETosis was 
not clearly established. In this study, we showed that modulation 
of pHe led to pHi adjustments and that elevating pH promoted 
spontaneous, as well as PMA-, LPS- and bacteria-induced, Nox-
dependent NETosis. Our data provide key mechanistic details 
and show that high pH increased ROS production and histone 
cleavage to promote NETosis (Figure 9). These findings clarify 
the regulation of NETosis in various organs during infectious and 
inflammatory conditions and indicate that pH modification may 
alter neutrophil function in such conditions.

We and others have reported varying levels of background 
NETosis (4–7, 30). However, the factors and mechanisms that 
regulate spontaneous NETosis are not well understood. Our 
present study showed that pH is a key regulator of spontaneous 
NETosis (Figure 1). It is interesting that modulation of pHe rap-
idly altered the pHi of resting neutrophils (Figure 2). pHe changed 
the pHi at a rate of 0.05 pH unit/min, under different buffer 
conditions (31–34). At this rate, pHe from 7.34 to 6.6 and 7.8 
would equilibrate with pHi within 14.8 and 9.2 min, respectively. 
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FigUre 6 | Elevating pH increased lipopolysaccharide (LPS)-mediated NETosis. (a) Sytox Green NETosis kinetics was performed in neutrophils activated with LPS 
(25 µg/mL) under conditions of pH 6.6, 6.8, 7.0, 7.2, 7.4, 7.6, or 7.8. The percentage of DNA release data showed that elevated pH promoted more NETosis in 
LPS-activated cells. The inset regression graph of the seven pH tracings showed an increment of the NETosis during elevated pH conditions in LPS-activated cells 
(n = 4–5; *p < 0.05, between pH 6.6 and 7.8 conditions at specified time points; two-way ANOVA with Bonferroni’s posttest conducted at each time point; best fit 
non-linear polynomial second-order regression analysis; error bars represent SEM). (B) Confocal images of the myeloperoxidase (MPO) and DNA staining confirmed 
that the increasing pH increased LPS-mediated NETosis (blue, DAPI staining for DNA; green, MPO; n = 3; scale bar 20 µm). (c) The percentages of cell counting 
(quantitative analyses) confirm the qualitative analyses of the neutrophil extracellular trap (NET) status in neutrophils under pH conditions by LPS (n = 3; *p < 0.05, 
between pH 6.6 and 7.8 conditions; one-way ANOVA with Tukey’s multiple comparison posttest).
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Therefore, the values obtained in our experiments match with the 
rate of ~0.05 pH unit/min.

Accumulation of the product of the NADPH oxidase reaction 
(H+ ions or acidic pH) inhibits the activity of the enzyme (35, 36),  

and the pH optimum for Nox activity is slightly basic (pH ~7.5) 
(35–37). Although the amount of ROS generated at baseline 
is low, raising pH increased ROS in unstimulated neutrophils, 
albeit in smaller quantities (Figure 3). DPI is an inhibitor of Nox  
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FigUre 7 | Elevating pH increased Pseudomonas aeruginosa and Staphylococcus aureus bacteria-mediated NETosis. (a,B) A typical tracing of the percentage of 
DNA release kinetics of the neutrophils activated either by P. aeruginosa or S. aureus showed more NETosis at higher pHs. The inset regression graph of all seven 
pH conditions at 240-min time points showed a linear increment of the NETosis with increasing pH (n = 3–4; best fit linear regression analysis; *p < 0.05, comparing 
between pH 6.6 and 7.8 conditions). (c) Live cell images of the neutrophils activated with either by P. aeruginosa or S. aureus was performed at 120-min post 
activation. Live cell images stained with Hoechst dye and Sytox Green showed more NETosis occurring in response to bacteria at higher pHs (blue, Hoechst dye 
staining live cell DNA; green, Sytox Green impermeable DNA staining dye; n = 3, scale bar 20 µm).
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activity (5, 7) and suppressed spontaneous NETosis (Figure  4; 
Figure S2 in Supplementary Material); hence, Nox regulated the 
baseline NETosis. Therefore, increased baseline NETosis due to 
an elevation of pH was attributable to increased Nox activity and 
subsequent ROS production.

Citrullination of H3 can facilitate the chromatin decon-
densation necessary for NETosis when intracellular calcium 
concentrations are high (4, 5, 38). In resting neutrophils, 
CitH3 formation occurred only in the subpopulation of cells 
undergoing NETosis. This was apparent at higher pH (Figure 
S3 in Supplementary Material), indicating that PAD4 activity 
increased with increasing pH (39, 40); however, the levels of 

CitH3 formation was much lower in these cells compared to the 
conditions that increase intracellular calcium (4, 5, 7). While 
our manuscript is in preparation, studies showed that CitH3 
increases with elevating pH in pancreas via increased PAD4 
activity (27) and with increased bicarbonate concentrations (34). 
Our recent studies further showed that in response to calcium 
ionophores, the levels of intracellular calcium, mitochondrial 
ROS, CitH3 formation, and subsequent Nox-independent 
NETosis drastically increase with increasing pH (41). Therefore, 
raising pH stimulated spontaneous NETosis via Nox-dependent 
ROS production and, to a limited extent, due to the activity of 
citrullination of histones.
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FigUre 8 | Correcting low pH by sodium bicarbonate and Tris base (THAM) corrects NETosis. (a) The low pH media (pH 6.6) were raised by adding either 
equimolar sodium bicarbonate or Tris base to raise pH to different levels. The titration analyses show that much higher volume of sodium bicarbonate 
solution is needed to correct the pH than Tris solution. (B–D) Neutrophils in low pH (6.6) media containing 5 µM Sytox Green dye were activated by either 
negative control (media), phorbol myristate acetate (PMA), or lipopolysaccharide (LPS). After 30 min, pH of the buffer was increased either sodium 
bicarbonate or Tris to 7.4. (B–D) The percentage of DNA release kinetics show that pH correction either by sodium bicarbonate or Tris base, clinically known 
as THAM (from 6.6 to 7.4), increases NETosis compared to low pH (6.6) condition. Collectively, the data show that the pH correction (from 6.6 to 7.4) helps 
neutrophils to undergo NETosis (n = 3; *p < 0.05, comparing between pH 6.6 and Tris base (6.6–7.8) conditions; two-way ANOVA with Bonferroni’s posttest 
conducted at each time point; one-sample t-test). See Figure S5 in Supplementary Material, for the percentage of DNA release bar graph of the last time 
point (210 min).
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The magnitudes of the effects of pH on activated neutrophils 
were substantially different from resting neutrophils (Figure 1). 
PMA-activated neutrophils produced much higher NETosis 
compared to resting cells, and the effect of raised pH on NETosis 
was also greater. Based on morphology, MPO immunostaining 
and quantifying NETosis using images clearly showed typical 
NETosis (4, 5, 7). Therefore, pH appeared to exert different 
effects on PMA-mediated NETosis compared to spontaneous 
NETosis. SNARF fluorescence analyses showed that pHe changed 
pHi within 10  min, just as in resting neutrophils (Figure  2). 
However, the slope of the PMA regression line was lower than 
for resting neutrophils (0.093 vs. 0.124 SNARF ratio increase/pH 
unit). PMA-treated neutrophils are known to activate Nox, which 
generates H+ ions and reduces pH in the cytoplasm during ROS 
production (42, 43). Lower pH in PMA-activated compared to 
resting neutrophils reflected activation of Nox. Nevertheless, pHe 
changes pHi regardless of the activation status of the cells.

Reactive oxygen species levels in PMA-activated neutro-
phils are several orders of magnitude higher than in resting 
neutrophils (~3–5-fold). The pH-mediated change in ROS 
production was also much higher in PMA-stimulated cells 

than in resting neutrophils (non-linear slope with the positive 
factors of 268x +  1.7x3 for resting control vs. 616x +  3.9x3 for 
PMA stimulation; see the full equation on inset of Figure  3). 
These equations show that the effect of pH on ROS is higher at a 
high pH. DPI, a known inhibitor of Nox (5, 7), suppressed ROS 
production over the entire pH range tested. Therefore, Nox was 
the major contributor of ROS in these neutrophils (Figure  4). 
The effect of pH on Nox activity and ROS production reported 
here was consistent with previous studies on the effect of pH on 
ROS production (44–46) and recent reports on NETosis (13, 34),  
except an early study that reported the opposite effect of pH on 
NETosis (47). Therefore, pH was a key regulator of ROS that 
controls Nox-dependent NETosis.

Histone cleavage and transcription facilitate chromatin 
decondensation (4, 19, 48, 49). Although resting neutrophils did 
not show changes in histone cleavage with increasing pH, PMA-
mediated NETosis showed a clear increase in histone cleavage at 
higher pH (Figure 5). The pH optimum of neutrophil proteases 
is alkaline (50, 51), and granular proteins enter the nuclei during 
NETosis (42). Histone H4 cleavage was reported during NETosis 
and is considered to be an important step involved in chromatin 
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FigUre 9 | Elevated pHi stimulates reactive oxygen species (ROS) 
production and histone H4 cleavage to regulate spontaneous and 
Nox-dependent NETosis. As the NADPH oxidase (Nox-2) activity triggered, 
electrons from cytoplasmic NADPH are translocated inside the phagosome 
or extracellularly, to form superoxide anions O2

−⋅ from O2 molecules. For each 
electron shifted into the phagosome, one proton is left in the cytoplasm, 
decreasing intracellular pH (pHi) and increasing phagosome pH. This helps in 
myeloperoxidase (MPO) activity to produce HOCl. Here, the increased 
extracellular pH alters the pHi within ~10 min. The increase in pHi increases 
ROS production and promotes histone H4 cleavage. Collectively, the increase 
in ROS and H4 cleavage regulate the pH-dependent spontaneous and 
phorbol myristate acetate (PMA)-mediated Nox-dependent NETosis.
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decondensation (19, 52). CitH3 formation is not a major event 
during Nox-dependent NETosis (4, 5), and immunostaining 
showed only a slight increase in CitH3 formation at higher pH 
(Figure S3 in Supplementary Material). Therefore, neutrophil 
proteases could effectively cleave histones at increasing pH to 
facilitate chromatin decondensation during agonist-induced 
NETosis. This is a key finding that may explain the relevance 
of higher pH for increasing NETosis. Although acidic pH 
suppresses NETosis, either sodium bicarbonate or Tris base, 

Tris hydroxymethyl aminomethane, is clinically referred to 
as THAM, effectively corrects the pH and increase NETosis 
(Figure 8). Correcting pH could be a promising approach for 
correcting the low pH-mediated suppression of NETosis.

Several studies including our own showed that LPS and bacte-
ria can induce NETosis (4, 7, 8, 30, 53). We have recently shown 
that increasing LPS concentrations and bacterial load promote 
Nox-dependent NETosis (7). The effect of higher pH increas-
ing NETosis is not restricted to the prototypic Nox-dependent 
NETosis-inducing agonist PMA. The same pH effect was seen for 
biologically relevant ligands such as LPS and bacteria (Figures 7 
and 9). Therefore, pH was an important factor affecting NET 
induction by both Gram-negative (Escherichia coli LPS and  
P. aeruginosa) and Gram-positive (S. aureus) bacteria.

The findings reported in this study may suggest that regulat-
ing pH could be a therapeutic option for treating inflammatory 
conditions and NET-related diseases. For example, nasal and air-
way surface liquid in patients with CF is acidic (pH of ~5.2–7.1) 
compared to healthy people (pH of ~7.1–7.9) (44, 54, 55), and 
CF airways are often chronically infected with P. aeruginosa or 
S. aureus (1, 44, 56). Large numbers of neutrophils infiltrate the 
CF lung and accumulate in the lumen of the airways (1, 37). 
Although CF neutrophils undergo NETosis ex vivo, it remains 
unclear whether NETosis is compromised in CF in vivo. Elevating 
pH in CF airways could be a potential intervention aiming to 
improve NETosis and neutrophil homeostasis.

In summary, our present study showed that raising pH in neu-
trophils stimulated Nox activity and ROS production essential 
for NETosis, particularly during agonist-induced Nox-dependent 
NETosis. Neutrophil proteases have been shown to be important 
for NETosis (57, 58). At higher pH, proteases that entered NETotic 
nuclei could cleave histones more effectively due to their high 
pH optima. Therefore, high pH facilitates NETosis whereas low 
pH suppresses NETosis (Figure 9). Clinically used compounds 
such as sodium bicarbonate and THAM effectively raise pH and 
promote NETosis, suggesting the possibility of these compounds 
correcting defective NETosis in vivo.

eThics sTaTeMenT

This study protocol for using human blood samples was approved 
by the ethics committee of The Hospital for Sick Children, 
Toronto. All the procedures including healthy human volunteer 
recruitment for blood donation were performed in accordance 
with the ethics committee guidelines. All the volunteers participat-
ing in this study gave their signed consent prior to the blood draw.

aUThOr cOnTriBUTiOns

MK, LP, GC, and SV conducted experiments; MK and LP inter-
preted the data, prepared figures, and the manuscript; NS and 
HG interpreted the data and edited the manuscript. NP is the 
principal investigator, conceived the idea, planned experiments, 
supervised the study, interpreted the data, and prepared and 
edited the manuscript.

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


14

Khan et al. Mechanism of pH-Mediated Regulation of Nox-Dependent NETosis

Frontiers in Medicine | www.frontiersin.org February 2018 | Volume 5 | Article 19

reFerences

1. Cheng OZ, Palaniyar N. NET balancing: a problem in inflammatory lung 
diseases. Front Immunol (2013) 4:1. doi:10.3389/fimmu.2013.00001 

2. Kolaczkowska E, Kubes P. Neutrophil recruitment and function in health and 
inflammation. Nat Rev Immunol (2013) 13(3):159–75. doi:10.1038/nri3399 

3. Soehnlein O, Steffens S, Hidalgo A, Weber C. Neutrophils as protagonists 
and targets in chronic inflammation. Nat Rev Immunol (2017) 17(4):248–61. 
doi:10.1038/nri.2017.10 

4. Khan MA, Palaniyar N. Transcriptional firing helps to drive NETosis. Sci Rep 
(2017) 7:41749. doi:10.1038/srep41749 

5. Douda DN, Khan MA, Grasemann H, Palaniyar N. SK3 channel and mito-
chondrial ROS mediate NADPH oxidase-independent NETosis induced by 
calcium influx. Proc Natl Acad Sci U S A (2015) 112(9):2817–22. doi:10.1073/
pnas.1414055112 

6. Douda DN, Yip L, Khan MA, Grasemann H, Palaniyar N. Akt is 
essential to induce NADPH-dependent NETosis and to switch the neu-
trophil death to apoptosis. Blood (2014) 123(4):597–600. doi:10.1182/
blood-2013-09-526707 

7. Khan MA, Farahvash A, Douda DN, Licht JC, Grasemann H, Sweezey N, et al. 
JNK activation turns on LPS- and Gram-negative bacteria-induced NADPH 
oxidase-dependent suicidal NETosis. Sci Rep (2017) 7(1):3409. doi:10.1038/
s41598-017-03257-z 

8. Pieterse E, Rother N, Yanginlar C, Hilbrands LB, van der Vlag J. Neutrophils 
discriminate between lipopolysaccharides of different bacterial sources and 
selectively release neutrophil extracellular traps. Front Immunol (2016) 7:484. 
doi:10.3389/fimmu.2016.00484 

9. Gupta AK, Giaglis S, Hasler P, Hahn S. Efficient neutrophil extracellular 
trap induction requires mobilization of both intracellular and extracellular  
calcium pools and is modulated by cyclosporine A. PLoS One (2014) 9(5): 
e97088. doi:10.1371/journal.pone.0097088 

10. Vlasova II, Arnhold J, Osipov AN, Panasenko OM,  pH-dependent regula-
tion of myeloperoxidase activity. Biochemistry (Mosc) (2006) 71(6):667–77. 
doi:10.1134/S0006297906060113 

11. Korkmaz B, Moreau T, Gauthier F. Neutrophil elastase, proteinase 3 and 
cathepsin G: physicochemical properties, activity and physiopathological 
functions. Biochimie (2008) 90(2):227–42. doi:10.1016/j.biochi.2007.10.009 

12. Levine AP, Duchen MR, de Villiers S, Rich PR, Segal AW. Alkalinity of neu-
trophil phagocytic vacuoles is modulated by HVCN1 and has consequences 
for myeloperoxidase activity. PLoS One (2015) 10(4):e0125906. doi:10.1371/
journal.pone.0125906 

13. Behnen M, Möller S, Brozek A, Klinger M, Laskay T. Extracellular acidi-
fication inhibits the ROS-dependent formation of neutrophil extracellular 
traps. Front Immunol (2017) 8:184. doi:10.3389/fimmu.2017.00184 

14. Djiadeu P, Azzouz D, Khan MA, Kotra LP, Sweezey N, Palaniyar N. Ultraviolet 
irradiation increases green fluorescence of dihydrorhodamine (DHR) 123: 
false-positive results for reactive oxygen species generation. Pharmacol Res 
Perspect (2017) 5(2):e00303. doi:10.1002/prp2.303 

15. Grinstein S, Swallow CJ, Rotstein OD. Regulation of cytoplasmic pH in 
phagocytic cell function and dysfunction. Clin Biochem (1991) 24(3):241–7. 
doi:10.1016/0009-9120(91)80014-T 

16. Panday A, Sahoo MK, Osorio D, Batra S. NADPH oxidases: an overview 
from structure to innate immunity-associated pathologies. Cell Mol Immunol 
(2015) 12(1):5–23. doi:10.1038/cmi.2014.89 

17. Kirchner T, Möller 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 

18. Dan Dunn J, Alvarez LA, Zhang X, Soldati T. Reactive oxygen species and 
mitochondria: a nexus of cellular homeostasis. Redox Biol (2015) 6:472–85. 
doi:10.1016/j.redox.2015.09.005 

19. 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 

20. Kaplan MJ, Radic M. Neutrophil extracellular traps: double-edged swords 
of innate immunity. J Immunol (2012) 189(6):2689–95. doi:10.4049/
jimmunol.1201719 

21. Edlow DW, Sheldon WH. The pH of inflammatory exudates. Proc Soc Exp Biol 
Med (1971) 137(4):1328–32. doi:10.3181/00379727-137-35782 

22. Tannock IF, Rotin D. Acid pH in tumors and its potential for therapeutic 
exploitation. Cancer Res (1989) 49(16):4373–84. 

23. Schornack PA, Gillies RJ. Contributions of cell metabolism and H+ diffusion 
to the acidic pH of tumors. Neoplasia (2003) 5(2):135–45. doi:10.1016/S1476- 
5586(03)80005-2 

24. Fischer H, Widdicombe JH. Mechanisms of acid and base secretion by 
the airway epithelium. J Membr Biol (2006) 211(3):139–50. doi:10.1007/
s00232-006-0861-0 

25. Kellum JA. Determinants of blood pH in health and disease. Crit Care (2000) 
4(1):6–14. doi:10.1186/cc644 

26. Aoi W, Marunaka Y. Importance of pH homeostasis in metabolic health and 
diseases: crucial role of membrane proton transport. Biomed Res Int (2014) 
2014:598986. doi:10.1155/2014/598986 

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

28. Cummings NA, Nordby GL. Measurement of synovial fluid pH in normal 
and arthritic knees. Arthritis Rheum (1966) 9(1):47–56. doi:10.1002/
art.1780090106 

29. Kearney PL, Bhatia M, Jones NG, Yuan L, Glascock MC, Catchings KL, et al. 
Kinetic characterization of protein arginine deiminase 4: a transcriptional 
corepressor implicated in the onset and progression of rheumatoid arthritis. 
Biochemistry (2005) 44(31):10570–82. doi:10.1021/bi050292m 

30. 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/IAI.00050-12 

31. Fellenz MP, Gerweck LE. Influence of extracellular pH on intracellular pH  
and cell energy status: relationship to hyperthermic sensitivity. Radiat Res 
(1988) 116(2):305–12. doi:10.2307/3577466 

32. Kasserra CE, Jones DR, Kushmerick MJ. Relationship between intracellular 
pH, extracellular pH, and ventilation during dilution acidosis. J Appl Physiol 
(1985) (1994) 76(2):806–12. doi:10.1152/jappl.1994.76.2.806 

33. Weisman SJ, Punzo A, Ford C, Sha’afi RI. Intracellular pH changes during 
neutrophil activation: Na+/H+ antiport. J Leukoc Biol (1987) 41(1):25–32. 
doi:10.1002/jlb.41.1.25 

34. Maueroder C, Mahajan A, Paulus S, Gößwein S, Hahn J, Kienhöfer D, 
et  al. Menage-a-Trois: the ratio of bicarbonate to CO2 and the pH regulate 
the capacity of neutrophils to form NETs. Front Immunol (2016) 7:583. 
doi:10.3389/fimmu.2016.00583 

acKnOWleDgMenTs

This study was supported by research grants of Canadian Institutes 
of Health Research (MOP-111012 to NP), Cystic Fibrosis 
Canada (Discovery Grant 3180 to NP; 3029 to NS and NP)  
and Natural Sciences and Engineering Research Council of 
Canada (RGPIN436250-13 to NP). MK is a recipient of a Mitacs 
Elevate Postdoctoral Fellowship. We thank Mahdi Montazer 
Haghighi for participating in initial optimization experiments. 

We also thank the SickKids Imaging core facility for providing 
microscopy support service, fluorescence microplate reader, and 
Image Studio software for densitometry analysis.

sUPPleMenTarY MaTerial

The Supplementary Material for this article can be found online 
at http://www.frontiersin.org/articles/10.3389/fmed.2018.00019/
full#supplementary-material.

http://www.frontiersin.org/Medicine
http://www.frontiersin.org
http://www.frontiersin.org/Medicine/archive
https://doi.org/10.3389/fimmu.2013.00001
https://doi.org/10.1038/nri3399
https://doi.org/10.1038/nri.2017.10
https://doi.org/10.1038/srep41749
https://doi.org/10.1073/pnas.1414055112
https://doi.org/10.1073/pnas.1414055112
https://doi.org/10.1182/blood-2013-09-526707
https://doi.org/10.1182/blood-2013-09-526707
https://doi.org/10.1038/s41598-017-03257-z
https://doi.org/10.1038/s41598-017-03257-z
https://doi.org/10.3389/fimmu.2016.00484
https://doi.org/10.1371/journal.pone.0097088
https://doi.org/10.1134/S0006297906060113
https://doi.org/10.1016/j.biochi.2007.10.009
https://doi.org/10.1371/journal.pone.0125906
https://doi.org/10.1371/journal.pone.0125906
https://doi.org/10.3389/fimmu.2017.00184
https://doi.org/10.1002/prp2.303
https://doi.org/10.1016/0009-9120(91)80014-T
https://doi.org/10.1038/cmi.2014.89
https://doi.org/10.1155/2012/849136
https://doi.org/10.1016/j.redox.2015.09.005
https://doi.org/10.4049/jimmunol.180.3.1895
https://doi.org/10.4049/jimmunol.180.3.1895
https://doi.org/10.4049/jimmunol.1201719
https://doi.org/10.4049/jimmunol.1201719
https://doi.org/10.3181/00379727-137-35782
https://doi.org/10.1016/S1476-
5586(03)80005-2
https://doi.org/10.1016/S1476-
5586(03)80005-2
https://doi.org/10.1007/s00232-006-0861-0
https://doi.org/10.1007/s00232-006-0861-0
https://doi.org/10.1186/cc644
https://doi.org/10.1155/2014/598986
https://doi.org/10.1038/ncomms10973
https://doi.org/10.1002/art.1780090106
https://doi.org/10.1002/art.1780090106
https://doi.org/10.1021/bi050292m
https://doi.org/10.1128/IAI.00050-12
https://doi.org/10.2307/3577466
https://doi.org/10.1152/jappl.1994.76.2.806
https://doi.org/10.1002/jlb.41.1.25
https://doi.org/10.3389/fimmu.2016.00583
http://www.frontiersin.org/articles/10.3389/fmed.2018.00019/full#supplementary-material
http://www.frontiersin.org/articles/10.3389/fmed.2018.00019/full#supplementary-material


15

Khan et al. Mechanism of pH-Mediated Regulation of Nox-Dependent NETosis

Frontiers in Medicine | www.frontiersin.org February 2018 | Volume 5 | Article 19

35. Henderson LM, Chappell JB, Jones OT. Internal pH changes associated with 
the activity of NADPH oxidase of human neutrophils. Further evidence for 
the presence of an H+ conducting channel. Biochem J (1988) 251(2):563–7. 
doi:10.1042/bj2510563 

36. Jankowski A, Scott CC, Grinstein S. Determinants of the phagosomal pH in 
neutrophils. J Biol Chem (2002) 277(8):6059–66. doi:10.1074/jbc.M110059200 

37. Conese M, Copreni E, Di Gioia S, De Rinaldis P, Fumarulo R. Neutrophil 
recruitment and airway epithelial cell involvement in chronic cystic fibrosis lung 
disease. J Cyst Fibros (2003) 2(3):129–35. doi:10.1016/S1569-1993(03)00063-8 

38. Giaglis S, Stoikou M, Sur Chowdhury C, Schaefer G, Grimolizzi F, Rossi SW, 
et al. Multimodal regulation of NET formation in pregnancy: progesterone 
antagonizes the pro-NETotic effect of estrogen and G-CSF. Front Immunol 
(2016) 7:565. doi:10.3389/fimmu.2016.00565 

39. Knuckley B, Bhatia M, Thompson PR. Protein arginine deiminase 4: evidence 
for a reverse protonation mechanism. Biochemistry (2007) 46(22):6578–87. 
doi:10.1021/bi700095s 

40. Lewis HD, Liddle J, Coote JE, Atkinson SJ, Barker MD, Bax BD, et al. Inhibition 
of PAD4 activity is sufficient to disrupt mouse and human NET formation.  
Nat Chem Biol (2015) 11(3):189–91. doi:10.1038/nchembio.1735 

41. Naffah de Souza C, Breda LCD, Khan MA, Almeida SR, Câmara NOS, Sweezey 
N, et al. Alkaline pH promotes NADPH oxidase-independent NETosis: a mat-
ter of mitochondrial ROS generation and histones citrullination and cleavage. 
Front Immunol (2017) 8:1849. doi:10.3389/fimmu.2017.01849

42. 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 

43. 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/jlb.1211601 

44. Coakley RJ, Taggart C, McElvaney NG, O’Neill SJ. Cytosolic pH and the inflam-
matory microenvironment modulate cell death in human neutrophils after 
phagocytosis. Blood (2002) 100(9):3383–91. doi:10.1182/blood.V100.9.3383 

45. Simchowitz L, Roos A. Regulation of intracellular pH in human neutrophils. 
J Gen Physiol (1985) 85(3):443–70. doi:10.1085/jgp.85.3.443 

46. Nanda A, Brumell JH, Nordström T, Kjeldsen L, Sengelov H, Borregaard N,  
et  al. Activation of proton pumping in human neutrophils occurs by exo-
cytosis of vesicles bearing vacuolar-type H+-ATPases. J Biol Chem (1996) 
271(27):15963–70. doi:10.1074/jbc.271.27.15963 

47. Lapponi MJ, Carestia A, Landoni VI, Rivadeneyra L, Etulain J, Negrotto S, et al. 
Regulation of neutrophil extracellular trap formation by anti-inflammatory  
drugs. J Pharmacol Exp Ther (2013) 345(3):430–7. doi:10.1124/jpet.112.202879 

48. 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 

49. Zabieglo K, Majewski P, Majchrzak-Gorecka M, Wlodarczyk A, Grygier B, 
Zegar A, et al. The inhibitory effect of secretory leukocyte protease inhibitor 
(SLPI) on formation of neutrophil extracellular traps. J Leukoc Biol (2015) 
98(1):99–106. doi:10.1189/jlb.4AB1114-543R 

50. Barrett AJ. Leukocyte elastase. Methods Enzymol (1981) 80(Pt C):581–8. 
doi:10.1016/S0076-6879(81)80046-8 

51. Segal AW. How neutrophils kill microbes. Annu Rev Immunol (2005) 
23:197–223. doi:10.1146/annurev.immunol.23.021704.115653 

52. Kawasaki H, Iwamuro S. Potential roles of histones in host defense as antimi-
crobial agents. Infect Disord Drug Targets (2008) 8(3):195–205. doi:10.2174/ 
1871526510808030195 

53. Yuen J, Pluthero FG, Douda DN, Riedl M, Cherry A, Ulanova M, et  al. 
NETosing neutrophils activate complement both on their own NETs and 
bacteria via alternative and non-alternative pathways. Front Immunol (2016) 
7:137. doi:10.3389/fimmu.2016.00137 

54. McShane D, Davies JC, Davies MG, Bush A, Geddes DM, Alton EW. Airway 
surface pH in subjects with cystic fibrosis. Eur Respir J (2003) 21(1):37–42.  
doi:10.1183/09031936.03.00027603 

55. Cho DY, Hwang PH, Illek B, Fischer H. Acid and base secretion in freshly 
excised nasal tissue from cystic fibrosis patients with DeltaF508 mutation. Int 
Forum Allergy Rhinol (2011) 1(2):123–7. doi:10.1002/alr.20028 

56. Goss CH, Muhlebach MS. Review: Staphylococcus aureus and MRSA in 
cystic fibrosis. J Cyst Fibros (2011) 10(5):298–306. doi:10.1016/j.jcf.2011. 
06.002 

57. Morgan D, Capasso M, Musset B, Cherny VV, Ríos E, Dyer MJ, et  al. 
Voltage-gated proton channels maintain pH in human neutrophils during 
phagocytosis. Proc Natl Acad Sci U S A (2009) 106(42):18022–7. doi:10.1073/
pnas.0905565106 

58. Capasso M, DeCoursey TE, Dyer MJ. pH regulation and beyond: unantici-
pated functions for the voltage-gated proton channel, HVCN1. Trends Cell 
Biol (2011) 21(1):20–8. doi:10.1016/j.tcb.2010.09.006 

Conflict of Interest Statement: NP filed a patent to regulate NETosis for treating 
infectious, inflammatory, and autoimmune diseases and was a consultant to Kyowa 
Hakko Kirin, Co., Ltd. All other 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 © 2018 Khan, Philip, Cheung, Vadakepeedika, Grasemann, Sweezey and 
Palaniyar. 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) and the copyright owner 
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.

http://www.frontiersin.org/Medicine
http://www.frontiersin.org
http://www.frontiersin.org/Medicine/archive
https://doi.org/10.1042/bj2510563
https://doi.org/10.1074/jbc.M110059200
https://doi.org/10.1016/S1569-1993(03)00063-8
https://doi.org/10.3389/fimmu.2016.00565
https://doi.org/10.1021/bi700095s
https://doi.org/10.1038/nchembio.1735
https://doi.org/10.3389/fimmu.2017.01849
https://doi.org/10.1083/jcb.200606027
https://doi.org/10.1189/jlb.1211601
https://doi.org/10.1182/blood.V100.9.3383
https://doi.org/10.1085/jgp.85.3.443
https://doi.org/10.1074/jbc.271.27.15963
https://doi.org/10.1124/jpet.112.202879
https://doi.org/10.1083/jcb.201006052
https://doi.org/10.1189/jlb.4AB1114-543R
https://doi.org/10.1016/S0076-6879(81)80046-8
https://doi.org/10.1146/annurev.immunol.23.021704.115653
https://doi.org/10.2174/1871526510808030195
https://doi.org/10.2174/1871526510808030195
https://doi.org/10.3389/fimmu.2016.00137
https://doi.org/10.1183/09031936.03.00027603
https://doi.org/10.1002/alr.20028
https://doi.org/10.1016/j.jcf.2011.
06.002
https://doi.org/10.1016/j.jcf.2011.
06.002
https://doi.org/10.1073/pnas.0905565106
https://doi.org/10.1073/pnas.0905565106
https://doi.org/10.1016/j.tcb.2010.09.006
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Regulating NETosis: Increasing pH Promotes NADPH Oxidase-Dependent NETosis
	Introduction
	Materials and Methods
	Research Ethics Board Approval
	Buffer and Reagent Preparation
	Primary Human Neutrophils Isolation
	SNARF Preparation pHi Detection
	ROS Detection Assay
	Flow Cytometry
	Sytox Green NETosis Assay
	Immunofluorescence Confocal Imaging
	Immunoblot Analysis
	Bacterial Culture
	Statistical Analysis

	Results
	High pH Promotes Spontaneous 
and PMA-Induced NETosis
	Changes in pHe Rapidly Altered pHi
	Higher pH Stimulated ROS Production 
in both Resting and PMA-Stimulated Neutrophils
	Nox Regulated the pH-Dependent Increase in Spontaneous 
and PMA-Mediated NETosis
	Higher pH Promoted Histone Cleavage and Modification during NETosis
	pH Changes Had Similar Effects 
on LPS- and Bacteria-Induced NETosis
	Correcting Low pH by Sodium Bicarbonate and Tris Base Corrects NETosis

	Discussion
	Ethics Statement
	Author Contributions
	Acknowledgments
	Supplementary Material
	References




