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Abstract
P2X7 receptor is an ATP-gated ion channel within the multiprotein inflammasome complex. Until
now, little is known about regulation of P2X7 effector functions in macrophages. Here, we show
that NTPDase1/CD39 is the dominant ectonucleotidase expressed by murine peritoneal
macrophages and that it regulates P2X7-dependent responses in these cells. Macrophages isolated
from NTPDase1-null mice (Entpd1−/−) were devoid of all ADPase and most ATPase activities
when compared to wild type macrophages (Entpd1+/+). Entpd1−/− macrophages exposed to
millimolar concentrations of ATP were more susceptible to cell death, released more IL-1β and
IL-18 after TLR2 or TLR4 priming, and incorporated the fluorescent dye Yo-Pro-1 more
efficiently (suggestive of increased pore formation) than Entpd1+/+ cells. Consistent with these
observations, NTPDase1 regulated P2X7-associated IL-1β release after synthesis, and this process
occurred independently of, and prior to, cytokine maturation by caspase-1. NTPDase1 also
inhibited IL-1β release in vivo in the air pouch inflammatory model. Exudates of LPS-injected
Entpd1−/− mice had significantly higher IL-1β levels when compared to Entpd1+/+ mice. Taken
together, our studies suggest that NTPDase1/CD39 plays a key role in the control of P2X7-
dependent macrophage responses.
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INTRODUCTION
Monocytes/macrophages are myeloid inflammatory cells that play important roles in innate
host defense and immune regulation [1]. For example, these cells represent the major source
of IL-1 during inflammation, a cytokine playing a pivotal role in chronic inflammatory
diseases such as rheumatoid arthritis and several neurodegenerative disorders [2,3].
Monocytes/macrophages express functional P2 receptors specific for extracellular
nucleotides, which serve as “danger” signals and initiate the immune response [4]. At the
mRNA level, primary monocytes express the ion-channel P2X1,4,5,7 receptors and the G-
protein-coupled P2Y1,2,4,6,11–13 receptors, and macrophages express the same receptor
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subtypes except P2Y13 [5]. P2Y1, P2Y2, P2X4 and P2X7 receptors have been detected in
macrophages at protein level [6–8].

P2X7 receptor (formerly P2Z) plays a key role in inflammation [9,10]. P2X7 receptor
activation by extracellular ATP, released under inflammatory conditions, is a co-stimulus for
a massive release of mature and bioactive cytokines of the IL-1 family, such as IL-1β and
IL-18, from LPS-primed macrophages and other cell types [11]. The activation of P2X7 in
leukocytes also induces cell death, intracellular pathogen clearance and membrane
trafficking [12–14]. While nano to low micromolar nucleotide concentrations are sufficient
for the activation of other P2 receptors, P2X7 is activated by far higher concentrations of
ATP (in the order of the millimolar [mM]) and/or by mono ADP-ribosylation [15].

The concentration of P2 receptor ligands is regulated by ectonucleotidases, including
members of the ectonucleoside triphosphate diphosphohydrolase (E-NTPDase) family
[16,17]. NTPDase1 (or CD39) is expressed on endothelial cells, smooth muscle cells and the
majority of leukocytes [18–27]. This enzyme efficiently hydrolyzes all tri- and
diphosphonucleosides, such as ATP, UTP, ADP and UDP, and thus is expected to terminate
P2 receptor activation.

Hitherto, the expression of NTPDase1 in macrophages has been suggested by
immunohistochemistry on human skin resident macrophages [18] and mouse testis resident
macrophages [28]. Here we show that NTPDase1 is the dominant ectonucleotidase
responsible for the hydrolysis of ATP and ADP at the surface of mouse primary
macrophages and that this enzyme plays a key role in modulating P2X7-associated functions
in these cells.

RESULTS
NTPDase1 (CD39) is the dominant ectonucleotidase on peritoneal macrophages

Previous studies indicated that peritoneal macrophages hydrolyze extracellular ATP [29,30],
suggesting the presence of ectonucleotidases at their surface. We first sought to identify the
ecto-enzyme(s) responsible for this activity. RT-PCR of mouse peritoneal macrophage
mRNA noted the presence of NTPDase1 and NTPDase2, but not of NTPDase3, NTPDase8
and ecto-5’-nucleotidase/CD73 (Table 1). However only NTPDase1/CD39, but not
NTPDase2, was detected in peritoneal macrophages at the protein level by western blot (Fig.
1A) and flow cytometry (Fig. 1B; not shown for NTPDase2). NTPDase1 protein was also
found in mouse bone marrow-derived macrophages (BMMΦ) by western blot (data not
shown). The latter cells were used in a few experiments to extend the results obtained with
elicited peritoneal macrophages to another type of macrophages.

Next, we compared the differential capacity of Entpd1+/+ and Entpd1−/− macrophages to
hydrolyse extracellular ATP and ADP. Entpd1+/+ cells hydrolysed these nucleotides with
specific activities of 61 ± 9 and 35 ± 2 nmol Pi × min−1 per 106 cells, respectively. In
comparison Entpd1−/− macrophages had about one tenth of the ATPase activity of
Entpd1+/+ cells and undetectable ADPase activity (Fig. 1C). The activity at the surface of
106 Entpd1+/+ macrophages converted about 50% of 2 mM ATP to AMP with a minimal
generation of ADP in 60 min, while 106 Entpd1−/− macrophages needed around 12 hours to
hydrolyse the same amount of ATP (Fig. 1D). Noteworthy, Entpd1−/− cells hydrolyzed ATP
with accumulations of ADP which could be due to a modest NTPDase2 expression. This
weak activity was masked by the highly expressed NTPDase1 in wild type cells. Neither
Entpd1+/+ nor Entpd1−/− thioglycollate-elicited peritoneal macrophages hydrolysed AMP
(Fig. 1D and data not shown) that concurs with the lack of ecto-5’-nucleotidase expression
(Table 1). In comparison with elicited macrophages, resident peritoneal macrophages had

Lévesque et al. Page 2

Eur J Immunol. Author manuscript; available in PMC 2011 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



similar ATPase and ADPase activities, but had ability to hydrolyze AMP (data not shown).
Altogether, these results show that NTPDase1 is the major ectonucleotidase in mouse
peritoneal macrophages.

Regulation of P2X7 activity by NTPDase1 (CD39)
In order to assess whether NTPDase1 can regulate P2X7-associated functions, we first
verified whether Entpd1+/+ and Entpd1−/− macrophages have similar expression level of this
receptor. As shown in Fig. 2, Entpd1+/+ and Entpd1−/− macrophages did not significantly
differ in the expression of P2X7 receptor at both mRNA and protein levels. Moreover, these
cells have similar expression of other P2 receptors (Table 1).

Entpd1−/− macrophages are more susceptible to ATP-induced death—One
function attributed to P2X7 receptor activation is cellular death [13,31]. To induce this
response, we incubated peritoneal macrophages with 2 mM ATP for 12 hours and measured
either trypan blue incorporation or LDH release, as death indicators. This treatment killed 83
± 4% of Entpd1−/− macrophages as compared to 13 ± 4% of Entpd1+/+ macrophages (Fig. 3)
as measured by trypan blue incorporation. Similar data were obtained for LDH release
(measured 3 hours after ATP addition; data not shown). Noteworthy, 4 mM ATP killed
Entpd1+/+ (either from C57BL/6 or CD-1 strains) and Entpd1−/− macrophages at a similar
rate (data not shown). Adenosine (0.1–2.0 mM) had no effect on macrophage viability (data
not shown). In keeping with the role of NTPDase1 in ATP-induced death, exogenous
NTPDase1 activity (potato apyrase, 2U/well; Fig. 3) prevented death in both null and wild
type macrophages. In agreement with a role of P2X7 in ATP-induced macrophage death,
P2X7 antagonists (KN-62, RB-2 and oATP) prevented this effect, and cell viability was
unaffected by nucleotides other than ATP (Fig. 3). Taken together, these results suggest that
the increased macrophage susceptibility to ATP-induced death in absence of NTPDase1 is
due to the loss of P2X7 receptor regulation.

NTPDase1 regulates P2X7-induced IL-1β and IL-18 secretion—We next tested
whether NTPDase1 could also regulate earlier P2X7-activated macrophage responses such
as IL-1β and IL-18 release, and pore formation.

NTPDase1 controls IL-1β and IL-18 release by macrophages in vitro—
Macrophages accumulate pro-IL-1β in their cytosol following activation of MAPK and NF-
κB [2,3,32] due to, for example, Toll-like receptor (TLR)-4-activation by LPS. ATP alone is
a poor trigger of the synthesis of these cytokines (Fig. 4A; [3,11]), but it is necessary for
their maturation and release from macrophages and other cell types [3,11,33].

Entpd1−/− peritoneal macrophages primed for 3 hours with LPS and then stimulated for 60-
min with 2 mM ATP released significantly more IL-1β than their wild type counterparts
(Fig. 4A). Congruent with the role of P2X7, nucleotides that are not P2X7 ligands, e.g. ADP,
AMP, UTP and UDP, did not induce IL-1β release from LPS-primed macrophages (Fig. 4A
and data not shown). In addition, apyrase and various P2X7 antagonists (RB-2, A438079,
and KN-62) abrogated IL-1β secretion by cells of both genotypes (Fig. 4A). Thus, P2X7
activation induced IL-1β release by peritoneal macrophages, which is controlled by the
ectonucleotidase NTPDase1. Noteworthy, as for cell death, at concentration of ATP > 3 mM
Entpd1+/+ and Entpd1−/− macrophages acted similarly and secreted comparable amounts of
IL-1β (p > 0.05; Fig. 4B).

Next, we investigated whether NTPDase1 controls IL-1β at the level of biosynthesis,
maturation, or release. To limit the effect of ATP-induced death in these assays, IL-1β was
measured after 30 min (instead of 60 min in Fig. 4B, D–F) already sufficient for a maximal
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release of this cytokine (data not shown). Firstly, the differences in IL-1β release between
Entpd1+/+ and Entpd1−/− cells were not due to increased IL-1β transcription in Entpd1−/−

macrophages. Low basal levels of IL-1β mRNA were detected in both naive Entpd1+/+ and
Entpd1−/− macrophages, and were increased to a similar extent by LPS (∼20 fold; Fig. 4C).
Comparable results were obtained for the pro-IL-1β protein expression assessed by western
blot (n=1, data not shown). Furthermore, when inhibitors of transcription (actinomycin D)
and of translation (cycloheximide) were added to peritoneal macrophages before LPS pre-
stimulation, these near abolished IL-1β release (Fig. 4D). In contrast, these inhibitors had no
significant effect when added after LPS priming, at 15 min before the addition of ATP (Fig.
4D). Taken together, these data suggest that NTPDase1 control of ATP-induced IL-1β
release occurs at a level prior to biosynthesis of pro-IL-1β by peritoneal macrophages.
Noteworthy, IL-1β release was also measured 60 min after the addition of ATP in at least
one experiment for all conditions presented in figure 4, and data similar to 30 min
incubation were obtained (data not shown). The difference in IL-1β release between
Entpd1−/− and Entpd1+/+ peritoneal macrophages was more substantive at 1 mM than at 2
mM ATP (Fig. 4B), further supporting the fact that higher IL-1β release in Entpd1−/−

macrophages was not due to cell death. Indeed, although some trypan blue positive cells
could be observed in some experiments as early as 1 hour after the addition of 2 mM ATP,
this observation was never seen with 1 mM ATP.

Finally, a general caspase inhibitor z-VAD, or the caspase-1 specific inhibitor YVAD,
decreased the release of IL-1β by LPS-primed peritoneal macrophages when stimulated with
ATP (Fig. 4D). In addition, nigericin, a drug that stimulates IL-1β release independently of
P2X7 activation, induced the secretion of comparable amounts of IL-1β in cells from both
genotypes (Fig. 4D). These data suggest that NTPDase1 controls IL-1β release by
specifically modulating P2X7-induced maturation/release of IL-1β by caspase-1.

As for IL-1β, IL-18 release was also heightened in Entpd1−/− macrophages compared to
Entpd1+/+ cells after ATP treatment, and equivalent after nigericin treatment (Fig. 5). Also
similarly to IL-1β, the release of IL-18 was efficiently blocked by apyrase, P2X7 antagonists
(KN-62, A438079) and caspases inhibitors (zVAD, YVAD; Fig. 5 and data not shown).
Note however that the level of IL-18 production by elicited peritoneal macrophages was low
compared to IL-1β (25–150 pg (Fig. 5) vs 2 ng (Fig. 4)).

NTPDase1 modulates IL-1β secretion also in TLR-2 primed macrophages: To
determine whether TLR agonists other than LPS, the TLR4 agonist, stimulate the production
of pro-IL-1β in peritoneal cells, and to examine whether NTPDase1 also plays a role in this
process, we pre-stimulated these cells for 3 hours with the agonists of TLR expressed by
macrophages, namely TLR2 (Pam3CSK4), TLR5 (flagellin) and TLR3 (poly I:C) [34], and
then added 1 mM ATP for 30 min (Fig. 4E). Only Entpd1−/− macrophages pre-stimulated
with TLR2 and TLR4 agonists, but not with TLR3 and TLR5 agonists, released significantly
more IL-1β than Entpd1+/+ cells (p < 0.001; Fig. 4E).

NTPDase1 modulates IL-1β secretion by BMMΦ: We verified whether the increased
IL-1β release from Entpd1−/− peritoneal macrophages could be extrapolated to another
source of macrophages. Figure 4F shows that Entpd1−/− BMMΦ released more IL-1β than
Entpd1+/+ cells due to either 0.5 mM or 1.0 mM ATP.

Enhanced levels of IL-1β in Entpd1−/− mice in vivo: Next, we investigated whether
NTPDase1 regulates IL-1β production in vivo using LPS-treated mouse air-pouches. LPS
was chosen as an inflammatory inducer as it stimulates ATP release from monocytes,
peritoneal macrophages as well as from other cells [35–38], and because LPS-primed cells
can release IL-1β upon ATP stimulation (Fig. 4). LPS injection in the air pouches resulted in
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a robust migration of leukocytes peaking at 4 hours post injection that was comparable in
Entpd1+/+ and Entpd1−/− mice (data not shown). However, Entpd1−/− mice produced
significantly more IL-1β at this time point when compared to wild type mice (Fig. 6). Thus,
NTPDase1 also controls IL-1β production in vivo.

Entpd1−/− peritoneal macrophages exhibit increased pore formation—ATP, via
P2X7 activation, induces a pannexin-1 (panx-1)-dependent pore formation that can be
detected by measuring uptake of fluorescent dyes, such as Yo-Pro-1 [39,40]. This effect
takes place a few minutes after ATP addition to the cells, well before IL-1β release. Here,
we investigated whether NTPDase1 regulates Yo-Pro-1 uptake in macrophages stimulated
with or without ATP (0.1 to 4.0 mM). A linear model with a common slope and 12
additional individual slopes (deviations from the common slope) was adjusted for each ATP
concentration. Pairwise comparisons of individual slope coefficients showed significantly
higher intensity increase for Entpd1−/− compared to Entpd1+/+ macrophages for all ATP
concentrations tested (p ≤ 0.002). When we evaluated Yo-Pro-1 uptake compared to the
absence of ATP, slope coefficients were significantly different only at concentration of 2
and 4 mM (p < 0.0001; Fig. 7A and data not shown). Yo-Pro-1 intensities were not
significantly different from baseline at either 0.1, 0.5 or 1.0 mM ATP (p > 0.05; not shown).

Moreover, the addition of KN-62 and apyrase decreased Yo-Pro-1 incorporation in cells of
both genotypes (Fig. 7B). A linear model with a common slope and six additional individual
slopes (deviations from the common slope) was adjusted for each treatment (ATP 2 mM;
ATP+KN-62 and ATP+Apy) for Entpd1−/− and Entpd1+/+ macrophages. Pairwise
comparisons of individual slope coefficients showed significantly lower fluorescence
intensity increase for both ATP+KN-62 and ATP+Apy when compared to ATP 2 mM for
Entpd1−/− and Entpd1+/+ macrophages (p < 0.0001). These data demonstrate that NTPDase1
modulates P2X7-dependent pore formation in murine macrophages.

DISCUSSION
NTPDase1 is the dominant ectonucleotidase on macrophages

We have demonstrated that resident and thioglycollate-elicited peritoneal macrophages, as
well as BMMΦ, express the ectonucleotidase NTPDase1. Moreover, Entpd1−/−

macrophages were almost completely devoid of ATPase and ADPase activities. These
results are in agreement with previous works reporting the presence of an ecto-ATPase
activity on macrophages [29,30,41] and immunoreactivity with NTPDase1/CD39 antibodies
in resident macrophages of skin and testis [18,28]. Macrophages may also express low levels
of NTPDase2 as a faint mRNA signal was detected by RT-PCR (Table 1). This would also
explain the hydrolysis, albeit minor, of ATP to ADP seen in figure 1D. Finally,
thioglycollate-elicited peritoneal macrophages do not express ecto-5’-nucleotidase/CD73
(Table 1) and lack AMPase activity (data not shown). These data are in agreement with the
important decrease in ecto-5’-nucleotidase activity reported in elicited or activated
peritoneal macrophages when compared to resident macrophages [42].

NTPDase1 regulates P2X7 receptor functions
NTPDase1 influences ATP-induced cell death—In this study, we show that
NTPDase1 protects peritoneal macrophages from ATP-induced death via the suppression of
P2X7 activation by 2 mM ATP (Fig. 3). These results are in agreement with a previous work
that reported a high Ca2+- and Mg2+-dependent ATPase activity in cytotoxic T lymphocytes
(CTL), which protected these cells from P2X7-mediated LDH release [43]. In contrast to
peritoneal macrophages, CTL ATPase activity was attributed to more than one
ectonucleotidase, although their identity has not yet been established [43]. Another study has
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shown that the over expression of NTPDase1 in HUVEC decreased ATP-induced DNA
degradation [44]. This cell death was ascribed to P2X7 that is upregulated in activated
HUVEC [45,46]. At ATP concentrations higher than 4 mM, NTPDase1 could not prevent
ATP-induced death in wild type peritoneal macrophages which is in agreement with
previous works [13,47].

In contrast, no differences in LDH release were observed between Entpd1−/− and Entpd1+/+

DC exposed for 4 hours to 2.5 mM ATP, and apyrase added to DC together with ATP
enhanced LDH release in both, Entpd1−/− and Entpd1+/+ DC, after 1 hour incubation [23].
This LDH release might have been induced by ATP and/or adenosine. Indeed, adenosine
was reported to induce death in several cell lines [48–50], but had no effect on the viability
of peritoneal macrophages (Entpd1+/+ or Entpd1−/−) even at 2 mM (not shown).

NTPDase1 modulates release of IL-1β and IL-18—Extracellular ATP via P2X7
activation causes K+ efflux essential in the process of caspase-1 activation [9,51] and the
release of bioactive IL-1β and IL-18 [11,52,53] from activated macrophages which represent
the major source of these cytokines during inflammation [2,3]. Here, we have demonstrated
that NTPDase1 controls the release of these cytokines by mouse macrophages as Entpd1−/−

macrophages stimulated with ATP released more IL-1β and IL-18 than Entpd1+/+ cells (Fig.
4 and 5). NTPDase1 might have a general role in the control of IL-1β release from
macrophages as BMMΦ devoid of NTPDase1 also released more IL-1β than wild type
BMMΦ (Fig. 4F). Furthermore, our results indicate that NTPDase1 controls IL-1β release
upstream of caspase-1/inflammasome complex activation, and downstream of pro-IL-1β
synthesis, which is in agreement with the control of P2X7 activation. In keeping with the
idea that the control of IL-1 cytokine release is regulated by NTPDase1, we have previously
shown that IL-1α is decreased by NTPDase1 overexpression in HUVEC [44].

Murine macrophages express several TLR [34] and the primary stimulation of some of these
receptors results in IL-1β and IL-18 release after a subsequent addition of 5 mM ATP [9,54].
Entpd1−/− peritoneal macrophages primed for 3 hours with LPS (an agonist of TLR4) and
Pam3CSK4 (TLR1/2), (but not when primed with poly I:C (TLR3) and flagellin (TLR5)),
released high level of IL-1β after stimulation with 2 mM ATP (Fig. 4E). The failure of IL-1β
release by macrophages when primed with flagellin was unexpected as Mariathason et al.
reported the opposite result [52]. It is possible that TLR5 was absent in peritoneal
macrophages which is consistent with the fact that it is not expressed by all mouse
macrophage lines, being present in J774 and SV-40 MES-13 macrophages but absent in
RAW264.7 cells [34]. Another possibility is that flagellin and poly I:C require longer
incubation times. Indeed, poly I:C needs to be internalized to activate TLR3 which is present
in intracellular vesicles and flagellin might have its effect via the activation of IPAF-
inflammasome in the cytosol of macrophages as it was recently suggested [55].

NTPDase1 has also a role in IL-1β production in vivo as IL-1β levels in exudates from air
pouch were increased in Entpd1−/− compared to Entpd1+/+ mice when LPS was injected in
the air pouch of these mice. Although macrophages are present in air pouches, it is unclear
whether these cells were responsible for all IL-1β production in this mode as the majority of
cells migrating into the air pouch are neutrophils. However, no functional P2X7 has been
shown on neutrophils and their ability to release IL-1β upon LPS stimulation remains to be
established, even though neutrophils can produce pro-IL-1β mRNA and protein [56].

NTPDase1 controls pore formation—ATP-induced cell death and IL-1β release are
often linked to an earlier feature of P2X7 activation, namely pore formation which happen
after short exposure to ATP (2–3 min). Entpd1−/− macrophages incorporated more Yo-Pro-1
and in a faster way when compared to wild type cells (Fig. 7) indicating a regulation of
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NTPDase1 on the P2X7-associated pore formation. In agreement with early control of P2X7
activation by NTPDase1, high ATPase activity and expression of NTPDase1 correlated with
a lack of Ca2+ mobilization in response to 5 mM ATP in the leukemia B cell line LCL-H
[57]. In the latter cells, Ca2+ was mobilized when this ATPase activity was blocked with
βγMeATP, and this mobilization could be inhibited by the P2X7 antagonist KN-62 [57].
Interestingly, figure 1D reveals that NTPDase1 present on Entpd1+/+ macrophages
converted less than 2% of 2 mM ATP after 15 min. This small change in the bulk ATP
concentration cannot directly explain the dramatic effect observed on P2X7 activation in
absence of NTPDase1. This suggests that NTPDase1 may be impressed adjacent to P2X7 in
macrophage plasma membrane and could impact local concentration more importantly than
what could be seen in the bulk phase. In agreement, both P2X7 and NTPDase1 can be
palmitoylated and localized in detergent-resistant membrane domains, where these proteins
might partially colocalize with caveolin [58–60].

NTPDase1 may impact inflammation by controlling P2X7 receptor activation
Regulation of P2X7 activation by NTPDase1 can help maintain low inflammation in resting
conditions and favour homeostasis. Inflammatory conditions can modulate NTPDase1
expression and/or activity which is decreased in ischemia reperfusion injury [61,62] and
brain ischemia [63], and increased in certain chronic inflammatory conditions such as colitis
and pancreatitis [64–67]. This modulation of NTPDase1 expression and activity may in turn
affect P2X7 mediated signaling and alter inflammation. Indeed, the lack of P2X7 receptor in
knockout mice or the addition of antagonists to wild type animals have been shown to
attenuate inflammation in rat brain [68] and in mice unilateral ureteral obstruction [69], to
reduce inflammatory and neuropathic pain [70], and to diminish IL-1β and IL-18 release
[11].

In conclusion, NTPDase1 is the major ectonucleotidase on murine macrophages, where this
ecto-enzyme governs P2X7-mediated responses such as ATP-induced death, IL-1β and
IL-18 secretion, and Yo-Pro-1 permeable pore formation. As NTPDase1 participates in the
regulation of the extracellular concentrations of both nucleotides and adenosine, it might
solely impact P2X7 activation, but also other P2 and P1 receptors. NTPDase1 and could
therefore influence inflammation in a more general manner.

MATERIAL AND METHODS
Reagents

The general inhibitor of caspases z-VAD(OMe)-fmk, the caspase-1 inhibitor Ac-YVAD-
AOM, and cycloheximide (CHX) were purchased from Calbiochem (Gibbstown, NJ, USA).
Flagellin from S. typhimurium, Pam3CSK4, and poly I:C were obtained from Invivogen (San
Diego, CA, USA). Actinomycin D, LPS from Escherichia coli O111:B4, nucleotides (ATP,
ADP, AMP, UTP, UDP), oxidized ATP (oATP), potato apyrase grade VII were purchased
from Sigma-Aldrich (Oakville, ON, Canada). The P2X7 antagonists A-438079 and KN-62
were provided by Tocris Bioscience (Ellisville, MO, USA), BBL thioglycollate medium by
Fischer Scientific (Ottawa, ON, Canada), Reactive blue 2 (RB-2) by ICN Biochemicals
(Aurora, OH, USA) and ultra pure LPS from Escherichia coli O55:B5 by List Biological
Laboratories (Campbell, CA, USA). Yo-Pro-1 was acquired from Invitrogen (Burlington,
ON, Canada).

Animals
CD1 mice were purchased from Charles River (Pointe-Claire, QC, Canada). NTPDase1-
deficient mice backcrossed 7 times to the C57BL/6 genetic background were previously
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reported [71]. Experimental procedures were done according to the Canadian Council on
Animal Care policy and were approved by the Université Laval Animal Welfare Committee.

Isolation of Peritoneal Macrophages
Peritoneal macrophages were obtained either from CD1 or C57BL/6 wild type (Entpd1+/+)
or NTPDase1 knockout (Entpd1−/−) mice. Unless otherwise indicated, the peritoneal
macrophages used in this study were elicited with thioglycollate and prepared by a method
similar to the one described by Zhang et al. [72]. Macrophages were collected 4 days after
i.p. injection of 1 mL of 3% sterile thioglycollate medium by a lavage of the peritoneal
cavity with 8 mL of sterile PBS. The cells consisted of 70–85% macrophages, as confirmed
with CD11b and F4/80 Ab, were washed twice with sterile PBS and resuspended in DMEM/
F12 medium containing 1% FBS. To enrich this preparation in macrophages, the cells were
transferred into 6 (2×106 cells/well), 24 (5×105−106 cells/well) or 48 (2×105 cells/well)
well-plates and allowed to attach for 2 hours. Unattached cells were wash out with DMEM/
F12 containing 1% FBS. The attached cells, mainly peritoneal macrophages, were used for
the experiments thereafter.

Isolation of BMMΦ
Mice were anesthetized with Ketamine/Xylazine and sacrificed by cervical dislocation.
Femur and tibia were isolated aseptically. Bone marrows were collected in 10% FBS-
DMEM/F12 medium, disrupted, and cultured for 7–10 days in 10% FBS-DMES/F12
supplemented with 1 ng/ml of Mouse CSF (Peprotech) in bacterial petri-dish. Cells were
harvested and replated in 12-well plates at 0.5 × 106/well in 10% FBS-DMEM/F12 medium
[73].

Nucleotidase Activity Assays
Enzymatic activity was evaluated by two methods, a Malachite green colorimetric assay to
quantify the release of inorganic phosphate (Pi) [74], and by analysis of the nucleotide
products by HPLC. Activity was determined for 106 cells at 37°C in a 24 well-plate using
0.5 mL of incubation medium (5 mM CaCl2, 145 mM NaCl, 80 mM Tris, pH 7.4). The
reaction was initiated by the addition of 500 µM ATP or ADP and stopped after 15 min by
sampling an aliquot of 0.2 mL promptly mixed with 50 µL of malachite reagent and Pi
released was calculated as before [16]. HPLC analysis was used to determine and quantify
the nucleotide products of ATP hydrolysis. Two milliliter of DMEM medium without
phenol red containing 2 mM ATP was added to macrophages at 37°C, aliquots of 200 µL
were withdrawn from the wells at different time points, and transferred to 200 µL ice cold 1
M HClO4. Further sample preparation and nucleotide content quantification by HPLC were
done as before [16].

RT and Quantitative PCR
Total RNA was isolated using Trizol method according to the manufacturer’s
recommendation (Invitrogen). RNA quantity and quality was assessed using an Agilent
Technologies 2100 bioanalyzer and RNA 6000 Nano LabChip kit (Agilent, Mountain View,
CA, USA). Primers were designed using Primer Express 2.0 (Applied Biosystems) and their
respective sequences are included in Supp. Table 1. For RT-PCR, cDNA was synthesized
with Supercript III (Invitogen) from 500 ng of total RNA with oligo (dT)18 as the primer,
according to the instructions of the manufacturer (Invitrogen). For amplification, 1/20 of the
reverse transcription (RT) reaction volume was used as a template in a final volume of 25
µL, containing 0.4 µM primer, 200 µM dNTP, and 1.5 unit of Taq DNA polymerase (New
England Biolab, Ipswich, MA, USA). Amplification was started with 10 min at 94°C
followed by 35 cycles of denaturation for 45 sec at 94°C, annealing for 45 sec at 55–61°C,
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as indicated in Table 2), and elongation for 45 sec at 74°C, and ended by 7 min incubation at
74°C. Glyceraldehyde dehydrogenase (GAPDH) amplification was used as a control of
amplification.

For quantitative PCR (qPCR), cDNA was generated from 75 ng of total RNA using random
nanomers as primers (Sigma-Aldrich) following the protocol for Superscript III (Invitrogen).
Equal amounts of cDNA were run in triplicate and amplified in a final volume of 15 µl
containing 7.5 µL of 2X Universal PCR Master Mix (Applied Biosystems, Foster City, CA,
USA), 10 nM of Z-tailed forward primer, 100 nM of reverse primer, 250 nM of Amplifluor
Uniprimer probe (Chemicon, Temecula, CA, USA), and 80 ng of cDNA target. The mixture
was incubated at 50°C for 2 min, at 95°C for 4 min, and then cycled 55 times at 95°C for 15
sec and at 55°C for 30 sec using the Applied Biosystems Prism 7900 Sequence Detector. For
all genes quantified, no template controls where run, amplification efficiencies were
validated and normalized to 18S ribosomal gene and quantity of target gene was calculated
according to a standard curve. Primers were designed using Primer Express 2.0 (Applied
Biosystems) and their respective sequences are included in Suppl. Table 1. Amplicons were
detected using the Amplifuor UniPrimer system where forward primers contained a 5’ Z
sequence: ACTGAACCTGACCGTACA.

Western Blot
Protein extracts of cells were prepared as previously described [16]. Mouse NTPDase1 was
revealed with mN1–2c (2 hours; 1:1000; [28]) and C9F (2 hours, 1:1000) and IL-1 with 3ZD
(1 hour, 1:1000), followed by 1 hour incubation with appropriate horseradish peroxidase-
conjugated secondary antibody (anti-rabbit, Amersham Biosciences, Boston, MA; anti-
guinea pig, GE Healthcare, QC, Canada; anti-mouse, Jackson ImmunoResearch
Laboratories, Inc., West Grove, PA, USA). Bands were visualized using lightning western
blot Chemiluminescence Reagent Plus (Perkin Elmer, Boston, MA, USA).

Flow Cytometry
The expression of selected surface proteins by peritoneal macrophages was evaluated by
cytometry using the following Ab: a rat PE-conjugated anti-mouse CD11b (clone M1/70;
BD Biosciences, Mississauga, ON, Canada), a rat anti-mouse F4/80 (clone A3-1; AbD
Serotec, Raleigh, NC, USA), a rabbit polyclonal anti-mouse CD39 (C9F; [71]), a rabbit
polyclonal anti-mouse NTPDase2 (mN2–36L; [75]) and a rabbit polyclonal anti-P2X7
(APR-004; Alomone Labs, Jerusalem, Israel). Briefly, the cells were incubated 30 min with
the above primary antibodies diluted in PBS 1X, 1% FBS, 0.1% sodium azide (PFA), and,
when necessary, with secondary FITC-conjugated goat anti-rabbit IgG antibodies for 30 min
(Santa Cruz Biotech, Santa Cruz, CA, USA), with a minimum of 2 washes with PFA after
each incubation. Cell surface fluorescence was measured with EPICS XL flow
cytofluorometer (Beckman-Coulter, Mississauga, ON, Canada) and analysed with WinMDI
2.9 software (Scripps Research Institute, La Jolla CA, USA).

ATP-induced Cell Death Assays
The cell death of peritoneal cells treated with nucleotides was determined based on two
techniques: trypan blue (0.2%) incorporation and LDH release. In both assays, the cells were
incubated with 2 mM nucleotides (ATP, ADP, AMP, UTP and UTP) with or without
apyrase, or P2X7 antagonists, for various times up to 12 hours at 37°C in a CO2 incubator.
For the trypan blue incorporation assay, medium was removed after stimulation and cells
were incubated with trypan blue for 5 min, then washed twice with PBS and analyzed with a
microscope. The lactate dehydrogenase (LDH) activity released in the supernatants of the
treated peritoneal cells was compared with the total activity in cells lysed with 2% Triton
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X-100 using the “Cytotoxicity Detection Kit (LDH)” following the manufacturer’s
recommendations (Roche Diagnosis, Indianapolis, IN, USA).

IL-1β and IL-18 ELISA
Peritoneal macrophages were primed 3 hours with the following TLR ligands: LPS 10 ng/
mL (TLR4), Pam3CSK4 100 ng/mL (TLR1/2), or flagellin 1 µg/mL (TLR5). After washes
with PBS, these macrophages were stimulated with various nucleotides, at concentrations
ranging from 0.1 to 5.0 mM for 30 min, in order to induce the maturation/release of pro-IL-1
cytokines, produced upon stimulation with TLR ligands. In some of these experiments,
various inhibitors and P2X7 antagonists were added to macrophages 15 min before the
addition of TLR ligands or ATP. The mature form of IL-1β and IL-18 released from
macrophages was quantified by sandwich ELISA following manufacturers’ protocols
(eBioscience (San Diego, CA, USA) and Bender Medsystems Inc. (Burlingame, CA, USA),
respectively). In figure 4a, IL-1β was measured using ELISA kit from Thermo Scientific
(Nepean, ON, Canada).

BMMΦ were primed with LPS (Sigma 0111:B4) at 300 ng/ml for 24 hours in 10% FBS-
DMEM/F12. After washing with serum free DMEM/F12, cells were treated for 30 min with
0.5 or 1.0 mM ATP. The supernatant was then harvested and kept at −80°C until used.
IL-1β was measured using Quantikine ELISA kit as recommended by the manufacturer,
R&D Systems Inc. (Minneapolis, MN, USA).

Air Pouch Model
Air pouches were formed on the dorsum of 10 to 12 week-old C57BL/6 wild type or
Entpd1−/− mice by s.c. injection of 4 mL sterile air on day 0, and 3 mL on day 4, as
described [37]. On day 7, 0.1 µg LPS diluted in 1 mL PBS was injected into the pouches and
mice were euthanized 1, 4, 8 or 12 hours later by CO2 asphyxiation. The inflammatory
exudates with the accumulated cells were collected from the air pouches with a 2 mL wash
(PBS-5 mM EDTA) and centrifuged (500 g, 10 min, 4°C). The cells present in the pellet
were resuspended in PBS and counted manually with a hemacytometer. Leukocyte
subpopulations were distinguished by Diff Quick staining of cytospins and/or by flow
cytometry. The supernatants were analyzed for the level of IL-1β by ELISA, as described
above.

Statistical Analysis
Student’s t-test and two-way ANOVA analysis with Bonferroni post hoc test were
performed using Prism 5.0 software (GraphPad Software, Inc., La Jolla, CA, USA). For Yo-
Pro-1 incorporation, statistical analysis was performed using SAS 9.2 statistical software
(SAS Institute Inc., NC, USA). Briefly, the increase of fluorescence intensity over time for
Entpd1−/− and Entpd1+/+ macrophages was compared for each treatment. A linear model
with a common slope and additional individual slopes (deviations from the common slope)
was adjusted and a global test F performed on the slope coefficients indicated if the common
slope was significantly different from zero and if there was a significant difference between
individual slopes. Since both test were positives (p < 0.0001), we proceeded to t tests and to
pairwise comparisons of these individual slope coefficients.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

A438079 3-[[5-(2,3-Dichlorophenyl)-1H-tetrazol-1-yl]methyl]pyridine hydrochloride

ADP adenosine diphosphate

AMP adenosine monophosphate

ATP adenosine triphosphate

BMMΦ mouse bone marrow-derived macrophages

CHX cycloheximide

NTPDase nucleoside triphosphate diphosphohydrolase

KN-62 1-[N,O-bis(5-isoquinolinesulfonyl)-N-methyl-L-tyrosyl]-4-phenylpiperazine

LDH lactate deshydrogenase (EC 1.1.1.27)

NTPDase nucleoside triphosphate diphosphohydrolase

oATP oxidized ATP

Pi inorganic phosphate (PO4)

RB-2 Reactive blue-2

UDP uridine diphosphate

UTP uridine triphosphate
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Fig. 1. NTPDase1 is the major ectonucleotidase on mouse peritoneal macrophages elicited with
thioglycollate
A) Western blot with rabbit polyclonal Ab against mouse NTPDase1 (mN1-2c). Left gel
shows control proteins (0.5 µg) from lysates of COS-7 cells transfected with mouse
NTPDase1 (+) or untransfected (−). Right gel shows a representative western blot (out of
three performed with cells from individual mice) of proteins (12.5 µg) from peritoneal
macrophage lysates.
B) Flow cytometric anaylsis of NTPDase 1 analyis using non permeabilizing conditions
with a polyclonal Ab against CD39 (C9F, ——), compared to its pre-immune serum (PI,
----). Data are representative of three independent experiments with pooled macrophages
from 2 to 4 mice per experiment. C) NTPDase1 activity with either ATP or ADP as
substrate, Entpd1+/+ (filled bars) and Entpd1−/− (grey bars) macrophages. Data show mean +
SEM (n=3). ***p<0.001, two-way ANOVA with Bonferroni post hoc test. D) Time course
of the hydrolysis of 2 mM ATP by Entpd1+/+ or Entpd1−/− peritoneal macrophages was
followed for 12 hours by HPLC: ATP (□), ADP (■), AMP (■). No adenosine production
was detected. Data show mean + SEM of three independent experiments.
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Fig. 2. NTPDase1 deficiency does not impact P2X7 receptor expression by peritoneal
macrophages
A) P2X7 mRNA expression was quantified by qPCR. Data show mean + SEM for qPCR
experiments performed in duplicate with RNA purified from macrophages obtained from 8
to 10 individual mice done separately. There were no significant differences in the
expression of P2X7 mRNA between Entpd1+/+ and Entpd1−/− peritoneal macrophages
(Student’s t-test).
B) Flow cytometric analysis of surface P2X7 expression in Entpd1+/+ and Entpd1−/−

peritoneal macrophages. Data are representative of three independent experiments with
pooled macrophages from 2 to 4 mice per experiment.
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Fig. 3. Entpd1−/− macrophages are highly susceptible to ATP-induced death
Peritoneal macrophages were treated 12 hours with 2 mM of the indicated nucleotides in the
presence or absence of potato apyrase (Apy; 2 U) or with and without P2X7 receptor
antagonists (3 µM KN-62, 100 µM RB-2, 600 µM oATP). Cells positive for trypan blue
incorporation were counted in a minimum of two random fields each containing over 150
cells. Data show mean + SEM of three or more experiments for each condition tested.
***p<0.001, two-way ANOVA with Bonferroni post hoc test; NS (no significant
differences), p>0.05.
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Fig. 4. NTPDase1 modulates P2X7-dependent IL-1β release from macrophages
Macrophages (peritoneal or BMMΦ) were primed with LPS (or other TLR ligands as
indicated), washed, and the medium was replaced with fresh medium containing ATP (0.1 to
5 mM) or nigericin (5 µM). Supernatants were analyzed for IL-1β concentration by ELISA.
A) IL-1β released by LPS-primed peritoneal macrophages 60 min after treatment with 2 mM
ATP in the presence or absence of apyrase (Apy; 2 U) or P2X7 antagonists (100 µM RB-2,
25 µM A438079 or 3 µM KN-62). Data show mean + SD of one representative experiment
performed in duplicate and are representative of least three independent experiments. Data
show mean + SD of one representative experiment performed out of at least three
independent experiments. In the presence of 2 mM ATP IL-1β levels ranged from 1.7 to 2.3
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ng/106 cells and 0.8 to 1.1 ng/106 cells for Entpd1−/− (gray bars) and Entpd1+/+ (filled bars)
macrophages, respectively.
B) IL-1β released by LPS-primed peritoneal macrophages 30 min after ATP treatment (0.1
to 4.0 mM). Data show mean + SEM of n ≥ 3 independent experiments. **p<0.01,
***p<0.001, two-way ANOVA with Bonferroni post hoc test.
C) IL-1β mRNA in Entpd1−/− and Entpd1+/+ peritoneal macrophages primed for 3 hours
with LPS (10 ng/mL) or not (CTRL) was measured by qPCR. Data show mean + SEM of
RNA purified from macrophages obtained from 9 (Entpd1−/−) and 8 (Entpd1+/+) mice,
respectively. NS (no significant differences), p>0.05.
D) IL-1β released by LPS-primed peritoneal macrophages 30 min after 1 mM ATP or
nigericin treatment was measured. The inhibitors of transcription (8 µM Actinomycin D),
protein synthesis (10 µg/mL cycloheximide [CHX]), caspases (20 µM z-VAD), or caspase-1
(20 µM YVAD), were added either 15 min before LPS pre-stimulation/priming (pre) and
removed before ATP stimulation, or 15 min prior to the addition of ATP when LPS was not
yet removed from the media. Data show mean + SEM of n ≥ 3 experiments. After the
indicated treatment, significantly less IL-1β was measured when compared to ATP 1mM
(***p<0.001) for both Entpd1−/− (gray bars) and Entpd1+/+ (filled bars). There were no
significant differences between Entpd1−/− and Entpd1+/+ macrophages for both nigericin
(Nig) and Nig + Apy (NS, p>0.05), two-way ANOVA with Bonferroni post hoc test.
E) ATP-induced IL-1β release by peritoneal macrophages primed with various TLR ligands.
Cells were pre-stimulated with an agonist to either TLR4 (10 ng/mL LPS, or ultra pure LPS
(uLPS); positive controls), TLR2 (100 ng/mL Pam3CSK4 [Pam3]), TLR5 (1 µg/mL
flagellin, “Flag”) or TLR3 (1 µg/mL poly I:C) and then further stimulated for 30 min with 1
mM ATP. IL-1β released by these cells was quantified by ELISA. Data show mean + SEM
of 3 to 8 independent experiments. **p<0.001, two-way ANOVA with Bonferroni post hoc
test.
F) IL-1β released by BMMΦ primed for 24 hours with LPS (+) or DMEM (−) and then
stimulated 30 min with or without ATP (0, 0.5 or 1.0 mM), was measured. Data show mean
+ SEM of one experiment performed in triplicate.
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Fig. 5. NTPDase1 modulates P2X7-dependent IL-18 release from peritoneal macrophages
Macrophages were primed with LPS (10 ng/mL) for 3 hours and then treated for 30 min
with either 1 or 2 mM ATP in the presence or absence of P2X7 antagonists (25 µM
A438079 or 3 µM KN-62). The supernatants were analyzed for IL-18 by ELISA. Data show
mean + SEM of n = 3–4 experiments. IL-18 release was normalized with nigericin as a
stimulus; 100% release varied from 15 to 150 pg/106 cells depending on the experiment.
*p<0.05, ***p<0.001, two-way ANOVA with Bonferroni post hoc test.
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Fig. 6. NTPDase1 deficiency increases IL-1β production in inflammatory air pouches
Air pouches were raised on the back of female Entpd1+/+ and Entpd1−/− C57BL/6 mice. At
the indicated time in hours (H) post s.c. injection of LPS in the pouches, inflammatory
exudates were collected and analyzed for IL-1β level by ELISA. Data show mean ± SEM of
n = 7–8 mice per group. *p<0.05, one-way ANOVA with Bonferroni multiple comparison
test.
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Fig. 7. NTPDase1 deficiency increases P2X7-associated Yo-Pro-1 uptake by macrophages
A) ATP dose-dependent Yo-Pro-1 uptake by peritoneal macrophages (Entpd1−/− [——],
Entpd1+/+ [----]) was evaluated by measuring differences in Yo-Pro-1 mean fluorescence
intensity (ΔYo-Pro-1 MFI) using flow cytometry. Cells were incubated with or without ATP
(0, 1.0 and 2.0 mM) for the indicated time period. Data show ΔYo-Pro-1 expressed in
arbitrary units (AU) for 275–550 cells per 11 seconds. A representative experiment out of 3
is shown. The time point corresponding to ATP addition to the cells (60 sec) is indicated on
the graphs by an arrow (↓). Note that statistical analyses were carried out on complete data
(n = 15–30 cells per 0.6 sec). Pairwise comparison of individual slope indicate significantly
higher intensity growth for Entpd1−/− when compared to Entpd1+/+ macrophages (p≤0.002),
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but slope were significantly different from the baseline slope only when indicated (****,
p<0.0001).
B) Effect of KN-62 and apyrase (Apy) on ATP-induced Yo-Pro-1 uptake by peritoneal
macrophages (Entpd1−/− [——], Entpd1+/+ [----]). The cells were stimulated with 2 mM
ATP alone or in combination with KN-62 (3 µM) or Apy (2U) for the indicated period of
time. Yo-Pro-1 incorporation measurement and statistical analysis were done as above.
Pairwise comparison of individual slope indicate significantly higher intensity growth
compared to KN-62 and Apy treatment (****p<0.0001) for both genotype.
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Table 1

Expression of P2 receptors and ectonucleotidases as determined by RT-PCRa)

Gene Entpd1+/+ Entpd1−/−

P2rx1 − −

P2rx2 − −

P2rx3 − −

P2rx4 + +

P2rx5 − −

P2rx6 +/− +/−

P2rx7 + +

P2ry1 + +

P2ry2 + +

P2ry4 − −

P2ry6 + +

P2ry12 +/− +/−

P2ry13 − −

P2ry14 + +

Entpd1 + −

Entpd2 +/− +/−

Entpd3 − −

Entpd8 − −

Nt5e − −

a)
The same pattern of expression was observed in all experiment (n ≥ 3). + : strong expression; +/− : barely detectable; − : no signal detected.

Eur J Immunol. Author manuscript; available in PMC 2011 May 1.


