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ABSTRACT

Inflammation is a series of host defense processes in response to microbial infection and 
tissue injury. Inflammatory processes frequently cause extracellular acidification in the 
inflamed region through increased glycolysis and lactate secretion. Therefore, the immune 
cells infiltrating the inflamed region encounter an acidic microenvironment. Extracellular 
acidosis can modulate the innate immune response of macrophages; however, its role 
for inflammasome signaling still remains elusive. In the present study, we demonstrated 
that macrophages exposed to an acidic microenvironment exhibited enhanced caspase-1 
processing and IL-1β secretion compared with those under physiological pH. Moreover, 
exposure to an acidic pH increased the ability of macrophages to assemble the NLR family 
pyrin domain containing 3 (NLRP3) inflammasome in response to an NLRP3 agonist. 
This acidosis-mediated augmentation of NLRP3 inflammasome activation occurred in 
bone marrow-derived macrophages but not in bone marrow-derived neutrophils. Notably, 
exposure to an acidic environment caused a reduction in the intracellular pH of macrophages 
but not neutrophils. Concordantly, macrophages, but not neutrophils, exhibited NLRP3 
agonist-mediated translocation of chloride intracellular channel protein 1 (CLIC1) into their 
plasma membranes under an acidic microenvironment. Collectively, our results demonstrate 
that extracellular acidosis during inflammation can increase the sensitivity of NLRP3 
inflammasome formation and activation in a CLIC1-dependent manner. Thus, CLIC1 may be 
a potential therapeutic target for NLRP3 inflammasome-mediated pathological conditions.

Keywords: Acidosis; NLR family, pyrin domain-containing 3 protein (NLRP3); 
Inflammasome; Chloride channels; Inflammation

INTRODUCTION

Inflammation is an immune cell-mediated host defense response against microbial 
infection, tissue damage, or cellular stress. The inflammatory response ultimately 
neutralizes the threat and restores homeostasis (1). Despite its essential role in infection 
and repair, inflammation is often accompanied by increased acidity in the affected region. 
The reduction in extracellular pH is caused by the extensive infiltration and activation of 
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immune cells in the inflamed region, consequently forming a hypoxic microenvironment. 
The glycolytic metabolism rate in inflammatory cells is enhanced with the increased 
demand for energy and oxygen. Consequently, the secreted lactic acid accumulates in the 
extracellular space, leading to an acidic environment, a condition called acidosis (2-4). 
Although body fluids possess efficient pH-buffering mechanisms, local or systemic pH 
fluctuations frequently occur under inflammatory conditions. Tissue acidosis has been 
observed in patients with infections, ischemia, or autoimmune diseases (5-8). This acidic 
microenvironment may modulate the degree of the immune response by the surrounding 
immune cells (9); however, the processes involved in acidosis-mediated immune 
modulation require additional clarification.

During inflammation, the recruited and infiltrated immune cells in the inflamed region 
encounter this abnormal extracellular acidosis, which modulates the potential of the 
immune response. Immune cells can sense alterations in the extracellular pH via proton-
recognizing surface receptors, including G protein-coupled receptors, acid-sensing ion 
channels, and transient receptor potential channel vanilloid subfamily 1 (9,10). This pH-
sensitive receptor signaling might affect the immune cells in a proton receptor-dependent 
manner. Numerous contradictory studies have demonstrated that extracellular acidosis 
exerts immune stimulatory or inhibitory effects on macrophages and neutrophils, which are 
pivotal in propagating inflammation and its resolution, respectively. Mildly acidic conditions 
can enhance the production of TNF-α and the expression of the inducible form of nitric 
oxide synthase in peritoneal macrophages (11). In contrast, tumor-associated macrophages 
exhibit M1 to M2 phenotypic switching upon exposure to acidosis (12). Likewise, neutrophils 
undergo morphological and immunological changes in acidic environments, characterized 
by delayed apoptosis, reduced phagocytosis, and decreased ability to produce neutrophil 
extracellular traps (13,14). These findings emphasize the significance of acidosis-induced 
immunomodulation of inflammatory cells.

The inflammasome is a caspase-1-activating intracellular protein complex that induces 
the maturation and release of critical proinflammatory cytokines IL-1β and IL-18 (15,16). 
Inflammasome formation is initiated by several pattern recognition receptors, among 
which NLR family pyrin domain containing 3 (NLRP3) can be activated by diverse abnormal 
pathogen- or host-derived factors, such as microbial components or endogenous metabolites 
and stress signals, respectively (17,18). An acidic environment acts as an inflammasome-
stimulating danger signal, and this effect may be dampened by inhibiting potassium 
channels (19). However, the mechanisms underlying the direct effect of an acidic pH on 
inflammasome assembly and activation remain poorly understood.

Potassium efflux is crucial for NLRP3 inflammasome assembly and activation; however, 
the underlying mechanism remains elusive (20-22). In this context, chloride efflux was 
proposed as a downstream event of potassium efflux and an essential step in activating the 
NLRP3 inflammasome (23-26). Chloride intracellular channels (CLICs) are responsible for 
chloride efflux by NLRP3 agonists due to a translocation of CLICs into the plasma membrane 
(23). CLIC1 is one of the Cl- channels for Cl- efflux that contributes to NLRP3 activation 
and translocates to the plasma membrane in a pH-dependent manner (27,28). Considering 
that both potassium and chloride ion levels play a central role in inflammasome assembly, 
we hypothesized that acidosis might affect the activity of ion channels and subsequent 
inflammasome activity. Moreover, as circulating neutrophils are recruited rapidly to the sites 
of inflammation, their inflammatory role, along with that of macrophages, is critical for 
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regulating and resolving inflammation (29,30). However, the precise immunomodulatory 
effects of acidic environments on the inflammasome activity of neutrophils require further 
investigation. In the present study, we investigated whether extracellular acidification can 
modulate NLRP3 inflammasome activity in macrophages and neutrophils.

MATERIALS AND METHODS

Mice
C57BL/6 (Orient Bio, Seongnam, Korea) and Nlrp3-/- (Jackson Laboratory, Bar Harbor, ME, 
USA) mice were bred at Yonsei University College of Medicine. All mice were maintained 
under specific pathogen-free conditions, and 8–12-week male mice were used for the 
experiments. Protocols for the animal experiments were approved by the Institutional Ethical 
Committee, Yonsei University College of Medicine. All experiments were performed in 
accordance with the approved guidelines of the Institutional Ethical Committee.

Reagents and Abs
LPS, ATP, nigericin, poly dA:dT, IAA94, and Duolink In Situ PLA kits were purchased from 
Sigma-Aldrich (St. Louis, MO, USA). Ac-YVAD-cmk was obtained from Bachem (Torrance, 
CA, USA). The dye, 2′,7′-bis(2-carboxyethyl)-5,6-carboxyfluorescein acetoxymethyl ester 
(BCECF-AM), MitoSOX, MQAE (N-(Ethoxycarbonylmethyl)-6-Methoxyquinolinium Bromide) 
and DAPI were obtained from Invitrogen (Waltham, MA, USA). Flagellin (FLA-ST Ultrapure) 
was obtained from InvivoGen (San Diego, CA, USA). Alexa fluor 488TM Phalloidin was 
purchased from ThermoFisher Scientific. Abs were purchased for the detection of NLRP3 
(Adipogen, San Diego, CA, USA), ASC (Adipogen), IL-1β (R&D systems, Minneapolis, MN, 
USA), caspase-1 (Adipogen), β-actin (Santa-Cruz Biotechnology, Dallas, TX, USA), and CLIC1 
(Proteintech, Rosemont, IL, USA) Na+-K+ ATPase (Cell Signaling Technology, Danvers, MA, 
USA), and α-tubulin (Santa-Cruz Biotechnology).

Cell culture
Mouse bone marrow cells were isolated from the femurs and differentiated into bone 
marrow-derived macrophages (BMDMs) by culturing in L929-conditioned DMEM for 5–7 
days. Until use, BMDMs were maintained in L929-conditioned DMEM supplemented with 
10% fetal bovine serum and 1% penicillin-streptomycin. Bone marrow-derived neutrophils 
(BMDNs) were isolated using an EasySep™ mouse neutrophil enrichment kit (STEMCELL 
Technologies, Vancouver, Canada) according to the manufacturer’s protocols (31). Isolated 
BMDNs were cultured in RPMI1640 supplemented with 10% FBS, 1% antibiotics, and 4 μg/
ml aprotinin. Immortalized NLRP3-GFP BMDMs and ASC-GFP THP-1 cells were a gift from 
Dr. E.S. Alnemri (Thomas Jefferson University, Philadelphia, PA, USA). ASC-GFP THP-1 cells 
were maintained in RPMI 1640 supplemented with 10% FBS, 1 mM sodium pyruvate (Gibco), 
0.15% sodium bicarbonate, 10 mM HEPES, 0.05 mM β-mercaptoethanol (Gibco), and 1% 
antibiotics. ASC-GFP THP1 cells were stimulated with PMA (0.4 μM, 2 h), and grown for 
18–24 h before treatments. Mouse peritoneal macrophages were collected from the peritoneal 
lavage fluid four days after intraperitoneal injection with 3% thioglycollate medium (1.5 ml). 
After removing non-adherent cells, peritoneal macrophages were cultured in RPMI-1640 
supplemented with 10% FBS and 1% antibiotics. To mimic extracellular acidosis, Opti-MEM 
or DMEM was titrated to desire pH of 6.0–8.0 using 5N sodium hydroxide and hydrochloric 
acid. Then, cells were incubated in pH-adjusted Opti-MEM or DMEM for 10 min before 
further treatment.
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Immunoblot analysis
Cells were lysed in buffer containing 20 mM Tris-HCl (pH 7.5), 0.5% Nonidet P-40, 50 mM 
KCl, 150 mM NaCl, 1.5 mM MgCl2, 1 mM EGTA, and protease inhibitors. Soluble lysates 
were separated by SDS-polyacrylamide gel electrophoresis and then transferred to PVDF 
membranes. Cell culture supernatants were precipitated by methanol/chloroform as 
described previously before immunoblotting (32). All blot images are representative of at 
least three independent experiments and have been cropped for presentation.

mRNA quantification
Total RNA was extracted using Trizol reagent (Invitrogen) and reverse transcribed using a 
Primscript RP Master Mix (Takara, Tokyo, Japan), according to the manufacturer’s protocols. 
Quantitative real-time PCR was performed using SYBR premix Ex Taq (Takara). The following 
primers were used (mouse): Il-1β (5′-GCC CAT CCT CTG TGA CTC AT-3′ and 5′-AGG CCA 
CAG GTA TTT TGT CG-3′), Il-6 (5′-AGT TGC CTT GGG ACT GA-3′ and 5′-TCC ACG ATT TCC 
CAG AGA AC-3′), Nlrp3 (5′-TAC GGC CGT CTA CGT CTT CT-3′ and 5′-CGC AGA TCA CAC 
TCC TCA AA-3′), β-actin (5′-CCT TCC TGG GCA TGG AGT CCT G-3′ and 5′-GGA GCA ATG 
ATC TTG ATC TTC-3′).

Inflammasome activation assay
To activate the NLRP3 inflammasome, cells were primed with LPS (0.25 μg/ml, 3 h) for 
transcription of NLRP3 and pro-IL-1β, followed by treatment with ATP (1–5 mM, 0–30 min) 
or nigericin (1–3 μM, 0–30 min). Cells were transfected with poly dA:dT (0.7 μg/ml, 3 h) and 
flagellin (300 μg/ml, 3 h) using Lipofectamine 2000 (2 μg/ml) or N-(2,3-dioleoyloxy-1-propyl) 
trimethylammonium methyl sulfate (DoTAP, 3 μg/ml) to activate the absent in melanoma 2 
(AIM2) and NLRC4 inflammasome, respectively. Inflammasome activation was determined 
by the presence of cleaved caspase-1 and IL-1β in immunoblots from culture supernatants 
and by quantifying extracellular IL-1β in culture supernatants using ELISA (R&D Systems). To 
evaluate cell death, cells were stained with propidium iodide (PI, 1 μg/ml), and the uptake of 
PI was assayed using flow cytometry (FACSVerse, BD).

Inflammasome assembly assay
To measure the oligomerization of NLRP3, speck-like aggregates of NLRP3-GFP were 
assessed in NLRP3-GFP-expressing BMDMs using confocal microscopy. To determine the 
oligomerization of ASC, the number of ASC-GFP specks in ASC-GFP-expressing THP-1 cells 
was counted in several fields using fluorescence microscopy. To visualize the molecular 
interaction of NLRP3 with ASC, a proximity-ligation assay was performed using a Duolink In 
Situ Red starter kit (Sigma) with anti-ASC or anti-NLRP3 Abs according to the manufacturer’s 
protocol. The relative proximity ligation signals (PL signals/DAPI signals) were quantified 
using Image J software and calculated as a relative fold-change compared with that in 
untreated controls.

Determination of intracellular ion concentration
Cells were treated in a 100-mm petri dish and lysed with 7.5% HNO3. Intracellular K+, Na+, 
and Ca2+ concentrations were measured by inductively coupled plasma-optical emission 
spectrometry (ICP-OES) using an OPTIMA 8300 ICP spectrometer (Perkin Elmer). To assess the 
intracellular Cl- level, cells were suspended in cell culture grade water and lysed by pipetting and 
centrifuged at 10,000 g for 5 min. Then, supernatants (50 μl) were mixed with MQAE (1 mM, 50 
μl) and the fluorescence was measured at excitation 350 nm and emission 460 nm.
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Determination of intracellular pH
Cells were stained with 1 μM BCECF-AM and maintained at 37°C for 30 min. Stained cells 
were washed and incubated with pH-adjusted Opti-MEM or calibration solution for 10 min at 
37°C. BCECF-AM fluorescence was detected with FITC using flow cytometry (FACSVerse, BD). 
The pH calibration solutions were used to establish a standard curve and were composed of 
145 mM KCl, 1 mM CaCl2, 1 mM MgCl2, 10 mM HEPES, 10 mM glucose, and 20 μM nigericin, 
and the pH was adjusted to 6.0, 6.5, 7.0, 7.5, or 8.0 using 11 N HCl and 5 N NaOH.

Measurement of mitochondrial ROS production
Following appropriate treatments, cells were suspended in Hank’s balanced salt solution 
and stained with MitoSOX (2.5 μM) at 37°C for 30 min. The fluorescence of the cells were 
monitored and analyzed by flow cytometry (FACSVerse, BD).

Subcellular fractionation
Cells were lysed in a buffer containing 20 mM HEPES, 40 mM KCl, 1.5 mM MgCl2, 1 mM 
EDTA, 1 mM EGTA, 250 mM sucrose, and protease inhibitors by passing through 21 
gauge needle. The lysates were centrifuged at 800 g for 10 min to pellet the nucleus and 
unbroken cells. The supernatants were centrifuged at 5,000 g for 10 min, and the resultant 
supernatants were used for cytosolic fraction and the pellets were used as membrane-
containing fraction.

Statistical analysis
All values are expressed as the mean ± SEM of individual samples. Data were analyzed using 
one-way ANOVA followed by Dunnett’s post hoc test or two-way ANOVA with the Bonferroni 
post hoc test. Statistical significance was set at p≤0.05. Analyses were performed using 
GraphPad Prism.

RESULTS

Extracellular acidification enhances the inflammasome response and 
pyroptosis in macrophages in response to NLRP3-activating stimulation
To investigate the effect of extracellular pH on NLRP3 inflammasome activation, BMDMs 
were first primed with LPS and incubated in pH-adjusted media (pH 6.0–8.0) for 10 min and 
then stimulated with ATP for 30 min. Inflammasome activation was determined by measuring 
IL-1β secretion using ELISA and detecting the presence of active caspase-1 (p20) in the culture 
supernatant. At physiological pH (pH 7.5), LPS/ATP stimulation caused a robust extracellular 
release of IL-1β from BMDMs (Fig. 1A). Notably, acidic pH (6.0 and 6.5) significantly increased 
LPS/ATP-induced IL-1β secretion in BMDMs compared with that at pH 7.5 (Fig. 1A). However, 
exposure to acidic pH alone failed to induce IL-1β secretion in BMDMs (Fig. 1A). Similarly, 
the use of nigericin as an NLRP3 activator was accompanied by a robust IL-1β release at 
pH 6.4 than at pH 7.4 (Fig. 1B), indicating that extracellular acidosis can augment NLRP3 
inflammasome activation. Macrophages exposed to acidic pH exhibited enhanced caspase-1 
processing in response to LPS/ATP and LPS/nigericin stimulation compared with that at 
physiological pH (Fig. 1C). This acidic microenvironment-mediated augmentation of NLRP3 
activation was also observed in peritoneal macrophages (Supplementary Fig. 1A).

As inflammasome activation is followed by pyroptosis, a form of inflammatory cell death 
(33), we examined LPS/ATP-induced pyroptosis of macrophages exposed to acidic or neutral 
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pH by measuring PI uptake. Consistent with inflammasome activation, LPS/ATP treatment 
enhanced pyroptotic cell death at pH 6.4, indicated by the presence of more PI-positive cells 
than at pH 7.4 (Fig. 1D and E). Then, we evaluated LPS-induced transcription in BMDMs 
exposed to acidic or neutral pH to provide molecular insights into acidosis-mediated enhanced 
inflammasome activation. The levels of LPS-induced transcription of Nlrp3, Il1b, and Il6 mRNA 
were not different in macrophages under acidic and neutral environments (Fig. 1F, G, and 
Supplementary Fig. 1B). These observations indicate that extracellular acidosis can increase 
the intensity of NLRP3 inflammasome signaling, but not of the Toll-like receptor-mediated 
response, in macrophages.
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Figure 1. Acidic pH enhances inflammasome activation in macrophages in response to NLRP3 agonists. (A–E) BMDMs were treated with LPS (0.25 μg/ml, 3 h) and 
incubated in pH-adjusted medium (pH 6.0–8.0) for 10 min. Cells were then stimulated with NLRP3 agonists ATP (3 mM, 30 min) or nigericin (Nig, 3 μM, 30 min). 
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Extracellular acidification specifically enhances the NLRP3-mediated 
inflammasome response in macrophages
Next, we examined the environmental pH-dependent response of other inflammasome 
signaling mediated by AIM2 and NLRC4. We first primed BMDMs with LPS and incubated 
the cells in pH-adjusted media (pH 6.4 or 7.4). Cells were then transfected with poly dA:dT 
and flagellin to activate the AIM2 and NLRC4 inflammasome, respectively. No significant 
differences in IL-1β release were observed following AIM2 or NLRC4 activation between 
macrophages exposed to acidic and neutral pH-adjusted media (Fig. 2A). Consistently, AIM2- 
and NLRC4-mediated processing of caspase-1 and IL-1β was similar in BMDMs regardless of 
the environmental pH (Fig. 2B).

Collectively, these results indicate that extracellular acidosis augments NLRP3-mediated 
inflammasome activation but does not affect TLR and other inflammasome signaling 
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pathways in macrophages. We, therefore, examined whether acidification can mediate 
NLRP3-independent caspase-1 and IL-1β activation in macrophages upon LPS/ATP stimulation 
by evaluating inflammasome activation in Nlrp3-deficient macrophages. Unlike wild-type 
BMDMs, LPS/ATP-induced IL-1β secretion (Fig. 2C) and caspase-1 processing (Fig. 2D) were 
abolished in Nlrp3-knockout BMDMs. Furthermore, the caspase-1-specific inhibitor YVAD 
completely inhibited LPS/ATP-induced IL-1β release in BMDMs regardless of exposure to 
acidic or neutral medium (Fig. 2E). These observations suggest that extracellular acidification 
specifically increases the responsiveness of NLRP3-caspase-1 inflammasome signaling.

Extracellular acidification increases the sensitivity of NLRP3 for detecting 
agonists
To examine whether extracellular acidification affects the sensitivity of NLRP3 activation, 
LPS-primed BMDMs were incubated in a pH-adjusted medium and then stimulated with ATP 
in a time-dependent manner. Extracellular acidic pH caused more rapid and pronounced 
IL-1β release from macrophages than physiological pH (Fig. 3A). Furthermore, more IL-1β 
was secreted by BMDMs under acidic pH than by macrophages under neutral pH following 
stimulation with a lower concentration of ATP (1.2 mM) or nigericin (1 μM) (Fig. 3B). 
Consistently, BMDMs stimulated by lower concentrations of ATP or nigericin at pH 6.4 
processed more caspase-1 and IL-1β than cells at pH 7.4 (Fig. 3C). These findings demonstrate 
that extracellular acidification renders the NLRP3 inflammasome more susceptible to 
environmental stress.

We next examined whether extracellular acidosis can increase the sensitivity of NLRP3 
inflammasome assembly in macrophages. We measured NLRP3 oligomerization in NLRP3-
GFP stably-expressing macrophages. Compared with the neutral pH, an acidic environment 
significantly increased NLRP3 speck-like aggregates in macrophages upon LPS/ATP 
stimulation (Fig. 3D and E). Given that the active form of NLRP3 might associate with ASC, 
a proximity ligation assay was used to measure the protein interaction between NLRP3 
and ASC in BMDMs cultured in a pH-adjusted medium. BMDMs exhibited a significantly 
increased PL signal at pH 6.4 compared with those at pH 7.4 in response to LPS/ATP 
stimulation (Fig. 3F and Supplementary Fig. 2). Then, the effect of extracellular acidification 
on the ASC oligomerization using ASC-GFP-expressing THP-1 cells was examined. In accord 
with the above observations, LPS-nigericin-induced ASC speck formation was significantly 
increased at pH 6.4 compared with that at physiological pH (Fig. 3G and Supplementary 
Fig. 3). These results indicate that extracellular acidification increases the danger-sensing 
potential and sensitivity of NLRP3 in macrophages.

Extracellular acidification reduces the intracellular pH of macrophages but 
not that of neutrophils
Next, we determined the effect of extracellular acidosis on the NLRP3-activating potential 
of neutrophils, a major cell type infiltrating into inflamed regions (30,34). We prepared 
neutrophils from mouse bone marrow cells. BMDNs were primed with LPS and incubated in 
a pH-adjusted medium for 10 min before stimulating with ATP for 30 min. Unlike BMDMs, 
no significant differences between acidic and neutral pH were observed in caspase-1 
processing (Fig. 4A) and IL-1β release (Fig. 4B and C) in BMDNs upon LPS/ATP stimulation.

To provide molecular insights into these cell-specific pH-dependent inflammasome 
responses, we measured the fluctuation of the intracellular pH of BMDMs and BMDNs 
under different environmental pHs. The intracellular pH was measured by BCECF-AM dye 
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and quantified based on calibration buffers (pH 6.0–8.0) (Fig. 4D). LPS stimulation did not 
influence the internal pH in both cell types (Fig. 4E). At physiological pH, intracellular pH 
was neutral (around pH 7.5) in BMDMs and BMDNs (Fig. 4E). Notably, exposure to acidic 
pH rapidly decreased intracellular pH in macrophages; however, no significant differences 
in intracellular pH were observed in neutrophils upon exposure to acidic pH (Fig. 4E). These 
observations indicate that acidosis decreases intracellular pH in macrophages, but not in 
neutrophils, which could determine the inflammasome potential in macrophages.

Extracellular acidification facilitates chloride efflux in macrophages upon 
stimulation with NLRP3 agonist
Intracellular ion concentration is critical for NLRP3 activation (21,22,35,36); therefore, we 
determined cytosolic ion concentration ([K+]in, [Na+]in, [Ca2+]in and [Cl-]in) in BMDMs under 

Extracellular pH-Dependent Regulation of NLRP3 Inflammasome

https://doi.org/10.4110/in.2023.23.e23 10/17https://immunenetwork.org

B

LP
S

+ 
AT

P

0

200

400

600

800

U
nt

IL
-1
β

(p
g/

m
l)

pH 6.4
pH 7.4

pH 6.4
pH 7.4

***

0

400

800

1,200

1,600

U
nt

IL
-1
β

(p
g/

m
l)

pH 6.4
pH 7.4

n.s.

LP
S

+ 
AT

P

C
BMNBMDM

D

10
2

10
3

10
4

6.4 Unt
7.4 Unt
6.4 LPS
7.4 LPS

BM
N

BM
D

M

FITC

7.
5

8.
07.

0

6.
0 6.

5

BMDM

A

BMN

6.
4

7.
4

U
nt

LP
S 

+ 
AT

P

6.
4

7.
4

6.
4

7.
4

U
nt

LP
S 

+ 
AT

P

6.
4

7.
4

Pro-IL-1β

IL-1β

Procasp-1

Procasp-1

p20

β-actin

Pro-IL-1β

Su
p

Ly
s

E

6.0

6.5

7.0

7.5

8.0

8.5

Unt LPS Unt LPS

In
tra

ce
llu

la
r p

H

BMDM

* n.s.
n.s.

***

BMN

Figure 4. Acidic pH does not affect NLRP3 inflammasome activation in neutrophils. (A) Immunoblots of BMDMs or BMDNs primed with LPS, incubated in the 
pH-adjusted medium, and stimulated with ATP (3 mM for 30 min). (B–C) Quantification of IL-1β in the supernatant of BMDMs (B) or BMDNs (C) treated as in (A) 
(n=4). (D–E) Quantification of the intracellular pH in BMDMs or BMDNs treated with LPS and stained with BCECF-AM, followed by incubation in the pH-adjusted 
medium for 10 min. The mean fluorescence intensity of BCECF-AM was determined by flow cytometry analysis. Data are displayed as a representative histogram 
(D), and intracellular pH was calculated using the calibration curve (E) (n=7). Asterisks denote statistical significance (*p<0.05, ***p<0.001, n.s., not significant).



inflammasome-activating condition in pH-adjusted medium. ATP stimulation caused a rapid 
decrease in internal [K+] in macrophages; however, no significant difference was observed in 
the levels of internal [K+] between macrophages cultured in acidic and neutral pH (Fig. 5A). 
Unlike [K+], ATP stimulation led to an increase in intracellular sodium [Na+] and calcium 
[Ca2+] ion levels in macrophages (Fig. 5B and C). However, this ATP-driven increase in [Na+] 
and [Ca2+] was not significantly altered by the pH of the microenvironment (Fig. 5B and C). 
Then, we checked intracellular [Cl-] in the presence or absence of NLRP3 agonist nigericin. 
Consequently, nigericin treatment caused a decrease in internal [Cl-] in macrophages (Fig. 5D). 
Of notice, this nigericin-induced Cl- efflux was significantly stronger at pH 6.4 than that at 
pH 7.4. These observations suggest that intracellular [Cl-] might be a critical factor for the 
enhanced inflammasome sensitivity in acidification.

Extracellular acidification induces the translocation of chloride efflux 
channel CLIC1 into the plasma membrane in macrophages
Next, we examined whether an acidified intracellular pH can affect the transport of CLIC1, 
one of the Cl- channels for Cl- efflux. At the resting state, the majority of CLIC1 was detected 
in the cytosol of BMDMs at both acidic and neutral pH (Fig. 6A). Interestingly, LPS/nigericin 
stimulation caused an increase in the plasma membrane-associated CLIC1 at acidic pH, but 
not at physiological pH (Fig. 6A and B). An acidic environment significantly increased CLIC1-
F-actin colocalization upon LPS/nigericin stimulation in BMDMs compared with the increase 
at neutral pH (Fig. 6B). Consistently, LPS/ATP stimulation led to an increased localization of 
CLIC1 in the membrane fraction at pH 6.4, but did not induce at pH 7.4 (Fig. 6C). However, the 
total amount of CLIC1 was not altered by acidosis (Fig. 6D). Unlike BMDMs, acidosis-triggered 
CLIC1 transport was not apparent in BMDNs upon LPS/nigericin stimulation (Fig. 6E, F and 
Supplementary Fig. 4). These findings indicate that cytosolic acidification facilitates NLRP3 
agonist-induced CLIC1 translocation into the plasma membrane in macrophages.

As previous study demonstrated that mitochondrial ROS production is critical for the 
translocation of CLIC1 (23), we assessed mitochondrial ROS level in macrophages at acidic or 
neutral pH. LPS/ATP stimulation caused a slight increase in mitochondrial ROS production 
in BMDMs, but there was no significant difference in mitochondrial ROS level between acidic 
and neutral medium (Supplementary Fig. 5). Then, to examine whether CLIC1-increased 
Cl- efflux sensitizes the responsiveness of NLRP3, we pretreated LPS-primed BMDMs with 
the Cl- channel inhibitor IAA-94 in the presence of the pH-adjusted medium. Cells were 
then stimulated with ATP for 30 min. In macrophages, the amount of LPS/ATP-induced IL-1β 
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secretion was higher at pH 6.4 than at pH 7.4 (Fig. 6G). Notably, treatment with IAA-94 (50 
μM) significantly reduced IL-1β secretion at pH 6.4 compared with that in untreated cells. 
However, the IL-1β secretion was not significantly different at either pH in the presence of 
IAA-94 (Fig. 6G). As acidosis did not affect NLRP3 activation in neutrophils, BMDNs exhibited 
no significant difference in inflammasome response to IAA-94 at either pH (Fig. 6H). These 
data demonstrate that intracellular acidification facilitates plasma membrane translocation of 
CLIC1 in the presence of NLRP3 activators. The increased CLIC1 translocation to the plasma 
membrane of macrophages under an acidic environment might cause excessive chloride ion 
efflux, leading to the observed increase in NLRP3 activation in macrophages.

DISCUSSION

Extracellular acidosis can independently trigger a pH-dependent secretion of IL-1β via 
activation of the NLRP3 inflammasome in macrophages (19). However, the molecular 
mechanism underlying the direct contribution of acidification on NLRP3 activation remains 
poorly understood. In the present study, we demonstrated that acute exposure to an acidic 
environment did not induce NLRP3 inflammasome activation, indicating that acidic pH 
is not a direct danger signal. Conversely, extracellular acidification facilitates intracellular 
pH reduction and chloride channel translocation into the plasma membrane, leading to an 
increase in the sensitivity of NLRP3 activation in macrophages.

Our data revealed that acidic pH not only augments NLRP3 inflammasome activation but 
also enhances the capability of NLRP3 to sense its agonists. A low ATP concentration, 
which is tolerable at physiological pH, could promote NLRP3-ASC interactions in LPS-
primed macrophages under acidic conditions. Mechanistically, an acidic extracellular 
environment triggers a reduction in the intracellular pH level in macrophages but not in 
neutrophils. Consequently, this cytosolic acidification increases the translocation of chloride 
channel CLIC1 into plasma membranes and enhances the sensitivity of NLRP3 activation. 
A previous study showed that NLRP3 agonist-induced mitochondrial ROS production is 
critical for the translocation of CLICs to the plasma membrane (23). However, nigericin-
induced mitochondrial ROS production was similar in macrophages under acidic and 
neutral environment in our result. Moreover, to exclude a possibility that the translocation 
of CLIC1 is the effect of NLRP3 inflammasome activation, we conducted experiments in the 
presence of YVAD, a caspase-1-specific inhibitor. The specific mechanisms by which acidic pH 
enhances the rate of CLIC1 translocation require further investigation.

Previous studies showed that other CLICs, including CLIC4 and CLIC5, than CLIC1 
are implicated in the activation of NLRP3 inflammasome (23,28). Although CLIC4 and 
CLIC5 were upregulated by LPS priming, the expression of CLIC1 remained consistent in 
macrophages even after LPS priming (23). Of note, we focused on CLIC1 in this study to 
exclude a priming effect of LPS, thus, it will be intriguing to test whether other CLICs can 
contribute to the enhanced inflammasome sensitivity of extracellular acidification.

As neutrophils are major infiltrating cells from the circulation into the injured or inflamed 
tissue (26), we conducted experiments to determine if neutrophils are affected by the 
inflammatory microenvironment. However, unlike macrophages, an acidic environment 
did not alter the responsiveness of NLRP3 signaling in neutrophils. Instead, neutrophils 
were resistant to extracellular acidosis-mediated intracellular acidification, which is critical 
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for the increased responsiveness of the NLRP3 inflammasome. This may be attributed to 
the abundant secretory granules in neutrophils, which constantly maintain their pH level 
at 5.5–6.0 by the continuous influx of hydrogen ions into the granules (37,38). A drop in the 
extracellular pH is accompanied by a subsequent reduction in the intracellular pH, which is 
rapidly restored by the uptake of hydrogen ions into the secretory granules. This immediate 
pH-controlling mechanism might help abolish the acidosis-mediated sensitization of the 
inflammasome in neutrophils. Therefore, although both macrophages and neutrophils are 
the primary cell types that react against inflammatory insults, only macrophages exhibit a 
pH-linked NLRP3-activating ability in the area of inflammation.

Collectively, we have provided evidence that extracellular acidosis triggers a rapid reduction 
in the intracellular pH of macrophages, consequently rendering cytosolic CLIC1 more 
susceptible to translocation to the plasma membrane by NLRP3 agonists. The increased 
CLIC1 in the plasma membrane might lead to the sensitization of NLRP3 inflammasome 
activation, possibly via increased chloride ion efflux. Thus, our data suggest that 
macrophages might be the core regulatory cells that recognize and respond to pH changes 
in inflammatory microenvironments. Our results also suggest that CLIC1 may be a potential 
therapeutic target for NLRP3 inflammasome-mediated pathological conditions.
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SUPPLEMENTARY MATERIALS

Supplementary Figure 1
Extracellular acidification increases LPS/ATP-induced inflammasome activation. (A) 
Quantification of IL-1β in culture supernatants from peritoneal macrophages treated with 
LPS and incubated in pH 6.4 or pH 7.4 medium, followed by ATP (1 mM, 30 min) treatment 
(n=5). (B) Quantification of IL-6 mRNA levels in BMDMs exposed to pH 6.4 or pH 7.4 
medium, followed by LPS (0.25 μg/ml, 3h) treatment (n = 4). Asterisks indicate significant 
differences (***p<0.001, n.s., not significant).

Click here to view

Supplementary Figure 2
Extracellular acidification increases NLRP3-ASC interaction in BMDMs in response to LPS/
ATP stimulation. Representative immunofluorescence images of proximity ligation (PL) 
analysis of NLRP3 and ASC in BMDMs primed with LPS, incubated at pH 6.4 or 7.4, followed 
by ATP (2.5 mM, 30 min) treatment. PL signals (red) represent the association of NLRP3 and 
ASC. Nuclei were stained with DAPI (blue). Scale bars, 20 μm.

Click here to view
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Supplementary Figure 3
Extracellular acidification increases ASC oligomerization in THP-1 macrophages in response to 
LPS/nigericin stimulation. Representative fluorescence images of THP-1-ASC-GFP cells treated 
with LPS, incubated with pH-adjusted medium, and then stimulated with nigericin (3 or 5 μM, 
30 min). Speck-like GFP aggregates represent the oligomerized ASC. Scale bars, 100 μm.

Click here to view

Supplementary Figure 4
Effect of acidosis on CLIC1 translocation in bone marrow-derived neutrophils. Representative 
immunofluorescence images of bone marrow-derived neutrophils after stained with anti-CLIC1 
antibody. Cells were treated with LPS, incubated in the pH-adjusted medium in the presence of 
YVAD (20 μM for 15 min) followed by nigericin (3 μM) treatment. Scale bars, 20 μm.

Click here to view

Supplementary Figure 5
Extracellular acidosis does not affect LPS/ATP-induced mitochondrial ROS production in 
BMDMs. (A, B) Quantification of mitochondrial ROS in Nlrp3-deficient BMDMs primed with 
LPS, exposed to pH-adjusted medium, followed by ATP (3 mM, 30 min) stimulation. Cells 
were then stained with MitoSOX and analyzed by flow cytometry. Data were represented as 
representative histogram (A) or quantification of MitoSOX-positive cells (n=7) (B). Asterisks 
indicate significant differences (*p<0.05, **p<0.01, n.s., not significant).

Click here to view
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