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The Journal of Immunology

Hypoxia/Reoxygenation Inhibits P2Y11 Receptor Expression
and Its Immunosuppressive Activity in Human Dendritic
Cells

Stéphanie Chadet,* Fabrice Ivanes,*,†,1 Lauriane Benoist,*,1

Charlotte Salmon-Gandonnière,‡ Roseline Guibon,* Florence Velge-Roussel,*,x

Dominique Babuty,*,† Christophe Baron,*,‡,x Sébastien Roger,{ and Denis Angoulvant*,†,x

High concentrations of extracellular ATP (eATP) resulting from cell damage may be found during an ischemia/reperfusion (I/R)

episode at the site of injury. eATP activates purinergic receptors in dendritic cells (DCs) and may inhibit inflammation. This im-

munosuppressive activity could be of interest in the field of I/R, which is an inflammatory condition involved in myocardial infarc-

tion, stroke, and solid organ transplantation. However, the specific purinergic receptor responsible for this effect remains to be

identified. In this study, we report that eATP induced maturation of human monocyte-derived DCs. Additionally, eATP inhibited

IL-12 production whereas IL-10 levels remained unchanged in activated DCs. These effects were prevented by the P2Y11R an-

tagonist NF340. Interestingly, a 5-h hypoxia prevented the effects of eATP on cytokine production whereas a 1-h hypoxia did not

affect the eATP-mediated decrease of IL-12 and IL-6. We showed a time-dependent downregulation of P2Y11R at both mRNA and

protein levels that was prevented by knocking down hypoxia-inducible factor-1a. In this study, we showed an immunosuppressive

role of P2Y11R in human DCs. Additionally, we demonstrated that the time-dependent downregulation of P2Y11R by hypoxia

orientates DCs toward a proinflammatory phenotype that may be involved in post-I/R injuries as observed after organ trans-

plantation. The Journal of Immunology, 2015, 195: 651–660.

E
xtracellular ATP (eATP) is a member of the damage-
associated molecular patterns (DAMPs) family (1) and,
as such, is an important immune regulator. Low concen-

trations of eATP are locally secreted under physiological cir-
cumstances such as synaptic release, but higher concentrations
may be released as a consequence of cell damage or cell death (2).
eATP stimulates cells through the activation of purinergic recep-
tors (P2Rs). These receptors are divided into two subfamilies:
ATP-gated ion channel P2X receptors and G protein–coupled P2Y
receptors. P2Rs were shown to play major roles in several immune

cell functions such as neutrophil migration (3), NK chemotaxis
(4), or inflammasome activation (5).
Ischemia/reperfusion (I/R) is a major phenomenon involved in

the pathophysiology of acute myocardial infarction, solid organ

transplantation, stroke, circulatory arrest, and sleep apnea. During

the I/R sequence, blood flow interruption initially generates

ischemia-induced injuries. Reperfusion is associated with addi-

tional tissue damages, called lethal reperfusion injuries (6, 7).

There is increasing evidence advocating the implication of innate

immune cells, especially dendritic cells (DCs), in myocardial I/R

injuries (8–10). DCs express a large array of DAMP receptors,

particularly P2Rs that are crucial factors of the DAMP-mediated

immune response (11, 12). It is well established that in response to

danger signals such as pathogen-associated molecular patterns

(LPS, bacterial DNA), T cell–derived signals (CD40L), proin-

flammatory cytokines, or molecules released from dying cells

(ATP, heat shock protein, high-mobility group box 1), DCs endow

the capacity to maturate and migrate to lymphoid organs where

they stimulate T cells (13). Besides their ability to activate T cells,

DCs have been shown to orchestrate both innate and adaptive

immune responses in the presence of danger signals (14, 15).

Some studies highlighted the important and intricate role of DCs

in myocardial post-I/R injuries through the control of immune cell

homeostasis (9, 16). The authors suggested that DCs might be

either beneficial or deleterious to organ functions according to the

signaling pathways involved. Most of signaling pathways involved

in I/R are triggered by eATP and TLR2/4 agonists, such as high-

mobility group box 1 or heat shock proteins 60 and 70 (7, 17).

Interestingly, it was previously shown that eATP inhibited proin-

flammatory cytokine secretion through the activation of an un-

identified P2R (18). Such a receptor may participate in the

prevention of harmful inflammatory responses and might be of

interest to modulate I/R-induced sterile inflammation.
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The roles of eATP and P2Rs on DC functions during an I/R
sequence remain poorly studied. First, although previous experi-
ments have shown some effects of eATP on DC maturation and
modulation of cytokine production (19, 20), the P2Rs responsible
for these effects remain to be clearly identified (18). Among all
P2Rs, previous studies suggested that P2Y11R might be a likely
candidate in the eATP-mediated DC activation (21). However,
participation of other P2YRs or P2XRs was also proposed (19,
22). Second, the effects of I/R on purinergic signaling is still
poorly explored in DCs, although this signaling pathway is known
to be involved in such pathological conditions. A study reported
that macrophage P2X7R participates in the Nlrp3 inflammasome
activation during I/R (23). In this mechanistic study, we investigated
the impact of hypoxia/reoxygenation (H/R) on eATP-mediated
purinergic signaling.
We report in the present study that human DC-associated

P2Y11R is critical in the eATP-mediated maturation and shift in
cytokine production. Furthermore, we demonstrate that hypoxia
downregulates P2Y11R expression through hypoxia-inducible factor
(HIF)-1a–dependent transcriptional regulation, leading to the loss
of its immunosuppressive activity. Our observations support the idea
that selective P2Y11R agonists could down-modulate the inflam-
matory response that occurs during I/R and could provide beneficial
effects on organ function, especially in the field of organ trans-
plantation and myocardial infarction.

Materials and Methods
Reagents

ATP, 29(39)-O-(4-benzoylbenzoyl)-ATP (BzATP), ADP, UTP, UDP, sur-
amin, pyridoxalphosphate-6-azophenyl-29,49-disulfonic acid (PPADS), and
29,39-O-(2,4,6-trinitrophenyl)-ATP (TNP-ATP) salts and chemicals for the
solutions were obtained from Sigma-Aldrich (Lyon, France). The P2Y11R
antagonist NF340 and the P2X7R antagonist A438079 were purchased
from Tocris Bioscience (Bristol, U.K.).

Generation of monocyte-derived DCs and culture

Human PBMCs from healthy blood donors were purified by positive se-
lection using anti-CD14–conjugated magnetic microbeads (Miltenyi
Biotec, Paris, France). Briefly, .95% pure CD14+ cells were cultured
at a concentration of 1.6 3 106 cells/ml in RPMI 1640 supplemented
with 2 mM L-glutamine, 50 U/ml penicillin, 50 mg/ml streptomycin
(Life Technologies, Saint Aubin, France), 25 ng/ml IL-4, and 333 IU/ml
recombinant human GM-CSF (Miltenyi Biotec). On day 6, immature
DCs were harvested, washed, and exposed to normoxia (control [CTL]) or
H/R. At the onset of reoxygenation, DCs were cultured with or without
eATP with or without LPS or an inflammatory mixture.

H/R model

I/R was simulated in vitro by oxygen and nutrient deprivation as described
previously (19–21). Immature DCs were cultured in a hypoxic chamber
(Invivo 200, Ruskinn Technology; 1% O2, 5% CO2, 94% N2) with PBS
supplemented with CaCl2 and MgCl2 during 1 or 5 h of hypoxia. CTL DCs
were cultured in a normoxic incubator (21% O2, 5% CO2) in culture medium
for the same durations. After hypoxia, CTL and H/R DCs were centrifuged
(420 3 g; 5 min) and then replaced in fresh medium in a normoxic incubator
with or without maturation factors. For quantitative PCR and Western blotting
experiments, immature DCs were subjected to hypoxia only (HYP DCs).

MLR assay

CD4+ T lymphocytes were isolated (.95% CD4+) from Ficoll peripheral
blood leukocyte fraction via positive selection using human CD4 microbeads.
Before DC–T cell coculture, DCs were cultured in presence of LPS or in-
flammatory mixture, with or without eATP with or without NF340. After 48 h,
DCs were washed twice and then placed in 96-well plates with allogeneic
CD4+ T cells at a ratio of 1:5. Cytokine secretion was measured at day 6.

Flow cytometry analysis

Both H/R and CTL DCs were washed with PBS and incubated with
fluorophore-conjugated Abs for 30 min at 4˚C. After an additional wash,

samples were analyzed on a flow cytometer (FACSCanto, BD Biosciences).
Abs for CD83-FITC (clone HB15e, IgG1), CD25-allophycocyanin (clone
M-A251, IgG1), CD86-PE-Cy5 (clone 2331, IgG1k), CCR7-PE (clone
150503, IgG2), and CCR5-allophycocyanin (clone 2D7, IgG2a) and
isotype controls were purchased from Becton Dickinson. CXCR4-PE
(clone 12G5, IgG2a) and isotype controls were obtained from R&D
Systems. The number of gated events was at least 10,000. Cells were
analyzed using a FACSCanto flow cytometer (BD Biosciences). Analysis
was performed using FlowJo software (Tree Star).

Nonquantitative and quantitative RT-PCR

Reverse transcription and PCR experiments were done as previously de-
scribed (24, 25). Briefly, total RNA was extracted from both nonhypoxic
(CTL DCs) and hypoxic DCs (HYP DCs) using the RNeasy mini kit
(Qiagen). RNA yield and purity were determined by NanoDrop (Thermo
Fisher Scientific). Total RNAwas reverse transcribed using the SuperScript
II kit (Invitrogen).

For nonquantitative PCR, specific primers for human P2X1–7 and P2Y1,
2, 4, 6, and 11–14 receptors were used. The efficacy of these primers was
checked with corresponding hP2X/hP2Y receptor cDNA in pcDNA3.1
plasmids as previously detailed (24). Samples were kept for 1 min at 95˚C
then subjected to 40 cycles of amplification: 95˚C (30 s), 66˚C and 60˚C
for P2X and P2Y, respectively (30 s), 72˚C (30 s), and 72˚C (4 min). PCR
products were separated on 1% agarose gels containing ethidium bromide
and visualized by UV transillumination (Gel Doc; Bio-Rad, Marnes-la-
Coquette, France).

Quantitative PCR was performed using iTaq SYBR Green Supermix
(Invitrogen). Thermocycler conditions included an initial holding at 95˚C
for 2 min; this was followed by a standardized PCR program: 95˚C (15 s),
60˚C (30 s), and 72˚C (30 s) for 50 cycles, and 72˚C (5 min). Data were
quantitatively analyzed on the LightCycler 480 software (Roche), in the
form of crossing points (Cp), employing the second derivative method.
Relative quantification was done using the 22DDCp method. GAPDH was
used as housekeeping gene and results were expressed as fold change in
mRNA expression compared with control cells.

Western blot analysis

CTL and HYP DCs were cultured in six-well plates during 1 or 5 h. Cells
were then washed twice in PBS and lysed with a lysis buffer (50 mM Tris-
HCl [pH 7.4], 150 mM NaCl, 1 mM MgCl2, 1 mM CaCl2) containing
1% Triton X-100 and protease inhibitors (Sigma-Aldrich). Samples were
loaded (40 mg proteins), electrophoretically separated on 10% polyacryl-
amide gels, and then transferred onto nitrocellulose membranes. Detection
of P2Y11R and HIF-1a proteins were performed using polyclonal rabbit
anti-human P2Y11R (1:600, Alomone Labs, Jerusalem, Israel) and mono-
clonal mouse anti-human HIF-1a (1:600, BD Biosciences) primary Abs,
respectively. Membranes were further incubated for 1 h at room temper-
ature with a goat anti-rabbit (1:5000, Bio-Rad) and goat anti-mouse HRP-
conjugated secondary Abs (1:5000, Bio-Rad), respectively. HSC-70 was
used as a loading control and was immunodetected using mouse anti–
HSC-70 (1:30,000, Santa Cruz Biotechnology, Nanterre, France) and goat
anti-mouse HRP-conjugated secondary Abs (1:5000, Bio-Rad). Protein
detection was performed using the ECL Plus kit (Pierce ECL Western
blotting substrate, Fisher Scientific) and Kodak BioMax MS films (Sigma-
Aldrich).

Cytokine release measurements

Cell-free supernatants were collected and analyzed for cytokines content
by ELISAs. Both CTL and H/R DCs were cultured for 48 h in the presence
of LPS (10 ng/ml; Cayla-InvivoGen) or an inflammatory mixture (1 mg/ml
PGE2, 10 ng/ml IL-6, 10 ng/ml IL-1b, 10 ng/ml TNF-a; PeproTech) with
or without eATP (100 mM) or NF340 (10 mM) at the time of reoxyge-
nation. Levels of IL-12p70 (IL-12), IL-10, IL-6, IL-4, and IFN-g (eBio-
science) were measured in culture or coculture supernatants. Samples for
each condition were assayed in duplicate.

Small interfering RNA transfection

Immature DCs were transfected with small interfering RNA (siRNA) di-
rected against P2Y11 or HIF-1a (siHIF-1a) gene expression or scramble
sequence not targeting any known gene as CTL (siCTL). For P2Y11R
silencing, siRNA was designed from the human P2RY11 gene sequence
(NM_002566). siRNA targeting P2RY11 was designed by the online tool
OptiRNA provided by the University of Nebraska–Lincoln (http://optirna.
unl.edu/) and synthesized by Eurogentec (Angers, France). The forward
strand was 59-CCUUGGAGCCCGCGCUCUCGGUU-39, and the reverse
strand was 39-UUGGAACCUCGGGCGCGAGAGCC-59. For HIF-1a
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silencing, siRNAs were obtained from Thermo Scientific. Cells were trans-
fected with siRNA using Lipofectamine RNAi max (Invitrogen, Cergy-
Pontoise, France) according to the manufacturer’s instructions. Hypoxic
insults were performed 48 and 72 h after cell transfection with siRNA di-
rected against P2Y11 and HIF-1a gene expressions, respectively.

Intracellular Ca2+ measurements

Changes in free internal calcium concentration [Ca2+] were monitored
using the fluorescent FURA-2AM Ca2+ indicator (Life Technologies) by
spectrofluorimetry. Briefly, DCs were incubated at 2 3 106 cells per well
of a six-well plate in OptiMEM medium (Life Technologies) containing
5 mM FURA-2AM (Invitrogen) at 37˚C for 45 min in the dark. Cells were
then washed twice in physiologic saline solution (140 mM NaCl, 4 mM
KCl, 1 mM MgCl2, 2 mM CaCl2, 11.1 mM D-glucose, and 10 mM HEPES
[pH 7.4]) and cultured for 2 h in normoxic (CTL DCs) or hypoxic (HYP
DCs) conditions. DCs (106 cells) were then resuspended in 2 ml physio-
logic saline solution. Measurements were performed on a spectrofluorim-
eter (Hitachi F-2500, Hitachi, Tokyo, Japan) under constant agitation at
room temperature. Excitation wavelengths were 340 and 380 nm and
emission wavelength was 510 nm.

Intracellular cAMP quantification

Immature DCs (5 3 105/well) were left unstressed or stressed by 5 h of
hypoxia. Cells were then centrifuged and cultured in fresh medium for
8 min in the presence or absence of eATP (100 mM) with or without
NF340 (10 mM). Cells were harvested, washed, lysed, and centrifuged.

Supernatants and standards provided with the kit were assessed in dupli-
cate. cAMP assays were performed using a cAMP direct immunoassay kit
(R&D Systems) following the manufacturer’s instructions.

In silico analysis of the P2RY11 gene promoter region

The genomic nucleotide sequence (2000 bp upstream of the transcription
start site to the start codon site; ENSG00000244165) was extracted from
the Ensembl human database (http://www.ensembl.org). To locate putative
hypoxia-responsive elements (HREs), P2RY11 sequence was analyzed
using bioinformatics tools that included JASPAR (http://jaspar.genereg.net/)
and MatInspector (http://www.genomatix.de/).

Statistical analysis

Results are expressed as mean6 SEM. Statistical analyses were performed
with the SigmaStat 3.0.1a software (Systat Software, San Jose, CA) using
Mann–Whitney rank sum tests or a Student t test where appropriate. A
p value ,0.05 was considered statistically significant.

Results
P2Y11R is responsible for human DC eATP-mediated
maturation and inhibition of Th1 polarization

Using increasing eATP concentrations, we analyzed the expres-
sion of both maturation (CD83, CD25, and CD86) and migration
markers (CCR7 and CXCR4) in human monocyte-derived DCs.

FIGURE 1. P2Y11R is responsible for human DC eATP-dependent maturation. (A) Effect of eATP increasing concentrations on DC maturation and

migration markers. Immature DCs were not stimulated (black lines), stimulated with 100 mM ATP (dark gray histograms), or stimulated with 1 mM ATP

(light gray histograms). After 48 h of DC culture in these conditions, CD83, CD25, CD86, CCR7, and CXCR4 surface molecules were analyzed by flow

cytometry. Shown is one representative experiment from one donor out of seven independent donors. (B) Mean fluorescence intensities (MFI) of CD83,

CD25, CD86, CCR7, and CXCR4 were normalized to those obtained from untreated DCs (n = 7 experiments from seven independent donors). (C) Ex-

pression of mRNA for P2X and P2Y receptors in DCs, assessed by RT-PCR. (D) Relative expression (MFI) of CD83 (n = 3–5) in DCs stimulated with

nucleotides (1 mM ATP, 10 mM UTP, 10 mM ADP, 10 mM UDP) in the presence or not of the P2 antagonist suramin (100 mM), or stimulated by the

hydrolysis-resistant analog BzATP (100 mM). (E) Relative expression (MFI) of CD83 in DCs stimulated with eATP (1 mM) in the presence (or not) of P2

antagonists PPADS (100 mM), TNP-ATP (30 mM), A438079 (10 mM), and NF340 (10 mM) (n = 3–5 independent experiments). Data represent means 6
SEM. *p , 0.05, **p , 0.01, ***p , 0.001 differences from control condition (absence of ATP); ##p , 0.01, ###p , 0.001 compared with ATP condition.

The Journal of Immunology 653
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External application of ATP, from 0 to 1 mM, triggered the increase
of CD83, CD25, CD86, CCR7, and CXCR4 markers in a dose-
dependent manner (Fig. 1A, 1B). On the contrary, CCR5 ex-
pression was dose-dependently inhibited (Supplemental Fig. 1).
As shown in Fig. 1C, human monocyte-derived DCs expressed

mRNA for P2X1 and 4–7 and for all P2YRs (P2Y1, 2, 4, 6, and
11–14). To confirm that DC maturation upon eATP stimulation
was mediated through the participation of a P2R, we used phar-
macologic tools and took advantage of P2YR nucleotide prefer-
ences to analyze CD83 expression, as previously studied (19, 22).

FIGURE 2. P2Y11R mediates eATP ability to polarize LPS-treated DCs toward Th2. (A) Inhibition of IL-12 production by eATP is mediated by the

P2Y11R, although IL-10 release was unchanged. Immature DCs were stimulated with LPS with or without eATP (100 mM) in the presence or absence of

NF340 (10 mM). After 48 h of culture, IL-12 and IL-10 concentrations were measured in supernatants by ELISA. Results are given as means 6 SEM of

four independent experiments conducted on cells from four different donors. (B) Inhibition of P2Y11R expression in DCs cultured with a siRNA directed

against P2Y11 mRNA, compared with siCTL-treated DCs. (C) IL-12 and IL-10 secretions assessed as in (A) in DCs cultured with siCTL or siP2Y11.

Results are given as means 6 SEM of three independent experiments conducted on cells from three different donors. (D) P2Y11R antagonist reverses Th2

polarization induced by eATP-treated DCs. IL-4 and IFN-g concentrations in the supernatants of DCs cocultured with CD4+ T cells are shown. DCs were

cultured as mentioned above and then washed twice before being cocultured with allogeneic CD4+ T cells. Cytokines release was analyzed after 6 d of

coculture (n = 2 independent experiments). *p , 0.05, **p , 0.01, ***p , 0.001; ##p , 0.01 compared with ATP condition.

FIGURE 3. H/R DCs are resistant to eATP-

induced maturation. Immature DCs were stressed

by hypoxia (PBS with Ca2+/Mg2+; 1% O2) or left

unstressed (RPMI 1640; 21% O2) during 5 h,

then CTL (unfilled histograms) and H/R DCs

(gray-filled histograms) were centrifuged and

reperfused in culture medium in the presence of

eATP (100 mM or 1 mM) or Bz-ATP (100 mM).

After 48 h, CD83, CD25, CD86, CCR7, and

CXCR4 markers were analyzed by flow cytom-

etry. Results are representative of four to six

independent experiments.

654 H/R INHIBITS P2Y11R-DRIVEN IMMUNOMODULATION

 by guest on M
arch 5, 2022

http://w
w

w
.jim

m
unol.org/

D
ow

nloaded from
 

http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1500197/-/DCSupplemental
http://www.jimmunol.org/


Whereas P2XRs are physiologically activated by eATP, P2YRs
can be classified into ATP-preferring (P2Y11), ADP-preferring
(P2Y1, 12, and 13), UTP-preferring (P2Y2 and P2Y4), UDP-
preferring (P2Y6), and UDP sugar-recognizing P2YR (P2Y14).
Despite its expression in DCs, P2Y14R was excluded because it is
not activated by eATP. Thus, among all tested nucleotides (ATP,
ADP, UTP, and UDP), ATP was the only one to induce effective
increase in CD83 expression. Furthermore, as shown in Fig. 1D,
the P2R antagonist suramin (100 mM) inhibited eATP-induced
CD83 expression, demonstrating the involvement of an ATP-
sensitive P2R. This result was confirmed by the use of BzATP
(100 mM), a hydrolysis-resistant ATP analog, which induced a
significant increase of CD83 expression. PPADS, a nonselective
P2R antagonist, did not significantly affect the eATP-induced
CD83 expression, suggesting a role for a PPADS-insensitive P2R
(P2X4, P2Y2, 11, and 12; Fig. 1E) (26, 27). Because P2X4R and
P2X7R have been shown to be involved in several functions of the
immune system (28, 29), we analyzed their respective roles in DC
maturation. Neither the P2X4R antagonist TNP-ATP (30 mM) nor
the P2X7R antagonist A438079 (10 mM) prevented eATP-mediated
CD83 upregulation. Only the use of NF340 (10 mM), a selective
P2Y11R antagonist (30, 31), inhibited eATP-induced DC matura-
tion (Fig. 1E, Supplemental Fig. 2), suggesting the involvement of
the purinergic P2Y11 receptor in the eATP-mediated maturation of
human DCs.
The type of cytokines produced by DCs is a key determinant of

immune response polarization. Because eATP alone does not induce
cytokine secretion but can modify the pattern of produced cytokines
(32), we assessed the effect of P2Y11R inhibition on cytokine se-
cretion in DCs under two experimental conditions: 1) LPS stimula-
tion was used as a Th1-inducing factor, and 2) an inflammatory
mixture (PGE2, IL-6, IL-1b, TNF-a) stimulation mimicking the
cytokine microenvironment composition was used during an I/R
episode (33, 34). Fig. 2 shows the role of P2Y11R on cytokine
production by LPS-treated DCs. As shown in Fig. 2A, eATP (100
mM) significantly inhibited the release of the proinflammatory cyo-
kine IL-12 under LPS stimulation (by 42.4 6 9.9%). This effect was
fully prevented by the P2Y11R antagonist NF340 (10 mM). In
contrast, no effect of eATP was observed on the release of the
anti-inflammatory cytokine IL-10, which remained high. Similar
results were observed in presence of the inflammatory mixture
(Supplemental Fig. 3). To confirm the role of P2Y11R in this effect,
we used P2Y11R-specific siRNA (siP2Y11) and analyzed IL-12
and IL-10 productions. The efficiency of the siRNA directed against
P2Y11 gene expression (siP2Y11) was assessed by Western blot
(Fig. 2B). P2Y11R expression was decreased by ∼50% in siP2Y11-
treated DCs compared with siCTL-treated cells. Targeting P2Y11R
expression using siP2Y11 prevented the inhibition of IL-12 release
by eATP (Fig. 2C). In control conditions (siCTL), eATP triggered
a strong reduction of IL-12 production by DCs (52.2 6 5.7%).
Comparatively, in siP2Y11 DCs, eATP only induced a 21.9 6 4.8%
reduction of IL-12 production. The strikingly modified DC cytokine
response to maturating factors in the presence of eATP prompted us
to investigate their role on CD4+ T cell polarization during an allo-
geneic MLR. eATP-pretreated DCs were found to be potent inducers
of T cell–dependent IL-4 production (2.92 6 0.33-fold; Fig. 2D),
compared with untreated counterparts in The presence of LPS.
Moreover, these cells exerted a suppressive effect on IFN-g secretion
by T cells (83.1 6 1.4% inhibition), compared with CTL DCs.

H/R inhibits the P2Y11R-mediated immunomodulatory
phenotype of DCs

We studied the effect of eATP stimulation on DCs subjected to 1
and 5 h of hypoxia, in absence of nutrients, followed by 48 h of

reoxygenation. Expression of maturation and migration markers
was analyzed 48 h after reoxygenation (Fig. 3). CTL DCs dis-
played a mature phenotype (CD83+, CD25+, CD86+) upon both
eATP (100 mM, 1 mM) and BzATP (100 mM) stimulation, similar
to that described in Fig. 1A. We observed that episodes of 5 h of
H/R induced a decrease in the expression of CD83, CD25, and
CCR7. In comparison, much smaller effects were observed on
both CD86 and CXCR4 expression levels. CD83 expression de-
crease was dependent on hypoxia duration (Fig. 4, top). Indeed, it

FIGURE 4. H/R decreases P2Y11R-dependent maturation of DCs as

a function of hypoxia duration. CD83, CD25, and CD86 levels in surface

of CTL, 1-h H/R, and 5-h H/R DCs cultured during 48 h from the reox-

ygenation time point with eATP in the presence or absence of NF340.

Values are expressed as the mean fluorescence intensity (MFI). Data are

given as means6 SEM of four to six independent experiments. *p , 0.05,

**p , 0.01, ***p , 0.001.
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was decreased by 10.2 and 23.4% for 1 and 5 h of hypoxia, re-
spectively. Likewise, CD25 expression was also time-dependently
inhibited by 3.6 and 31.5% for 1 and 5 h of hypoxia, respectively
(Fig. 4, middle). In contrast, no effect of hypoxia was observed on
CD86 expression (Fig. 4, bottom). When P2Y11R was inhibited,
using NF340, we observed a significant decrease in CD83 ex-
pression in CTL and 1-h H/R DCs, by 42.0 and 32.9%, respec-
tively. In contrast, in 5-h H/R DCs, NF340 induced a non–
statistically significant 16.7% reduction of CD83 expression. In
the presence of NF340, CD83 levels were similar in CTL and H/R
DCs. These data suggested that only NF340-sensitive maturation
was inhibited during hypoxia with a greater effect observed after
prolonged (5 h) compared with short (1 h) hypoxia duration.
Comparable effects were observed for CD25 surface marker.
Because it seems that the H/R sequence inhibits P2Y11R activity,
we analyzed cytokine secretions by DCs subjected to an H/R
episode. IL-6 could not be assessed in cells stimulated by the
inflammatory mixture, because the mixture already contains IL-6.
In presence of LPS, eATP induced a decrease in IL-12 production
in 1-h H/R DCs. This reduction was abolished in the presence of
NF340 (Fig. 5A). In 5-h H/R DCs, eATP induced only a slight
decrease in IL-12 secretion, which was not prevented by NF340.

In comparison, IL-10 synthesis remained unaffected in DCs stim-
ulated by eATP in either 1- or 5-h H/R sequences (Fig. 5B). Mea-
surements of IL-6 secretion revealed a significant decrease in 1-h
H/R DCs stimulated with eATP, which was partially prevented by
NF340. Again, no effect of eATP was observed in DCs challenged
by a 5-h H/R (Fig. 5C). Additionally, 5-h H/R DCs released sig-
nificantly higher levels of IL-12 and IL-6 compared with 1-h H/R
DCs upon eATP stimulation. Consistently, in MLR, CD4+ T cells
cocultured with 5 h of HYP and eATP-pretreated DCs released
higher levels of IFN-g than did T cells cocultured with 1-h HYP
DCs (Supplemental Fig. 4). Similar results were obtained in DCs
treated with the inflammatory mixture (Fig. 5D, 5E).

Hypoxia downregulates P2Y11R expression and its associated
signaling pathway

Because our data suggested a loss of P2Y11R function in human
DCs during H/R, we assessed P2Y11R mRNA levels under hypoxic
conditions. Fig. 6A indicated that hypoxic insult .1 h induced a
reduction of P2Y11R mRNA expression with a maximum 2.28 6
0.03- and 2.87 6 0.11-fold reduction after 3 and 5 h of hypoxia,
respectively. Western blot experiments confirmed P2Y11R protein
downregulation in DCs subjected to 5 h of hypoxia (5-h HYP

FIGURE 5. Hypoxia leads to the loss of the

P2Y11R-dependent immunomodulatory effect

of eATP. (A–C) One-hour H/R (light gray) and

5-h H/R DCs (dark gray) were cultured with

LPS at the onset of reoxygenation for 48 h in

the presence or absence of eATP (100 mM) with

or without NF340 (10 mM). After 48 h of cul-

ture, supernatants were collected and analyzed

for IL-12 (A), IL-10 (B), and IL-6 (C) secre-

tions. (D and E) Cytokine release by H/R DCs

cultured with an inflammatory mixture. IL-12

(D) and IL-10 (E) secretions were measured.

Results are from three to four independent ex-

periments conducted on cells from three to four

different donors. Data are given as means 6
SEM was shown. *p , 0.05, **p , 0.01 com-

pared with CTL condition; #p, 0.05, ##p, 0.01

compared with ATP condition.
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DCs) compared with CTL DCs (Fig. 6B, 6C). As P2Y11R can be
coupled to both phosphatidylinositol/phospholipase C/protein ki-
nase C and adenylyl cyclase/cAMP/protein kinase A pathways, we
investigated the effect of hypoxia on both intracellular calcium
and cAMP levels in response to eATP. Whereas in CTL DCs eATP
stimulation (100 mM) induced an intracellular [Ca2+] increase that
was prevented by NF340 (Fig. 6D, left), in 2-h HYP DCs, eATP
produced a smaller increase in intracellular [Ca2+] (Fig. 6D, right).
Similarly, cAMP levels were significantly increased upon eATP
stimulation in CTL DCs and fully prevented by the use of NF340,
whereas cAMP levels did not change in DCs subjected to a 5 h of
HYP (Fig. 6E).
To determine the molecular mechanisms underlying hypoxia-

induced P2Y11R mRNA downregulation, we first confirmed
HIF-1a stabilization under hypoxic conditions (Fig. 7A). Then,
we examined the sequence of the P2RY11 gene for matches to the
consensus HIF-1 binding sites (59-RCGTG-39; Fig. 7B). We iden-
tified seven putative HREs in the P2RY11 gene sequence, either
in plus (+) and minus (2) strands, which included positions
21857 (+/2), 21704 (+/2),2419 (2),2149 (+), and29 (2) bp
relative to the start codon site. Then, we tried to identify whether
the HIF-1a was responsible for P2Y11R downregulation during
hypoxia. The use of a specific siRNA targeting HIF-1a mRNA
(siHIF-1a) reduced the expression of HIF-1a by ∼70%, compared

with a null-target siRNA (siCTL) in 5-h HYP DCs (Fig. 7B, 7C).
Under these conditions, siHIF-1a strongly increased P2Y11R
mRNA levels (2.48 6 0.56-fold) in DCs, compared with siCTL-
transfected counterparts.

Discussion
Under physiological conditions, pericellular ATP concentration is
kept in the nanomolar range (1–100 nM). During tissue damage,
such as I/R injury, eATP levels can be elevated up to micromolar
concentrations (2, 35). In these conditions, eATP acts as a danger
signal and participates in immune system activation. It was pre-
viously shown that activating P2Rs by eATP upregulates matu-
ration markers in DCs and triggers a shift in cytokine production
upon either LPS or CD40L stimulation (19, 32). In this study, we
showed that eATP induced a dose-dependent increase of CD83,
CD25, CD86, CCR7, and CXCR4. Such an effect of eATP was
previously observed on CD83 and CD86, and the authors envi-
sioned a role for a P2X ionotropic receptor (19). However, be-
cause of the lack of selective P2R antagonists until recent years,
the receptor involved in such effects was not clearly identified.
In the present study, we demonstrated that P2Y11R was involved
in the eATP-mediated DC maturation. We next analyzed cytokine
production in the presence of LPS and found that P2Y11R
drove the eATP-dependent decrease of IL-12 production without

FIGURE 6. Hypoxia induces P2Y11R

downregulation. (A) Decrease of P2Y11

mRNA expression in DCs stressed by

increasing time of hypoxic insult com-

pared with control DCs (cultured in

control condition for the same durations;

n = 3–5). (B) P2Y11R expression was

analyzed by Western blot from total

protein after 1 and 5 h of hypoxia,

compared with CTL conditions. A rep-

resentative blot is shown. (C) Relative

level of P2Y11R expression after hyp-

oxia (n = 4 independent experiments).

(D) Variations of intracellular calcium

levels were measured in DCs using

Fura-2 fluorescence. Hypoxia and

NF340 effects (gray lines) were analyzed

comparing with control condition (black

lines). (E) Variations of intracellular

cAMP levels in DCs stressed or un-

stressed by 5 h of hypoxia followed by

reoxygenation (8 min) with or without

eATP stimulation and in the presence

or absence of NF340 (n = 3 indepen-

dent experiments). Data are given as

means 6 SEM. *p , 0.05, **p , 0.01

differences from control condition

(CTL/2); #p , 0.05 comparison with

ATP condition.
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affecting that of IL-10 in human DCs. These effects were associated
with a decrease of IFN-g and increase of IL-4 production during the
MLR. Taken together, these results suggest a P2Y11R-mediated
inhibition of Th1 and promotion of Th2 response. Our results are
consistent with previous studies showing an eATP-mediated inhi-
bition of IL-12 production in activated DCs. However, in these
studies, the P2Rs involved in this effect were not identified (18, 21).
Our results indicate that the anti-inflammatory effect of eATP was
exclusively mediated by P2Y11R, because P2Y11R inhibition by
the selective antagonist NF340 restored the ability of LPS-activated
DCs to polarize the immune response toward Th1.
During I/R, release of DAMPs, such as eATP (17) and endog-

enous TLR ligands (7), by stressed cells triggers the recruitment
and activation of immune cells (36). These immune processes
participate in wound healing but may also be harmful to organ
function, and proinflammatory cytokines are involved in the post-
I/R sequence injuries (33, 37, 38). Although increasing evidence
indicates that DCs likely play a key role during and after I/R (8,
39, 40), their specific role remains to be further explored. Some
authors showed that DCs might be either protective (16) or det-
rimental (9, 41) for the reperfused myocardium. Indeed, studies

performed in vivo show an increase of both eATP and inflam-
matory cytokines at the site of injury during I/R. In contrast,
in vitro, we and others (19, 32) found that eATP induced a de-
crease of proinflammatory cytokines under normoxic conditions,
and we show that this effect was mediated by the P2Y11R in DCs.
To better account for these apparently paradoxical results, we
hypothesized that the H/R sequence could modify the P2Y11R
functions in human DCs.
In the present study, we used an H/R model in which cells were

deprived in oxygen and nutrients to investigate how H/R regulates
P2Y11R activity. Furthermore, we used either LPS or an inflam-
matory mixture to identify the immunosuppressive role of P2Y11R
in two different modes of DC activation. LPS was used as an
activator of the TLR4 signaling pathway, promoting Th1 polari-
zation, whereas the inflammatory mixture containing cytokines
(PGE2, IL-6, IL-1b, and TNF-a) that are released during an IR
sequence (33, 34) triggered cytokine-associated pathways. In
these two different conditions, P2Y11R was demonstrated to
fulfill the immunosuppressive effects of eATP. We assessed the
effect of eATP–P2Y11R interaction on IL-12 and IL-6 secretion
because both cytokines establish an inflammatory environment
that may favor adverse outcomes. Indeed, the Th1-polarizing
cytokine IL-12 is highly associated with acute allograft rejection
(42, 43). Additionally, IL-6 has been shown to play a key role in
acute inflammatory response (44) and in early injuries following
allograft in transplantation models (45, 46). Interestingly, whereas
in 1-h H/R DCs, eATP decreased IL-12 and IL-6 production by
these cells, in 5-h H/R DCs this effect was completely lost. We even
observed a slight induction of IL-12 by eATP in DCs activated by
the inflammatory mixture. Consequently, DCs stressed by 5 h of
hypoxia released higher levels of IL-12 and IL-6 when stimulated
by eATP. After short hypoxia, eATP had anti-inflammatory effects
that were lost after prolonged hypoxia. These results were sup-
ported by analysis of IFN-g concentrations in supernatants of
MLRs. T cells exhibited an inflammatory phenotype when cocul-
tured with eATP-stimulated DCs that have been subjected to 5 h of
hypoxia. We show, to our knowledge for the first time, that this
biphasic effect of eATP was mainly due to the P2Y11R downreg-
ulation. We showed a time-dependent inhibition of P2Y11R ex-
pression at both mRNA and protein levels, associated with a strong
decrease of P2Y11R activity, as shown by intracellular calcium and
cAMP measurements. This downregulation of P2Y11R might par-
tially account for the correlation between ischemia duration and
graft injuries following transplantation (47, 48). During I/R, hyp-
oxia, but also nutrient starvation, triggers injuries, as it might
happen in our H/R model, which combines hypoxia and nutrient
deprivation. It has been previously shown that glucose starvation
can modulate DC functions (49). As such, we cannot exclude that
the observed effects are partially mediated by nutrient starvation.
Finally, in our H/R model, we showed, to our knowledge for the first
time, that HIF-1a can inhibit P2Y11R transcription. HIF-1a is
known to be induced by hypoxia and to upregulate several target
genes involved in maintaining biological homeostasis (50). Addi-
tionally, HIF-1a has been implicated in downregulation of several
genes that may involve the HIF-1a/Myc pathway (51). Several
studies reported that HIF-1a can directly repress gene transcription
by binding to response elements present within the gene promoters
(52–54). In this study, we have shown that HIF-1a regulates P2Y11
mRNA expression in human DCs during hypoxia. However, al-
though there are seven potential HREs in the promoter of P2RY11
gene, we cannot exclude an indirect transcriptional regulation.
Nevertheless, HIF-1a–dependent downregulation of P2Y11R in
human DCs may play a deleterious role in I/R injury following
organ transplantation.

FIGURE 7. HIF-1a mediates human DC P2Y11R expression during

hypoxia. (A) HIF-1a stabilization during 5 h of hypoxia. (B) Sequences

and orientations of the putative HREs within the P2RY11 59 genomic

fraction corresponding to 22195/+5 relative to the start codon (bold ATG)

and mentioning the transcription start site (TSS). The HRE motifs are in

boldface type and underlined by arrows to indicate the plus (right arrows)

and minus (left arrows) DNA strand. (C) HIF-1a mRNA expression in 5-h

HYP DCs transfected with siRNA directed against HIF-1a RNA tran-

scripts (siHIF-1a) or scramble siRNA control (siCTL). (D) Relative ex-

pression of P2Y11R mRNA in 5-h HYP DCs transfected with siHIF-1a

compared with siCTL. Data are given as means 6 SEM of three inde-

pendent experiments using cells from three independent donors. *p , 0.05

difference from control condition (siCTL).
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In conclusion, our results suggest that DCs P2Y11R could play
a pivotal role in mediating the inflammatory response following
I/R. Of interest, some authors reported a protective role of P2Y11R
stimulation in myocardial I/R (55, 56). These data combined with
our observations support the idea that using pharmacological
P2Y11R agonists during I/R episode could provide beneficial
effects after organ transplantation and acute myocardial infarction.
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