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Cyclic dinucleotides are important messengers for bacteria and protozoa and are well-characterized immunity alarmins for in-
fected mammalian cells through intracellular binding to STING receptors. We sought to investigate their unknown extracellular
effects by adding cyclic dinucleotides to the culture medium of freshly isolated human blood cells in vitro. Here we report that
adenosine-containing cyclic dinucleotides induce the selective apoptosis of monocytes through a novel apoptotic pathway. We
demonstrate that these compounds are inverse agonist ligands of A2a, a G,-coupled adenosine receptor selectively expressed by

monocytes. Inhibition of monocyte A2a by these ligands induces apoptosis through a mechanism independent of that of the
STING receptors. The blockade of basal (adenosine-free) signaling from A2a inhibits protein kinase A (PKA) activity, thereby
recruiting cytosolic p53, which opens the mitochondrial permeability transition pore and impairs mitochondrial respiration,
resulting in apoptosis. A2a antagonists and inverse agonist ligands induce apoptosis of human monocytes, while A2a agonists
are antiapoptotic. In vivo, we used a mock developing human hematopoietic system through NSG mice transplanted with hu-
man CD34™ cells. Treatment with cyclic di-AMP selectively depleted A2a-expressing monocytes and their precursors via apopto-
sis. Thus, monocyte recognition of cyclic dinucleotides unravels a novel proapoptotic pathway: the A2a G, protein-coupled re-
ceptor (GPCR)-driven tonic inhibitory signaling of mitochondrion-induced cell death.

Purine and pyrimidine-based signaling is a fundamental and
conserved mode of intercellular communication. In the body,
mononucleotides are the major mediators of tissue protection and
regeneration, for example, adenosine, which is released from
damaged cells. In contrast, microorganisms use cyclic dinucle-
otides, such as cyclic di-AMP (c-di-AMP) and cyclic di-GMP (c-
di-GMP), which are secreted by bacteria and protozoa, respec-
tively (1, 2). As a defense mechanism, mammalian cells have
evolved a means to sense cyclic dinucleotides. When infected with
retroviruses (3) or carrying cytosolic DNA (4), cells assemble an
endogenous 2’,3’ cyclic GMP-AMP (cGAMP) dinucleotide which
is recognized by the intracellular protein STING to induce type I
interferon (IFN) responses (5). In this way, intracellular cyclic
dinucleotides represent important alarmins in immunity.

Extracellular cyclic dinucleotides are released from infected
dying cells or damaged tissues and also represent important sig-
nals, but whether and how mammalian cells can detect these and
respond is presently unknown. We hypothesized that human pe-
ripheral blood cells might be capable of detecting extracellular
cyclic dinucleotides. We found that the extracellular 3',5" cyclic
dinucleotides c-di-AMP and cGAMP are specifically recognized
by human monocytes expressing the A2a adenosine receptor and
can selectively induce their apoptosis. Analysis of the role of A2a in
this apoptotic response showed that it controls the survival of the
monocytes through its constitutive signaling.

MATERIALS AND METHODS

Reagents. 3',5' c-di-AMP, cGAMP, ¢-di-GMP, c-di-IMP, and c-di-UMP
were from InvivoGen. Adenosine, caffeine, 8-cyclopentyl-1,3-dipropyl-
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xanthine (DPCPX), forskolin, prostanglandin E2 (PGE2), and cyclospo-
rine were from Sigma-Aldrich (St. Louis, MO). SCH442416, CGS21680,
and ZM241385 were from Tocris Biosciences (R&D Systems, Minneapo-
lis, MN). Lactacystin and MG132 were from Interchim (Montlucon,
France). Suramin was from Alexis Biochemicals (Lufelfingen, Switzer-
land). NECA-fluo was from Abcam (Paris, France). Calcein AM, Mito-
tracker green, and Mitotracker deep red were from Invitrogen (Cergy
Pontoise, France). The cXMP and cAMP standards were from the Biolog
Life Science Institute (Bremen, Germany). thrombopoietin (TPO), stem
cell factor (SCF), and Flt-3 ligand (Flt-3L) were purchased from Prepro-
tech (Neuilly-Sur-Seine, France).

Cell description and isolation procedure. Buffy coats were diluted
with phosphate-buffered saline (PBS) in Ficoll separation medium and
centrifuged at 400 X g for 30 min at 20°C. Human peripheral blood
mononuclear cells (PBMCs) obtained in interphase were washed twice
with PBS. Then cells were suspended in medium and treated immediately.

Monocytes were purified from freshly isolated human PBMCs using a
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Dynabeads Untouched human monocyte isolation kit (Invitrogen, Cergy
Pontoise, France) (final purity of CD14™ cells = 95%)).

To differentiate macrophages from dendritic cells (DC), PBMCs were
allowed to adhere to the substratum for 2 h before nonadherent cells were
removed by washing the wells three times. Adherent cells were then cul-
tured for 6 days to allow monocytes to differentiate into either type 1
macrophages (M1) using IFN-vy (100 U/ml) and lipopolysaccharide (LPS;
10 ng/ml), type 2 macrophages (M2) using interleukin 4 (IL-4; 300 U/ml),
or immature dendritic cells (iDC) using IL-4 (150 U/ml) and granulocyte-
macrophage colony-stimulating factor (GM-CSF; 10 ng/ml). To induce
dendritic cell maturation, LPS (20 ng/ml) was added to the iDC culture for
the final 2 days of culture. M1, M2, iDC, and mature DC phenotypes were
analyzed by flow cytometry using antibodies against CD80, CD86, CD83,
HLA-DR, HLA ABC, CDla, and CD64.

C57BL/6 mice were sacrificed in accordance with bioethical proce-
dures. The spleen, thymus, peripheral blood, and bone marrow were har-
vested. Cells from the spleen and thymus were separated by crushing them
through a mesh (40 pm). Blood was taken from the retro-orbital vein and
bone morrow was obtained by flushing the femurs of the mice with PBS
using a 29-gauge needle. The mononuclear cell fraction was obtained by
centrifugation in a Ficoll density gradient.

Cell assays. Freshly isolated peripheral blood mononuclear cells or
purified monocytes from healthy donors were cultured at 37°C and 5%
CO, at 1.5 X 10° cells/ml in RPMI medium supplemented with 10%
heat-inactivated fetal calf serum (FCS), 2 mM L-glutamine, 100 U/ml of
penicillin, and 100 pg/ml of streptomycin (Invitrogen). Splenocytes iso-
lated from C57BL/6 mice were cultured in the same medium supple-
mented with 20 mM HEPES. The desired 3,5" cyclic dinucleotides were
added to the cultures at 5 wuM unless specified otherwise. After 16 h, cells
were stained with the appropriate monoclonal antibodies or reagents and
analyzed by flow cytometry. The same settings were used for competition
assays with A2a ligands, although these ligands were added 1 h prior to
c-di-AMP addition. The A2a* human monocyte line THP1-Blue-ISG-
hSEAP (InvivoGen, Montaudran, France) was cultured as described
above. Upon activation of human STING, the THP1-Blue-ISG-hSEAP
monocyte cell line secretes an embryonic alkaline phosphatase (hSEAP)
reporter gene under the control of an ISG54 promoter in conjunction
with five IFN-stimulated response elements. The hSEAP secreted in the
cell culture supernatant is revealed by a colorimetric reaction according to
the supplier’s instructions. The Chinese hamster ovary (CHO) cell line
was cultured in Ham’s F-12 medium containing 10% fetal bovine serum
(FBS) and was transfected with an A2a receptor construct (in pcDNA3)
using LyoVec (InvivoGen) according to the manufacturer’s instruc-
tions. Twenty-four hours after transfection, CHO cells were treated
with CGS21680 (100 nM) or c-di-AMP (10 wM) for 5 min before
phosphorylated extracellular signal-regulated kinase 1/2 (phospho-
ERK1/2) staining.

Flow cytometry. Monoclonal antibodies used for the staining of cells
were phycoerythrin (PE)-Cy7 conjugated anti-CD14; PE active caspase 3
apoptosis kit, phospho-ERK1/2, ERK2, and p53 set (p53 fluorescein iso-
thiocyanate [FITC], clone G59-12, and isotype control, clone MOPC-21)
(BD Biosciences, Pont de Claix, France); phospho-p53 (Ser315) antibody
(Antibodies-Online GmbH, Aachen, Germany); and BV421-conjugated
anti-CD3 (BioLegend, Ozyme, Saint-Quentin-en-Yvelines, France). Mi-
tochondrial function was assessed using Mitotracker deep red and Mito-
tracker green (both at 25 nM) as described in reference 6. Cell viability was
measured with 7-amino-actinomycin D (7-AAD) and annexin V (BD
Biosciences) staining according to the manufacturer’s instructions.
Briefly, PBMCs or purified cells were washed twice with ice-cold PBS
containing 1% FCS, stained on ice for 30 min with the specified antibod-
ies, then washed, and analyzed using a BD LSR II cytometer (BD Biosci-
ences, Pont de Claix, France). Data were processed with Cytobank soft-
ware (http://www.cytobank.org) and are represented as contour plots.

Monocyte morphology. Purified monocytes were treated with 125
ng/ml of anti-FAS (2R2; eBiosciences, Paris, France), 10% ethanol, or 0.6
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TABLE 1 Probe sets used for human and mouse adenosine receptor-
encoding genes

Gene Human probe Murine probe
Adoral 216220_s_at 1427331 _at
Adora2a 205013_s_at 1460710_at
Adora2b 205891 _at 1450214_at
Adora3 206171_at 1429609_at
P2rxl 210401_at 1460719_a_at
P2rx2 221356_x_at 1435212_at
P2rx3 208338_at 1458396_at
P2rx4 204088_at 1425525_a_at
P2rx5 210448_s_at 1449433 _at
P2rx6 206880_at 1450327_at
P2rx7 207091 _at 1439787 _at
P2ryl 207455_at 1421456_at
P2ry2 206277 _at 1450318_a_at
P2ry4 221466_at 1422276_at
P2ry5 218589_at

P2ry6 208373 _s_at 1425214 _at
P2ry8 229686_at

P2ry10 1553856_s_at 1452815_at
P2ryll 214546_s_at

P2ry12 235885_at 1431724 _a_at
P2ry13 220005_at 1428700_at
P2ry14 206637_at 1424733 _at
Gapdh humgapdh-M33197_3_at GapdhMur-M32599

M c-di-AMP for 7 h. Cells were then stained for 15 min at 37°C with 100
pg/ml of acridine orange (AO) and 1 pg/ml of 4’,6-diamidino-2-phe-
nylindole (DAPI; Life Technologies, Saint Aubin, France) prior to being
washed. Cells were then stained with annexin V-PE (BD Biosciences, Le
Pont de Claix, France), then washed, and photographed with a Nikon
Eclipse TE200 fluorescence microscope (magnification, X40).

Microarray data mining. Transcriptomes from human PBMCs ob-
tained with the Affymetrix Human Genome U133 Plus 2.0 platform were
produced in our laboratory (monocytes, y8 T cells, and NK cells) and
deposited at the NCBI repository Gene Expression Omnibus (GEO) da-
tabase (accession numbers GSE42733 and GSE27291) (7). In addition, the
B cell and yd T cell transcriptomes were downloaded from the NCBI
repository GEO database (accession numbers GSE12195 and GSE15659,
respectively) (8, 9) prior to normalization in batch by the RMA software.
Myeloid and CD34* human cell transcriptomes were from the NCBI
repository GEO database (accession number GSE19599) (10). Transcrip-
tomes from murine splenocytes obtained with the Affymetrix Mouse Ge-
nome 430 2.0 array were downloaded from the NCBI repository GEO data
sets under accession numbers GSE22196 (yd T cells) and GSE27787
(other subsets) prior to normalization in batch by RMA. The probe sets
used for human and mouse adenosine receptor-encoding genes are listed
in Table 1.

All data are expressed as arbitrary units relative to the expression of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH).

SPR assays. All binding studies based on surface plasmon resonance
(SPR) technology were performed on a BIAcore T200 optical biosensor
instrument (GE Healthcare). The immobilization of biotinylated c-di-
AMP was performed on a streptavidin-coated (SA) sensor chip in HBS-EP
buffer (10 mM HEPES [pH 7.4], 150 mM NaCl, 3 mM EDTA, 0.005%
surfactant P20) (GE Healthcare). All immobilization steps were per-
formed at a flow rate of 2 pl/min with a final c-di-AMP concentration of
100 pg/ml. The total amount of immobilized c-di-AMP was 250 reso-
nance units (RU). CHO cells were lysed in 20 mM HEPES-10 mM EDTA
(pH 7.4) by freeze-thaw cycles. Binding analyses were performed with
solubilized purified mock-transfected CHO (FC1) and CHO-A2a (FC2)
cell membrane proteins at 11 pg/pl over the immobilized c-di-AMP sur-
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face at 25°C for 3 min at a flow rate of 30 pl/min. The channel (Fcl) was
used as a reference surface for nonspecific binding measurements. Immo-
bilization of membrane extract proteins was performed on an L1 sensor
chip in HBS-N buffer (10 mM HEPES [pH 7.4], 150 mM NaCl) (GE
Healthcare). All immobilization steps were performed at a flow rate of 2
pl/min with final concentrations of mock-transfected CHO and CHO-
A2a cells of 6 pug/pl. The total amount of immobilized membrane protein
was about 400 RU each. A channel (Fc2) was used for the immobilization
of CHO-A2a cell proteins, and a channel with immobilized mock-trans-
fected CHO cell proteins (Fcl) was used as a reference surface for non-
specific binding measurements. Binding analyses were performed with
c-di-AMP at 100 pM over the immobilized mock-transfected CHO and
CHO-A2a cell surface at 25°C for 3 min at a flow rate of 30 pl/min.

Molecular modeling and dockings. The crystallized conformation of
A2a-bound agonists and antagonists were obtained from UK432097 (an
analog of CGS21680; Protein Data Bank [PDB] code 3QAK), adenosine
(5-N-ethyl-carboxamido-adenosine [NECA]; PDB code 2YDV), caffeine
(PDB code 3RFM), xanthine amine congener (XAC) (PDB code 3REY),
and ZM241385 (an allosteric inverse agonist of A2a; PDB code 3PWH),
while the corresponding conformation of istradefylline was based upon
published reports (11, 12). These ligands were aligned using their respec-
tive Asn253-binding atoms as a reference. The docking experiments were
performed with SwissDock (http://swissdock.vital-it.ch/) (13), using the
CHARMM force field, MOL2 or PDB files of ligands, and the crystal
structure of the active (PDB code 2YDV) and inactive (PDB code 3PWH)
A2a. The binding site was defined by a 10-A sphere around the cocrystal-
lized ligand. The cocrystallized ligand and detergent were then removed
from the crystal structure, while all waters were retained before docking.
Dockings were done in the accurate mode restricted to a 10-A sphere
around the putative binding pocket, applying flexibility for side chains
within 5 A of any atom of the ligand in its reference binding mode. Up to
250 poses per ligand were stored, scored, and clustered according to the
average full fitness of their elements. All poses were ranked according to
their estimated AG (kcal/mol), loaded as PDB files, and visually inspected
using the ViewDock plugin of the molecular viewer UCSF Chimera
(version 1.7, build 38197; Resource for Biocomputing Visualization
and Informatics at the University of California, San Francisco, CA) to
identify the best docking. Figures were generated using UCSF Chimera
and PyMOL (The PyMOL molecular graphics system, version 1.5x;
Schrodinger, LLC).

siRNA transfection. Freshly isolated human PBMCs were transfected
with A2a or control small interfering RNA (siRNA) using an siRNA re-
agent system (Santa Cruz Biotechnology) according to the manufacturer’s
instructions and cultured with gentle shaking (180 rpm).

Measurement of intracellular cAMP. Because the intracellular level
of the cAMP second messenger could not be measured by antibody-based
assays due to cross-reactivity with c-di-AMP or cGAMP (G. Lebon, per-
sonal communication), this dosage was performed by liquid chromatog-
raphy-mass spectrometry (LC-MS) (14), with modifications for MS,, se-
lected multi-ion analysis. Briefly, purified monocytes (95% CD14™ cells)
were cultured (5 million/well) with or without ¢-di-AMP (5 uM) for 16 h
in complete medium supplemented with 3-isobutyl-1-methylxanthine
(IBMX) (45 pM) and then collected, washed, and extracted with acetoni-
trile-methanol-water (40:40:20, vol/vol/vol). Each sample was then
spiked with 40 pmol of a quantification standard of 3’,5" cyclic xanthine
monophosphate (cXMP). Extracts were left for 15 min at 4°C, heat inac-
tivated (10 min at 95°C), and then pelleted by centrifugation, and super-
natants were collected and concentrated using a rotating speed vacuum
(100 X gatroom temperature for 2 h) and adjusted to a final volume of 50
pl for LC-MS. Samples (50 wl) were injected and separated on a 50- by
2-mm Prontosil C,z column (3 wm, 120-A porosity; Bischoff, Leonberg,
Germany) using a sequential elution program involving solvent A (0.1%
formicacid) and solvent B (acetonitrile). The elution program was 10 min
of 100% solvent A, 3 min at a gradient of 0 to 100% solvent B, and then 2
min of 100% solvent B. The flow rate was 250 pl/min. For detection, a
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UV6000 LP photodiode array (SpectraSYSTEM; Thermo Scientific,
France) was used over a A of 200 to 500 nm, with faster acquisition at a X
of 254 nm, followed by electrospray ion trap mass spectrometry (Finni-
gan-LCQ, USA). Detection in the negative mode involved full-scan
MS/MS (range, 90 to 400 amu) with the two precursor ions of m/z 328 for
cAMP and m/z 345 for the cXMP standard. Diagnostic ions for integration
were at 11/z 134 for cAMP (collision energy, 34%) and m/z 151 for cXMP
(collision energy, 30%). The daughter ion at m/z 247 was also used for
validation of cXMP, while the fragmentation pattern of cAMP in the neg-
ative mode gave only the fragment at m/z 134. The baseline amount of
intracellular cAMP in control human monocytes was 59 = 10 pmol of
cAMP per million cells.

PKA activity. Purified monocytes (0.3 million/well) cultured with or
without c-di-AMP (5 uM) in complete medium were collected at the
desired time points, washed, and extracted. Protein kinase A (PKA) activ-
ities were measured using the PKA activity kit (Enzo Life Sciences, Vil-
leurbanne, France) according to the manufacturer’s instructions. Briefly,
precoated substrate was incubated with the extracted protein (2 g per
point) and ATP and was revealed with a phospho-specific substrate anti-
body.

Western blotting and cell fractionation. Purified monocytes (final
purity of CD14™ cells = 95%) were cultured for 16 h with or without
c-di-AMP (5 pM). Cells were lysed using buffer composed of 10 mM
HEPES (pH 7.9), 10 mM KCI, 1.5 mM MgCl,, 0.34 mM sucrose, 10%
glycerol, 1 mM dithiothreitol (DTT), 0.1% Triton X-100, 5 pg/ml of apro-
tinin, 5 pg/ml of leupeptin, 0.5 pg/ml of pepstatin, and 0.1 mM phenyl-
methylsulfonyl fluoride (PMSF) for 5 min on ice, followed by centrifuga-
tion (1,300 X g, 4 min, and 4°C). The supernatants, composed of the
cytoplasmic fraction, were centrifuged at 20,000 X gand 4°C for 15 min to
remove insoluble proteins. The pellets containing the nuclei were washed
using the same buffer and lysed with 3 mM EDTA, 0.2 mM EGTA, and 1
mM DTT for 30 min on ice, followed by sonication for 15 s. Samples were
quantified by the bicinchoninic acid (BCA) protein assay (Sigma-Al-
drich), and the same amounts of proteins per lane were analyzed. Anti-
bodies were for a-tubulin (Sigma-Aldrich), B-actin (Millipore, Mol-
sheim, France), Orc2 (Clinisciences, Montrouge, France), and total p53
(DO-1 clone; Santa Cruz Biotechnology) and peroxidase-conjugated
anti-rabbit or anti-mouse Ig (Jackson ImmunoResearch Laboratories,
Montluon, France).

mPTP flow cytometry assay. The mitochondrial permeability transi-
tion pore (mPTP) was measured as described previously (15), with mod-
ifications for flow cytometry. Briefly, PBMCs were treated as specified
below with cyclosporine (10 pM), CGS21680 (100 pM), forskolin (100
pM), or c-di-AMP (5 pM) for 6 h and then loaded with membrane-
permeant acetoxymethyl-calcein ester (100 nM) and the cytosolic calcein
fluorescence quencher CoCl, (0.4 mM) for 15 min at 37°C. At the same
time, mitochondrial function was assessed using Mitotracker deep red
staining (25 nM for 30 min at 37°C). In control experiments, cells were
loaded with acetoxymethyl-calcein alone. Cells were centrifuged, washed,
stained with antibodies, and analyzed by flow cytometry. The mPTP was
measured by mitochondrial calcein and Mitotracker red signals on gated
monocytes (CD14" CD3 ™ cells).

Bioenergetic profiling, Purified monocytes (final purity of CD14 " cells =
95%) were resuspended in XF base medium (supplemented with 2 mM L-glu-
tamine, 1 mM pyruvate, and 10 mM glucose [pH 7.4]) and plated (250,000
cells/well) in 96-well CellTak (Corning)-coated assay plates. Cellular bioen-
ergetics were determined using an extracellular flux analyzer (Seahorse; Pro-
teigen, France) according to the manufacturer’s instructions. Briefly, cells
were incubated in the analyzer, with measurements of the O, consumption
rate (OCR) and the extracellular acidification rate (ECAR) taken every 5 min.
Treatments (5 uM c-di-AMP) were added after 3 cycles of measurement, and
evolution of the baseline was followed for 6 h. At the end of the experiment,
drugs for inhibiting mitochondrial function were injected to determine the
capacity of mitochondrial function. Protein quantity was used to reflect the
quantity of cells in each well and to normalize the results.

mcb.asm.org 481


http://swissdock.vital-it.ch/
http://mcb.asm.org

Tosolini et al.

“SNH

(L1

/

N

>

‘ “SNH

N) Q “2 0
NH20-p-04 o O-p-

“SNH

o

B |

(

7 Q Q
-p-0 N - p- NH2 —p-—
o] P o (o] E:O o (o] P o o F f’ o 5
OH O OH O OH O OH O o
b 0 )\_/\ 0 OH r/\ O OH O OH Q &
(o} ! 0 ] (] ] J i
N 0-P-0 N 0-P-0 NH 0-P-0 0-P-0 0" g0
= I il 1 = Il
= 0, I
| /> 0 ’ /> o] /> 0 | /> j/N Py
HN HN |
N N N N ~ 5 HN<_
NH2 c-di-AMP NH2 c-GAMP c-di-GMP c-di-IMP c-di-UMP
B ctl c-di-AMP c-GAMP c-di-GMP c-di-IMP c-di-UMP D
» 1 1004 @ c-di-AMP
S | O c-GAMP * X ok ok
= O c-di-GMP
= 1 O c-di-IMP
2% 4 A cdi-UMP
)
°> A
a 8 250
o P
$E
3% |
! C o
FSC g |
C monocytes M1 1
_8_6"/3{_9_1%_ 01—
1|3 -7 -6 -5 -4
[ cyclic di-nucleotide ] (log M)
m
8 804 *
§ i *
s —e— 3'3' cGAMP
g 60 —e— 2'3' cGAMP
% —0— 2'2' cGAMP
< ]
F [ c-AMP ] (log M) S 404
11.9% |1 12.3% |7 12.4% 3
v ‘ | gt 15 -~ O 20 4
113 9
1 g é =
“'i& éO,y.u,y.H,y.H,y.yw
0.01 0.1 1 10 100
— e = i — [cyclic di-nucleotides] (uM)
3% I 1.8%|1 I 0.9% I 1.1%
1 Ol 2 H
1@ 1@ e
=R I B ) Microscopy AO Annexin-V DAPI
G ) Apoptosis
c-di-AMP treatment
cp14* cells +1h +16h
ctl
1 - 440 555
i 405 Necrosis |
2 72317
<1 f 17% ctl L \_
™~ A S v g
Annexin-V c-di-AMP ey
cDp3% cells )
- L 442 _150 c-di-AMP
| el Bt §
] : 395 121
! ; (
]
:tlt‘l oo ctl
~ i) c-di-AMP 4
Annexin-V Caspase-3

482 mcb.asm.org

Molecular and Cellular Biology

January 2015 Volume 35 Number 2


http://mcb.asm.org

NSG mice reconstituted with human hematopoietic cells. Cord
blood (CB) samples were collected in sterile tubes containing the antico-
agulant acid citrate dextrose (ACD; Sigma, France) after informed con-
sent by Etablissement Francais du Sang (EFS; Lyon, France) according to
the Helsinki declaration. Purified CD34 ™ cells from cord blood were stim-
ulated for 16 to 18 h with a cytokine cocktail (TPO, 20 ng/ml; SCF, 100
ng/ml; and Flt-3L, 100 ng/ml). NOD/SCID/vy. /= (NSG) mice were
housed in a dedicated animal facility (PBES, Lyon, France), and experi-
ments were performed according to the guidelines of the institutional
animal care committee with approval by the local ethics committee. Two-
to 3-day-old newborn NSG mice were subjected to irradiation at 1 Gy, and
2 X 10° cytokine-prestimulated (TPO, 20 ng/ml; SCF, 100 ng/ml; and
Flt-3L, 100 ng/ml) human cord blood CD34 ™ cells were injected intrahe-
patically. Upon 8 weeks of reconstitution, the percentage of human
CD45™ cells in the blood was determined every week to follow human cell
engraftment. Mice with >30% human CD45™ cells were injected intra-
venously with 100 wl of PBS or c-di-AMP (50 pg). This procedure was
repeated after 48 h, and the mice were sacrificed 48 h after the last c-di-
AMP injection. The different hematopoietic tissues (bone marrow,
spleen, thymus, and blood) of these primary mice were stained for CD45-
allophycocyanin (CD45-APC) and CD14-APC-Cy7 combined with an-
nexin-PE-7-AAD to detect apoptotic cells. Additionally, the marking of
human B cells (CD19-APC), T cells (CD3-PE-Cy7), and myelocytes
(CD13-APC) was performed. Fluorescence-activated cell sorter (FACS)
analysis was performed using a Canto II (Becton Dickinson).

Statistical analysis. Data are expressed as means = standard devia-
tions (SD), as specified below. Differences between groups versus the
specified controls were analyzed using the paired two-tailed Student ¢ test.

RESULTS

Adenosine-based cyclic dinucleotides induce the selective apop-
tosis of human monocytes. We added various 3',5" cyclic di-
nucleotides, namely, c-di-AMP, cGAMP, c-di-GMP, c-di-UMP,
and c-di-IMP (Fig. 1A), to short-term in vitro cultures of freshly
isolated human peripheral blood mononuclear cells (PBMCs).
Within 16 h a selective loss of CD14" monocytes was observed
with c-di-AMP and cGAMP, whereas CD3™ and the other PBMC
subsets were completely unaffected (Fig. 1B). In contrast, differ-
entiated human M1 and M2 macrophages, monocyte-derived
DC, and THP1 myeloid cancer cells (Fig. 1C) were not killed by
these nucleotides in vitro. Moreover, the monocyte-restricted cy-
totoxicity of these extracellular compounds was specific to the
adenosine-containing cyclic dinucleotides (50% inhibitory con-
centration [ICs,], ~1 uM for c-di-AMP and cGAMP) (Fig. 1D).
Accordingly, the 2',3" cGAMP, 2',2" cGAMP, and 3',3" cGAMP
isomers were as cytotoxic as 3',5" cGAMP (Fig. 1E), whereas the
closely related cyclic 3',5" cAMP mononucleotide was inactive
(Fig. 1F). Sixteen hours after c-di-AMP treatment of PBMCs, flow
cytometry analysis and visual examination evidenced a monocyte
phenotype (7-AAD™, annexin V¥, and caspase 37) (Fig. 1G) with
an apoptotic cell morphology similar to that seen with monocytes
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treated with anti-Fas (annexin V*, DAPI™ cells) but different
from that of necrotic monocytes (annexin V—, DAPI") (Fig. 1H).
In agreement with these results, the caspase inhibitor zVAD pre-
vented the death of c-di-AMP-treated or c-GAMP-treated mono-
cytes (data not shown). Thus, extracellular cyclic dinucleotides
containing adenosine are selectively proapoptotic toward freshly
isolated human monocytes.

Human monocytes selectively express Adora2a encoding the
A2a adenosine receptor. Cytoplasmic cGAMP and c-di-AMP can
bind to the intracellular stimulator of interferon genes (STING)
receptor, leading to IFN-B production (5) and cell death by py-
roptosis (16). Both cGAMP and c-di-AMP showed a reduced cy-
totoxicity when transfected into purified monocytes compared to
when they were added to the culture medium (Fig. 2A). cGAMP
has a higher affinity for intracellular STING than c-di-AMP (3)
but shows lower intracellular cytotoxicity than extracellular cyto-
toxicity, whereas c-di-AMP is equally cytotoxic in both cases. This
suggests that the intracellular interaction of cGAMP with STING
decreases the extracellular pool of nucleotides, which causes cyto-
toxicity. Accordingly, the addition of c-di-AMP and cGAMP to
the culture medium induced an average release of 124 pg/ml of
IFN-B, compared to 8 pg/ml for the control medium (Fig. 2B),
while the direct treatment of monocytes with IFN-3 (up to 2,000
pg/ml) did not induce their apoptosis (Fig. 2C). These results
suggest that STING-induced interferon responses were not re-
sponsible for the strong cytotoxicity of the extracellular cyclic di-
nucleotides. Hence, we postulated that an adenosine receptor lo-
cated at the cell surface could be present to mediate this potent and
selective proapoptotic activity of c-di-AMP and cGAMP. Mining
the transcriptomes of human PBMCs for adenosine receptor-en-
coding genes with a monocyte-selective expression pattern iden-
tified only two candidates, Adora2a and P2rx4 (Fig. 2D). The
P2rx4 gene was discarded because it encodes a suramin-resistant,
ATP-gated cation channel and we had found suramin to be as
active as the cyclic dinucleotides (see below). In contrast, Adora2a
encodes the adenosine receptor A2a, a G, protein-coupled recep-
tor (GPCR) that mediates cytoprotection upon binding extracel-
lular adenosine (17). To test for the presence of the receptor at the
cell surface, human PBMCs or splenocytes isolated from C57BL/6
mice were labeled with a fluorescent derivative of 5-N-ethyl-car-
boxamido-adenosine (NECA), a potent agonist of A2a (K; = 20
nM). Their analysis by flow cytometry demonstrated that human
but not murine monocytes express A2a at their surface (Fig. 2E).
As expected, and in contrast to human monocytes, murine mono-
cytes were not killed by c-di-AMP (Fig. 2F). However, neither
classical A2a ligands nor c-di-AMP or cGAMP displaced fluores-
cent NECA labeling from human monocytes in competition bind-
ing assays (data not shown), suggesting that the NECA/A2a

FIG 1 Adenosine-based 3',5'-cyclic dinucleotides induce the selective apoptosis of human monocytes. (A) Structure of the cyclic dinucleotides. (B) Freshly
isolated PBMCs were cultured for 16 h in complete medium with the 3',5’ cyclic dinucleotides (5 wM) and then stained for CD14 or CD3. ctl, control. (C) Same
as for panel B but using monocytes, M1 and M2 macrophages, mature and immature dendritic cells (mDC and iDC, respectively) and the THP1 monocytic
cancer cell line. (D) Titration of 3',5" cyclic dinucleotide bioactivity on CD14* monocyte death. Means and SD from 14 independent experiments are shown. *,
P < 0.05 (Student ¢ test) versus untreated control. (E) Titration of 3,3’, 2,3, and 2’,2’ cGAMP bioactivity on CD14* monocyte death. Shown are means and
SD from six independent experiments. *, P < 0.05 (paired Student 7 test) versus control. (F) Same as for panel D but using freshly isolated monocytes incubated
with cAMP. (G) PBMCs were cultured for 16 h with ¢-di-AMP (5 wM) and then stained for CD14, CD3, and caspase 3 and labeled with 7-AAD and annexin V
prior to flow cytometry analysis of either CD14™* (monocytes) or CD3™ (T lymphocytes) cells. Mean values of caspase 3 fluorescence intensity are indicated. (H)
Representative images of monocytes stained with acridine orange (AO), annexin V, and DAPI while dying of apoptosis (anti-FAS treatment for 7 h), necrosis (7
hin 10% ethanol), or c-di-AMP (0.6 wM for 7 h). Arrows indicate membrane blebbing and apoptotic bodies. These data indicate that c-di-AMP induces the
selective apoptosis of monocytes.
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complexes had been internalized (18). The sensitivity to adenos-
ine-based cyclic dinucleotides correlated with the expression of
the A2a GPCR. Specific c-di-AMP binding to A2a was evaluated
using cell membranes purified from the human A2a-transfected
Chinese hamster ovary (CHO) cell line, which lacks the A2a re-
ceptor. CHO cells were transfected with human A2a, and c-di-
AMP binding to A2a was analyzed by comparative Biacore exper-
iments. By comparing the differential of c-di-AMP binding to the
cell membrane between A2a-transfected CHO versus mock-trans-
fected CHO cells, we demonstrated that c-di-AMP specifically
binds to the A2a receptor (Fig. 2G and H).

c-di-AMP and cGAMP are inverse agonist ligands of the
adenosine receptor A2a. The A2a GPCR has inactive and active
conformations that are stabilized by antagonist/inverse agonists
and agonist ligands, respectively. Stimulation of the active confor-
mation triggers G, activation of adenylate cyclase to produce
cAMP, which then propagates downstream signaling (17). Al-
though we found that c-di-AMP binds A2a, such cyclic dinucle-
otide ligands could correspond to either agonists or antagonist/
inverse agonists. At around 494 A’, c-di-AMP and cGAMP are
larger molecules than most of the known agonist and antagonist
ligands of A2a (around 200 A?). The ligand-binding cavity of A2a
measures 200 A” in the active state and 518 A” in the inactive state,
suggesting that these cyclic dinucleotides could only fit in the in-
active A2a conformation. Molecular docking methods were used
to analyze c-di-AMP and various A2a agonist or antagonist li-
gands in the cavities of three distinct crystal structures of A2a
(PDB codes 2YDV, 3PWH, and 3QAK) (11). These indicated that
one c-di-AMP (6" NH,) group can interact with the A2a N253
residue without binding to the A2a S277 and H278 residues (Fig.
3A). This interaction pattern can stabilize inactive A2a but not
active A2a, as reported for its antagonist ligands (19, 20). Further-
more, a comparison of the putative docking modes of c-di-AMP
into the active-state (PDB codes 2YDV and 3QAK) and inactive-
state (PDB code 3PWH) crystal structures of A2a indicated a clear
thermodynamic preference for binding to the inactive con-
formation (—7.0 kcal/mol) rather than the active one (—5.0 kcal/
mol). This was also seen for the A2a antagonists caffeine and
SCH442416 and for the inverse agonists istradefylline and
ZM?241385 (Fig. 3A) (11). Of all the predicted binding modes for
c-di-AMP and cGAMP, the most stable consists of one adenosine
lying in the reference ligand-binding site of A2a, while the other
moiety (adenosine for c-di-AMP or guanosine for cGAMP) plugs
the groove on the top surface of A2a (Fig. 3B and C). These data
suggest that dinucleotides bind to the inactive conformation and
that they are likely to be antagonists/inverse agonists. In CHO cells
transfected with A2a, A2a agonists induce ERK1/2 phosphoryla-
tion (21). We thus used ERK1/2 phosphorylation status as confir-
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mation that cyclic dinucleotides are not agonist ligands of A2a. In
mock-transfected CHO cells, baseline levels of ERK1/2 were un-
affected by the A2a agonist CGS21680 or by c-di-AMP. In con-
trast, CGS21680 induced ERK1/2 phosphorylation in CHO-A2a
cells as previously reported (21), but c-di-AMP did not, confirm-
ing that c-di-AMP is not an agonist of A2a. Importantly,
CGS21680-induced ERK1/2 phosphorylation in CHO-A2a cells
was abrogated by the addition of c-di-AMP to CGS21680, while
control CHO cells remained unaffected (Fig. 3D). These results
demonstrate that c-di-AMP is an antagonist/inverse agonist li-
gand of A2a.

Ligands of A2a regulate monocyte apoptosis induced by c-di-
AMP and cGAMP. The above data support the notion that c-di-
AMP and cGAMP are antagonist/inverse agonist ligands of A2a
and suggest this as an A2a-based mechanism for the cyclic dinu-
cleotide-induced apoptosis of human monocytes. If correct, this
hypothesis implies that other A2a antagonists/inverse agonists
may also be selectively cytotoxic to human monocytes.

To validate this idea, we thus tested A2a agonists and antago-
nists/inverse agonists using the monocyte apoptosis assay de-
scribed for Fig. 1. The A2a antagonists caffeine and SCH442416,
and the inverse agonist ZM241385, behaved like c-di-AMP (al-
though less efficiently) in selectively depleting monocytes from
human PBMCs, while the A2a agonists did not (Fig. 4A). In line
with an inverse agonist activity for c-di-AMP, the A2a agonist
CGS21680 protected monocytes from the lethality of cyclic di-
nucleotides (Fig. 4B). Other A2a agonists were also protective,
with efficacies related to their 50% effective concentrations (ECs,)
for this receptor (Fig. 4C to G).

To determine whether the cyclic dinucleotides are antagonists
or inverse agonists of A2a, the viabilities of monocytes treated with
c-di-AMP in the presence and absence of A2a agonists were com-
pared. We found that the IC;, of c-di-AMP was the same (2.5 uM)
when added alongside the weak agonist adenosine, when added
alongside the potent agonist CGS21680, or in the absence of any
A2a agonist (Fig. 4D). Both antagonists and inverse agonists in-
hibit agonist-induced signaling downstream of GPCRs, but only
inverse agonists inhibit their basal agonist-free signaling (22).
Therefore, c-di-AMP corresponds to an inverse agonist of A2a,
since increasing its concentration affected the survival of mono-
cytes even in the absence of A2a agonists, and increasing the A2a
agonist concentration protected against the effects of c-di-AMP or
cGAMP (Fig. 4D to G). These data demonstrate that extracellular
c-di-AMP and cGAMP are inverse agonist ligands for A2a, whose
tonic (agonist-free) signaling regulates the apoptosis of freshly
isolated human monocytes. Importantly, ZM241385, another in-
verse agonist of A2a, was also slightly cytotoxic toward monocytes
(Fig. 4A). Furthermore, in PBMCs transfected with A2a siRNA, a

FIG 2 Human monocytes selectively expressing the Adora2a gene and A2a adenosine receptor are c-di-AMP sensitive. (A) Freshly isolated PBMCs were cultured
for 16 h in complete medium with increased doses of adenosine-based cyclic dinucleotides in the medium (extracellular) or using a transfection method
(intracellular [red]). (B) Release of IFN-f3 from sorted human monocytes in culture with and without c-di-AMP (5 uM). (C) Monocytes were not depleted from
PBMC cultures in complete medium supplemented with IEN-B. (D) Relative levels of STING mRNA expression and purinergic receptor-encoding genes
(Affymetrix Human Genome U133 Plus 2.0 and Affymetrix Mouse Genome 430 2.0 microarrays) in the specified human and murine cell subsets. Means of values
normalized to GAPDH are shown. (E) Specific binding of NECA-fluo to the specified human or murine cell subsets. Means shown are percent specific binding
from nine independent measures of mean NECA-fluo signal intensity, with 0% binding obtained in cells without tracker and 100% binding obtained in cells with
maximal fluorescence (e.g., [NECA-fluo] >10"° M). *, P < 0.05 (Student paired ¢ test) versus controls. (F) Incubation of c-di-AMP with human or murine
monocytes from PBMCs or splenocytes, respectively (n = 4 for murine cells and n = 14 for human cells). (G) Differential (CHO-A2a versus CHO) binding of
solubilized purified cell membranes expressing A2a over immobilized c-di-AMP surface. (H) Differential (CHO-A2a versus CHO) binding of soluble c-di-AMP
(100 wM) over surfaces coated with purified cell membranes expressing or not the A2a receptor.
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loss of CD14" monocytes was observed, even without the addi-
tional effects of c-di-AMP (Fig. 4H). Likewise, the pharmacolog-
ical decoupling of A2a from its G, following treatment with
suramin selectively depleted PBMCs of monocytes (Fig. 4A). To-
gether, these data indicate that the loss of basal (agonist-free) A2a
signaling was sufficient to kill the monocytes. This implies that if
the loss of constitutive G, signaling is lethal for monocytes, its
restoration by any means should rescue these cells. Accordingly,
both the activation of other G,,-coupled monocyte GPCRs using
prostaglandin E2 and the direct activation of adenylate cyclase
using forskolin efficiently protected monocytes from c-di-AMP-
induced apoptosis (Fig. 4C). Therefore, the lethality of the loss of
A2a signaling in human monocytes can be complemented by
other GPCR-driven pathways which provide these cells with tonic
intracellular signaling.

Extinction of A2a tonic signaling induces mPTP-dependent
apoptosis. The results shown in Fig. 2B and C indicate that STING
activation and type I IFN responses did not account for the cyto-
toxicity of the extracellular cyclic dinucleotides. We therefore sup-
posed that A2a signaling might be independent of this intracellu-
lar pathway. To check whether STING was engaged downstream
of the A2a pathway, we used the THPI-Blue-hSEAP human
monocyte cell line to monitor the activation of the human STING/
IRF3 pathway. When their STING pathway is activated, THP1-
Blue-hSEAP cells induce IRF3 and thus express a secreted embry-
onic alkaline phosphatase reporter gene. STING activation is then
measured by the optical density (OD) of the chromogenic product
of SEAP activity. cGAMP, c-di-AMP, and the other nucleotides
activated STING at high (>10 M) but not low extracellular con-
centrations (Fig. 5A), and none of the other A2a ligands caused
STING activation (Fig. 5B). Furthermore, neither A2a signaling
downstream of agonists nor that downstream of antagonists
had any effect on a simultaneous STING response to cGAMP
(Fig. 5C). Finally, inhibition of STING by dorsomorphin (23)
did not reduce the toxicity of c-di-AMP (Fig. 5D). These results
show that the A2a and STING pathways are independent of
each other.

Next, we investigated the signaling pathways induced from the
interaction of adenosine-based cyclic dinucleotides with A2a in
monocytes. As with other inverse A2a agonists, c-di-AMP reduced
the baseline level of intracellular cAMP and PKA activity in freshly
isolated human monocytes without the addition of any exogenous
adenosine to the media (Fig. 6A and B). Thus, c-di-AMP inhibited
the tonic, constitutive signaling downstream of A2a in monocytes.

PKA activity, whose levels were lower in monocytes treated
with c-di-AMP (Fig. 6A and B), is known to drive proteasomal
degradation of cytosolic p53 (24, 25, 26). To further investigate
c-di-AMP-induced signaling downstream of A2a, we looked at
levels of p53. Stabilization of p53 promotes the opening of the
mitochondrial permeability transition pore (mPTP), which can
lead to apoptosis (27). We investigated the effect of extracellular
c-di-AMP on p53 levels in human monocytes. Although c-di-
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AMP did not affect the total level of p53, it induced a striking
accumulation of cytosolic p53 and decreased its nuclear fraction
(Fig. 6C). Accordingly, the nucleus-localizing phospho-Ser315
p53 isoform was reduced in c-di-AMP-treated monocytes but not
in lymphocytes from the same experiments (Fig. 6D). These ob-
servations suggested that c-di-AMP might induce the opening of
the mPTP in monocytes. We therefore used flow cytometry to test
formation of the mPTP at the single-cell level. This method
showed that untreated monocytes were not apoptotic (annexin
V), had functional mitochondria (Mitotracker greenhigh, Mito-
tracker deep red"®"), and lacked the mPTP, as shown by their
calcein fluorescence in the presence of CoCl, (mean fluorescence
intensity [MFI], 9,911 [Fig. 6E]). In contrast, most c-di-AMP-
treated monocytes had reduced viability and harbored dysfunc-
tional mitochondria, with a lower calcein fluorescence (MFI,
8,187), reflecting mPTP opening. The persistence of calcein fluo-
rescence in monocytes treated with a combination of c-di-AMP
and cyclosporine (MFI, 9,415) confirmed this assumption, since
the cyclophilin D-p53 complex forming the mPTP is inhibited by
cyclosporine (28, 29) (Fig. 6E). Plotting the fluorescence of Mito-
tracker deep red against calcein showed that the loss of A2a signal-
ing provoked the opening of mPTP (visualized as Mitotracker
deep red™¥, calcein'" cells in Fig. 6F). However, monocytes
treated with A2a agonists or forskolin prevented c-di-AMP-in-
duced opening of the mPTP (Fig. 6F).

Opening of the mPTP dissipates the mitochondrial proton
gradient, yielding dysfunctional mitochondria. Therefore, c-di-
AMP- and cGAMP-treated monocytes (but not T lymphocytes)
and A2a siRNA-transfected monocytes harbor defective mito-
chondria (Fig. 4E and 6G and H). Cyclosporine protected against
this defect, while p53 stabilization by the proteasome inhibitors
lactacystine and MG132 accentuated it (Fig. 61). In line with the
kinetics of inhibition of PKA activity, c-di-AMP treatment re-
duced the respiration of monocytes, a defect arising from the loss
of mitochondrial oxidative phosphorylation (Fig. 7A to C). This
energetic deficit of monocytes was limited to their respiration, as
their glycolysis was unaffected by c-di-AMP (Fig. 7B); however, it
was sufficient to cause their apoptosis (Fig. 1G).

These results show that A2a signaling critically controls mito-
chondrial function in both monocytes (Fig. 6F to I and 7D) and
CHO-A2a cells (Fig. 7C). As demonstrated using GPCR comple-
mentation assays, the c-di-AMP-induced mitochondrial defect
can be prevented by A2a agonists or complemented by other
cAMP-elevating drugs (Fig. 7D). In summary, the c-di-AMP in-
verse agonist blocks constitutive A2a signaling, inducing an ac-
cumulation of cytosolic p53 which opens the mPTP and impairs
mitochondrial function, ultimately leading to monocyte apop-
tosis.

c-di-AMP induces apoptosis in vivo in human monocytes
developing in NSG mice reconstituted with human cord blood
CD34™ cells. The results in Fig. 2E and F indicated that human but
not murine monocytes are sensitive to cyclic dinucleotides; there-

c-di-AMP, predicted by molecular docking to bind to the inactive receptor (PDB code 3PWH), corresponds to an antagonist ligand. (B) Top-view model of
c-di-AMP docked in the inactive A2a adenosine receptor (PDB code 3PWH). (C) Predicted interactions between c-di-AMP and A2a receptor. The corresponding
tridimensional structure of the c-di-AMP/A2a complex is shown on the left, with inactive A2a conformation represented by red ribbons and c-di-AMP by
spheres. The A2a residues interacting with c-di-AMP are indicated, color-coded by type of interaction. In this model, the A2a (N253) residue has electrostatic
interaction with adenine, but neither A2a (S277) nor A2a (H278) interacts with the corresponding ribose 2" OH. As illustrated in panel A, this pattern
corresponds to A2a antagonists/inverse agonists. (D) Phosphorylation of ERK1/2 in CHO-A2a cells induced by A2a agonist CGS21680 (100 nM) is inhibited by
c-di-AMP (10 puM). *, P < 0.05 (Student paired ¢ test) for CHO-A2a cells treated with CGS21680 versus CHO-A2a cells treated with CGS21680 plus c-di-AMP.
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hSEAP cells are exposed to various extracellular cyclic dinucleotides, their human STING pathway is activated. In contrast to the A2a pathway (Fig. 1D),
c-di-AMP isless potent than cGAMP for activation of the human STING/IRF3 pathway. (B) Alone, agonist and antagonist ligands of the A2a receptor, or suramin
(stock concentrations specified in italics), do not activate the STING pathway downstream from the A2a pathway. (C) Modulation of the A2a receptor pathway
by A2a agonists and antagonists or by suramin does not affect simultaneous activation of the STING pathway by cGAMP (15 uM). (D) Monocytes are treated
with increased doses of dorsomorphin with (red) and without (black) c-di-AMP (5 pM). Data are means * SD from more than five independent experiments.
*, P < 0.05 (paired Student  test).

fore, to assess the physiological relevance of the proapoptotic ac-  c-di-AMP-treated mice showed a strong decrease in splenic
tivity of c-di-AMP in vivo, we used a human immune system (HIS)  CD13™ myelomonocytic precursor cells relative to the amount in
mouse model. This had the advantage of allowing us to evaluate  control animals (Fig. 8B). Importantly, these mice also showed a
the effect of c-di-AMP on all hematopoietic lineages. We moni-  clear-cut reduction of CD14" monocytes in the spleen, blood,
tored human hematopoietic cell engraftment in NOD/SCID/y. ~/~  and, to a lesser extent, bone marrow (Fig. 8C). This decrease was
(NSG) mice after intrahepatic injection of human cord blood due to the apoptosis of monocytes (Fig. 8D). As no cell loss or
CD34™ cells prestimulated with cytokines (TPO, 20 ng/ml; SCF,  apoptotic cells were detected in human lymphoid subsets from the
100 ng/ml; and Flt-3L, 100 ng/ml) (30, 31, 32). Mice treated with ~ same animals (Fig. 8E and F), this apoptosis was specific to mono-
c-di-AMP and control mice showed the same levels of human  cytes. Of note, human CD13" myeloid precursors expressed levels
CD34" progenitor cells in the bone marrow (Fig. 8A). In contrast,  of A2a receptors similar to those expressed by monocytes, while

FIG 4 Ligands of A2a regulate monocyte apoptosis induced by c-di-AMP and cGAMP. (A) c-di-AMP (5 uM) but not the A2a agonists adenosine and CGS21680
(100 uM) deplete monocytes. The A2a antagonists/inverse agonists caffeine, SCH244416, and ZM241385 (100 uM) or the A2a decoupler suramin (100 wM) also
depletes monocytes, but less efficiently. The percentages of monocytes are indicated in the dashed boxes. (B and C) Monocytes were rescued from c-di-AMP-
induced cell death in the same assay as for panel A, either by the A2a agonist CGS21680 (B) or by other c-AMP-raising drugs (100 uM) (C). Data are means *+
SD from more than five independent experiments. ¥, P < 0.05 (paired Student ¢ test) versus monocytes treated with c-di-AMP. (D) Monocyte death or survival
as a measurement of the competition for A2a by agonists and c-di-AMP. Shown are the percentages of live (left) or apoptotic (annexin V*) (right) monocytes
among PBMCs that had been incubated for 16 h in complete medium with either of the A2a agonists adenosine (310 nM) and CGS21680 (30 nM) and the
indicated concentrations of c-di-AMP. Means and SD from six independent experiments are shown. (E) Monocyte (FSC"" CD14™ cells, boxed) death/survival
after 24 h of in vitro PBMC culture with c-GAMP (5 pM) and the specified concentrations of A2a agonists. Representative results from six independent
experiments are shown. (F and G) Monocytes (FSC™8" CD14™* cells, boxed) after 16 h of in vitro PBMC culture with c-di-AMP (F) or cGAMP (G) (5 uM) and
the specified concentrations of A2a agonists. The monocyte depletion by c-di-AMP or cGAMP was avoided by the highest concentrations of CGS21680 and
ENBA agonists, while I mM adenosine weakly protected the monocytes. Representative results from six independent experiments are shown. (H) Freshly isolated
PBMCs were transfected with control or A2a siRNA with or without c¢-di-AMP (5 pM) and stained for CD14. Representative results from three independent
experiments are shown.
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CD34™ common progenitors, granulocyte/macrophage progeni-
tors, megakaryocyte/erythrocyte precursors, promyelocytes (Fig.
8G), and all mature lymphocytes (Fig. 2D) did not express it.
Thus, these data demonstrate that c-di-AMP selectively affects
human monocytes and their CD13™ myelocyte precursors in vivo
through an A2a-mediated mechanism.

DISCUSSION

This study demonstrated that extracellular cyclic dinucleotides
containing adenosine constitute inverse agonists of the A2a aden-
osine receptor, abrogating its downstream signaling. In freshly
isolated human CD14" monocytes expressing A2a, this abroga-
tion allows the accumulation of cytosolic p53, which mediates the
formation of the mPTP and mitochondrial dysfunction leading to
apoptosis. In vivo, c-di-AMP induces a clear-cut decrease in
splenic human CD13" myelocytes, which also express the A2a
gene Adora2a. In contrast, the monomyelocytic cell line THP1
coexpresses the adenosine receptor A2a alongside A2b and A3,
which differ in their G, coupling, and harbors a partial dele-
tion of the p53 gene (33). No mPTP or apoptotic response to
c-di-AMP was seen in this cell line. Although many different
human tissues and cell types express one or more of the four
adenosine receptors, the apoptotic response to these cyclic di-
nucleotides was observed only in normal myeloid cells with a
selective expression of A2a. Importantly, no such response was
detected in any human CD34" progenitor cell subsets or
CD45" lymphoid cell lineages in HIS NSG mice, leading to a
deficit exclusively delineated to monocytes and CD13™ myelo-
monocytic precursor in the human hematopoietic cell popula-
tion. This provides a new method for depleting monocytes
from human PBMCs or other hematopoietic tissues, an objec-
tive which was previously achieved using clodronate-laden li-
posomes (34). These data also suggest that mammalian cells
expressing A2a receptors can detect extracellular c-di-AMP or
cGAMP, as illustrated in this study by their selective recogni-
tion by human monocytes. Although the cell surface A2a re-
ceptor and mPTP induction pathway differ from the intracel-
lular STING-type I IEN pathway (4, 5) (Fig. 5), the sensing of
these extracellular cyclic dinucleotides leads to cell death.
Hence, when released from damaged or infected human tis-

Cytotoxicity of Adenosine Cyclic Dinucleotides

sues, these compounds represent monocyte-targeting toxins.
Clearly, their potential impact on host-pathogen interactions
during infections deserves further investigation.

The cell surface expression of A2a in mammalian brain, heart,
kidney, liver, vasculature, and hematopoietic tissues allows a va-
riety of homeostatic functions (reviewed in reference 17), includ-
ing cell survival in response to adenosine (35, 36). It is possible
that cyclic dinucleotides affect these homeostatic functions. Nev-
ertheless, until now, a blockade of A2a signaling has never been
described as a direct trigger of apoptosis. Our report establishes
this link for the first time. In vivo pharmacological studies of
Adora2a knockout mice and animal models have demonstrated
that A2a ligands are neuroprotective, but the mechanism is un-
clear, as both A2a antagonists (37, 38) and agonists (39, 40) were
neuroprotective. A2a antagonism/inverse agonism is clearly a
promising target in the treatment of human Parkinson’s disease
(41), as both caffeine intake (42) and genetic polymorphisms of
the Adora2a gene (43) contribute to the risk of contracting the
disease. Furthermore, in the study of Parkinson’s disease, prom-
ising results have been obtained with istradefylline, an inverse ag-
onist specific to A2a (44). Thus, cyclic dinucleotides constitute a
potential novel class of A2a inverse agonist, with pharmacokinet-
ics, pharmacodynamics, and safety profiles distinctive from those
of istradefylline.

The capacity to induce cell survival or apoptosis according to
the ligand posits A2a as a dependence receptor (45). The A2a-
mediated proapoptotic pathway nevertheless diverges from the
classical cell-extrinsic apoptosis pathway that dependence recep-
tors use for negative signal transduction (46). The regulatory A2a-
mPTP axis depicted here merges cell-extrinsic and cell-intrinsic
apoptosis. It also unveils GPCR-mediated control of the transcrip-
tion-independent but proteasome-sensitive activity of p53. This
pathway is reminiscent of but different from both A2a agonist-
induced transcriptional upregulation of Bid (47) and p53-medi-
ated transcriptional upregulation of the adenosine receptor A2b,
which promotes Bcl-2/Puma-dependent apoptosis (48). How-
ever, the apoptotic resistance to adenylate cyclase blockade by A2b
agonists (48) probably results from the induction of the mPTP.
Thus, A2a- and A2b-driven apoptotic pathways might involve
common steps. How cells coexpressing A2a and A2b respond to

FIG 6 The A2a inverse agonist c-di-AMP induces mPTP-dependent cell death. (A to D) Extracellular c-di-AMP affects intracellular cAMP, PKA, and p53.
Treatment of purified human monocytes (107 cells per assay) with c-di-AMP (5 uM) reduces cytosolic cAMP (italics: pmol/million monocytes) (A) and inhibits
PKA activity (ng of activity per g of total cytosolic protein) (B). Bars show means from eight independent experiments; dots show individual data. *, P < 0.05
(paired Student t test) versus untreated cells. (C) c-di-AMP induces p53 relocalization. (Top) Western blots of p53 from c-di-AMP-treated and control
monocytes in whole-cell (total), nuclear (N), and cytosolic (C) extracts. The purity of these fractions was checked by labeling for Orc2 (nuclear fraction) and
a-tubulin (cytoplasm). (Bottom) p53 densitometric quantification relative to actin. (D) Flow cytometry of cells labeled for intracellular phospho-Ser315 of p53
shows a reduction in nuclear p53 in c-di-AMP-treated monocytes (MFIs are in red), while staining with isotype control was unaffected under the same conditions
(MFI = 95 [data not shown]). (E) Flow cytometry assay for the mPTP. Shown are histograms of calcein, Mitotracker deep red, and annexin V fluorescence of
gated monocytes tested in the specified settings. CsA, cyclosporine. MFIs are indicated in red. Representative results from more than three independent
experiments are shown. Cells were loaded with the cell-permeant calcein AM (upper track). Upon addition of the calcein fluorescence quencher CoCl,, the
fluorescence of cytoplasmic calcein is lost, while that of mitochondria is retained. Upon c-di-AMP treatment, however, opening of the mPTP allows quenching
of mitochondrial calcein fluorescence, but CsA protects this quenching by inhibiting the mPTP. (F) c-di-AMP induces opening of the mPTP. Contour plots of
flow cytometry mPTP assays in monocytes gated from PBMCs treated as specified with c-di AMP (5 uM), CsA (100 uM), CGS21680 (100 wM), or forskolin (100
M) are shown. Decreased calcein fluorescence indicates the mPTP, and a decreased Mitotracker deep red signal indicates dysfunctional mitochondria; dashed
boxes show cells with the mPTP and the percentages. Representative results from four independent experiments are shown. (G) Representative results of contour
plots showing that c-di-AMP but not c-di-GMP induces mitochondrial dysfunction (Mitotracker deep red fluorescence) but not total mitochondria (Mito-
tracker green fluorescence) from monocytes but not lymphocytes in the same experiments. Dashed boxes show cells with mitochondrial dysfunction and their
percentages. (H) Titration of the cyclic dinucleotide bioactivity on reduction of the mitochondrial function in monocytes. Shown are means from eight
independent experiments. *, P < 0.05 (paired Student ¢ test) versus control. (I) c-di-AMP-induced mPTP opening reduces mitochondrial function (Mitotracker
deep red fluorescence) but not total mitochondria (Mitotracker green fluorescence) (top row) and depletes monocytes from PBMCs (bottom row). Cells were
treated with CsA (100 uM), lactacystin (10 uM), and MG132 (10 wM) as specified.
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FIG 7 c-di-AMP induces formation of the mPTP and defective mitochondrial function. (A and B) The bioenergetic profiles of purified human monocytes
treated with c-di-AMP (5 M) were determined using the extracellular flux analyzer. The rates of oxygen consumption (OCR, an indicator of mitochondrial
respiration) (A) and extracellular acidification (ECAR, an indicator of glycolysis) (B) were followed for 6 h after treatment. OCR was followed by sequential
injection of oligomycin (1 wM), carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP) (1 uM), and antimycin A plus rotenone (1 uM) to determine
the indices of mitochondrial function (top right). Data are means * SD from representative donor profiles; six assay replicates were carried out per sample. (C)
Same as for panel A but using CHO or CHO-A2a cells. Data are means = SD from representative assay profiles; six assay replicates were carried out per sample.
(D) Mitochondrial dysfunction induced by A2a antagonism can be rescued by A2a agonists or other cAMP-elevating drugs.
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FIG 8 c-di-AMP induces apoptosis of human monocytes and myeloid precursors developing in NSG mice reconstituted with human CD34 ™ cells. (A to G)
Newborn NSG mice engrafted with human cord blood CD34 " cells showing >30% human CD45™" cells in the blood after 10 weeks of reconstitution were
injected with 2 cycles of c-di-AMP (50 g) or PBS (100 wl). Forty-eight hours after injection, the hematopoietic tissues of these mice were stained and compared.
(A) Bone marrow (BM) CD34™" progenitor cells were not affected by c-di-AMP, whereas the numbers of CD13 " myelocytes and splenocytes were reduced in
these mice (B). The number of human CD14 " monocytes was reduced in blood, spleen, and marrow of c-di-AMP-treated mice (C) as they were undergoing
apoptosis (D). (E and F) Human B cell development was unaffected by c-di-AMP. Representative rates and apoptotic phenotypes of B cells from the same animals
as shown in panels C and D are shown. The right images show composites of results (mean and SEM; n = 7). (G) Relative levels of mRNA expression of Adora2a
gene (Affymetrix Human Genome U133 Plus 2.0 microarray) in human common myeloid precursor (CMP) CD34™ cells, granulocyte/macrophage progenitor
(GMP) CD34 ™ cells, megakaryocyte/erythrocyte progenitor (MEP) CD34 ™ cells, promyelocytes, and CD13 ™ myelocytes. Data were extracted from the GEO data
set under accession number GSE19599 (10) and normalized to GAPDH as for Fig. 2D.

agonists and antagonist ligands, and the wiring of their respective
signal transduction pathways, remains to be determined. The im-
plications of cytosolic p53 controlling steady-state GPCR signal-
ing extend the physiological significance of the nontranscriptional
functions of p53 beyond the surveillance of oxidative stress or
ischemia. When facing oxidative stress, p53 orchestrates a ne-
crotic response (49), whereas detection of degraded A2a tonic
signaling by cytosolic p53 induces apoptosis. Such discrimina-
tion allows p53 to connect the type of stress with the immuno-
genicity of the dying cells, which differs for apoptotic and ne-
crotic cells.
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Finally, this report opens new therapeutic perspectives for
mPTP-driven pathologies, since GPCRs are highly druggable tar-
gets. The A2a inverse agonist activity of adenosine-based cyclic
dinucleotides introduces new drug candidates for pathologies
such as A2a-related neurodegeneration (50, 51) or A2b-sensitive
triple-negative breast carcinomas (52). As representatives of a
structurally new class of GPCR ligands, cyclic dinucleotides could
also inspire the design of new drugs. Although most A2a antago-
nists are currently derived from xanthine structures (17), cyclic
dimers of the reference agonist, adenosine, turn out to be antag-
onists/inverse agonists. Whether new antagonists/inverse agonists
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of other GPCRs can be likewise rationally designed, i.e., as cyclic
dimers of their respective agonist ligand, is an exciting possibility
that now needs to be examined.
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