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The Journal of Immunology

Lysophosphatidylcholine Increases Neutrophil Bactericidal
Activity by Enhancement of Azurophil Granule-Phagosome
Fusion via Glycine·GlyRa2/TRPM2/p38 MAPK Signaling

Chang-Won Hong,*,1 Taek-Keun Kim,*,1 Hwa-Yong Ham,* Ju-Suk Nam,*

Yong Ho Kim,† Haifeng Zheng,‡ Bo Pang,‡ Tae-Kwon Min,* Jun-Sub Jung,*

Si-Nae Lee,* Hyun-Jeong Cho,* Ee-Jin Kim,* In-Hwan Hong,* Tae-Cheon Kang,x

Jongho Lee,* Seog Bae Oh,† Sung Jun Jung,{ Sung Joon Kim,‡ and Dong-Keun Song*

Neutrophils are the first-line defense against microbes. Enhancing the microbicidal activity of neutrophils could complement direct

antimicrobial therapy for controlling intractable microbial infections. Previously, we reported that lysophosphatidylcholine (LPC),

an endogenous lipid, enhances neutrophil bactericidal activity (Yan et al. 2004. Nat. Med. 10: 161–167). In this study we show that

LPC enhancement of neutrophil bactericidal activity is dependent on glycine, and is mediated by translocation of intracellularly

located glycine receptor (GlyR) a2 to the plasma membrane, and subsequent increase in azurophil granule-phagosome fusion/

elastase release. LPC induced GlyRa2-mediated [Cl2]i increase, leading to transient receptor potential melastatin (TRPM)2-

mediated Ca2+ influx. Studies using human embryonic kidney 293 cells heterologously expressing TRPM2 and neutrophils showed

that TRPM2 channel activity is sensitive to [Cl2]i. Finally, LPC induced p38 MAPK phosphorylation in an extracellular calcium/

glycine dependent manner. SB203580, a p38 MAPK inhibitor, blocked LPC-induced enhancement in Lucifer yellow uptake,

azurophil granule-phagosome fusion, and bactericidal activity. These results propose that enhancement of azurophil granule-

phagosome fusion via GlyRa2/TRPM2/p38 MAPK signaling is a novel target for enhancement of neutrophil bactericidal

activity. The Journal of Immunology, 2010, 184: 4401–4413.

T
he recent increasing emergence of antibiotic-resistant
microorganisms and the current paucity of novel anti-
biotics present a serious threat to human health (1, 2).

Neutrophils are the first-line defense against microbial infections
(for review, see Ref. 3). Compared with conventional antimicro-
bial therapy, enhancement of neutrophil microbicidal activity, in
theory, has the advantage of effectiveness against a broad spectrum
of even antimicrobial-resistant microbes. This approach could

therefore be a successful strategy, complementing standard anti-
microbial agents, for controlling serious microbial infections (4).
Lysophosphatidylcholine (LPC) is an endogenous immuno-

modulatory lipid, with its plasma concentration being ∼200 mM
(for review, see Ref. 5). LPC has various stimulating or modu-
lating activities on neutrophils (6–9). Previously we reported that
systemic administration of LPC to mice enhances bacterial
clearance in vivo (10). LPC does not have direct antibacterial
activity, but enhances the bactericidal activity of neutrophils (10).
Many reports showed that LPC enhances reactive oxygen species
production by neutrophils (6, 9–13). The precise mechanisms of
LPC enhancement of neutrophil bactericidal activity, however,
remain largely unknown.
NADPH oxidase and the resultant reactive oxygen species play

a pivotal role in neutrophil bactericidal activity (for review, see Ref.
14). More recently, an important, direct role for neutophil pro-
teases (such as neutrophil elastase and cathepsin G) in micro-
bicidal activity was revealed (15–18). Cooperation between
neutrophil antimicrobial weapons also exists (for review, see Ref.
19). In addition, neutrophil extracellular traps were found to be
important for extracellular bactericidal activity (20). In light of
these various mechanisms of neutrophil bactericidal activity, we
focused in this study on investigating the mechanism of LPC-
induced enhancement of neutrophil bactericidal activity.
In this study, we present evidence that LPC enhancement of

neutrophil bactericidal activity depends on glycine, and is mediated
by translocation of glycine receptor (GlyR) a2 to the plasma
membrane and subsequent induction of fluid-phase pinocytosis
and the enhanced fusion of phagosome with azurophil granules,
with the accompanying enhanced release of elastase, for which
GlyRa2/transient receptor potential melastatin (TRPM)2/p38
MAPK signaling plays an essential role.
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Materials and Methods
Reagents used

LPC (18:0) was obtained from Sigma-Aldrich Chemical (St. Louis, MO),
and 3 mM stock solution in PBS was prepared with sonication. Strychnine,
valinomycin, pertussis toxin (PTX), Lucifer yellow, econazole, clo-
trimazole, flufenamic acid, and adenosine 59-diphosphoribose (ADPR)
were from Sigma-Aldrich. Diphenylene iodonium (DPI) and SB203580
were from Tocris Bioscience (Ellisville, MO). CytofixTM, FITC anti-
CD63 Ab, Alexa Fluor 488 anti–phosphor-p38 Ab, Phosflow Buffer I, and
Phosflow Perm Buffer II were from BD Pharmingen (San Diego, CA). Enz
Chek Elastase assay kit, Texas red-labeled zymosan particles, Fluo-3 AM,
and N-(6-methoxyquinolyl) acetoethyl ester (MQAE) were from Molec-
ular Probes (San Diego, CA). Alexa Fluor 594 rabbit anti-goat IgG F(ab9)2
and Alexa Fluor 488 anti-mouse secondary Ab were from Invitrogen (San
Diego, CA). Anti-GlyRa2 Ab (N-18) and anti-actin Ab were from Santa
Cruz Biotechnology (Santa Cruz, CA). shRNAmir targeting GlyRa2 and
TRPM2 were from Open Biosystems (Huntsville, AL).

Preparation of neutrophils

Neutrophils were purified from heparinized venous blood from healthy
volunteer donors. Inbrief, neutrophilswere isolatedbydensity centrifugation
in Histopaque-1077, followed by dextran sedimentation. Residual eryth-
rocytes were eliminated with hypotonic lysis. The purity of neutrophils
counted by Diff Quik staining was .95% on average. The viability of
neutrophils stained with tryphan blue was.99%. After isolation procedure,
neutrophils were dispersed in RPMI 1640 supplemented with 5% FBS.

Assay of bactericidal activity of human neutrophils

Bactericidal activity of human neutrophils was measured as slightly
modified from the method described previously (10, 21). In brief, neu-
trophils (4 3 106/ml, 0.5 ml) were seeded on a 13-mm plastic coverslip
(coated overnight with 0.05% poly-L-lysine) in 24-well plate for 1 h in
a humidified CO2 incubator (5% CO2 and 95% air atmosphere). Coverslips
were then transferred to 60-mm dish (6 coverslips/dish) containing 23 107

Escherichia coli (overnight cultured E. coli [DH5-a] were opsonized with
10% human serum for 30 min) at a neutrophil/E. coli ratio of 1:10 for
20 min for E. coli uptake. After the 20 min uptake, 18.3 6 1.9% (mean 6
SEM, n = 2) of E. coli was removed by adherent neutrophils. Coverslips
were then transferred to 24-well plate containing 500 ml RPMI 1640
(supplemented with 5% FBS) containing vehicle or LPC (30 mM). After
15 min, coverslips were transferred to 24-well plate with ice-cold distilled
water for 1 h for lysis of neutrophils (CFUs after 15 min incubation). For
evaluation of total number of phagocytosed E. coli, some coverslips were
directly transferred to ice-cold distilled water after 20 min of E. coli uptake
without an additional 15-min incubation with LPC (CFUs before 15 min
incubation). E. coli were plated in Lysogeny broth agar plate and cultured
overnight at 37˚C and viable colony was counted. The percentage of
bacteria killed was calculated as 1003 (1 – CFUs after 15 min incubation/
CFUs before 15 min incubation). For effects of various inhibitors, assay of
bactericidal activity was performed in the presence of strychnine (1 mM),
DPI (1 mM), protease inhibitor mixture (leupeptin 10 mg/ml, N-tosyl-L-
leucin chloromethyl ketone 10 mg/ml, pepstatin A 10 mg/ml, aprotinin
10 mg/ml, and PMSF 1 mM), or SB203580 (10 mM). To evaluate the effect
of glycine on LPC-induced enhancement of bactericidal activity, glycine-
supplemented HBSS was used. For chloride-free media, chloride in HBSS
was replaced with equimolar gluconate (mM) (glucose 15.13, magnesium
sulfate 8.14, dibasic sodium phosphate 0.34, monobasic potassium phos-
phate 0.44, calcium gluconate 1.26, potassium gluconate 5.4, sodium
gluconate 136.8). All media was supplemented with 5% FBS. In a subset
of experiment (Supplemental Fig. 1), a different assay method for neu-
trophil bactericidal activity was used (22, 23). In brief, neutrophils (4 3
106/ml) in RPMI 1640 with 10% human serum were incubated with
opsonized E. coli (4 3 107/ml) for 3 min with continuous rotation to
promote phagocytosis. After removal of noningested bacteria with differ-
ential centrifugation at 110g for 4 min, neutrophils resuspended were in-
cubated at 37˚C for 10 min with slow rotation in the presence of LPC.
Killing was stopped by spinning the neutrophils at 110g for 5 min onto ice
after addition of distilled water (pH 11). The 10-fold diluted E. coli were
plated in Lysogeny broth agar plate and cultured overnight at 37˚C and the
viable colony was counted. The percentage of bacteria killed was calcu-
lated as 100 3 (1 – CFUs after 10 min incubation/CFUs before 10 min
incubation).

Assay of elastase release

Neutrophils (23106/well) inRPMI1640 (supplementedwith 5%FBS)were
incubated in 96-well plate for 1 h. Then, opsonizedE. coli (23 106/well) and

LPC (30 mM) or vehicle were added. After an additional 1-h incubation,
elastase release was measured in the supernatants with Enz Chek Elastase
assay kit. Some experiments were performed with strychnine (1 mM)
throughout the 2 h.

Flow cytometry

For the analysis of surface expression of CD63, neutrophils were stimulated
with LPC 30 mM for 5 min in RPMI 1640 (supplemented with 5% FBS).
Cells were fixed with CytofixTM for 5 min. After washing, neutrophils
were stained with FITC conjugated anti-CD63 Ab for 30 min on ice.
Neutrophils were acquired on Guava Easycyte (GE Healthcare, Buck-
inghamshire, U.K.) and analysis was performed using FCS express V3 (De
Novo Software, Los Angeles, CA). The expression of phospho-p38 in
neutrophils was measured by FACS using BDTM Phosflow technique.
Neutrophils were stimulated with LPC 30 mM for 5 min in RPMI 1640
(supplemented with 5% FBS). Cells were fixed in Phosflow Buffer I for 15
min. After washing, permeabilization was done with Phosflow Perm Buffer
II for 30 min on ice. Then, neutrophils were washed and stained with Alexa
488 anti–phosphor-p38 Ab for 30 min at room temperature.

Fusion of azurophil granule and zymosan

Texas red-labeled zymosan particles were incubated in 10% human serum
for 20 min at 37˚C, washed twice with PBS, pH 7.4, and resuspended in
PBS. Neutrophils (4 3 106/ml) were plated on glass coverslips and in-
cubated at 37˚C for 1 h in 24-well culture plate. Coverslips were then
transferred to 60-mm dish containing Texas red-labeled zymosan at a ratio
of 1:10. After 20 min, neutrophils were washed to remove most of the
extracellular Texas red-labeled zymosan. Neutrophils were transferred to
24-well plate and LPC 30 mM was added. After 15 min, zymosan-loaded
neutrophils were washed twice with PBS and fixed using 2% para-
formaldehyde for 15 min at room temperature, followed by per-
meabilization using 0.05% Triton X-100 for 10 min at room temperature.
After 1-h blocking period in PBS containing 3% BSA, the neutrophils
were incubated for 1 h with an anti-CD63 Ab (1:50 in blocking buffer).
After 1 h incubation at room temperature, cells were washed three times in
PBS and were incubated for 1 h with the Alexa Fluor 488 anti-mouse
secondary Ab (1:500). After three washes in PBS, the cells were mounted
using mounting medium. Azurophil granule-phagosome fusion was cal-
culated by measuring colocalized area between CD63 (an azurophil
granule marker) and zymosan particles, which was divided by intracellular
total zymosan area in confocal images of neutrophils. Stacks of 12–16
confocal images were collected with a LSM 510 laser-scanning confocal
microscope (Carl Zeiss, Jena, Germany). Image analysis was performed
using LSM Image Examiner software (Carl Zeiss). The images illustrate
a single section with 0.52-mM thickness.

Cecal ligation and puncture

Cecal ligation and puncture (CLP) was performed as described previously
(10). Male ICR mice at the age of 6 wk (25–28 g body weight) were used.
Procedures for animal experiments were approved by the Animal Exper-
imentation Committee at Hallym University. Mice were anesthetized with
pentobarbital (50 mg/kg, i.p.), and a small abdominal midline incision was
made and the cecum was exposed. The cecum was mobilized and ligated
below the ileocecal valve, punctured through both surfaces two times with
a 22-gauge needle, and the abdomen was closed. Mice were pretreated
with PBS or strychnine (0.4 mg/kg, s.c.) 30 min before each injection of
vehicle (PBS containing 2% BSA) or LPC (10 mg/kg, s.c.) (four times at
12 h intervals beginning 2 h after CLP). Survival was monitored once daily
for 10 d. For determination of bacterial clearance in vivo, mice were
pretreated with PBS or strychnine (0.3 mg/kg, s.c.) 30 min prior to each
injection of vehicle (PBS containing 2% BSA) or LPC (10 mg/kg, s.c.) at
2 h and 11 h after CLP. Eighteen hours after CLP, mice were anesthetized
and peritoneal lavage fluid was collected and cultured overnight on
Trypticase Soy Agar (BD Biosciences, San Jose, CA) at 37˚C and the
numbers of CFUs were counted.

Measurement of Lucifer yellow uptake

Lucifer yellow uptake into neutrophils was measured as described pre-
viously (24). Neutrophils (4 3 106/ml) were incubated with 0.5 mg/ml
Lucifer yellow 37˚C for 15, 30 and 60 min in RPMI 1640 (supplemented
with 5% FBS) in the presence of LPC 30 mM or vehicle (PBS). Then,
neutrophils were washed two times with cold PBS and lysed with ice-cold
deionized distilled water for 1 h. The Lucifer yellow uptake was measured
with Spectramax M2/e fluorescence microplate reader (Molecular De-
vices, Sunnyvale, CA) at 428 nm excitation and 536 nm emission. In
some experiments, neutrophils were incubated with E. coli at a ratio
of 1:10 for 20 min. After washing unengulfed E. coli, neutrophils were
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further incubated with LPC or vehicle for 15 min in the presence of
Lucifer yellow. All media were supplemented with 5% FBS.

RT-PCR

Total RNA was isolated from human neutrophils using TRIzol reagent
(Invitrogen) according to the manufacturer’s protocol. The first strand
cDNA was synthesized with SuperScriptII (Invitrogen), and one tenth of
the cDNAwas used for each PCR. The sequences of the PCR primers were
as follows: GlyRa1, 59-TGCAATAGCGCTTTCTGGTT-39 (forward) and
59-TCCGGGAGATCCTTAGCAAT-39 (reverse); GlyRa2, 59-GCCAAA-
TTTTAAAGGTCCTCCAIIIIICGTTACTTGC-39 (forward) (Seegene) and
59-GTCAGTGGTGACATCGTGGAAGIIIIIACCCTTCTCA-39 (reverse)
(Seegene); GlyRa3, 59-TTCCTCCAATCCTGG GTCTC-39 (forward) and
59-TCCTGATGTCCTGCCCATTA-39 (reverse); GlyRb, 59-TGGACTT-
GACACTGTTTCCCAIIIIIACACAACG-39 (forward) (Seegene) and 59-
TCAGATCAGACTTGGAAGTACAAACTIIIIIGCATCTGG-39 (reverse)
(Seegene); b-actin, 59-TGGAGTCCTGTGGCATCCACGAAAC-39 (for-
ward) and 59-AAGCATTTGCGGTGGACGATGGAG-39 (reverse).

Western blot analysis

Cells were lysed in NP40 lysis buffer (50 mM Tris [pH 8.0], 137 mMNaCl,
1% NP40, 10% glycerol, 1 mM Na3VO4, 1 mM PMSF, protease inhibitor
mixture [Sigma-Aldrich]) on ice. Western blotting to detect GlyRa2 in
human neutrophils and in human embryonic kidney (HEK)-293 cell line
transfected with GlyRa2 was carried out using anti-GlyRa2 Ab (N-18) at
a 1:1000 dilution. Blocking peptide was from Santa Cruz Biotechnology.
Anti-actin Ab was used as a loading control. For detection of tagged
TRPM2 protein in HEK-293–TRPM2 cell line, monoclonal anti-FLAG Ab
(Sigma-Aldrich) was used at a 1:5000 dilution. The presence of target
proteins was detected by the chemiluminescence method (Amersham Bi-
osciences, Arlington Heights, IL).

Immunofluorescence microscopy

Neutrophils were fixed using 2% paraformaldehyde for 15 min at room
temperature. The cells were then permeabilized using 0.05% Triton X-100
for 10 min at room temperature. After 1-h blocking period in PBS con-
taining 3% BSA, the neutrophils were incubated for 1 h with a goat anti-
GlyRa2 Ab (N-18) that was used at a 1:25 dilution in blocking buffer.
After 1-h incubation at room temperature, cells were washed three times in
PBS and were incubated for 1 h with the Alexa Fluor 594 rabbit anti-goat
IgG F(ab9)2 used at a final dilution of 1:500. After three washes in PBS,
the cells were mounted using mounting medium. Visual inspection and
recording of images were performed using a Zeiss LMS 510 laser scanning
confocal microscope (Carl Zeiss).

Transfection with microRNA-adapted shRNA of GlyRa2 and
TRPM2

The sequences of shRNAmir targetingGlyRa2 and TRPM2were as follows:
shRNAmir against GlyRa2 ; 59-TGC-TGT-TGA-CAG-TGA-GCG-CCC-
AGT-AAA-CGT-TAC-TTG-CAA-TTA-GTG-AAG-CCA-CAG-ATG-TAA-
TTG-CAA-GTA-ACG-TTT-ACT-GGA-TGC-CTA-CTG-CCT-CGG-A-39,
shRNAmir against TRPM2; 59-TGC-TGT-TGA-CAG-TGA-GCG-ACC-
TGC-TAT-CCT-GGG-AGA-TCT-ATA-GTG-AAG-CCA-CAG-ATG-TAT-
AGA-TCT-CCC-AGG-ATA-GCA-GGG-TGC-CTA-CTG-CCT-CGG-A-39
(underlined sequences represent mature shRNA). Neutrophils were trans-
fected with short hairpin RNA using the Amaxa Nucleofector Technology.
Transfection was performed according to the manufaturer’s instructions. In
brief, 1 3 107 neutrophils were resuspended in human monocyte nucleo-
fector solution (100 ml) of human monocyte transfector kit (Amaxa Bio-
systems, Cologne, Germany) at room temperature, followed by addition of 3
mg shRNAmir against Glya2, shRNA against TRPM2, pmaxGFP, or control
shRNAmir. Transfection was performed in an Amaxa Nucleofector II using
program Y-001. Immediately afterward, neutrophils were diluted in 2.5 ml
human nucleofector medium and incubated for 24 h in a humidified CO2

incubator. For evaluation of general transfection efficiency, pmaxGFP
expression in transfected cells at 24 h was determined by FACS analysis.
Neutrophils were harvested and fixed with BD cytofix and pmaxGFP
expression was measured in a Guava EasyCyte (Guava Technologies,
Hayward, CA).

Fluorescence measurement of MQAE

Measurement of [Cl2]i using MQAE fluorescence was performed as de-
scribed previously (25). Briefly, neutrophils were loaded with 5 mM
MQAE in Tyrode solution for 60 min at 37˚C. Tyrode solution consisted of
(in mM) NaCl 140, KCl 5, MgCl2 0.25, glucose 5.5, CaCl2 1.5, HEPES 10,
and pH was adjusted to 7.4 with NaOH. After washing with Tyrode so-

lution twice, MQAE-loaded neutrophils were resuspended in Tyrode so-
lution supplemented with 5% FBS and 133 mM glycine, and 4 3 106/ml
neutrophils were plated on 96-well plate. MQAE-loaded neutrophils were
pretreated with strychnine (1 mM), anti-G2A Ab (1 mg/ml), PTX (2.5 mg/
ml), or vehicle (0.1% DMSO v/v) before LPC treatment. For PTX and
anti-G2A Ab, neutrophils were pretreated for 1–2 h. Traces of MQAE
fluorescence were recorded with Spectramax M2/e fluorescence microplate
reader (Molecular Devices) at 360 nm excitation and 460 nm emission.
MQAE fluorescence intensity was subtracted with average intensity during
5 min prior to the addition of LPC.

Calibration of [Cl2]i

Calibration of intracellular MQAE was performed as previously described
(26). The relationship between MQAE fluorescence intensity and chloride
concentration is calibrated by Stern-Volmer equation. To evaluate maximal
fluorescence intensity (Fo), MQAE-loaded neutrophils were incubated in
chloride-free medium, and intracellular chloride was depleted by adding
nigericin (7 mM) and tributyltin (10 mM). Then, correlation curve between
MQAE fluorescence and chloride concentration was obtained by in-
cubating neutrophils in different concentrations of chloride (0, 10, 20, 40,
100, and 140 mM). At the end of each experiment, MQAE fluorescence
was quenched by adding KSCN (150 mM) and valinomycin (5 mM).
MQAE fluorescence at given chloride concentration was subtracted with
FKSCN. In our experimental condition, Ksv is 0.082. Average MQAE
fluorescence intensity for 15 min after the addition of LPC was obtained
for calibration of [Cl2]i.

Fluorescence measurement of Fluo-3

[Ca2+]i was measured using the fluorescent Ca2+ indicator Fluo-3. Neu-
trophils were loaded with Fluo-3 AM (4 mΜ) in HEPES physiologic salt
solution (HEPES-PSS) (in mM) (NaCl 140, KCl 5, MgCl2 1, CaCl2 1,
Glucose 10, HEPES 10) for 30 min at 37˚C. After washing with HEPES-
PSS, Fluo-3 AM-loaded neutrophils were resuspended in HEPES-PSS
supplemented with 5% FBS and 133 mΜ glycine and plated on 96-well
plates at a cell density of 3 3 106/ml. Inhibitors (strychnine 1 mΜ, eco-
nazole 1 mΜ, clotrimazole 1 mΜ, or flufenamic acid 1 mΜ) were pretreated
for 15 min before LPC treatment. Traces of intracellular calcium in Fluo-3
AM-loaded neutrophils were measured with 490 nm/526 nm using Spec-
tramax M2/e fluorescence microplate reader (Molecular Devices). Fluo-
rescent emission readings were recorded every 10 s. Raw fluorescence was
subtracted with average fluorescence during 5 min before the addition of
LPC. In some experiments, Fluo-3 AM-loaded neutrophils were pretreated
with E. coli for 20 min and unengulfed E. coli were washed out before
LPC treament.

Cell culture

TRPM2-transfected HEK-293 cells were maintained in DMEM supple-
mented with 10% FBS, and penicillin (100 U/ml) and streptomycin (100 U/
ml) at 37˚C in a 5% CO2 incubator. To induce the expression of TRPM2,
cells were incubated with doxycycline (1 mg/ml) for at least 24 h prior to
experiments.

Intracellular injection of chloride or ADPR

Intracellular injection was performed as described previously (27). TRPM2-
transfected HEK-293 cells were cultured on a 35-mm dish before the
experiments. Fluo-3 loaded TRPM2-transfected HEK-293 cells were
placed on a heated microscope stage. NaCl (150 mM) or Na-gluconate
(150 mM) was dissolved in distilled water. ADPR (10 mM) was dissolved
in intracellular injection buffer (in mM) (K2HPO4 27, Na2HPO4 8,
KH2PO4 26) (pH 7.2). Injection was performed with FemtoJet micro-
injector, InjectMan NI2 micromanipulator (Eppendorf, Edison, NJ) and
finely pulled glass capillaries with a tip inner diameter of 0.5 mm (Fem-
totip II, Eppendorf). The systems run in the semiautomatic mode with the
following instrumental setup conditions: pipette angle 45˚, injection
pressure 20 hPa, injection time 0.1 s and velocity of the pipette 700 mm/s.
Images were acquired using Zeiss LMS 510 laser scanning confocal mi-
croscope (Carl Zeiss).

Whole-cell recordings

Glycine-induced anionic currents and TRPM2 current in human peripheral
neutrophils and TRPM2 current in HEK-293 cells were studied with the
patch clamp technique in the whole-cell mode, using an Axopatch 200B
with pClamp 9 and Digidata 1322A (Axon Instruments, Foster City, CA) or
EPC-9 amplifier with Pulse 8.5 software (HEKA, Lamprecht, Germany).
Patch pipettes were pulled from borosilicate capillaries (PP-83 puller,
Narishige, Tokyo, Japan) with resistances of 4–5 MV. Series resistances

The Journal of Immunology 4403
D

ow
nloaded from

 http://journals.aai.org/jim
m

unol/article-pdf/184/8/4401/1320410/ji_0902814.pdf by H
anyang U

niversity user on 24 N
ovem

ber 2022



were within 15–20 MV when held at 260 mV. The data were digitized at
a sampling rate 3 kHz and filtered at 10 kHz. A reference electrode made
from an Ag-AgCl pellet was connected to the bath through an agar bridge
made with 3 M KCl. Pipette and external solution with various Cl2 was
used as described in the Supplemental Table. ADPR concentration was 10
mM and Ca2+ concentration was adjusted to 1 mM (1.8 mM CaCl2 and 1
mM EGTA) through calculation using the MAXCprogram (www.stanford.
edu/cpatton/maxc.html). All experiments were performed at room tem-
perature (22 6 1˚C). The recording chamber was superfused with external
solution by gravity at ∼10 ml/min.

Statistical analysis

All the statistical data were analyzed by Graphpad Prism 4.0 (GraphPad,
San Diego, CA). Survival data were analyzed by the log-rank test. All other
data were evaluated either by two-tailed Student t test or ANOVA. The
Bonferroni test was used for post hoc comparison. Value of p , 0.05 was
considered to indicate statistical significance.

Results
LPC increasesE. coli-killingactivity of neutrophils by enhancing
azurophil granule-phagosome fusion and elastase release

As observed with mouse neutrophils (10), LPC effectively en-
hanced E. coli-killing activity in the human neutrophils adhered
on a plastic coverslip (Fig. 1A): The effective concentrations of

LPC were 15–30 mM in the presence of 5% FBS. Thus, we used
a neutrophil/E. coli ratio of 1:10, and an LPC concentration of 30
mM in the presence of 5% FBS in subsequent experiments. In
a separate assay for bactericidal activity with suspended neu-
trophils (22, 23), essentially the same result was obtained with
LPC (Supplemental Fig. 1).
We first examined the effect of inhibitors of the principal effector

systems of neutrophil bactericidal activity (NADPH oxidase,
proteases, and neutrophil extracellular traps) by using DPI (28),
a mixture of protease inhibitors (17), and DNase (20), re-
spectively. As expected, each of these inhibitors effectively in-
hibited the basal E. coli-killing activity of neutrophils (Fig. 1B).
Interestingly, however, differential effects of these inhibitors on
LPC-enhancement of E. coli-killing activity were revealed. The
mixture of protease inhibitors totally blocked the LPC effect, DPI
(Supplemental Fig. 2) attenuated the LPC effect, whereas DNase
did not affect the LPC effect at all (Fig. 1B). These results indicate
the crucial role of neutrophil proteases in the enhancement by
LPC of E. coli-killing activity.
Among the neutrophil proteases, elastase plays a critical role in

eliminating Gram-negative bacteria, such as E. coli (15). There-
fore, we examined whether LPC increases the release of elastase.

FIGURE 1. LPC increases E. coli-killing activity human neutrophils by enhancing azurophil granule-phagosome fusion and elastase release. A, Effects of

LPC on bactericidal activity of human neutrophils against E. coli. Neutrophils (4 3 106/ml) were exposed to E. coli at a ratio of 1:1 and 1:10. B, Effects of

DPI (1 mM), protease inhibitor mixture (ProI), and DNase (100 U/ml) on LPC-induced enhancement of E. coli-killing. C, Effects of LPC on extracellular

elastase release from neutrophils. Neutrophils were treated with LPC in the presence or absence of E. coli for 1 h and then the amount of elastase in the

supernatant was measured with Enz Check Elastase assay kit (Molecular Probes). D, Surface expression of CD63, a maker of azurophil granules, was

measured at 5 min after treatment of LPC to neutrophils that had been allowed to phagocytose E. coli for 5 min. Representative FACS histogram (upper

panel) and bar graphs (lower panel) of LPC-induced membrane expression of CD63 in human neutrophils in the presence or absence of E. coli. E, Bar

graph and immunofluorescence microscopy image for effects of LPC on fusion of zymosan-containing phagosome (red) and azurophil granule (CD63;

green) in neutrophils are shown. Images were acquired with a 363 (scan zoom 3) objective. F, Effects of DPI (1 mM), and ProI on LPC-induced en-

hancement of S. aureus-killing. A–F, An average (6 SEM) of more than three experiments is shown. pp , 0.05; ppp , 0.01; pppp , 0.001.
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Neutrophils were exposed to E. coli with or without LPC for 1 h.
Exposure to E. coli markedly increased the release of elastase,
which was significantly enhanced in the presence of LPC (Fig. 1C).
However, LPC alone (in the absence of E. coli) had no significant
effect. Elastase is stored in azurophil granules in neutrophils (29).
Surface expression of CD63 (Fig. 1D), a marker of azurophil
granules, measured at 5 min after treatment of LPC to neutrophils
that had been allowed to phagocytose E. coli for 5 min, showed
a similar pattern to the release of elastase (Fig. 1C), further in-
dicating the enhanced release of azurophil granules by LPC.
During phagocytosis, even before the phagosome closes, azur-

ophil granule-phagosome fusion begins, and thus the extracellular
release of azurophil contents is detected (30–32). Therefore, the
LPC-induced enhancement of elastase release from neutrophils
exposed to E. coli (Fig. 1C) suggests an enhanced azurophil
granule-phagosome fusion. To confirm this contention, azurophil
granule-phagosome fusion was analyzed using human serum-
opsonised zymosan, with the same protocol that we used for the
bactericidal assay. As shown in Fig. 1E, LPC treatment markedly
enhanced the colocalization of FITC-labeled CD63 and Alexa
488-labeled zymosan, indicating that LPC markedly enhanced
azurophil granule-phagosome fusion.
Next, to test whether the differential effects of a mixture of

protease inhibitors and DPI on LPC enhancement of neutrophil
bactericidal activity are specific for E. coli, we studied Staph-

ylococus aureus, a Gram-positive bacterium. As shown in Fig. 1F,
LPC similarly enhanced killing of S. aureus by neutrophils. As
they did in the presence of E. coli (Fig. 1B), a mixture of protease
inhibitors blocked the LPC effect, and DPI attenuated the LPC
effect. These results suggest that the essential role of proteases and
the subsidiary role of NADPH oxidase are not limited to Gram-
negative bacteria, but extend to Gram-positive bacteria.

LPC-induced enhancement of neutrophil bactericidal activity
depends on glycine via GlyR

During literature search for neutrophil bactericidal activity, we
came across to a review by Segal, where he suggested an important
role for Cl2 flux through GlyRs in neutrophil bactericidal activity,
based on unpublished observation (3). The possibility that GlyR is
involved in the LPC enhancement of neutrophil bactericidal ac-
tivity prompted us to examine the effect of strychnine (a GlyR
antagonist) on the LPC-induced enhancement of E. coli-killing
activity. Strikingly, strychnine blocked the LPC effect (Fig. 2A),
indicating that GlyR critically mediates the LPC activity.
Next, we examined whether strychnine also blocks the LPC-

induced enhancement of bacterial clearance in vivo (10). We find
that pretreatment of mice with strychnine blocks the LPC-induced
enhancement of bacterial clearance in mice with CLP (Fig. 2B),
and markedly inhibits the protective effect of LPC against CLP-
induced lethality (Fig. 2C). Strychnine alone did not affect the

FIGURE 2. LPC-induced enhancement of neutrophil bactericidal activity depends on glycine via GlyR. A, Effect of strychnine (1 mM) on LPC-induced

enhancement of bactericidal activity. B, Clearance of peritoneal bacteria in mice with CLP. Mice were pretreated with PBS or strychnine (0.3 mg/kg, s.c.)

30 min before each injection of vehicle (PBS containing 2% BSA) or LPC (10 mg/kg, s.c.) two times at 2 h and 11 h after CLP. Then, bacterial counts

(CFUs) in peritoneal lavage fluid at 18 h after CLP were measured. n = 9–10 per group. C, Survival was observed in mice after CLP. Mice were pretreated

with vehicle (PBS) or strychnine (0.4 mg/kg, s.c.) 30 min before each injection of vehicle (PBS containing 2% BSA) or LPC (10 mg/kg, s.c.) four times at

12 h intervals beginning 2 h after CLP. Log-rank test; n = 10 mice per group. D, Effects of extracellular glycine and chloride on LPC-induced enhancement

of bactericidal activity. HBSS and Gly: HBSS supplemented with 133 mM glycine; Cl2 free: HBSS medium in which chloride was replaced with equimolar

amount of gluconate. E, Effects of strychnine (1 mM) on LPC-induced enhancement of extracellular release of elastase from neutrophils in the presence or

absence of E. coli. F, Effect of strychnine (1 mM) on fusion of phagosome containing zymosan and azurophil granule (CD63) in neutrophils. G, Neutrophils

were incubated with 0.5 mg/ml Lucifer yellow for 60 min in the presence or absence of LPC. H, Effects of strychnine on LPC-induced enhancement of

Lucifer yellow uptake. I, Dependence on glycine of LPC-induced enhancement of Lucifer yellow uptake. Note that the E. coli in E, H, and I represent

neutrophils that were allowed to ingest E. coli for 20 min before treatment of LPC. (A, D–I) An average (6 SEM) of more than three experiments is shown.

pp , 0.05; ppp , 0.01; pppp , 0.001.
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basal bacterial clearance, either in vitro (Fig. 2A) or in vivo (Fig.
2B), nor did it affect CLP-induced lethality in the absence of LPC
(Fig. 2C).
The RPMI 1640 medium, which we used in our bactericidal

assays, contains glycine (133 mM). Thus we asked whether the
LPC effect is lost in a medium lacking glycine. In HBSS medium,
LPC failed to enhance neutrophil bactericidal activity (Fig. 2D).
However, when we added glycine to HBSS medium (at a final
concentration of 133 mM), the LPC effect was restored (Fig. 2D).
When chloride was replaced with gluconate in the glycine-sup-
plemented HBSS medium, basal neutrophil bactericidal activity
decreased markedly (suggesting the presence of an additional
mechanism [apart from GlyR] of chloride modulation of neutro-
phil bactericidal activity), and the LPC enhancement of bacteri-
cidal activity disappeared (Fig. 2D). These results clearly show
that glycine is essential for LPC enhancement of neutrophil bac-
tericidal activity.
Strychnine blocked the LPC-mediated enhancement of elastase

release from neutrophils that were exposed to E. coli (Fig. 2E). It
also blocked the LPC-mediated enhancement of azurophil gran-
ule-phagosome fusion (Fig. 2F). These results agree with strych-
nine’s blockade of LPC-induced bactericidal activity (Fig. 2A).
Also, in agreement with its lack of effect on basal bactericidal
activity (Fig. 2A), strychnine did not affect the basal elastase re-
lease from neutrophils exposed to E. coli (Fig. 2E) and the basal
azurophil granule-phagosome fusion (Fig. 2F).
Azurophil granule-phagosome fusion with the accompanying

release of azurophil granules is a critical step in the bactericidal
activity of neutrophils (33, 34). Fittschen and Henson (24) showed
that azurophil granule secretion by neutrophils, in response to
formyl-methionyl-leucyl-phenylalanine, after cytochalasin B (an
inhibitor of actin polymerization) pretreatment is linked to fluid-
phase pinocytosis (measured by Lucifer yellow uptake). They

showed that, intriguingly, chloride is essential for both the fluid
phase pinocytosis and the accompanying secretion of azurophil
granules.
In the current study LPC enhanced the release of elastase,

a component of azurophil granules, from E. coli-exposed neu-
trophils. This enhanced release depended on the GlyR, the gly-
cine-operated chloride channel (Fig. 2E). These data led us to
examine whether LPC enhances fluid-phase pinocytosis, and, if
so, whether the enhancement is also dependent on the GlyR. LPC
(30 mM) effectively increased Lucifer yellow uptake in resting
neutrophils (Fig. 2G), and enhanced Lucifer yellow uptake in
neutrophils that had ingested E. coli (Fig. 2H, left panel). The
enhancement was strychnine-sensitive (Fig. 2H). Further in
agreement with its lack of effect on basal bactericidal activity
(Fig. 2A), strychnine did not affect the Lucifer yellow uptake in
neutrophils that had phagocytosed E. coli in the absence of LPC
(Fig. 2H, right panel). Similar to the essential role of glycine in
LPC-induced enhancement of bactericidal activity (Fig. 2D), LPC
enhancement of Lucifer yellow uptake was also dependent on
glycine (Fig. 2I). These results indicate that chloride influx via
GlyR activated by glycine leads to LPC-induced Lucifer yellow
uptake.

The GlyR subtype in human neutrophils is GlyRa2

The existence of GlyR in rat neutrophils was reported (35, 36).
However, the existence of GlyR and the identity of its subtype in
human neutrophils have not been reported. RT-PCR revealed that
GlyRa2 (but not a1, a3, or b) subunit mRNAwas present in human
neutrophils (Fig. 3A). The identity of GlyRa2 subunit mRNAwas
confirmed by sequencing (data not shown). Western blot analysis
revealed GlyRa2 expression in human neutrophils (Fig. 3B). These
results indicate that human neutrophils contain homomericGlyRa2.
Unexpectedly, confocal GlyRa2 immunofluorescence (using anti-

FIGURE 3. LPC induces GlyRa2-mediated [Cl2]i increase in neutrophils. A, The presence of GlyRa2 in human neutrophils was determined by RT-PCR.

B, Western blot for GlyRa2 in human neutrophils and GlyRa2-transfected HEK-293 cells as a positive control, with or without blocking peptide against

GlyRa2. C, Immunofluorescence microscopy of neutrophils stained with anti-GlyRa2 Ab (red). Nuclei were visualized by DAPI stain (blue). Neutrophils

were stained with anti-GlyRa2 Ab (red) with or without permeabilization with Triton X-100 (0.05%). Images were acquired with a 3100 (scan zoom 2)

objective. D, Representative FACS histograms of membrane expression of GlyRa2 in response to LPC. Neutrophils were treated with LPC (30 mM) for 5

min. After fixation, neutrophils were stained with FITC-conjugated anti-GlyRa2 Ab for 30 min. E and F, Relative intracellular chloride changes in

neutrophils were measured with MQAE. Effects of strychnine (E) and treatment with shRNA against GlyRa2 (F) on LPC-induced decrease in MQAE

fluorescence were measured. G, Effect of treatment with shRNA against GlyRa2 on LPC-induced enhancement of bactericidal activity was evaluated. An

average (6 SEM) of more than three experiments is shown. pppp , 0.001.
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GlyRa2 Ab directed to the extracellular N-terminus of the GlyR)
was revealed predominantly in permeabilized neutrophils, in-
dicating that GlyRa2 is mostly located intracellularly in resting
neutrophils (Fig. 3C). Because extracellular glycine was essential
for LPC-induced enhancement of bactericidal activity (Fig. 2D)
and Lucifer yellow uptake (Fig. 2I), we asked whether LPC in-
duces translocation of intracellularly located GlyRa2 to the
plasma membrane. As shown in Fig. 3D, treatment of neutrophils
with LPC for 5 min effectively translocated GlyR to the plasma
membrane.
The functional expression of GlyR in human neutrophils was

confirmed by whole-cell patch clamp study (Fig. 4). With low-Cl2,
Cs+ pipette solution, an application of glycine (0.5 mM) induced
outwardly rectifying current in the LPC (30 mM, 5 min)-pretreated
neutorphils, whereas not in the control neutrophils (n = 8–10; Fig.
4A–C). The current to voltage (I-V) curve with glycine crossed the
control I-V curve at negative voltage (∼260 mV), compatible with
the activation of Cl2 permeable channels by glycine (Fig. 4B,

arrow). To our knowledge, this is the first electrophysiological
evidence for the presence of GlyR outside the nervous system.

LPC increases [Cl2]i via GlyRa2 in neutrophils

Next, we examined whether LPC increases [Cl2]i in neutrophils.
[Cl2]i was measured using MQAE. The fluorescence of MQAE is
decreased by the presence of chloride (37). Fig. 3E shows that
LPC increases [Cl2]i, as reflected by the decreased fluorescence of
MQAE. Calibration shows that LPC (30 mM) increases [Cl2]i of
neutrophils from the basal levels of 26.7 6 2.4 mM (mean 6
SEM, n = 4) to 35.7 6 3.3 mM (mean 6 SEM, n = 4). Because
depolarization of membrane potential may lead to subsequent
chloride influx, we examined whether LPC depolarizes membrane
potential, but found that LPC did not depolarize membrane po-
tential up to 3 min after stimulation, excluding the possibility
(Supplemental Fig. 3). The LPC-induced decrease in MQAE
fluorescence was blocked by strychnine (Fig. 3E), and by treat-
ment with shRNA against GlyRa2 (Fig. 3F), indicating that LPC

FIGURE 4. Functional expression of glycine-oper-

ated channels in human neutrophils. A and B, repre-

sentative current-voltage relations (I-V curves)

obtained by depolarizing ramp pulses from 2100 to

100 mV with KCl pipette solution and normal Ty-

rode’s bath solution before (A) and after (B) the

treatment with 30 mM LPC for 5 min. In the LPC-

treated cells, glycine increased the membrane current

that crossed the control I-V curve at negative voltage

(250 mV, arrow). Insets: Chart traces of membrane

currents in response to repetitive ramp pulses from2100

to 100 mV (holding voltage, 260 mV). 0.5 mM gly-

cine was applied in the extracellular solutions as in-

dicated in the Figure. C, Summary of outward current

amplitudes measured at 60 mV in the above experi-

ments (mean 6 SEM, n = 10). pp , 0.05 compared

with preglycine. D, Summary of I-V curves (mean 6
SEM) in the presence of 0.5 mM glycine obtained in

the neutrophils pretreated by LPC (30 mM, n = 6) only

or with anti-G2A Ab (1 mg/ml, n = 10). pp , 0.05

compared with anti-G2A Ab-treated cells.

FIGURE 5. LPC increases [Cl2]i and GlyR translocation via G2A. A, Effect of anti-G2A Ab on LPC-induced enhancement of bactericidal activity. B,

LPC-induced intracellular chloride changes in neutrophils were measured in the presence of anti-G2A Ab (1 mg/ml). C, Representative FACS histogram of

membrane expression of GlyRa2 in human neutrophils in response to stimulation of LPC. Neutrphils were pretreated with either anti-G2A Ab (1 mg/ml) or

isotype control (normal goat IgG, 1 mg/ml). Bar graph denotes average of more than three independent experiments. D, LPC-induced intracellular chloride

changes in neutrophils were measured in the presence of PTX (2.5 mg/ml). B and D, Fluorescence intensity ratio (F/Fo) with the resting fluorescence value

Fo in MQAE-loaded neutrophils. LPC was applied at the arrow. A and C, An average (6 SEM) of three experiments is shown. pppp , 0.001.
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increases [Cl2]i via GlyRa2. Furthermore, treatment with shRNA
against GlyRa2 abrogated the LPC effect on neutrophil bacteri-
cidal activity (Fig. 3G). The total amount of GlyRa2 in neu-
trophils was decreased by 33.9 6 8.5% (p , 0.001) with shRNA
transfection (Supplemental Fig. 4).

LPC induces [Cl2]i increase and GlyR translocation via G2A

G2A (for G2 accumulation), a member of G protein-coupled re-
ceptor (GPCR) family, has been implicated in lysophopholipid
signaling. Many actions of LPC are blocked by anti-G2A Ab (10,
38, 39) or by silencing G2A (40–42) (for review, see Ref. 5). Re-
cently, G2A dimerization/oligomerization resulted from the per-
turbation of the plasma membrane by insertion of LPC, a conical
lipid, was proposed as a mechanism for LPC activation of G2A
signaling (39). As observed with mouse neutrophils (10), anti-G2A
Ab blocked the LPC-induced enhancement of bactericidal activity
in human neutrophils (Fig. 5A). Anti-G2A Ab also blocked the
LPC-induced [Cl2]i increase (Fig. 5B) and GlyR translocation (Fig.
5C). The conductance increase by LPC in the presence of glycine
was also prevented by pretreating neutrophils with anti-G2A Ab (1
mg/ml) (Fig. 4D). These results indicate that G2A signaling is
upstream to the increase of [Cl2]i and GlyR translocation.
Some LPC actions on human neutrophils (9, 39) are blocked by

PTX, a Gai protein blocker. Thus, we examined the effect of PTX

on the LPC-induced [Cl2]i increase. The LPC-induced increase of
[Cl2]i was blocked by PTX (Fig. 5D).

LPC induces Ca2+ influx via GlyRa2-mediated [Cl2]i increase

[Ca2+]i in neutrophils is critical for fluid-phase pinocytosis (43),
azurophil granule secretion (44, 45) and bactericidal activity (46).
Confirming previous reports (9, 39), LPC (30mM) increased [Ca2+]i
of neutrophils (Fig. 6A). In the absence of 5% FBS, LPC (2 mM)
induced a similar increase in [Ca2+]i of neutrophils, suggesting that
∼7% of 30 mM LPC in RPMI supplemented with 5% FBS is free
(Supplemental Fig. 5). Under conditions where extracellular cal-
cium was removed by calcium-free medium supplemented with 0.3
mMEGTA, LPC could not elevate [Ca2+]i (Fig. 6B), induce Lucifer
yellow uptake (Fig. 6C), or enhance bactericidal activity (Fig. 6D),
showing that the LPC-induced enhancement on all these processes
is critically dependent on LPC-induced calcium influx.
Because LPC increased both [Cl2]i and [Ca

2+]i, we hypothesized
that LPC-induced [Cl2]i increase may lead to [Ca2+]i increase.
Intriguingly, the LPC-induced increase in [Ca2+]i was markedly
inhibited by strychnine (Fig. 6A) or treatment with microRNA-
adapted shRNA against GlyRa2 (Fig. 6E), displaying that [Cl2]i
increase via GlyRa2 leads to an enhanced calcium influx. Corre-
lating with the requirement of extracellular glycine (133 mM) in
LPC-induced enhancement of bactericidal activity (Fig. 2D), LPC

FIGURE 6. LPC induces TRPM2-mediated calcium influx via GlyRa2-mediated [Cl2]i increase. A, Effect of strychnine (1 mM) on LPC-induced in-

crease in [Ca2+]i. B–D, Effects of calcium-free medium (supplemented with 0.3 mM EGTA) on LPC-induced increase in [Ca2+]i (B), Lucifer yellow uptake

(C), and bactericidal activity (D). E, Neutrophils were treated with shRNA against GlyRa2 for 24 h, and LPC-induced increase in [Ca2+]i was measured. F,

LPC-induced increase in [Ca2+]i was measured in E. coli-ingested neutrophils in the prescence or absence of extracellular glycine (133 mM). G, Effects of

various inhibitors of TRPM2 on LPC-induced increase in [Ca2+]i . Neutrophils were pretreated with flufenamic acid (100 mM), clotrimazole (25 mM), and

econazole (25 mM) for 30 min before the addition of LPC.4[Ca2+]i represent changes of [Ca
2+]i for 15 min after addition of LPC. H–J, Effects of treatment

with shRNA against TRPM2 on LPC-induced [Ca2+]i increase (H) and enhancement of bactericidal activity (I). Effect of clotrimazole (25 mM) on LPC-

induced enhancement of bactericidal activity was also measured (J). [Ca2+]i changes in Fluo-3 AM-loaded neutrophils were expressed as the relative

fluorescence intensity over the resting fluorescence value (F/Fo). 4[Ca2+]i is represented as area under curve. LPC was applied at the arrow. D, G, I and J,

An average (6 SEM) of three experiments is shown. pp , 0.05; ppp , 0.01; pppp , 0.001.
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induced a more marked increase in [Ca2+]i in the presence of gly-
cine in neutrophils that had ingested E. coli (Fig. 6F).

LPC induces TRPM2-mediated calcium influx

The LPC-induced [Ca2+]i increase was effectively inhibited by
flufenamic acid (100 mM), clotrimazole (25 mM), or econazole
(25 mM) (Fig. 6G), but not by SKF-96365 (10 mM), ruthenium red
(0.2 or 20 mM), Gd3+ (50 mM), verapamil (10 mM), or nifedipine
(10 mM) (data not shown). This pharmacological profile suggests
the involvement of TRPM2, a major TRP channel in neutrophils
(47, 48). In neutrophils treated with shRNA against TRPM2 for 24
h, the LPC-induced increases in [Ca2+]i (Fig. 6H) and in neutro-
phil bactericidal activity (Fig. 6I) were markedly inhibited,
showing the importance of TRPM2 for the LPC actions. Clo-
trimazole treatment (25 mM) also blocked LPC-induced en-
hancement of neutrophil bactericidal activity (Fig. 6J).

Increase in [Cl2]i increases TRPM2 channel activity

Next, we hypothesized that the activity of the TRPM2 channel is
modulated by [Cl2]i. Therefore, we asked whether intracellular
injection of chloride increases [Ca2+]i in HEK-293 cells that het-
erologously express TRPM2. As shown in Fig. 7A, intracellular
injection of chloride (150 mM NaCl), but not equimolar Na-
gluconate, effectively induced an increase of [Ca2+]i in TRPM2 (+)
HEK-293 cells, but not in TRPM2 (2) HEK-293 cells.
ADPR is a major opener of TRPM2 channels (49) and Ca2+ is an

important positive modulator of TRPM2 (48–51). Therefore, we
asked whether ADPR/Ca2+-induced current is sensitive to changes
in [Cl2]i in TRPM2 (+) HEK-293 cells. [Cl2]i was varied from 1 to

100mM, with [Cl2]e being set to equal [Cl
2]i. As shown in Fig. 8A,

ADPR (10 mM)/Ca2+ (1 mM)-induced current was increased as the

[Cl2]i was increased, indicating that TRPM2 activity is sensitive to

[Cl2]i. The EC50 was 17.8 mM, with the peak attained at 50 mM

(Fig. 8B). It is to be noted that the basal neutrophil [Cl2]i (26.7 6
2.4 mM [mean6 SEM, n = 4]) and the LPC-induced [Cl2]i (35.76
3.3 mM [mean 6 SEM, n = 4]) are plotted in the linear region of

the curve.
The [Cl2]i-dependent regulation of TRPM2 activity was also

confirmed in neutrophils under thewhole-cell clamp conditions.The

ionic compositions ([Cl2]) of solution were same with the above

experiment of TRPM2 overexpressed in HEK-293 cells. Onmaking

the whole-cell configuration with 10 mMADPR in pipette solution,

step-like increase of inward current was observed. The pattern of

step-like increasewas consistentwith the slowkinetics of TRPM2as

described in a previous study of human neutrophils (48). In general,

the amplitude of inwardwas larger with higher [Cl2]i (Fig. 8C). The

inward current was completely reversed by replacing extracellular

Na+ with N-methyl-D-glucamate, a nonpermeable large cation (Fig.

8D). No such inward current was observed without ADPR in pipette

solution (n = 10, data not shown). The amplitudes of inward currents

during the initial 80 s after making whole-cell configuration were

summarized in a bar graph, which showed [Cl2]i-dependent facili-

tation of TRPM2 activation (Fig. 8E).
Finally, when TRPM2-transfected HEK cells were rendered to

be depleted of intracellular chloride by incubating them for 60–90

min in a medium in which chloride was replaced with gluconate

(52), neither H2O2, a well-known activating agent for TRPM2 (53,

FIGURE 7. TRPM2-mediated [Ca2+]i increase is sensitive to [Cl2]i changes. A, Traces of chloride-induced [Ca2+]i increase in TRPM2-expressing HEK-

293 cells. TRPM2-expressing HEK-293 cells were injected with either NaCl or Na-gluconate. Western blot shows doxycyline-responsible TRPM2 ex-

pression (A inset). B, H2O2 (1 mM)-induced [Ca2+]i increase in TRPM2-expressing HEK-293 cells was nearly blocked in chloride-free medium. C, In-

tracellular injection of ADPR (10 mM)-induced [Ca2+]i increase in TRPM2-expressing HEK-293 cells was nearly blocked in chloride-free medium.
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54) (Fig. 7B) nor intracellular injection of ADPR (Fig. 7C) could
elevate [Ca2+]i. These results further show the chloride-sensitive
nature of TRPM2.

Involvement of p38 MAPK in LPC actions

p38MAPK is reported to play a role in azurophil granule release (55,
56). Further, p38 MAPK is involved in phagosomal maturation in
macrophage (57). Thus, we asked whether p38 MAPK is involved
in LPC-induced enhancement in azurophil granule-phagosome
fusion and bactericidal activity. LPC induced p38 phosphorylation,
peaking at 5 min after LPC exposure (Fig. 9A). The LPC-induced
p38 phosphorylation was blocked by strychnine, and in Cl2-free
and in Ca2+-free medium (Fig. 9A), indicating that GlyR-induced
[Cl2]i-[Ca

2+]i signaling leads to p38 phosphorylation. Further,
extracellular glycine was necessary for LPC to induce p38 MAPK
phosphorylation (Fig. 9A). Together, these results show that both
calcium influx and chloride influx are necessary for LPC to induce
p38 MAPK phosphporylation.
The p38 MAPK inhibitor SB203580 blocked LPC-induced en-

hancement in Lucifer yellow uptake (Fig. 9B), azurophil granule-
phagosome fusion (Fig. 9C), and bactericidal activity (Fig. 9D).
Another p38 MAPK inhibitor SB202190 had essentially the same
effects on LPC actions (Supplemental Fig. 6).

Discussion
Thurman and colleagues reported a2 and b subunits of GlyR in rat
neutrophils (35). However, in human neutrophils, we detected
only a2 subunit (Fig. 3A, 3B), indicating that human neutrophils

have homomeric GlyRa2. Compared with GlyRa1b, a major
GlyR located synaptically in the adult CNS, homomeric GlyRa2
is located nonsynaptically mainly in the fetal brain, has a slower
kinetics, and was suggested to function in the paracrine neutro-
transmitter release (58). This property of homomeric GlyRa2 may
be well suited for the modulation of neutrophil functions, in-
cluding granule release.
Thurman and colleagues also reported that glycine inhibits LPS-

or fMLP-induced [Ca+2]i increase in rat neutrophils (36). Their
results cannot be directly compared with our results, because of
differences in species (rat versus human) with the possible dif-
ference in the compositions of GlyR subtypes (35), preparation
methods for neutrophils (exudates cells from glycogen-induced
peritonitis versus neutrophils purified from venous blood), and
stimuli (LPS or fMLP to resting neutrophils versus LPC in the
presence of glycine to E. coli-ingested neutrophils). It was re-
cently reported that fMLP-induced [Ca+2]i increase in human
neutrophils is potentiated by glycine (59). This finding is more
compatible with our results.
The coupling of [Cl2]i increase along with [Ca+2]i increase is

a novel signaling mode of neutrophil activation. The core mecha-
nism of the coupling is the sensitivity of TRPM2 activity to [Cl2]i
(Figs. 7, 8). TRPM2 is gated by ADPR (49) and other various
ADPR-related endogenous molecules (for review, see Ref. 60).
Furthermore, calcium (48–51) and heat (61) were found to be
positive modulators of TRPM2. Our finding that TRPM2 activity is
positively modulated by [Cl2]i in the presence of ADPR shows
a novel mode of chloride action in signal transduction, indicating

FIGURE 8. Increase in [Cl2]i increases TRPM2

channel activity. A, ADPR/Ca2+-induced whole-cell

currents in TRPM2-expressing HEK-293 cells (hold-

ing voltage, 260 mV) with varying concentration of

[Cl2]i. B, Peak currents of TRPM2 induced by ADPR/

Ca2+ in varying concentration of [Cl2] were averaged

andfitwithHill function, to obtain a [Cl2]-dependence

of TRPM.The calculatedED50 of [Cl
2]i was 17.8mM.

C,Activation of TRPM2was also confirmed in human

neutrophils dialyzedwith 10mMADPRwith different

concentrations (5, 50, 100mM) of Cl2. Representative

current traces after making whole-cell configuration

(holding voltage, 260 mV) are shown. Note the step-

like increase of inward current in each trace. The

characteristic pattern of activation is also shown in the

large inward current with 100mMCl2 (see inset in the

lower panel).D,Abolishment byNMDGof the inward

current induced by ADPR with 50 mM Cl2 in neu-

trophil (holding voltage, 260 mV). E, Mean ampli-

tudes of inward currents at 20, 40, 60, and 80 s after

making the whole-cell configuration in C.
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that chloride can be an active player for activating cells equipped
with TRPM2. To our knowledge, this is the first evidence for direct
modulation by chloride of calcium-conducting channels. Regarding
the direct modulation of channels by chloride, it is noteworthy that
Cl2-dependent K+ channels have been reported (62–64).
In multiple cell types, [Cl2]i reportedly increases in response to

various stimuli (65–68). Furthermore, chloride-sensitive calcium
influx, or calcium transients have been reported in several kinds of
cells (68–70). However, the exact identity of any chloride-sensi-
tive calcium-conducting channel has not been reported. It would
be interesting to examine whether the coupling of increased [Cl2]i
to TRPM2- (or to other TPR channel(s) which may be sensitive to
[Cl2]i) mediated [Ca+2]i increase also occurs in these cell types.
TRPM2 is expressed in a wide variety of cells (for review, see

Ref. 60). TRPM2 activity is increased by oxidant stress (53, 54),
and is involved in oxidant stress-induced cell death (53, 71–73)
and chemokine production (74). Therefore, TRPM2 is an impor-
tant target for the development of therapeutic strategies against
oxidative stress-related disorders (for review, see Ref. 60) in-
cluding inflammation (74). Our finding that [Cl2]i is a positive
regulator of TRPM2 activity could lead to a novel strategy for
modulating this important channel activity.
For LPC enhancement of bactericidal activity against both

Gram-positive and Gram-negative bacteria, proteases play a de-
cisive role, whereas the involvement of NADPH oxidase is partial
(Fig. 1B, 1F). Because LPC markedly enhanced the azurophil
granule-phagosome fusion, a critical step for killing engulfed
micro-organisms (33, 34), it is proposed that LPC enhances neu-
trophil bactericidal activity ultimately via enhancing the azurophil
granule-phagosome fusion with the accompanying proteases re-
lease and subsequent protease actions. However, for resting neu-
trophils, LPC increased Lucifer yellow uptake (Figs. 2G, 6C), but
did not significantly induce elastase release (Fig. 1C), suggesting
that fluid-phase pinocytosis is permissive but not sufficient for
azurophil granule release. LPC-mediated enhancement of elastase

release occurred only with neutrophils that had ingested E. coli
(Fig. 1C). This selectivity could be beneficial, as inappropriately
released elastase is potentially destructive to adjacent tissues (75).
Treatment with shRNA against GlyRa2 or strychnine did not

affect neutrophil basal bactericidal activity (i.e., activity in the
absence of LPC), but did block LPC-mediated enhancement (Figs.
2A, 3G). Furthermore, treatment with shRNA against TRPM2
(Fig. 6I) or clotimazole (Fig. 6J) showed a similar pattern. In-
hibition of p38 MAPK by SB203580 also did not significantly
inhibit basal microbicidal activity, in agreement with previous
reports (76, 77), but blocked the LPC effect (Fig. 9D). Taken to-
gether, these results suggest that the GlyRa2/TRPM2/p38 MAPK
signaling is not critically involved in basal bactericidal signaling
pathway, but can be mobilized for boosting the bactericidal ac-
tivity of neutrophils when neutrophils are stimulated by LPC.

FIGURE 9. LPC induces p38 MAPK

phosphorylation, and SB203580 blocks

LPC actions. A, Representative FACS

histogram of LPC-induced p38 MAPK

phosphorylation in various conditions.

Neutrophils were stimulated with LPC

for 5 min, and stained with Alexa 488-

conjugated Ab against phospho-p38 af-

ter fixation and permeabilization. Iso-

type controls were shown in gray solid

line. Box graphs represent the mean 6
SEM of three independent experiments.

B–D, Effects of SB203580 on LPC-in-

duced enhancement of Lucifer yellow

uptake (B), azurophil (CD63)-phag-

osome (zymosan) fusion (C), and bac-

tericidal activity (D). An average (6
SEM) of three experiments is shown. pp

, 0.05; pppp , 0.001.

FIGURE 10. Model for LPC-induced enhancement in neutrophil bac-

tericidal activity.
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In conclusion, we found the essential role of glycine/GlyRa2,
chloride-sensitive TRPM2, and p38 MAPK in the LPC-induced
enhancement of bactericidal activity (Fig. 10). Our study proposes
that the enhancement of azurophil granule-phagosome fusion via
GlyRa2/TRPM2/p38 MAPK signaling is a novel target for en-
hancing bactericidal activity in neutrophils.
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