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Toll-Like Receptor-Triggered Calcium Mobilization Protects Mice
against Bacterial Infection through Extracellular ATP Release

Hua Ren, Yunfei Teng, Binghe Tan, Xiaoyu Zhang, Wei Jiang, Mingyao Liu, Wenzheng Jiang, Bing Du, Min Qian

Shanghai Key Laboratory of Regulatory Biology, Institute of Biomedical Sciences and School of Life Sciences, East China Normal University, Shanghai, China

Extracellular ATP (eATP), released as a “danger signal” by injured or stressed cells, plays an important role in the regulation of
immune responses, but the relationship between ATP release and innate immune responses is still uncertain. In this study, we
demonstrated that ATP was released through Toll-like receptor (TLR)-associated signaling in both Escherichia coli-infected
mice and lipopolysaccharide (LPS)- or Pam3CSK4-treated macrophages. This ATP release could be blocked completely only by
N-ethylmaleimide (NEM), not by carbenoxolone (CBX), flufenamic acid (FFA), or probenecid, suggesting the key role of exocy-
tosis in this process. Furthermore, LPS-induced ATP release could also be reduced dramatically through suppressing calcium
mobilization by use of U73122, caffeine, and thapsigargin (TG). In addition, the secretion of interleukin-13 (IL-13) and CCL-2
was enhanced significantly by ATP, in a time- and dose-dependent manner. Meanwhile, macrophage-mediated phagocytosis of
bacteria was also promoted significantly by ATP stimulation. Furthermore, extracellular ATP reduced the number of invading
bacteria and protected mice from peritonitis by activating purinergic receptors. Mechanistically, phosphorylation of AKT and
ERK was overtly increased by ATP in antibacterial immune responses. Accordingly, if we blocked the P2X- and P2Y-associated
signaling pathway by using suramin and pyridoxal phosphate-6-azo(benzene-2,4-disulfonic acid), tetrasodium salt (PPADS), the
ATP-enhanced immune response was restrained significantly. Taken together, our findings reveal an internal relationship be-
tween danger signals and TLR signaling in innate immune responses, which suggests a potential therapeutic significance of cal-

cium mobilization-mediated ATP release in infectious diseases.

he concept of purinergic transmission via ATP was first pro-

posed by Burnstock in 1972 (1). Actually, extracellular nucle-
otides arising from nonneuronal sources are also involved in
many important physiological and pathological processes, such as
cell injury, hypoxia, inflammation, and even tumorigenesis (2, 3).
Under normal conditions, cytosolic concentrations of ATP range
from 3 to 10 mM, whereas the amounts of extracellular ATP
(eATP) vary widely, from picomoles to micromoles, in different
cells and tissues (4). When cells are stressed, cytosolic ATP is re-
leased from damaged cells and alarmed immune cells through
purinergic receptors, in an autocrine or paracrine manner (5).
Thus, the nucleotides released from damaged or infected cells can
also be considered a “danger signal” to alert the immune system
through activating purinergic receptors.

Generally, injured or infected cells can release ATP through the
cytomembrane in different ways. Early studies indicated that
ATP-binding cassette (ABC) transporters, such as cystic fibrosis
transmembrane regulator (CFTR), regulate the release of ATP
through ion channels (6). Recent studies have suggested that gap
junctions, membrane channels, hemichannels such as connexin
and pannexin hemichannels (7, 8), maxianion channels (9, 10),
volume-regulated anion channels (11), and P2 receptors (12) are
all involved in ATP release. In addition to release through chan-
nels, nonexcitatory cells can release ATP by exocytotic mecha-
nisms in response to biochemical and mechanical stimuli, such as
neurons upon depolarization (13—15). The mechanisms of ATP
release are well characterized for vesicular cells and excitatory/
secretory tissues; however, the mechanisms of ATP release from
immune cells, such as macrophages, have not been well character-
ized. Actually, a recent paper showed that ATP could be released
from infected immune cells and immune responses upregulated
through activating NLRP3 inflammasomes, but the correlation
between ATP release and Toll-like receptor (TLR) signaling is still
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indistinct (16). Therefore, the exploration of the internal relation-
ship between ATP release and TLR-mediated innate immune re-
sponses against bacterial infection is justified and worthwhile.

As the first defense against invading pathogens, the innate im-
mune system can recognize pathogen-associated molecular pat-
terns (PAMPs) by germ line-encoded pattern recognition recep-
tors (PRRs) in a nonspecific but instantaneous manner (17).
Among the PRRs, endocytic PRRs mainly promote engulfment
and destruction of microorganisms by phagocytes, whereas sig-
naling PRRs, such as TLRs, NOD-like receptors (NLRs), and RIG-
I-like receptors (RLRs), trigger the synthesis and secretion of im-
mune regulators or molecules, such as cytokines and chemokines,
that are crucial in regulating innate and adaptive immunity (18—
20). The activation of TLRs by given agonists induces the secretion
of proinflammatory cytokines, chemokines, and type I interferon
(IFN), such as tumor necrosis factor alpha (TNF-a), interleukin-6
(IL-6), monocyte chemoattractant protein 1 (MCP-1), and
IEN-B, to fight against invading pathogens and recruit peripheral
lymphocytes to the site of infection (21). In the past decades, most
studies have focused on the secretion of cytokines, chemokines,
and interferon in TLR-mediated immune responses. Actually, ex-
tracellular nucleotides secreted by injured or infected cells also
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play important roles in the innate immune system. Understanding
the cross talk between TLR and purinergic signaling represents a
novel approach to better understand immune regulation.

In this study, we demonstrate that ATP is released from
immune cells during bacterial infection mainly through exocy-
tosis by TLR-dependent intracellular calcium mobilization.
eATP then facilitates macrophage-mediated phagocytosis and
cytokine production to clear invading bacteria through activa-
tion of P2 receptors. Furthermore, we also provide evidence
that ATP has a nonredundant role in promoting host survival
from Escherichia coli-induced peritonitis. TLR signaling not only
can be involved in inflammation responses through the typical
mitogen-activated protein kinase (MAPK) pathway but also can
regulate innate immune responses via increasing extracellular
“danger signals,” such as eATP. Taken together, our findings show
anovel role of TLR-triggered calcium mobilization in the upregu-
lation of innate immune responses against bacterial infection
through extracellular ATP release.

MATERIALS AND METHODS

Animals. For peritoneal macrophage (PM) and bone marrow macrophage
(BMM) isolation, as well as the peritonitis mouse model, female 6- to 8-week-
old C57BL/6 mice were purchased from the Shanghai Laboratory Animal
Company (Shanghai, China). All mice used in these experiments were housed
under pathogen-free conditions and were maintained in accordance with
institutional guidelines. All experimental protocols were approved by the An-
imal Investigation Committee of East China Normal University.

Cell culture. BMMs and PMs were obtained as previously described
(22). The mouse macrophage cell line RAW 264.7 was obtained from the
American Type Culture Collection (Rockville, MD). BMMs, PMs, and
RAW 264.7 cells were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% fetal bovine serum (FBS), 100 units/ml penicil-
lin, and 100 mg/ml streptomycin with 5% CO, and 95% humidity until
drugs were added at the indicated times.

ATP assay. RAW 264.7 cells (5 X 10* cells/well) were loaded in 24-well
plates (Costar; Corning, Corning, NY) with DMEM containing 10% fetal
bovine serum for 24 h and then starved in serum-free DMEM for 12 h
before ATP assay. BMMs (1 X 10° cells/well) and PMs (1 X 10° cells/well)
were cultured in FBS-free DMEM for 12 h. RAW 264.7 cells, BMMs, and
PMs were then maintained in 500 .l fresh serum-free DMEM. Lipopoly-
saccharide (LPS) from Escherichia coli O55:B5 and Pam3CSK4 (Invivo-
Gen, San Diego, CA) and other inhibitors were added at the indicated
times. At specific time points, supernatants were collected and used to
quantify extracellular ATP by use of an ATP bioluminescence assay kit
(Sigma-Aldrich, St. Louis, MO) as recommended by the manufacturer.
ATP levels were calculated based on an ATP standard curve. For ATP
detection in vivo, Escherichia coli O111:B4 was injected into the mouse
abdominal cavity for different times. One milliliter of sterile phosphate-
buffered saline (PBS) was used to wash out the peritoneal fluid from mice
sacrificed by cervical dislocation at different times. Peritoneal fluid ATP
levels were assayed as described above. All samples were set up in tripli-
cate, and all experiments were repeated at least three times.

Measurement of Ca>* mobilization. RAW 264.7 cells were grown on
20-mm-diameter glass-bottom dishes (NEST Biotechnology, Jiangsu,
China) in complete DMEM containing 10% FBS, 100 units/ml penicillin,
and 100 mg/ml streptomycin. Before Ca>* imaging, the medium was
replaced with Hanks balanced salt solution (HBSS; 145 mM NaCl, 20 mM
HEPES, 2.5 mM KCl, 1 mM MgCl, - 6H,0, 1.8 mM CaCl,, 10 mM glu-
cose, and 0.01% bovine serum albumin [BSA], pH 7.4) and loaded with
Fura-2/AM (2 uM) (Beyotime, Jiangsu, China) for 30 min at room tem-
perature in the dark. After dye loading, the cells were washed with HBSS
three times and then treated with the appropriate inhibitor. Fura-
2/AM fluorescence was imaged at 340- and 380-nm excitation wave-
lengths to detect intracellular free calcium (Olympus IX71 and
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TABLE 1 Sequence-specific primers for P2 receptor genes

Primer Amplicon

Gene direction  Primer sequence (5'-3") size (bp)

P2X, Sense CAGTTCTCTGTGATCTCTTATTG 83
Antisense GTCCTCCGCATACTTGAA

P2X, Sense TTCACCATCCTCATCAAG 88
Antisense TCAGGTAGTCACTCTTCT

P2X, Sense CCCTATTTGTGCTATTAG 163
Antisense TTCTATTCTGTTCTCTTAC

P2X, Sense TACGAGCAGGGTCTTTCCGGA 183
Antisense  ACAAGACGTGCTCGGGCAAC

P2X, Sense CCACACTATTATTTCAAC 158
Antisense CCATTAACTATCACATCA

P2X, Sense CTCAAGCTCTATGGAATC 194
Antisense CTTGCCTCTTCATATTTG

P2X, Sense GAACCCAAGCCGACGTTGAAGT 152
Antisense GACAGCCTAGACAGGTCGGAGA

P2Y, Sense CGCACACAGGTACAGTGGCGT 150
Antisense TTCCGAGTCCCAGTGCCAGAGT

P2Y, Sense GTGCGGGGAACCCGGATCAC 149
Antisense  AGCCGCCTGGCCATAAGCAC

P2y, Sense GTGTGCACCGCTACATGGGCA 187
Antisense TCAGGCAGAGTCGTGTCATGGCA

P2Y, Sense AGGGGACCACTGGCCCTTCG 175
Antisense TACCCAAGCAGCACGGCGAC

P2Y,, Sense CAGAGTTTGGTCTAGTTTGGCACGA 153
Antisense TGGGAACTTTGGCTGAACCCCT

P2Y,;  Sense GGGCCTCATCGCTTTCGACAGG 170
Antisense TCACGGATGATGGCGTTGCCT

P2Y,, Sense GGGGCGGAAGTGGCACAAGG 163
Antisense GCGGCTGGACTTCCTCTTGACG

Lambda DG-4; Olympus, Novato, CA), and data were recorded by
InVivo software and then analyzed by Image-Pro Analyzer 6.2 (Media
Cybernetics, Bethesda, MD).

RNA isolation and RT-PCR. BMMs, PMs, and RAW 264.7 cells were
stimulated with different concentrations of ATP (Sigma-Aldrich, St.
Louis, MO) or LPS for 1 h, and total RNA was isolated by applying TRIzol
reagent (Invitrogen) according to the manufacturer’s protocol. cDNA was
synthesized from 100 ng RNA by use of a reverse transcription (RT) kit
(Prime Script 1st Strand ¢cDNA synthesis kit; TaKaRa, Dalian, China)
according to the manufacturer’s instructions. One microliter of template
from 10-fold-diluted cDNA was subjected to quantification of cytokine
expression by use of iQ SYBR green Supermix (Bio-Rad, Hercules, CA),
and the data were analyzed by an Eco real-time PCR system (Illumina, San
Diego, CA). The sequence-specific primers are shown in Tables 1 and 2.

ELISA. To assay secreted CCL-2 and IL-13, RAW 264.7 cells or PMs
were seeded in a 96-well plate (Costar; Corning, Corning, NY) at 5 X
10*/well and cultured in DMEM containing 10% EBS overnight. The cells
were then pretreated with drugs as indicated. After stimulation with ATP
for an additional 6 h, using PBS as a negative control, the supernatants
were centrifuged for 5 min. Secretion of IL-13 and CCL-2 was measured
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TABLE 2 Sequence-specific primers for cytokines and chemokines

Target Primer direction Primer sequence (5'-3") Amplicon size (bp)

MCP-1/CCL2 Sense CCTGCTGTTCACAGTTGC 348
Antisense GCTTCAGATTTACGGGTC

1L-6 Sense CTTGGGACTGATGCTGGTGACA 118
Antisense GCCTCCGACTTGTGAAGTGGTA

TNF-a Sense TCCCTTTCACTCACTGGC 354
Antisense ACTTGGTGGTTTGCTACG

IL-1B Sense GCCTCAAAGGAAAGAATC 298
Antisense GAAACAGTCCAGCCCATAC
Antisense GGAAATCTGAACGTGAGGAG

iNOS Sense CAGCGGAGTGACGGCAAACAT 184
Antisense GCAAGACCAGAGGCAGCACATC

IFN-B Sense TCCCTATGGAGATGACGG 341
Antisense TCTGCTCGGACCACCAT
Antisense GTGAGAAGCGGAAGTCAGAT

COX-2 Sense TTTCAGAATCTACCGACCAT 287
Antisense TCCGAATAGAATCCGACT
Antisense GCCAGGACTCAAGCGAAG

Glyceraldehyde-3-phosphate Sense AGTGGCAAAGTGGAGATT 83

dehydrogenase (GAPDH) Antisense GTGGAGTCATACTGGAACA

by use of mouse OptEIA enzyme-linked immunosorbent assay (ELISA)
kits (BD Biosciences, San Diego, CA).

Phagocytosis. For production of fluorescently labeled bacteria, E. coli
BL21 with plasmid pET24a-GFP was grown in Luria-Bertani broth
(Difco) at 37°C to an optical density at 450 nm (OD,5,) of 0.6 and induced
to express green fluorescent protein (GFP) by incubation with isopropyl-
B-p-thiogalactopyranoside (IPTG) at 16°C overnight. Bacteria were col-
lected and washed with sterile PBS for bacterial number determination.
RAW 264.7 cells were pretreated with or without purinergic receptor in-
hibitors and then stimulated with ATP for 30 min. Subsequently, E. coli-
GFP and RAW 264.7 cells were cultured together at a ratio of 5 CFU of E.
coli bacteria per cell at 37°C. After 30 min, external bacteria were removed
by washing three times with PBS, and the cells were incubated for 1 min in
0.4% trypan blue to quench extracellular GFP. After a final wash in PBS,
the cells were collected and resuspended in PBS to determine the effi-
ciency of phagocytosis on a FACScan flow cytometer (BD Biosciences, San
Diego, CA).

Transwell migration assay. After starving in serum-free DMEM over-
night, RAW 264.7 cells (1 X 10°) suspended in serum-free DMEM were
added to the upper well of a 24-well transwell insert with an 8.0-pm
polycarbonate membrane (Corning, Glendale, AZ), and the bottom well
was supplemented with DMEM containing 10% FBS with ATP or ATP+S.
After 8 h of migration, the insert membrane was scraped gently with a
cotton swab to remove residual cells, and then migrated cells in the lower
membrane were fixed with 4% paraformaldehyde. Finally, Giemsa stain-
ing was conducted to count the cells from five random fields at a magni-
fication of X200, using an optical microscope.

Western blotting. BMMs were seeded into 6-well plates (Costar;
Corning, Corning, NY) and stimulated with ATP at the indicated times.
Samples were separated by 12% SDS-PAGE and transferred to polyvi-
nylidene difluoride (PVDF) membranes (Bio-Rad, Hercules, CA). After
incubation with phospho-extracellular signal-regulated kinase 1/2 (phos-
pho-ERK1/2), ERK1/2, phospho-AKT, AKT, B-actin, phospho-p38, p38,
and IkBa antibodies (Cell Signaling Technology, Danvers, MA), the
PVDF membranes were incubated with appropriate horseradish peroxi-
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dase (HRP)-conjugated secondary antibodies (Sigma-Aldrich, St. Louis,
MO). Finally, the enhanced chemiluminescence (ECL; Rockford, IL)
method was applied to detect the proteins.

Peritonitis mouse model. Six- to 8-week-old C57BL/6 female mice
were chosen for induction of peritonitis to mimic bacterial infection. Peri-
toneal bacterial numbers and survival curves were obtained to reflect the
protective effect of ATP. To count peritoneal fluid E. coli numbers, mice
were divided randomly into seven groups and pretreated with an intra-
peritoneal (i.p.) injection of PBS, ATP (50 mg/kg of body weight), apyrase
(100 U/kg; Sigma-Aldrich, St. Louis, MO), pyridoxal phosphate-6-azo-
(benzene-2,4-disulfonic acid), tetrasodium salt hydrate (PPADS) (6 mg/
kg; Sigma-Aldrich, St. Louis, MO), suramin hexasodium salt (suramin)
(75 mg/kg; Sigma-Aldrich, St. Louis, MO), N-ethylmaleimide (NEM) (15
mg/kg; Sigma-Aldrich, St. Louis, MO), or U73122 (120 ng/kg; Sigma-
Aldrich, St. Louis, MO). Twelve hours later, each mouse was challenged
with E. coli O111:B4 through intraperitoneal injection. After 12 h, E. coli
was obtained by lavage with 2 ml PBS from each mouse’s abdominal cavity
and then diluted 10-fold in PBS, and 20 pl of the bacterial suspension
was cultured in solid LB medium for 12 h. Single CFU were counted to
determine peritoneal fluid E. coli numbers. Another seven groups were
divided and treated as described above, but instead of counting peritoneal
fluid E. coli numbers, the mice were checked every 2 h to obtain a survival
curve.

Statistical analysis. Data are presented as means * standard errors of
the means (SEM) (n = 3 to 6). Statistical significance was evaluated with
the Student ¢ test or one-way analysis of variance (ANOVA) followed by
Dunnett’s multiple-comparison test. P values of <0.05 and <0.01 were
considered significant and very significant, respectively. For survival curve
analysis, the log rank test was performed, and P values of <0.05 were
considered significant.

RESULTS

ATP is released from macrophages during bacterial infection.
To elucidate the role of eATP in antibacterial immune responses,
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FIG 1 Characterization of ATP release during bacterial infection. (A) E. coli O111:B4 (2 X 10® CFU/ml) was injected into the mouse abdominal cavity. eATP
was then detected using a luciferin-luciferase assay at different time points, and the ATP concentration was calculated according to a standard curve. (B) RAW
264.7 cells, BMMs, and PMs were stimulated with 100 ng/ml LPS at the indicated times, and then cell supernatants were collected at the indicated times and
subjected to ATP measurement. (C) RAW 264.7 cells were treated with 100 ng/ml LPS or Pam3CSK4 for 15 min to detect the release of ATP. Data are presented
as means and SEM (n = 3; %, P < 0.05; **, P < 0.01). (D) RAW 264.7 cells were treated with or without ATP (100 wM) and LPS (100 ng/ml) for 1 h, and RNA
was isolated to quantify P2 receptor expression by use of a real-time PCR assay. Results are displayed relative to normalized expression of P2 receptors in

untreated cells. Data are presented as means and SEM (n = 3; ***, P < 0.001).

we measured the concentration of eATP by using an ATP biolu-
minescence assay kit for both E. coli-infected mice and LPS- or
Pam3CSK4-treated macrophages in a time-dependent manner.
As shown in Fig. 1A, eATP in the peritoneal cavity of mice chal-
lenged with E. coli O111:B4 was dramatically increased at 30 min.
The eATP level returned to a relatively low level as time passed
over the following 6 h. Furthermore, a similar ATP release was also
observed in LPS-treated BMMs, PMs, and RAW 264.7 cells (Fig.
1B). In order to further explore the role of TLR signaling in
bacterium-induced ATP release, we challenged RAW 264.7
cells with LPS and Pam3CSK4, which are specific agonists of
TLR4 and TLR2, respectively. Interestingly, ATP release was
increased by both LPS and Pam3CSK4 in RAW 264.7 cells,
which implied an internal relationship between TLR signaling
and ATP secretion (Fig. 1C). In order to further explore the
potential role of purinergic signaling in LPS-mediated immune
responses, we treated the RAW 264.7 cells with both ATP and
LPS to detect the expression levels of ATP-associated receptors.
Asshown in Fig. 1D, the expression levels of P2X1, P2X4, P2X7,
and P2Y, were all overtly increased by LPS. Conversely, the
expression of P2X2, P2X3, P2X5, P2X6, P2Y,, and P2Y, was
decreased in each case by LPS, while the expression of these
receptors was little influenced by ATP.

TLR triggers ATP release through calcium-dependent exocy-
tosis. Generally, ATP may be released through membrane chan-
nels, maxianion channels, and volume-regulated anion channels
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when cells are stressed. Thus, we treated the LPS-challenged cells
with different inhibitors, such as NEM (a specific inhibitor of the
soluble N-ethylmaleimide-sensitive factor attachment protein re-
ceptor), carbenoxolone (CBX; a nonspecific pannexin channel in-
hibitor), 18-alpha-glycyrrhetinic acid (18AGA), flufenamic acid
(FFA; a gap junction inhibitor), and probenecid (a selective pan-
nexin-1 channel inhibitor). As shown in Fig. 2A, LPS-induced
ATP release was significantly inhibited by NEM but not by the
other inhibitors, suggesting a key role of exocytosis in LPS-medi-
ated ATP release. It is well known that endoplasmic reticulum
(ER) stress-induced calcium release potentiates the ER-to-Golgi-
apparatus exocytosis that facilitates ATP release from vesicular
transport. However, brefeldin A (BFA) and chloroquine (CQ) did
not affect ATP release during bacterial infection (Fig. 2B). Mean-
while, we blocked LPS-activated signaling with U73122 (phos-
pholipase C [PLC] inhibitor), caffeine, and thapsigargin (TG)
(both were used to drain intracellular Ca** from the ER) to ex-
plore the mechanism of LPS-associated ATP release. Similar to the
above data, ATP release was activated by LPS, and this activation
could be inhibited dramatically by U73122, caffeine, and TG.
These data suggested that LPS-induced ATP release is strongly
associated with calcium mobilization, so we further appraised the
effects of U73122, caffeine, and TG on LPS-induced calcium mo-
bilization (Fig. 2C). Calcium mobilization was increased in LPS-
treated cells and could be blocked almost entirely by these inhib-
itors. ATP release through exocytosis is dependent on intracellular
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FIG 2 LPS-mediated ATP release through calcium-dependent exocytosis. (A) RAW 264.7 cells were pretreated with NEM (500 pM), CBX (100 wM), FFA (100
M), or probenecid (100 pM) for 30 min and then stimulated with 100 ng/ml LPS for 15 min. The eATP concentration was calculated according to a standard
curve. Data are presented as means and SEM (n = 3; %, P < 0.05; **, P < 0.01). (B) RAW 264.7 cells were treated with brefeldin A (10 wM) or chloroquine (100
M) for 1 h or with CaCl, (2 mM), thapsigargin (1 uM), caffeine (100 wM), or U73122 (1 wM) for 30 min before LPS stimulation, and then cell supernatants
were collected at the indicated times and subjected to ATP measurement. Data are presented as means and SEM (n = 3; %, P < 0.05; **, P < 0.01). (C) RAW 264.7
cells were treated with Fura-2/AM (2 uM) for 30 min at room temperature in the dark. After dye loading, cells were washed with HBSS three times and then
treated with the appropriate inhibitor. The top panels show Fura-2/AM-labeled cells, and the bottom panels trace the changes in the Fura-2/AM fluorescence
ratio for single cells treated as described above for up to 240 s. Each circle represents an area from which the time course plot was calculated. All experiments were

performed at least 3 times, and results are from a typical experiment.

Ca** mobilization, but extracellular Ca>* effluence is not neces-
sary, as application of CaCl, did not affect ATP release (Fig. 2B).
These results implied that LPS induced ATP release mainly
through PLC-dependent calcium mobilization and calcium-me-
diated exocytosis.

ATP enhances host defense against invading bacteria in a
peritonitis mouse model. To validate the role of eATP in promot-
ing host defense against microbes, we set up a mouse peritonitis
model by intraperitoneal injection of E. coli O111:B4 to monitor
the clearance of bacteria and mouse survival. As shown in Fig. 3A,
the total quantity of bacteria in the peritoneal cavity was reduced
in ATP-injected mice. In contrast, if we treated the mice with
apyrase to degrade endogenous ATP, then the invading bacteria
were changed little. After using U73122 and NEM to inhibit ATP
release, the total quantity of bacteria increased significantly com-
pared to that in PBS-treated mice. Accordingly, the survival of
ATP-treated mice was also significantly extended compared with
that of control and apyrase-, NEM-, and U73122-treated groups
(Fig. 3B), suggesting the key role of eATP in the clearance of in-
vading bacteria.
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ATP increases IL-13 and CCL-2 production through P2 re-
ceptors. The activation of P2 receptors by ATP is the main step
in its regulation of inflammation and immune responses. Thus,
we checked the expression of P2 receptors in murine macro-
phages by real-time PCR (Fig. 4A). Almost all ATP-associated
P2 receptors were expressed in PMs and RAW 264.7 cells, but
their abundances varied widely. Among them, P2X7 and P2Y,
were the most abundant receptors. As shown in Fig. 4B, IL-1p
and CCL-2 mRNAs were both increased dramatically by ATP,
in a time-dependent manner, but not those for other inflam-
matory cytokines, such as TNF-a, IL-6, inducible nitric oxide
synthase (iNOS), COX-2, and IFN-. The expression and se-
cretion of IL-1f3 and CCL-2 could also be activated by ATP, in
a dose-dependent manner that could be eliminated by apyrase
through degradation of ATP in BMMs and PMs (Fig. 4C to F).
To further explore the mechanism of ATP-facilitated IL-1f3
and CCL-2 production, we also treated the cells with the P2
receptor inhibitors PPADS and suramin. As shown in Fig. 4G
and H, the ATP-mediated increases in IL-1f3 and CCL-2 pro-
duction were both blocked by suramin and PPADS, suggesting
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FIG 3 ATP enhances the host defense against invading bacteria in a peritonitis
mouse model. Mice received an i.p. injection of PBS, ATP (50 mg/kg), apyrase
(100 U/kg), NEM (15 mg/kg), or U73122 (120 ng/kg) before infection with E.
coli O111:B4 (1 X 10°® CFU). (A) Twelve hours after i.p. injection of E. coli,
peritoneal fluid was obtained by lavage with 2 ml of PBS and then diluted
10-fold in PBS, and 20 .l of the bacterial suspension was cultured in solid LB
medium for 12 h. Data are presented as means and SEM (n = 3; %, P < 0.05; **,
P < 0.01). (B) A total of 2 X 10® CFU of E. coli was injected into the mouse
abdominal cavity for 12 h, and the mice were checked every 2 h for the next 48
h (n = 6 mice per group; P < 0.05 by the log rank test).

the crucial role of P2 receptors in ATP-regulated immune re-
sponses.

Macrophage-mediated phagocytosis is promoted signifi-
cantly by ATP. As the key immune cell in the innate immune
system, macrophages can engulf and digest pathogens and partic-
ipate in antigen presentation. Thus, we evaluated macrophage-
mediated pathogen phagocytosis and chemotaxis in ATP-treated
cells. As shown in Fig. 5A and B, the phagocytosis of GFP-labeled
bacteria by RAW 264.7 cells was increased by pretreatment of cells
with ATP (100 wM), and the increased phagocytosis could be
reduced by apyrase, PPADS, and suramin. Although the secretion
of CCL-2 was promoted by ATP, macrophage-mediated che-
motaxis was influenced little by ATP (data not shown). Taken
together, our current data further confirm the positive regulation
of macrophage-mediated phagocytosis by ATP.

ATP activates the AKT/ERK-associated signaling pathway.
Transcriptional induction of cytokine or chemokine production
requires coordinated and cooperative activation of different tran-
scription factors, such as NF-kB, AKT, ERK, and p38. Thus, we
performed Western blotting to determine the signaling pathway
influenced in ATP-treated BMMs. As shown in Fig. 6A, ATP stim-
ulation resulted in a time-dependent increase in phosphorylation
of ERK and AKT, whereas IkBa and p38 were affected little. Thus,
these data implied that ATP enhanced innate immune responses
mainly through the AKT/ERK-associated signaling pathway. Fur-
thermore, we also treated some cells with the ERK inhibitor
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U0126, the P2 inhibitor PPADS, and suramin to see the influence
of P2 receptors on ATP-induced ERK activation. Consistent with
the above-described data, the phosphorylation of ERK was greatly
enhanced by ATP, and this activation could be partially rescued by
U0126, PPADS, and suramin.

ATP enhances the host defense against bacterial infection
through P2 receptors. To investigate the function of P2 receptors
in the regulation of innate immunity, we set up an acute peritoni-
tis mouse model and monitored survival every 2 h over the next 48
h. As shown in Fig. 6B, the residual bacteria in the abdominal
cavity were significantly reduced by pretreating the mice with ATP
compared with the control and degraded ATP. Furthermore, the
numbers of residual bacteria could even be doubled compared
with the numbers in the control group by treatment with suramin
and PPADS, suggesting the important role of purinergic signaling
in clearing invading pathogens. Consequently, the survival of in-
fected mice was also increased dramatically by ATP injection, and
ATP-mediated protection could also be eliminated by the P2 re-
ceptor inhibitors suramin and PPADS (Fig. 6C). Thus, our results
suggest a critical role for ATP and P2 receptors in regulation of the
immune response and pathogen clearance in bacterium-mediated
peritonitis.

DISCUSSION

As a key “danger signal,” ATP has been investigated for a long
time in terms of the regulation of immune responses, but most
studies in the past few decades focused only on the function of
ATP and its receptors. Recently, the physiological effect of ex-
tracellular ATP on NLRP3 inflammasome activation was inves-
tigated in the context of bacterial infection (16). Why and how
ATP is released during bacterial infection are still unknown. In
this study, we demonstrated that ATP could be released from
infected or stressed cells via a calcium-dependent manner
which was induced by TLR signaling. The released ATP could
then upregulate innate immune responses in macrophages and
enhance the host defense against bacterial infection through
activating P2X and P2Y receptors. Therefore, we can hypothe-
size that bacterium-induced TLR signaling not only activates
classic immune responses but also induces ATP release through
calcium mobilization, which could also facilitate the immune
cells in an autocrine and/or paracrine manner. Actually, the
release of ATP seems to be more important to the immune
system, because the activation of TLRs can transduce intracel-
lular signaling only in immune cells, but ATP can easily deliver
the alarm signal to neighboring cells in a very short time, in a
manner which is even quicker and more extensive than cyto-
kine production. Thus, the release of ATP can also be regarded
as a kind of feedback regulatory loop that may be important in
protecting the host from bacterial infection (Fig. 6D). Our data
broaden the understanding of eATP as a danger signal in the
host defense against bacterial infection, which shows great po-
tential for purinergic signaling in antibacterial drug discovery.

The innate and adaptive immune systems are activated
through recognition of pathogen-associated molecular patterns
(PAMPs) by TLRs and are involved in autoimmune, chronic in-
flammatory, and infectious diseases. Interestingly, extracellular
signaling molecules can also bind to specific cell membrane recep-
tors in order to exhibit a unique and important role in cellular
communication and signal transduction. In fact, ATP is found not
only inside almost every living cell, where it is predominantly
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FIG 4 ATP increases IL-1f and CCL-2 expression in macrophages. (A) RNAs from RAW 264.7 cells and PMs were isolated in order to quantify ATP-related P2
receptor expression by using a real-time PCR assay. Results are displayed as relative expression normalized to the expression of P2X1. (B) TNF-q, IL-6, iNOS,
COX-2,IFN-B,IL-1B, and CCL-2 expression was detected after stimulation of RAW 264.7 cells with ATP (100 wM) for 0.5 h and 1 h. Data are presented as means
and SEM (n = 3;%, P < 0.05; ***, P < 0.001). (C and D) ATP induced IL-1{ and CCL-2 expression in BMMs and PMs, in a concentration-dependent manner.
(Eand F) PMs and RAW 264.7 cells treated with ATP (100 wM) or apyrase (5 U/ml) degraded ATP for 1 h, and then secretion of IL-13 and CCL-2 was detected
by ELISA. (G and H) RAW 264.7 cells were treated with the P2 inhibitors PPADS (20 wM) and suramin (100 uM) for 30 min to detect the expression of IL-1
and CCL-2 by real-time PCR assay. Data are presented as means and SEM (n = 3; *, P < 0.05; **, P < 0.01).
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known for its central role in cellular energy metabolism, but also
widely distributed outside the cell, where it appears to influence a
series of biological processes, such as the generation of chemotac-
tic signals and activation of immune cells in response to invading
pathogens (23). Thus, the continued study of the cross talk be-
tween TLRs and purinergic signaling will be important. As shown
in Fig. 1C, both LPS and Pam3CSK4 could induce the release of
ATP, obviously suggesting an inherent relationship between TLRs
and ATP-mediated signaling. Interestingly, the release of ATP is
not a steady process during bacterial infection. When the bacteria
invaded, eATP could reach its highest level in only 30 min, and
then the eATP was degraded to a relatively low level. This phe-
nomenon implies that the release of ATP must be regulated by a
transient mechanism that is similar to the activation of TLR sig-
naling.

Generally, ATP and other nucleotides are released mainly
through three potential mechanisms: exocytosis, blebbing, and
passage via a plasma membrane channel (24). In this case, ATP
release may occur through exocytosis during bacterial infection,
because channel activation requires a relatively long time (25, 26).
Consistent with our hypothesis, LPS-induced ATP release was
dramatically reduced by NEM but not by inhibitors of plasma
membrane channels (CBX, FFA, and probenecid), as shown in
Fig. 2A. Although the recognition of PAMPs is specific to each
TLR, individual TLRs mainly activate similar transcription fac-
tors, such as NF-kB, activating protein 1, and interferon regula-
tory factors, driving specific immune responses (27). Meanwhile,
LPS can also evoke a transient Ca®" increase in monocytes/mac-
rophages and astrocytes (28, 29). LPS induces a Ca®" increase
through release from intracellular Ca®" stores instead of an extra-
cellular Ca** efflux (30). It has been reported that intracellular
calcium mobilization and intracellular calcium-triggered synaptic
vesicles are involved in exocytosis (31). Thus, we further treated
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the cells with intracellular calcium inhibitors to explore the role of
calcium in LPS-induced ATP release. As shown in Fig. 2C and D,
LPS-induced calcium mobilization was blocked by U73122 (an
inhibitor of PLC), thapsigargin, and caffeine (draining intracellu-
lar Ca?* from the ER). As a consequence, LPS-induced ATP re-
lease was also prevented by U73122, thapsigargin, and caffeine,
but not by CaCl,, CQ, and BFA, suggesting the key role of calcium
mobilization in LPS-induced ATP release. Meanwhile, the in vivo
data also showed that NEM and U73122 negatively regulated the
host defense against invading pathogens through disruption of
eATP release. Our data strengthen the correlation between TLRs
and purinergic signaling and also reveal novel evidence of the
synergistic effect of pattern recognition and danger signaling in
fighting against invading pathogens.

Bacterial peritonitis is a serious and fatal complication due to
the sustained impairment of the immune system. Empirical ther-
apy for peritonitis is mainly through different antibiotics, such as
cefoxitin and cefotecan, to cover Gram-positive and Gram-nega-
tive bacteria and anaerobes. Thus, it will go a long way to reducing
the abuse of antibiotics if we can eliminate invading pathogens
through the innate immune system. Different kinds of immune
cells have been found to be involved in the host defense against
infection, among which macrophages may be the most important.
Macrophages fulfill a series of immune functions, including
phagocytosis, antigen presentation, and immunomodulation
through cytokine and chemokine production (32). Thus, we
treated macrophages with ATP to investigate its influence on mac-
rophage-mediated immune responses. In this study, not only
could ATP be released from macrophages, but the released ATP
could also eliminate invading bacteria and protect mice from bac-
terium-induced peritonitis (Fig. 3A and B). As shown in Fig. 4 and
5, ATP exerted a protective effect during bacterial infection,
mainly through increasing IL-18 and CCL-2 and promoting the
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FIG 6 ATP enhances the host defense against bacterial infection through P2 receptors. (A) BMMs were treated with 100 uM ATP, with or without the ERK
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{-actin were detected by Western blotting. (B) Mice received an i.p. injection of PBS, ATP (50 mg/kg), apyrase (5 U/ml)-degraded ATP, PPADS (6 mg/kg), or
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10® CFU E. coli O111:B4. The mice were checked every 2 h for the next 48 h (n = 6 mice per group; P < 0.05 by the log rank test). (D) Scheme of intracellular
calcium mobilization-dependent ATP release in promoting host defense against invading bacteria through P2 receptor signaling pathways.

phagocytosis of bacteria. These findings provide solid evidence P2Y,, receptors, ATP can bind to these receptors and transduce
that eATP may serve as a positive regulator in macrophage-medi- intracellular signals in order to regulate cell function (3). Al-
ated innate immunity. most all ATP-associated receptors were expressed in RAW

As a natural ligand for all P2X and P2Y,, P2Y,, P2Y,, and 264.7 cells and PMs; among these, P2X7 and P2Y, were highly
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expressed, implying a potential role of ATP in regulating im-
mune responses though P2 receptors (Fig. 4A). We next treated
cells with the broad-spectrum P2 receptor inhibitors PPADS
and suramin to illustrate the role of P2X and P2Y in ATP-
mediated immune regulation. As shown in Fig. 4G and H, ATP-
induced CCL-2 and IL-1-B were both blocked by PPADS,
suramin, and apyrase, which further confirmed the key role of
ATP in cytokine and chemokine production and that this type
of function is mediated mainly through activating P2X and P2Y
receptors. Similar data were also observed with the phagocyto-
sis assay. Furthermore, if we pretreated the mice with PPADS
and suramin, the ATP-mediated protection against bacterial
peritonitis was also blocked. Taken together, our data reveal an
internal relationship between danger signals and TLR signaling
in innate immune responses, which suggests a potential thera-
peutic significance of the ATP-associated signaling pathway in
preventing and controlling bacterial diseases.
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