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Introduction

Summary

Macrophages are the major source of the chemokines macrophage inflam-
matory protein-2 (MIP-2) and keratinocyte-derived chemokine (KC),
which play a major role in neutrophil migration to sites of inflammation.
Although extracellular ATP from inflammatory tissues induces several
immune responses in macrophages, it is unclear whether ATP-stimulated
macrophages affect neutrophil migration. Therefore, the aim of the pres-
ent study was to investigate the role of ATP-induced MIP-2 production
by macrophages. When ATP was injected intraperitoneally into mice, the
number of neutrophils within the peritoneal cavity markedly increased,
along with the levels of MIP-2 and KC in the peritoneal lavage fluid. Con-
sistent with this, ATP induced MIP-2 production, but not that of KC, by
peritoneal exudate macrophages (PEMs) in vitro. This occurred via inter-
actions with the P2X; receptor and P2Y, receptor. Furthermore, treat-
ment of PEMs with ATP led to the production of reactive oxygen species.
The ATP-induced MIP-2 production was inhibited by treatment with the
antioxidant N-acetyl-L-cysteine. Also, MIP-2 production was inhibited by
pre-incubating PEMs with inhibitors of extracellular signal-regulated kinase
1/2 or p38 mitogen-activated protein kinase. The MIP-2 neutralization reduced
the increase in neutrophil numbers observed in ATP-treated mice. Taken
together, these results suggest that increased production of reactive oxygen
species by ATP-stimulated macrophages activates the signalling pathways that
promote MIP-2 production which, in turn, induces neutrophil migration.

Key words: ATP; macrophages; macrophage inflammatory protein-2; neu-
trophils; P2 receptors

vated by ATP, whereas P2Y receptors are selective for
ADP (PZYl, PZY]Z and P2Y13), ATP and UTP (P2Y2 and

Extracellular ATP, along with other extracellular nucleo-
tides such as UTP, ADP and NAD, induce physiological
and immune responses in a wide spectrum of cell types
and tissues.'” Extracellular nucleotides bind to two major
cell surface receptors: the ligand-gated ion channel P2X
(P2X,_;) receptors and the G protein-coupled P2Y
(P2Y15.4611-14) recep'[ors.1’2’4’5 P2X receptors are acti-

rodent P2Y,), UTP (human P2Y,), UDP (P2Y,) and
UDP-glucose (P2Y,,).” In general, intracellular ATP con-
centrations in the cytoplasm are maintained within the
millimolar range (3-10 mm), but within the nanomolar
range in plasma (400-700 nm)." Release of ATP is caused
by cytolysis resulting from, for example, tissue injury and
cell death."®

Abbreviations: BZATP, 2'-O-(4-benzoyl-benzoyl) ATP and 3'-O-(4-benzoyl-benzoyl) ATP; CM-H2DCFDA, 5-(and-6)-
chloromethyl-2',7'-dichlorodihydrofluorescein diacetate, acetyl ester; CXCL, CXC ligand; ERK, extracellular signal-regulated
kinase; FCS, fetal calf serum; H,O,, hydrogen peroxide; IL, interleukin; KC, keratinocyte-derived chemokine; LPS,
lipopolysaccharide; mAb, monoclonal antibody; MAPK, mitogen-activated protein kinase; MIP-2, macrophage inflammatory
protein-2; NAC, N-acetyl-L-cysteine; P2X;R, P2X; receptor; PECs, peritoneal exudate cells; PEMs, peritoneal exudate
macrophages; ROS, reactive oxygen species; TNF, tumour necrosis factor.
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The P2X; receptor (P2X;R) is primarily expressed on
macrophages, lymphocytes and other immune cells."”®
P2X;R plays an important role in the regulation of both
innate and adaptive immunity. Treatment with ATP
induces different cellular responses, such as pore forma-
tion within the plasma membrane, induction of apoptosis
and/or necrosis, cytokine production, up-regulation of
MHC class II expression and the killing of intracellular
mycobacteria.”'” Extracellular ATP also stimulates the
phosphorylation of cell signalling molecules, including
extracellular signal-regulated kinase (ERK) 1/2 and p38
mitogen-activated protein kinase (MAPK).'>'®' In addi-
tion, ATP-mediated caspase-1 activation induces the
release of mature interleukin-15 (IL-1f) and IL-18 by
macrophages primed with lipopolysaccharide (LPS) before
ATP stimulation.”"!

Chemokines play key roles in leucocyte migration during
an immune response.”’ In humans, CXC ligand (CXCL)
8/IL-8 plays a major role in neutrophil migration.” > In
mice, CXCL1/keratinocyte-derived chemokine (KC) and
CXCL2/macrophage inflammatory protein-2 (MIP-2),
both murine functional homologues of IL-8, recruit neu-
trophils to sites of injury and infection.*** Also, anti-KC
neutralizing monoclonal antibody (mAb) and/or anti-MIP-
2 neutralizing mAb suppress neutrophil migration and
inflammation when injected in vivo into murine models of
inflammation.*”**?! Interestingly, extracellular ATP has an
important role in inflammatory neutrophil migration in
both humans and mice, chemotaxis via P2Y,R, and neutro-
phil function.’*> P2Y,R is involved in the migration of
neutrophils into the lungs in murine models of sepsis.”
However, the mechanism by which extracellular ATP
induces neutrophil migration has not been clarified.

Recent studies show that reactive oxygen species
(ROS), such as hydrogen peroxide (H,0,), are the physi-
ological mediators of cell signalling pathways involved in
differentiation, proliferation, migration and cytokine
secretion.”””® In addition, stimulation of primary macro-
phages with ATP alone results in the production of high
levels of ROS.'>'® The results of the present study show
that ATP-mediated ROS generation by macrophages
induces MIP-2 production, but not KC, thereby leading
to neutrophil migration.

Materials and methods

Mice

C57BL/6 (B6) mice and B6.129P2-P2rx7"1/] mice
(P2X,R-deficient: P2X,R™~, derived from Pfizer Inc.,
New York, NY) (8-10 weeks old) were used for the
experiments. Both strains of mouse were obtained from
Jackson Laboratory, Inc. (Bar Harbor, ME) and main-
tained in the animal facility of Niigata University under
specific pathogen-free conditions. All animal experiments
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were approved by the Committee on Animal Research of
Niigata University.

Reagents, ATP-induced neutrophil migration within the
peritoneal cavity and MIP-2 neutralization

ATP, 2'-O-(4-benzoyl-benzoyl) ATP and 3’-O-(4-benzoyl-
benzoyl) ATP (BzATP), UTP, LPS, N-acetyl-L-cysteine
(NAC) and SB202190 were purchased from Sigma (St
Louis, MO). PD98059 was purchased from Calbiochem
(La Jolla, CA) and PBS was purchased from Wako Pure
Industries (Osaka, Japan). ATP was injected at several dif-
ferent doses (in 300 pl PBS) to induce neutrophil migra-
tion in the peritoneal cavity. PBS was injected as a
control. The MIP-2 was functionally inhibited by intra-
peritoneal injection of 50 pg anti-MIP-2 (40605) mAb
(R&D Systems Inc., Minneapolis, MN),?”3% or control rat
IgG2b (BD Biosciences, San Diego, CA) 15 min before
the injection of ATP.

Preparation of peritoneal exudate macrophages and
peritoneal lavage fluid

Peritoneal exudate cells (PECs) were obtained from the
mice by an intraperitoneal injection of 0-5 ml of 3-0%
thioglycollate medium (Eiken Chemical Co., Ltd, Tokyo,
Japan). Four days after injection, PECs were collected by
lavage with cold PBS and seeded in RPMI-1640 medium
(Nissui Pharmaceutical Co. Ltd., Tokyo, Japan) supple-
mented with 10% fetal calf serum (FCS), 2 mm r-gluta-
mine and 5 x 107> M 2-mercaptoethanol at a density of
1 x 10° cells/ml in 48-well plates. After 2 hr of adherence
at 37° in 5% CO,, PECs were washed twice with warm
PBS to remove non-adherent cells. Adherent cells were
regarded as peritoneal exudate macrophages (PEMs), and
used in the experiments after incubation in complete
medium. The peritoneal cavity was washed with 2 ml cold
PBS to collect peritoneal lavage fluid. Samples contami-
nated with blood were not used in the experiment.

PEM culture

The PEMs were primed in complete RPMI-1640 medium
containing 10% FCS in the presence of 1 pug/ml LPS for
4 hr, and pre-treated for 60 min with PD98059, for
30 min with SB202190, or for 60 min with NAC before
ATP stimulation. Finally, the cells were stimulated with
ATP, BzATP, UTP, LPS or control medium for 24 hr.
The levels of cytokines and chemokines in the culture
supernatant were measured by ELISA.

Measurement of cytokine and chemokine levels

Cytokine and chemokine levels were measured by ELISA
according to the manufacturer’s instructions [IL-1f and
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tumour necrosis factor-o. (TNF-o0); BD Biosciences, and
KC and MIP-2; R&D Systems].

Flow cytometric analysis

The PECs were pre-incubated with anti-mouse CD16/
CD32 (2.4G2) mAb (BD Biosciences) to block Fcy recep-
tors, and then incubated with various mAbs for 30 min at
4° as previously described.>'® Directly labelled anti-mouse
anti-Mac-1 (M1/70) and anti-Gr-1 (RB6-8C5) mAbs (BD
Biosciences) were used for phenotypic analysis. The PECs
were analysed using a FACSCalibur (BD Biosciences) flow
cytometer. Dead cells were removed using propidium
iodide" gating.

Cell sorting and Cytospin preparation

The Mac-1* Gr-1"8" populations were isolated from
peripheral blood leucocytes or PECs by sorting on a
FACSAria II (BD Biosciences). Cytospin preparations
were made in a cytocentrifuge (Thermo Fisher Scientific
Inc., Runcorn, UK) at 80 g for 3 min. Smears were
stained with May—Giemsa.

Measurement of intracellular ROS levels

The oxidation-sensitive fluorescent probe, 5-(and-6)-chlo-
romethyl-2,7'-dichlorodihydrofluorescein diacetate, acetyl
ester (CM-H2DCFDA, 5 um) (Molecular Probes, Inc.,
Eugene, OR), was used to detect intracellular ROS as
described previously.””*° Briefly, PEMs were grown on
coverslips in complete RPMI-1640 medium containing
10% FCS at a density of 1 x 10° cells/ml in six-well plates
and stimulated with ATP to investigate the time—course
of ROS production. The PEMs were washed twice with
PBS and CM-H2DCFDA in PBS was added and incubated
for 10 min at 37°. After a gentle rinse with PBS, the cells
were fixed with 4% paraformaldehyde for 10 min, and
then stained with Hoechst for 30 min. The cells were
subsequently transferred to glass slides and mounted in
Fluoromount/Plus (Diagonostic Bio Systems, Pleasanton,
CA). Fluorescence was detected using a confocal laser
microscope (Biozero BZ-8100; Keyence, Osaka, Japan).
More than 400 cells (or for 3 mm ATP-stimulated PEMs:
> 200 cells) in six random fields were analysed, and the
data are presented as the mean fluorescence intensity.
Fluorescence intensity was quantified using the fluores-
cence analysis software (BZ-H1C; Keyence).

Measurement of ERK1/2 and p38 MAPK
phosphorylation levels

The PECs were incubated with 300 pum ATP for different
lengths of time in complete RPMI-1640 medium contain-
ing 10% FCS. Cells were fixed by addition of pre-warmed

PhosFlow Lyse/Fix buffer (BD Biosciences) for 10 min at
37°, and then cells were washed twice with cold PBS and
centrifugation at 600 g for 8 min. After washing, the cells
were permeabilized in Perm Buffer III (BD Biosciences) for
30 min on ice. The cells were then washed in stain buffer
(1 x PBS, 2% newborn calf serum, 0-09% sodium azide)
and resuspended in staining buffer at a concentration of
1 x 10° cells/ml. To each tube were added the following
antibodies: anti-mouse CD16/CD32, anti-mouse-Mac-1,
isotype control (mouse IgGl), anti-phospho-ERK1/2
(pT202/pY204, clone: 20A), and anti-phospho-p38MAPK
mAb (pT180/pY182, clone: 36/p38) (BD Biosciences). Cells
were incubated at room temperature for 60 min in the
dark, washed twice in stain buffer, and analysed using a
FACSCalibur. The fluorescence intensity of ERK1/2 and
p38 MAPK phosphorylation levels was represented as the
Ginean Of €ach sample.

Statistical analysis

All data were expressed as the mean £ SEM. The Stu-
dent’s unpaired t-test was used to compare the means
between two experimental groups. A P-value < 0-05 was
considered significant.

Results

Extracellular ATP increases the number of
neutrophils and macrophages in the peritoneal cavity
of ATP-treated mice

We first examined whether the population of leucocytes
within the peritoneal cavity changed after the injection of
ATP. To address this, mice were injected intraperitoneally
with ATP or PBS. The leucocyte subsets within the PEC
populations were determined using two-colour flow
cytometry. We used commercial PBS, which had passed
the bacterial endotoxins test, mycoplasma test and sterility
test. Figure 1(a) shows that the peritoneal granulocyte
population (Mac-1" Gr-1"8" cells) within the peritoneal
cavity of mice injected with 100 ng ATP markedly
increased (from 16-7% to 55-4%) compared with that in
PBS-injected mice. Similarly, the peritoneal macrophage
population (Mac-1* Gr-1'"" cells) increased from 0-3% to
13-7%. Consistent with this, ATP-injected mice showed a
significant increase in the absolute number of granulo-
cytes and macrophages within the peritoneal cavity com-
pared with PBS-injected mice (Fig. 1b). To further
characterize the granulocyte subsets, the morphology of
the Mac-1* Gr-1"#" cells was observed. Figure 1(c) shows
that Mac-1* Gr-1"¢" cells from the peritoneal cavity of
ATP-injected mice were neutrophils, as were those in the
blood. These results show that the numbers of neutroph-
ils and macrophages increased simultaneously in the peri-
toneal cavity of ATP-injected mice.
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Figure 1. Extracellular ATP induces neutrophil migration in the peritoneal cavity of ATP-injected mice. B6 mice were injected intraperitoneally
with ATP or PBS. Peritoneal exudate cells (PECs) were harvested 4 hr later and assayed by flow cytometry. Cells were stained with Gr-1 and

Mac-1 to determine granulocyte and macrophage populations (a) and the absolute number of granulocytes and macrophages (b) in control mice
and mice injected with ATP or PBS. (¢) Granulocytes were isolated from ATP-injected mice and stained with May—Giemsa (objective lens x 60).

The absolute numbers of granulocytes and macrophages were calculated from three repeated experiments. Data represent the mean + SEM.

Injection of ATP into mice activates macrophages 100 INF-o 200 ¢ AL-1B
Both KC and MIP-2 play an important role in neutrophil ok
migration, and these chemokines are mainly produced by 300 f
macrophages.”* >’ The increase in number of neutrophils £ 6or z
and macrophages in the peritoneal cavity of ATP-injected E) B 200
mice raises the question of whether macrophages are “or
involved in neutrophil migration. To address this, the KC 20 | 100
and MIP-2 concentrations in the peritoneal lavage fluid -
of ATP-injected mice were measured by ELISA. We also 0 Cont  PBS _ATP 0
measured the levels of TNF-o and IL-1f in the peritoneal
lavage fluid in these mice because these cytokines XCc MIP-2
are mainly produced by macrophages.’ In addition, 201 o1
LPS-activated macrophages stimulated with ATP produce *x 120 } **
IL-18.2'""* Figure 2 shows that the IL-18 levels in 160 |
peritoneal lavage fluid were similar in ATP-injected and E E gl
PBS-injected mice. In contrast, ATP-injected mice showed g 4
significantly higher levels of TNF-o, KC and MIP-2 in 80 ol
peritoneal lavage fluid than mice injected with PBS.
To examine whether macrophages were responsible for
this increase in TNF-a, KC and MIP-2 levels, PEMs were Cont PBS  ATP Cont PBS ATP

stimulated with ATP for 24 hr and the concentration of
IL-1f, TNF-a, KC and MIP-2 in the culture supernatants
was measured by ELISA. Figure 3 shows that ATP-stimu-
lated PEMs produced significant levels of MIP-2 com-
pared with non-stimulated PEMs. In contrast, IL-1p,
TNF-o and KC secretion showed insignificant increases
in ATP-stimulated PEMs. In addition, our preliminary
experiments showed that the MIP-2 levels in the culture

© 2012 The Authors. Immunology © 2012 Blackwell Publishing Ltd, Immunology, 136, 448-458
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Figure 2. Induction of tumour necrosis factor-o. (TNF-u), keratino-
cyte-derived chemokine (KC) and macrophage inflammatory pro-
tein-2 (MIP-2) production in peritoneal lavage fluid by ATP. B6
mice (n =3 per group) were injected intraperitoneally with ATP.
After 4 hr, the levels of interleukin-1f (IL-1f), TNF-o, KC and MIP-
2 in the peritoneal lavage fluid were determined by ELISA. Data rep-
resent the mean + SEM. Experiments were repeated three times.
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Figure 3. ATP stimulation of macrophages in vitro leads to macrophage inflammatory protein-2 (MIP-2) production. Peritoneal exudate macro-
phages (PEMs) were primed with 1 pg/ml lipopolysaccharide (LPS) for 4 hr and then stimulated with or without ATP for 24 hr. Culture super-
natants were harvested and assayed for interleukin-1f (IL-1f), tumour necrosis factor-o. (TNF-a), keratinocyte-derived chemokine (KC) and
MIP-2 by ELISA. Data represent the mean + SEM of triplicate samples. Experiments were repeated three times.

supernatant increased 4 hr after ATP stimulation, rising
to maximal levels by 16-24 hr. These results show that
the injection of ATP into mice stimulates PEMs and
induces MIP-2 production.

Extracellular ATP induces ROS production in PEMs

Stimulation of macrophages with ATP and a P2X;R ago-
nist (BzATP) leads to ROS production.'>'® Therefore, we
next examined whether ROS were detectable in ATP-
stimulated PEMs. To determine this, PEMs were stimu-
lated with ATP and, after treatment, were incubated with
the ROS-sensitive dye CM-H2DCFDA. The production of
ROS in PEMs was then quantified by confocal image
analysis. Figure 4(a) shows that ATP-induced ROS pro-
duction was confirmed by viewing ATP-stimulated PEMs
using fluorescence microscopy. Furthermore, the ROS lev-
els in the PEMs were transient. Figure 4(b) shows that
ROS production was detectable within 5 min of ATP
stimulation, rose to maximal levels within 15 min, and
returned to basal levels by 30 min. In addition, MIP-2
production from ATP-stimulated PEMs was significantly

inhibited by pre-treatment with the antioxidant NAC
(Fig. 4c). Unexpectedly, pre-treatment of non-stimulated
PEMs with NAC significantly inhibited MIP-2 production
compared with non-stimulated PEMs (Fig. 4c). These
results show that ATP-stimulated PEMs induce ROS pro-
duction and, subsequently, MIP-2 production.

MIP-2 production by ATP-stimulated PEMs depends
on P2X,R and P2Y,R

The ATP-activated P2X;R mediate IL-1f and IL-18
production by LPS-primed macrophages.”'"'* Therefore,
to examine whether ATP stimulation induces MIP-2
production via P2X;R in macrophages, PEMs were
incubated with ATP or the P2X;R agonist, BzATP.!*18
Furthermore, P2X7R_/ ~ mouse-derived PEMs were incu-
bated with ATP. Figure 5(a) shows that BzZATP-stimulated
PEMs expressed significant levels of MIP-2 compared
with the background controls. However, unexpectedly,
ATP-stimulated P2X,R™"~ PEMs expressed significant
levels of MIP-2 compared with non-stimulated PEMs
(Fig. 5b). ATP and UTP activate both mouse P2Y,R and
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Figure 4. ATP induces reactive oxygen species (ROS) production in macrophages in vitro. (a) Peritoneal exudate macrophages (PEMs) were
stimulated with 300 pm ATP for 15 min at 37° and then treated with 5 um 5-(and-6)-chloromethyl-2’,7’-dichlorodihydrofluorescein diacetate,
acetyl ester (CM-H2DCFDA) for 10 min at 37°. The PEMs were visualized immediately with a fluorescence microscope (objective lens X 20). (b)
PEMs were stimulated with several concentrations of ATP for 5, 15 and 30 min and ROS production was measured using the fluorescent probe,
CM-H2DCFDA. Data represent the mean + SEM of > 400 cells (or for 3 mm ATP-stimulated PEMs: > 200 cells). One result from two represen-
tative experiments is shown. (c¢) PEMs were pre-incubated for 60 min with N-acetyl-L-cysteine (NAC) before the addition of 300 um ATP. Stimu-
lation in the presence of NAC continued for 24 hr. Data represent the mean + SEM of triplicate samples. The experiments were repeated three
times.
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Figure 5. Induction of macrophage inflammatory protein-2 (MIP-2) in peritoneal exudate macrophages (PEMs) incubated with ATP requires
functional P2 receptors. (a) The PEMs were stimulated with 300 um ATP or different concentrations of 2'-O-(4-benzoyl-benzoyl) ATP and 3'-O-
(4-benzoyl-benzoyl) ATP (BzATP; a P2X;R agonist) for 24 hr. (b) B6 and P2X,R™"~ PEMs were stimulated with 300 um ATP for 24 hr. (¢) PEMs
were stimulated with 300 um ATP, BzATP or UTP for 24 hr. Data represent the mean + SEM of triplicate samples. The experiments were
repeated three times. (d) B6 mice and P2X,R™~ mice were injected intraperitoneally with 100 ug ATP. Peritoneal exudate cells were harvested
4 hr later and assayed by flow cytometry. The granulocyte population was gated on Mac-1* Gr-1"®" cells. One result from five representative
experiments is shown. (e) The absolute numbers of granulocytes were calculated from five repeated experiments. Data represent the mean *

SEM.

P2Y,R,” and peritoneal macrophages express P2X,;,-R
and P2Y;,¢R but not P2Y,R.** Therefore, we examined
whether ATP stimulation induces MIP-2 production via
P2Y,R on macrophages. Figure 5(c) shows that PEMs
stimulated with both ATP and UTP produced MIP-2.
Next we investigated whether P2X;R was required for

454

neutrophil migration to the peritoneal cavity of ATP-
injected mice. Figure 5(d) shows that the proportion of
peritoneal neutrophils in P2X;R™'~ mice decreased com-
pared with that in B6 mice (25-7% and 45-2%, respec-
tively). In agreement, ATP-injected P2X;R™”~ mice
showed a significant decrease in absolute neutrophil
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numbers within the peritoneal cavity compared with ATP-
injected B6 mice (Fig. 5e). These results show that stimula-
tion of PEMs with ATP induces MIP-2 production,
pointing to a mechanism involving PEM activation via
stimulation of P2X;R and P2Y,R by ATP-derived ligands.

Extracellular ATP leads to MIP-2 production through
ERK1/2 and p38 MAPK pathways

The finding that PEMs stimulated with ATP produce MIP-
2 via P2X;R and P2Y,R pathways suggests that ATP-acti-
vated cell signalling is related to MIP-2 production in mac-
rophages. Recent studies show that extracellular ATP
activates ERK1/2 and p38 MAPK.'>'®' To examine this,
we stimulated PEMs with ATP, and measured ERK1/2 and
P38 MAPK phosphorylation by flow cytometry. Figure 6(a)
shows that ATP-stimulated PEMs increased ERK1/2 and
p38 MAPK phosphorylation compared with non-stimu-
lated PEMs as measured by fluorescence intensity. In addi-
tion, non-stimulated PEMs showed an increase in the
fluorescence intensity of the MAPK phosphorylation
compared with the isotype controls (Fig. 6a). Next we
investigated whether ERK1/2 and p38 MAPK phosphory-
lation was required for MIP-2 production from ATP-
stimulated PEMs. The PEMs were incubated with the
ERK1/2 inhibitor, PD98059, or the p38 MAPK inhibitor,
SB202190, before the addition of ATP. Figure 6(b) shows
that MIP-2 production was inhibited by pre-incubation
with ERK1/2 or p38 MAPK inhibitors. Therefore, ATP-
induced MIP-2 production by PEMs mediates activation of
the ERK1/2 and p38 MAPK signalling pathways.

Extracellular ATP-mediated MIP-2 increases the
number of neutrophils in mice

The finding that ATP-stimulated PEMs produce MIP-2
suggests that ATP-stimulated MIP-2 secretion by PEMs
plays an important role in neutrophil migration in the peri-
toneal cavity of ATP-injected mice. To further examine
this, mice were treated with an anti-MIP2 neutralizing
mADb before ATP injection. Figure 7(a) shows that the pro-
portion of peritoneal neutrophils in anti-MIP-2 mAb/ATP-
administered mice decreased compared with that in rat
IgG/ATP-treated mice (from 60-3% to 41-6%, respectively).
In agreement with this, mice treated with anti-MIP-2 mAb/
ATP showed significantly lower absolute neutrophil num-
bers in the peritoneal cavity compared with mice treated
with rat IgG/ATP (Fig. 7b). These results show that the
enhanced neutrophil migration in ATP-treated mice is sup-
pressed by anti-MIP-2 neutralizing mAbs.

Discussion

In this study, we first showed that the number of neu-
trophils and macrophages in the PEC population increases
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Figure 6. Induction of macrophage inflammatory protein-2 (MIP-2)
in peritoneal exudate macrophages (PEMs) incubated with ATP
requires activation of the extracellular signal-regulated kinase 1/2
(ERK1/2) and p38 mitogen-activated protein kinase (MAPK) signal-
ling pathways. (a) Peritoneal exudate cells (PECs) were incubated
with 300 pm ATP at different times. ERK1/2 and p38 MAPK phos-
phorylation were measured by flow cytometry. ATP-stimulated PECs
were stained with anti-phospho-ERK1/2 (pT202/pY204) or p38
MAPK monoclonal antibody (pT180/pY182) (shaded histograms).
Unstimulated PECs, which were incubated for 30 min, were stained
with isotype control (white histograms). ERK1/2 and p38 MAPK
phosphorylation levels were gated on the macrophage population
(Mac-1" cells). One result from three representative experiments is
shown. (b) PEMs were pre-incubated for 60 min with an ERK1/2
inhibitor (PD98059) or for 30 min with a p38 MAPK inhibitor
(SB202190) before the addition of 300 pm ATP. Stimulation in the
presence of these inhibitors continued for 24 hr. Data represent the
mean + SEM of triplicate samples. The experiments were repeated
three times.

in ATP-injected mice. Four hours after treatment with low
concentrations of ATP, the absolute number of both these
cell types increased, whereas high concentrations of ATP
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Figure 7. Extracellular ATP-mediated macrophage inflammatory
protein-2 (MIP-2) increases neutrophil migration in the peritoneal
cavity. B6 mice (n =3 per group) were injected intraperitoneally
with 50 pug anti-MIP-2 monoclonal antibody (mAb) or control rat
IgG2b, and injected intraperitoneally with 100 pg ATP 15 min later.
Peritoneal exudate cells was harvested 4 hr later and assayed by flow
cytometry. Cells were stained with Gr-1 and Mac-1 to determine
granulocyte population (a) and the absolute number of granulocytes
(b) in control mice and mice injected with PBS, rat IgG2b/ATP or
anti-MIP-2 mAb/ATP. The absolute numbers of granulocytes were
calculated from three repeated experiments. Data represent the
mean + SEM.

did not increase the absolute number of cells (Fig. 1). The
activation of P2X;R with high concentrations (millimolar
range) of extracellular ATP can induce cell death in mac-
rophages."®'> Chemokines (e.g. MIP-2, and KC) pro-
duced by macrophages play key roles in neutrophil
migration to sites of injury and infection.”* Interestingly,
nucleotides such as ATP can act as chemotactic signals
(i.e. ‘find me’ signal) released by apoptotic cells to pro-
mote the P2Y,R-dependent recruitment of macrophages,
and provide efficient apoptotic cell clearance in vivo.*
Hence, the majority of neutrophil migration may be con-
trolled by low-dose ATP-induced macrophage migration,
but not high-dose ATP.

We also showed that macrophages in ATP-injected
mice were functionally enhanced. Administration of ATP
increased the levels of TNF-o, KC and MIP-2 in the
peritoneal lavage fluid (Fig. 2); this suggests macrophage

activation because TNF-o, KC and MIP-2 are known to
be produced by macrophages.”®*' Consistent with this
(Fig. 3), in vitro stimulation of PEMs with ATP induced
production of MIP-2, but not TNF-a or KC. In addition,
P2X,R and P2Y,R had an important role in this MIP-2
production pathway (Fig. 5a—c). Interestingly, a similar
mechanism was recently reported suggesting that high
levels of extracellular ATP (1 mMm) induced MIP-2
(CXCL2) production from microglia through P2X,R.**
However, little is known about the involvement of P2Y,R
in MIP-2 production, because primary microglia expresses
P2X,,R and P2Y4;,R but not P2Y,R.** Hence, taken
together, these results provide evidence for a mechanism
involving MIP-2 production, in which ATP activates mac-
rophages by signalling through P2X;R and P2Y,R.

The generation of ROS in response to ATP activates
cell signalling mediators, such as ERK1/2 and p38 MAPK,
in macrophages.'>'®'” Recent reports show that H,O,
activates the ERK1/2 and p38 MAPK pathways in macro-
phages, which then induce MIP-2 production.*”*® Fur-
thermore, ATP induced activation of the ERK1/2, p38
MAPK and JNK pathway in microglia, and ATP-induced
mRNA expression of MIP-2 was inhibited by these signal-
ling inhibitors.** These reports support the possibility that
ATP-mediated ROS production triggers ERK1/2 and p38
MAPK activation, which induces MIP-2 production. In
the present study, we demonstrated that ATP-stimulated
PEMs induce ROS production and that ATP-induced
MIP-2 production is inhibited by NAC (Fig. 4). More-
over, ATP-induced MIP-2 production was inhibited by
ERK1/2 and p38 MAPK inhibitors (Fig. 6). Therefore,
our data extend the results of previous studies by showing
that activation of the ERK1/2 and p38 MAPK pathways
by ROS, via ATP ligands, is required for ATP-induced
MIP-2 production by PEMs. In addition, H,O, is capable
of stimulating neutrophil chemotaxis.”” Hence, ATP-
induced ROS may be involved in the direct neutrophil
migration activity of H,0,.

P2X;R is involved in mediating high concentration
(millimolar range) ATP-induced cell death within the first
hours of cell contact.'>*® High concentrations of ATP
(1 mm) induced MIP-2 release in microglia, which peaked
at 6 hr following ATP treatment and persisted for at least
24 hr.** Our results showed that 1 mm ATP-stimulated
PEMs secreted significantly higher levels of MIP-2 in the
culture supernatants than non-stimulated PEMs after
24 hr of culture (Fig. 3). Simultaneously, the cell death of
PEMs induced by 1 and 3 mm ATP was observed by
microscopy (data not shown). These results suggest that
high concentrations of ATP (1 mm) induce MIP-2 produc-
tion from PEMs within the first hours before cell death.
We also demonstrated that stimulation of PEMs with
BzATP (P2X;R agonist) and UTP (P2Y,R agonist) induce
the production of MIP-2 (Fig. 5a,c). However, these data
do not exclude the possibility that BzZATP-induced MIP-2

456 © 2012 The Authors. Immunology © 2012 Blackwell Publishing Ltd, Immunology, 136, 448-458



production could also be the result of contaminating ATP
having effects on P2Y,R. In addition, BzATP can induce
cell death in macrophages and dendritic cells.'>**°
Hence, these results suggest that BzATP-induced MIP-2
production from PEMs may be mediated via P2Y,R by
ATP that is released by BzATP-induced cell death.

Because P2X;R ligands, such as ATP, alone do not
induce IL-1f production by macrophages, macrophages
must first be stimulated with LPS before being stimulated
with ATP.>'! In contrast, our data show that stimulation
of PEM with ATP alone induced MIP-2 production
(Fig. 3). A previous study showed that microglia stimu-
lated with high concentrations of ATP (1 mm) induced
the release of MIP-2.** Therefore, macrophages stimulated
with ATP alone can induce MIP-2 production. We also
demonstrated that non-stimulated PEMs show ROS-
mediated MIP-2 production (Fig. 4c) and ERK1/2 and
p38 MAPK phosphorylation (Fig. 6a), suggesting that
PEMs may be activated macrophages. Hence, high
concentrations of ATP might not be necessary for MIP-2
production by activated macrophages induced with
thioglycollate medium.

Neutrophils are the first immune cells to migrate to
sites of tissue injury or infection.”™>* Murine MIP-2 is
one of the CXC chemokine family members thought to
be functionally analogous to human IL-8 and to rat neu-
trophil chemoattractants.*’ Recently, Nakamura et al.?’
demonstrated that pre-treatment with an anti-MIP-2
neutralizing mAb reduced both hepatic neutrophil
accumulation and liver injury in a murine model of
concanavalin A-induced hepatitis. However, Chen et al®®
provided strong evidence that ATP, acting via P2Y,R, is
directly involved in the control of neutrophil chemotaxis
and chemokinesis. In the present study, the increase in
the number of peritoneal neutrophils in ATP-injected
mice was observed concurrently with an increase in
peritoneal lavage fluid MIP-2 levels (Figs 1 and 2).
Moreover, the absolute number of peritoneal neutrophils
decreased in anti-MIP-2 neutralizing mAb-primed mice
injected with ATP (Fig. 7). Our data extend the results
of previous studies by showing that ATP-mediated
MIP-2 production plays a key role in neutrophil
migration. Furthermore, considering that this neutrophil
migration was not completely inhibited by an anti-MIP-2
neutralizing mAb, other mediators (e.g. KC) and/or
neutrophil chemotaxis via P2Y,R may also be involved.
Further studies are required to elucidate the mechanism
of neutrophil migration mediated by KC and P2Y,R in
ATP-injected mice.

Based on these results, we suggest one mechanism by
which neutrophils migrate to inflammatory tissues. This
mechanism involves a two-step model for extracellular
ATP-induced neutrophil migration. The first step involves
the leakage of intracellular ATP into the extracellular envi-
ronment through cytolysis resulting from inflammation

ATP induces MIP-2 production by macrophages

(e.g. cell damage by hypoxia and ischaemia, bacterial
infection, tissue injury, or cell death).**»>* ATP is also
released by bacteria.” ATP release triggers the second step.
Our results show that binding of extracellular ATP
activates P2X;R and P2Y,R on macrophages and induces
MIP-2 production which, subsequently, mediates neutro-
phil migration. Therefore, ATP-induced neutrophil migra-
tion may effectively exclude the pathogen, but may
aggravate the inflammatory response.

In summary, the present study suggests that stimulation
of P2X,R and P2Y,R by extracellular ATP induces MIP-2
production by macrophages, which induces neutrophil
migration. This process requires ROS-mediated activation
of the ERK1/2 and p38 MAPK pathways. Taken together,
these findings indicate that ATP-induced neutrophil
migration (via P2X;R and P2Y,R) may be involved in the
progression of inflammatory diseases.
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