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Adenosine Receptor Signaling Targets Both PKA and Epac
Pathways to Polarize Dendritic Cells to a Suppressive
Phenotype

Merve Kayhan, Altay Koyas, Imran Akdemir, Ali Can Savas, and Caglar Cekic

Extracellular adenosine accumulates in tumors and causes suppression of immune cells. Suppressive adenosine signaling is achieved
through adenosine A2A and A2B receptors, which are Gs coupled, and their activation elevates cAMP levels. Gs-coupled GPCR
signaling causes cAMP accumulation, which plays an anti-inflammatory role in immune cells. Protein kinase A (PKA) and exchange
protein directly activated by cAMP (Epac) are two intracellular receptors of cAMP. In this study we showed that adenosine receptor
signaling polarizes activated murine dendritic cells (DCs) into a tumor-promoting suppressive phenotype. Adenosine receptor sig-
naling activates cAMP pathway and upregulates the negative regulators of NF-kB but does not influence phosphorylation of
immediate inflammatory signaling molecules downstream of TLR signaling. Pharmacologic activation of both PKA and Epac
pathways by specific cAMP analogues phenocopied the effects of adenosine signaling on murine DCs, such as suppression of
proinflammatory cytokines, elevation of anti-inflammatory IL-10, increased expression of regulators of NF-kB pathway, and
finally suppression of T cell activation. Inhibition of effector cytokine, IL-12p40 production, and increased immunosuppressive
IL-10 production by adenosine signaling is significantly reversed only when both PKA and Epac pathways were inhibited together.
Adenosine signaling increased IL-10 secretion while decreasing IL-12p40 secretion in human monocyte-derived DCs. Stimulation
of both PKA and Epac pathways also caused combinatorial effects in regulation of IL-12p40 secretion in human monocyte-derived
DCs. Interestingly, PKA signaling alone caused similar increase in IL-10 secretion to that of adenosine signaling in human
monocyte-derived DCs. Our data suggest adenosine/cAMP signaling targets both PKA/Epac pathways to fully differentiate

DCs into a suppressive phenotype.

of extracellular adenosine accumulate (1). Adenosine can
regulate immune response by engaging G protein—coupled
adenosine receptors. Among the four adenosine receptor subtypes,
namely Al (AIR), A2A (A2AR), A2B (A2BR), and A3 (A3R),
A2AR and A2BR are the main adenosine receptors in activated
immune cells (2). Targeting these receptors by both genetic models
and pharmacological blockade have shown promising results in both
preclinical and clinical settings (3—6). Previously we have shown that
APC are one of the main targets for adenosine-mediated suppres-
sion of immune cells in the TME (7, 8). Therefore, it is important to
reveal how adenosine promotes a suppressive APC phenotype.
Both adenosine A2ARs and A2BRs are important for the sup-
pression of dendritic cells (DCs) (7-9). Adenosine A2B receptor

I n the tumor microenvironment (TME), high concentrations
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stimulation strongly induces IL-10 secretion in DCs and sup-
presses 1L-12p40 and TNF-a production (8, 10). A2A and A2B
receptors are both Gs-coupled adenosine receptors causing ele-
vation of cAMP upon their activation (2). Two major intracel-
lular receptors for cAMP in DCs are PKA and exchange protein
directly activated by cAMP (Epac). Although anti-inflammatory
properties of cAMP downstream of GPCR signaling is known
(11, 12), whether PKA, Epac, or both intracellular receptors of
cAMP are important to suppress DC activation in the context of
adenosine receptor signaling is poorly understood.

In this study by using a cell-impermeable, stable adenosine
analogue, 5’-N-ethylcarboxamidoadenosine (NECA), and stable
cAMP analogues specific for PKA (6-Bnz-cAMP sodium salt) or
Epac (8-pCPT-2-O-Me-cAMP-AM), we have shown that adeno-
sine receptor signaling polarized LPS-stimulated bone marrow—
derived DCs (BM-DCs) into a tumor-promoting phenotype. NECA
stimulation in the presence of LPS caused accumulation of cAMP.
Similar to NECA, addition of stable cAMP analogue to the cell
culture during activation decreased immunostimulatory and in-
flammatory IL-12p40 and TNF-a secretion while elevating anti-
inflammatory IL-10. Combinatorial targeting of both intracellular
receptors of cCAMP, PKA and Epac, caused similar responses to
adenosine signaling, which includes decreased expression of IL-12
and TNF-a and increased IL-10 synthesis, increased expression of
anti-inflammatory NR4A transcription factors and accumulation of
anti-inflammatory phosphorylated cFos, and suppression of T cell
activation as measured by IFN-y accumulation upon restimulation.
Only addition of both PKA and Epac inhibitors together could
reverse the effect of NECA on IL-12p40 secretion and IL-10. In
monocyte-derived human DCs, targeting both PKA and Epac
was necessary to obtain comparable inhibition of IL-12p40 with
NECA whereas PKA played the major role for increasing IL-10.
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These results suggest that adenosine signaling targets both
intracellular receptors of cAMP, PKA and Epac, to strongly
suppress DC responses, PKA playing potentially the major
role in human setting. Our results have important implications
to understand molecular interactions in immune-related dis-
ease conditions, in which adenosine accumulation is observed.

Materials and Methods

Mice and tumor model

Female C57/BL6 mice were bred and used when they are 6-8 wk old under
approval by Institutional Animal Care and Use Committee of Bilkent
University. Lewis lung carcinoma (LLC)1 cell lines were obtained from
American Type Culture Collection and maintained in DMEM con-
taining 10% heat-inactivated FBS, 2 mmol/L /-glutamine, 1 mmol/L sodium
pyruvate, 50 U/ml penicillin, and 50 pg/ml streptomycin. For tumor growth,
a 1:1 mixture of 10° tumor cells and BM-DCs were mixed before inocu-
lation into the right flank of C57/BL6 mice. Tumor growth was measured
by caliper until the tumor volume of control animals reached the size of
1000 mm?® (4 wk after tumor inoculation).

Reagents and chemicals

The name and catalog number of reagents and other chemicals are as
follows: PKA-specific cAMP analogue, 6-Bnz-cAMP sodium salt (5255;
Tocris Bioscience); Epac-specific cAMP analogue, 8-pCPT-2-O-Me-
cAMP-AM (4853; Tocris); KT5720, PKA inhibitor (1288; Tocris); Epac
inhibitor, ESI09 (4773; Tocris Bioscience); ERK inhibitor-U0126 (9903;
Cell Signaling Technology), adenosine deaminase (ADA) (10102105001;
Roche); stable cAMP analogue, cAMPS-Sp, triethylammonium salt (1333;
Tocris Bioscience), NECA (35920-39-9; Tocris Bioscience); ultrapure LPS
from Salmonella minnesota R595 (tlrl-smlps; Invivogen); AIR agonist,
2’-MeCCPA (2281; Tocris Bioscience); A2AR agonist, CGS 21680 hy-
drochloride (124431-80-7; Tocris Bioscience); A2BR agonist, BAY 60-6583
(4472; Tocris Bioscience); A3R agonist, 2-CI-IB-MECA (1104; Tocris Bio-
science); A1R antagonist, PSB36 (2019; Tocris Bioscience); A2AR antago-
nist, SCH 58261 (160098-96-4; Tocris Bioscience); and A2B antagonist, PSB
603 (3198; Tocris Bioscience). Please see Supplemental Fig. 1 for dose and
time optimizations for LPS and NECA. Concentrations of reagents were
chosen based on efficacious dose range and receptor-specific activities with
given K; and Ky values indicated in manufacturer’s instructions.

Generation of BM-DCs and monocyte-derived human DCs

BM-DCs were prepared according to the protocol of Cekic et al. (13).
Briefly, bone marrows were collected from femur and tibia of C57/BL6
mice and lysed with ACK buffer to remove RBCs. Remaining single-
cell suspension was cultured for 10 d in bacteriological culture plates at
a density of 2 X 10° cells per ml RPMI medium (Life Technologies)
containing 10% FBS, 50 U/ml penicillin/streptomycin, 1% 1X Na-Pyruvate,
50 uM 2-ME, and 5 ng/ml GM-CSF by refreshing the media every 2 d. At
day 10, suspension and low attached cells were harvested to be used in the
experiments. Nonadherent cells were collected on day 10 and verified to be
=90% CD11b*/CD11c*/Grl1™ by flow cytometry before use in experiments.

Monocyte-derived human DCs were prepared according to the protocol
modified from Nair et al. (14). Briefly, monocytes sorted from human
PBMCs obtained from healthy donors were incubated in the presence of
recombinant human GM-CSF and IL-4 (R&D systems) for 5-7 d in bac-
terial culture plates. Nonadherent cells were collected and verified to be
=90%HLA-DR*/CD11c*/CD3 /CD19™. Please see Supplemental Fig. 2
for phenotyping of murine and human DCs.

Real-time quantitative PCR

BM-DCs (1 X 10%) were rested for 2 h in polystyrene tubes (12 X 75 mm)
at 37°C and then treated with 100 ng/ml LPS in the presence or absence of
NECA and/or cAMP analogues for 1 h. Total RNA was extracted from
cultured cells using Nucleospin RNA Isolation kit (Macherey-Nagel),
and cDNAs were generated using High Capacity cDNA Reverse
Transcription kit (Life Technologies). Quantitative PCR analysis was
performed with TagMan probes listed in the Table I and TagMan PCR
master mix obtained from Applied Bio-Systems. All isolation pro-
cedures and reaction assays followed recommended manufacturer’s
instructions, and data were gathered using Roche thermal cycler.
B-Actin was used as a reference housekeeping gene. The cycle
threshold values were calculated for each sample and used to deter-
mine the relative mRNA expression levels as compared with house-
keeping gene.

Flow cytometry analysis

Cells were stained in FACS buffer (2% FBS and 0.05% NaN; in HBSS)
using appropriate Ab—fluorophore conjugates. For dead cell exclusion,
cells were stained with Live-Dead Staining (BioLegend). Cells were
stained in 96-well plates. For extracellular markers cells were collected,
centrifuged (300 X g, 5 min), and resuspended in FACS buffer con-
taining fluorescently labeled Abs. After 15 min incubation, cells were
washed twice using FACS buffer before being analyzed by Flow
cytometry. For intracellular staining, cells were fixed with 4% formal-
dehyde, permeabilized with perm buffer (1%FBS, 0.1% sodium azide,
and 0.1% saponin in HBSS). Permeabilized cells were incubated with
1:100 dilution of fluorescently labeled anti—-IFN-y Ab. Multiparameter
analysis was performed on CytoFLEX analyzer (Beckman Coulter Life
Sciences). Data were analyzed with NovoExpress (Acea Biosciences) or
CytExpert (Beckman Coulter Life Sciences) software (A complete list of
Abs that were used can be found in Table II). Please see Supplemental Fig.
2 for gating strategies for DCs and CD4"* T cells.

Immunoblotting

BM-DCs (2-3 X 10 were rested for 2 h in 12 X 75-mm polystyrene
tubes in the presence of 1 U/ml ADA at 37°C and then exposed to LPS in
the presence or absence of NECA. Total protein was extracted from BM-
DCs using RIPA buffer (150 mM NaCl, 50 mM Tris HCL, 1% Nonidet
P-40, 0.1% Sodium DOC, 0.1% SDS, 50 mM NaF, 1 mM NaVO,
including protease and Phosphatase Inhibitor Cocktails obtained from
Roche). BCA Protein Assay (Thermo Fisher Scientific) was used to
measure the protein concentrations. Protein lysates were fractionated
by SDS-PAGE and transferred to PVDF membrane. Membranes blocked in
the presence of 5% nonfat dry milk or 5% BSA for 1 h at room temperature
were incubated with corresponding primary Abs (Table III) at 4°C over-
night. Blots were developed using Clarity Western ECL substrate (Bio-
Rad) after incubated with HRP-conjugated secondary Ab and visualized by
film developer.

Intracellular cAMP measurements

LPS-prestimulated 1 X 10* BM-DCs were seeded on a 96-well plate and
incubated with different concentration of NECA in stimulation buffer for
15 min. Rolipram (10 uM) was added to the stimulation buffer to block
phosphodiesterases to allow accumulation of cAMP after NECA stim-
ulation. Intracellular cAMP accumulation was measured by LANCE
Ultra cAMP detection reagents (PerkinElmer) according to the manu-
facturer’s instructions.

ELISA

BM-DCs were preincubated in 96-well flat bottom tissue culture plates
in the presence of 1 U/ml ADA before stimulating with LPS (100 ng/ml)
in the presence or absence of 3 WM NECA and/or cAMP analogues
and/or inhibitors at 37°C overnight. Supernatants were collected and
tested for TNF-a, IL-12p40, and IL-10. ELISA MAX Standard
kits (BioLegend) and high-binding 96-well ELISA plates (Corning)
were used according to manufacturer’s instructions to detect murine
cytokine concentrations. For human IL-10 and IL-12p40, Quantikine
Elisa Kits (R&D Systems) were used according to the manufacturer’s
instructions.

Coculture experiments with BM-DC supernatant

Spleen or lymph nodes of C57/BL6 mice were collected. Single-cell
suspension was prepared using 40-pwm cell strainers and used to enrich
for CD4™ T cells by magnetic cell sorting kit (EasySep Mouse CD4*
T Cell Enrichment kit; StemCell Technologies) based on manufac-
turer’s instructions. The supernatant of BM-DCs was collected mixed
with the isolated CD4" T cells prior to activation with plate-bound anti-
mouse CD3e, clone 145-2C11, and anti-mouse CD28, clone 37.51
(BioLegend), for 3 d. After activation, T cells were restimulated with 50
ng/ml PMA, 1 pg/ml ionomycin for 5 h. Brefeldin A (diluted to 1X from
1000X stock provided by BioLegend) was added 2 h after restimulation. After
surface staining for CD4 and Live-Dead staining, intracellular staining for
IFN-y was performed as described previously (8).

Statistical analysis

All statistical analysis were performed using one-way ANOVA followed
by Tukey multiple comparison test in GraphPad Prism 6 (GraphPad
Software). All results were represented as mean * SE and obtained from
at least two independent experiments with n = 3. The differences were
considered statistically significant if the p value is smaller than 0.05.
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Significance across the figures is represented by *p < 0.05, **p < 0.01,
**%p < 0.001, and ****p < 0.0001.

Results
Adenosine receptor signaling polarizes DCs into a tumor-
promoting suppressive phenotype

In our previous studies we have shown that adenosine may be one
of the main TME-associated metabolic byproducts increasing
APC-associated IL-10 (8). Other studies have also shown that
adenosine signaling can decrease DC activation and inflam-
matory cytokine secretion while increasing anti-inflammatory
IL-10 (10). Therefore, we first tested if we can recapitulate
these findings using BM-DCs in our laboratory. Addition of
cell-impermeable, stable adenosine analogue, NECA, strongly
suppressed LPS-induced TNF-o and IL-12p40 secretion while
increasing IL-10 production (Fig. 1A). NECA also strongly
decreased IL-12p40 and IL-10 expression at the mRNA level
(Fig. 1B). Adenosine signaling by NECA significantly suppressed
TNF-a mRNA; however, this decrease was not as substantial as
what we observed for secreted TNF-a levels (Fig. 1B). NECA
alone did not significantly change secretion (Supplemental Fig. 3)
or expression (Fig. 1B, Table I) of these cytokines in the absence
of proinflammatory LPS. Next, we tested CD86 expression as a
cell surface activation marker because it plays an important role in
T cell activation during Ag presentation. NECA strongly inhibited
CD86 expression in the presence of inflammatory stimuli, LPS
(Fig. 1C, 1D, Table II). We next tested if NECA targets adenosine
receptors to suppress activation of DCs by using adenosine
receptor-specific agonists individually or antagonists in the pres-
ence of NECA. Concentrations of receptor-specific agonists and
antagonists used were determined by the dose range for their

A
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sp. act. indicated by manufacturer and by Wilson et al. (10). Fig.
1E, left, shows that only adenosine A2A and A2B receptor ago-
nists could significantly suppress TNF-a production by DCs. Also,
effects of NECA on the suppression of TNF-a is strongly reversed
by adenosine A2B receptor signaling (Fig. 1E, right), suggesting
that NECA targets adenosine receptors and adenosine A2A and
A2B receptors may play important roles in adenosine-mediated
suppression of DCs in our culture system. In our previous studies
we have shown tumor-promoting effects of adenosine A2A re-
ceptor deletion in myeloid cells (macrophages, neutrophils, and
DCs). To show that polarizing DCs alone as a subpopulation of
myeloid cells may have tumor-promoting effects, we treated DCs
with LPS in the presence or absence of NECA and washed the
cells rigorously. Then we mixed equal numbers of DCs and LLC
cells before inoculating into the right flanks of C57BL/6 mice, and
then followed the tumor growth. Preconditioning of DCs with LPS
as an inflammatory stimuli before mixing with tumor cells did not
change the tumor growth pattern as compared with the tumors
mixed with untreated DCs (Fig. 1F). However, when DCs were
preconditioned with both LPS and NECA, we observed increased
tumor growth as compared with control or LPS-pretreated group
(Fig. 1E), suggesting that adenosine signaling in DCs causes DCs
to gain a tumor-promoting phenotype.

Adenosine receptor signaling activates cAMP pathway but
does not influence phosphorylation of immediate inflammatory
signaling events

Because adenosine receptors are G protein—coupled receptors, and
major immunoregulatory adenosine receptors are Gs-coupled A2A
and A2B receptors, we next tested accumulation of cAMP in LPS-
stimulated DCs exposed to NECA. Fig. 2A shows that adenosine
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FIGURE 1.

Adenosine receptor signaling polarizes DCs into a tumor-promoting phenotype. (A) BM-DCs were stimulated with 100 ng/ml LPS in the

presence or absence of 3 WM NECA for 18 h. Culture supernatants were collected and tested for secretion of indicated cytokines. (B) BM-DCs were
stimulated with 100 ng/ml LPS in the presence or absence of 3 uM NECA for 1 h. Quantitative PCR was performed to detect fold increases in mRNA
expression of cytokines indicated in (A). (C) BM-DCs from (A) were dissociated from the tissue culture plate and analyzed by flow cytometry for the
expression of activation marker CD86. (D) Graphical representation of (C). (E) BM-DCs were stimulated with LPS in the presence or absence of 100 nM
AIR-, A2AR-, A2BR-, or A3R-specific agonists (left) or in the presence or absence of NECA plus 100 nM A1R-, A2AR-, or 300 nM A2BR-specific
antagonists (right) for 18 h. Culture supernatants were collected and tested for TNF-a by ELISA. (F) Equal numbers of DCs (treated with LPS or LPS + NECA
for 6 h and washed vigorously) and LLC cells were inoculated s.c. in the right flanks of C57BL/6 mice. Tumor volume was assessed by caliper (n = 6) 4 wk
after tumor inoculation (when the control group reached the size of around 1000 mm3). DMSO-treated DCs were used as control. ADA (1 U/ml) was added
to the culture to neutralize the effect of endogenous adenosine generated. Data were analyzed by one-way ANOVA and post hoc Tukey test. *p < 0.05,

*#tp < 0.01, #*#*p < 0.001, ****p < 0.0001. n.s., not significant.
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Table I. List of TagMan probes
Name Product Species Brand
B-actin MmO00607939_s1 (B actin probe/primer) Mouse Life Technologies
1IL-10 Mm00439614_m1 (IL-10) Mouse Life Technologies
IL-12 MmO00434174_m1 (IL-12 p40 TagMan probe) Mouse Life Technologies
NR4A1 MmO01300401_m1 (NR4A1) Mouse Life Technologies
NR4A2 Mm00443060_m1 (NR4A2 TagMan probe/primer) Mouse Life Technologies
NR4A3 Mm00450074_m1 (NR4A3) Mouse Life Technologies
TNF-a Mm00443258_m1 (TNF-a TagMan probe) Mouse Life Technologies

signaling by NECA caused accumulation of cAMP when DCs
are stimulated with LPS. Fig. 2B shows that addition of cAMP
analogue to the culture phenocopies the effects of NECA on
TNF-a, IL-12p40, and IL-10 production, suggesting cAMP is one
of the major pathways regulating adenosine suppression of DCs.
NECA stimulation in combination with LPS strongly increased
phosphorylated CREB levels and both phosphorylated and total
c-Fos (Fig. 2C, Table III), which was recently shown as one of
the negative regulators of NF-kB downstream of cAMP signal-
ing (11). NECA alone or in combination with LPS also increased
the expression of nuclear orphan receptors NR4A1, NR4A2, and
NR4A3 (Fig. 2D), which were also implicated as negative reg-
ulators of NF-kB activation (15, 16).

A2B receptors can also couple Gq subunits and activate PLC
pathway, causing MAPK activation. Therefore, we next tested
if NECA stimulation can also directly influence the major
inflammatory signaling pathways including MAPKs after LPS
stimulation of DCs. Addition of NECA did not substantially
change the accumulation of phosphorylated IKKa/B, JNK,
ERK1/2, IRF3 (Fig. 3A-C), and p38 (Fig. 3D, 3E). Because
ERK1/2 is one of the important downstream targets of PLC
signaling, we also tested the phosphorylated ERK1/2 levels at
very early (2 and 5 min) or later time points (2-3 h). Adeno-
sine signaling did not substantially change the accumulation of
phosphorylated ERK1/2 at these time points (Supplemental
Fig. 4A, 4B). Furthermore, inhibition ERK1/2 pathway by U0126
did not influence suppression of proinflammatory cytokine production
by adenosine signaling (Supplemental Fig. 4C). Collectively, these

results suggest that adenosine signaling promotes the expression
of negative regulators of NF-kB signaling downstream of cAMP
without influencing the immediate regulators of inflammation
downstream of danger signaling.

Combinatorial targeting of both Epac and PKA pathways is
required to mediate immunosuppressive effects of adenosine
receptor signaling

PKA and Epac are two main sensors of intracellular cAMP
levels. Both PKA and Epac were implicated in regulation of DC
activation (17, 18). Considering the possibility that accumulated
cAMP upon adenosine receptor signaling can target both path-
ways, we used PKA versus Epac-specific cAMP analogues alone
or in combination to find if targeting a particular cAMP receptor
or both intracellular receptors are important to mimic the effects
of adenosine signaling. We observed that addition of either
analogue alone caused <50% decrease in LPS-induced immu-
nostimulatory TNF-a and IL-12p40 and increase in IL-10.
However, addition of both analogues could cause more than
50% decrease in TNF-a and IL-12p40 and increase in anti-
inflammatory IL-10, similar to what we observed after DC
stimulation after NECA (Fig. 4A). Interestingly, targeting PKA
pathway alone was sufficient for the inhibition of CD86 ex-
pression (Fig. 4B, 4C), suggesting that PKA and Epac can also
play distinct roles in regulation of DC responses. Combinatorial
targeting of both PKA and Epac was necessary to strongly in-
crease NR4A expression (Fig. 4D) and accumulation of phos-
phorylated c-Fos (Fig. 4E).

Table II.  Flow cytometry Abs
Ab Name Species Catalog No. Brand

CD11b Percpcy5.5 Mouse 557397 BioLegend
CDllc PE Mouse 60-0114-U100 Tonbo Biosciences
CD16/32 (Fc block) Mouse 14-061-85 eBiosicences
CD25 BV421 Mouse 102034 BioLegend
CD4 Percp Cy5.5 Mouse 65-0041-U100 Tonbo Biosciences
CD44 Biotin Mouse 10232 StemCell Technologies
CD45 Af700 Mouse 103128 BioLegend
CD69 Percp Cy5.5 Mouse 45-0691-82 eBiosciences
CD8 APC cy7 Mouse 25-0081-U100 TonboBiosciences
CD80 APC Mouse 104713 BioLegend
CD86 PE Mouse 12-0861-83 eBiosciences
Green fluorescent reactive dye, (LDG) Mouse 1349780 Life Technologies
IFN-y PE-CY7 Mouse 60-7311-U100 TonboBiosciences
LyG C FITC Mouse 128033 BioLegend
LyG G Af647 Mouse 25-1276-U100 Tonbo Biosciences
MHC-I Af647 Mouse 116512 BioLegend
MHC-II PE Cy5 Mouse 11-5321-81 eBiosicences
Streptavidin PE Mouse 5866 Invitrogen
Streptavidin PE Mouse S866 Invitrogen
HLA-DR FITC Human 361603 BioLegend
CDllIc PE Human 301605 BioLegend
CD3 FITC Human 300305 BioLegend
CD19 PE Human 392505 BioLegend
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FIGURE 2. Adenosine signaling cause activation of cAMP pathway and negative regulators of NF-kB signaling downstream of cAMP. (A) BM-DCs
were stimulated with 100 ng/ml LPS and exposed to different concentrations of NECA (as shown in log;, scale) in the presence of 10 wM rolipram.
Accumulation of cAMP was measured by a TR-FRET-based competitive assay. (B) BM-DCs were stimulated with LPS in the presence of indicated
concentrations of stable cAMP analogue for 18 h. Culture supernatants were tested for indicated cytokines by ELISA. (C) BM-DCs were stimulated with
LPS for indicated time points in the presence or absence of 3 wM NECA. Immunoblotting was performed using the cell lysates in RIPA buffer to detect
phosphorylated CREB and c-Fos levels. (D) Quantitation of (C). (E) Quantitative PCR was performed to detect changes in NR4A expression in BM-DCs
after stimulating with LPS in the presence or absence of NECA for 1 h. DMSO is used as vehicle. ADA (1 U/ml) was added to the culture to neutralize the
effect of endogenous adenosine generated. Data were analyzed by one-way ANOVA and post hoc Tukey test. **p < 0.01, ***p < 0.001, ****p < 0.0001.

n.s., not significant.

To test if the effects of combinatorial targeting of PKA and
Epac on cytokine secretion are functional, we next stimulated
DCs by LPS in the presence or absence of PKA-specific cAMP
analogue and/or Epac-specific cAMP analogue or NECA for 6 h.
After performing a vigorous washing cycle, fresh medium was
added to the DC culture for an additional 12 h. Culture super-
natants from each group were collected and added to the medium
containing isolated CD4* T cells, which were subsequently
activated by plate-bound anti-CD3/anti-CD28. Intracellular
staining of restimulated T cells for IFN-y was performed
after 3 d of culture as a measure of T cell activation (Please see
Fig. SA for details). We have chosen this method because
combinatorial effects for PKA and Epac were more obvious on
cytokine secretion rather than cell surface activation marker
CD86. Conditional medium obtained from NECA-prestimulated
DCs significantly reduced IFN-y* CD4" T cells (Fig. 5B).
Conditioned medium from DCs prestimulated with PKA or
Epac-specific analogues alone did not cause a significant re-
duction in IFN-vy production (Fig. 5A). However, addition of
both analogues caused comparable suppression of IFN-y pro-
duction to that of NECA (Fig. 5A). Finally, addition of inhibitors
of both PKA and Epac significantly prevented NECA from
suppressing IL-12p40 secretion and promoting IL-10 secretion
by LPS (Fig. 5C).

Finally, we have tested the effect of stimulation of adenosine
signaling or PKA and Epac pathways alone or in combination on
LPS-induced IL-12p40 and IL-10 secretion in human monocyte-
derived DCs and compared their effects to NECA-stimulated group.
Adenosine signaling strongly suppressed IL-12p40 section while
increasing IL-10 in human monocyte-derived DCs, similar to what
we have observed in BM-DCs (Fig. 6). Stimulation of both PKA and

Epac pathways are required to observe comparable inhibition of
IL-12p40 to that of NECA-stimulated group (Fig. 6). However,
PKA alone could cause similar increase in IL-10 secretion to
that of NECA, suggesting that in human monocyte-derived DCs
PKA can be the main intracellular cAMP receptor to promote
IL-10 (Fig. 6). Collectively, these results suggest that adenosine
signaling targets both PKA and Epac pathways to polarize DCs
into a suppressor phenotype. In human setting PKA may have a
more substantial role for this effect.

Table III.  Western blot Abs
Ab Name Catalog No. Brand

cFOS 22508 Cell Signaling Technology
CREB 48208 Cell Signaling Technology
ERK 1/2 9102 Cell Signaling Technology
IKKao/B sc-7607 Santa Cruz Biotechnology
IRF-3 5c-9082 Santa Cruz Biotechnology
p38 92128 Cell Signaling Technology
SAPK/JNK 9252 Cell Signaling Technology
Goat anti-rabbit 1706515 Bio-Rad

IgG HRP

conjugate
HRP goat anti- 405306 BioLegend

mouse IgG
p-cFOS 5348S Cell Signaling Technology
p-ERK 1/2 9461 Cell Signaling Technology
p-p38 99138 Cell Signaling Technology
p-IKK 3033s Cell Signaling Technology
p-IRF3 29047s Cell Signaling Technology
p-JSAPK/INK 9251 Cell Signaling Technology
p-CREB 9198S Cell Signaling Technology
B-Actin sc-47778 Santa Cruz Biotechnology
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FIGURE 3. Adenosine signaling does not influence the phosphorylation status of immediate regulators of inflammation downstream of danger
signaling. (A) BM-DCs were stimulated with 100 ng/ml LPS (L) in the presence or absence of 3 uM NECA for 10 and 30 min. Immunoblotting
was performed using the cell lysates in RIPA buffer to test the phosphorylation status of indicated downstream signaling mediators of inflam-
mation. (B and C) Graphical representation of (A) relative to B-actin. (D) Immunoblotting for phosphorylated and total levels of p38 was per-
formed after stimulating the BM-DCs with 100 ng/ml LPS (L) in the presence or absence of 3 wuM NECA for 10, 30, and 60 min. (E) Quantitation

of (D) relative to B-actin.

Discussion

Adenosine receptors are being targeted for multiple solid tumor
indications in clinic. Our previous studies have shown that
adenosine signaling in APC is important for suppression of
cytotoxic lymphocytes. In this study, we extended the scope of
our previous studies to understand how adenosine can sup-
press DC activation while strongly inducing anti-inflammatory
IL-10. Our results indicated that both intracellular cAMP re-
ceptors, PKA and Epac, play an important combinatorial role in
regulation of DC responses downstream of receptor-mediated
adenosine signaling.

A potential link between adenosine receptor signaling and
PKA or Epac signaling in regulation of fibrosis and ECM
remodeling has been suggested in various studies. Phosri et al.
(19) indicated that A2BR/cAMP/Epac signaling inhibits car-
diac fibrosis induced by endothelin. The same group has shown
A2BR/Epac pathway in regulation of ECM remodeling and
myofibroblast differentiation (20). By using pharmacological
approaches and PKA inhibitors, Zhao et al. (21) reported that
hypoxia-generated adenosine stimulates A2BR/PKA pathway
to suppress MMP9 production. Our study also emphasizes the
importance of PKA and Epac stimulation by adenosine signaling
in the context of regulation of inflammation and DC activation.
Therefore, adenosine signaling may use similar pathways in dif-
ferent cell types for both resolution of inflammation and tissue
repair and fibrosis.

Previous studies independently analyzed PKA and Epac
pathway in regulation of inflammation in DCs and macro-
phages. Aronoff et al. (17) have shown that PKA and Epac can

both individually decrease secretion of TNF-a or MIP1 from
DCs. However, activation of these pathways individually did
not cause any change in IL-10 production. Garay et al. (18)
suggested that PKA signaling is important for DC maturation.
In the same study, Epac signaling was suggested as being a
potential suppressor of the effects of PKA in regulation of DC
maturation; PKA but not Epac was shown to suppress basal
levels of cytokine production (18). In another study, Epac was
shown to play an anti-inflammatory role in regulation of LPS-
induced acute murine lung injury (22). Our study suggests that
in the presence of inflammatory stimuli, both PKA and Epac
pathways are important and have combinatorial effect on ac-
tivation or expression of intracellular regulators of inflam-
mation and polarization of DCs into a suppressor phenotype.
This effect was particularly apparent in the secretion of anti-
inflammatory IL-10. One interesting observation was that PKA
signaling suppressed both inflammatory cytokine production
and CD86 expression, whereas Epac signaling decreased in-
flammatory cytokine production.

A2BR signaling can couple Gq subunit and stimulate PLC/
PKC pathways, which leads to activation MAPKs and re-
sponses such as chronic inflammation and exacerbation of
autoimmunity (23, 24). These events particularly required
PKC and p38 activation and release of IL-6 directly by A2BR
signaling. In the presence of inflammatory stimuli, we did not
observe changes in p38 or ERK1/2 downstream of Gq/PLC/
PKC pathways. Adenosine signaling alone also did not cause
any significant changes in expression of the cytokines we
tested or a substantial accumulation phosphorylated MAPKs.
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FIGURE 4. Activation of both PKA and Epac are required to phenocopy the effects of adenosine signaling in BM-DCs. (A) BM-DCs were stimulated
with 100 ng/ml LPS (L) in the presence or absence of 100 uM PKA (P)-, 3 uM Epac (E)-, or PKA + Epac (P+E)—specific cAMP analogues for 18 h. Culture
supernatants were collected and tested for secretion of indicated cytokines by ELISA. (B) BM-DCs from (A) were dissociated from the tissue culture plate
and analyzed by flow cytometry for the expression of activation marker CD86. (C) Graphical representation of (B). (D) Quantitative PCR was performed to
detect changes in NR4A expression in BM-DCs after stimulating with LPS in the presence or absence of PKA-, Epac-, or PKA+Epac—specific cAMP
analogues for 1 h. (E) Immunoblotting was performed to detect phosphorylated CREB and c-Fos levels using lysates of BM-DCs stimulated with LPS in the
presence or absence of PKA-, Epac-, or PKA+Epac—specific cAMP analogues. DMSO is used as vehicle. ADA (1 U/ml) was added to the culture
to neutralize the effect of endogenous adenosine generated. Data were analyzed by one-way ANOVA and post hoc Tukey test. **p < 0.01, ***p < 0.001,

###%p < 0.0001. n.s., not significant.

Adenosine signaling strongly suppressed the inflammatory
cytokines we tested even in the presence of ERK1/2 inhibitor.
Therefore, A2BR/Gq signaling, especially in the context of
autoimmune disease setting, may couple with other immune
regulators to promote chronic inflammation, whereas in the context
of immune stimulation through intracellular cAMP, it may play an
immunosuppressive role.

Pathogen-associated signals or endogenous danger signals
causes activation of NF-kB, MAPK, and IRF3 pathways to
increase inflammation (25). Activation of DCs by inflamma-
tory stimuli caused rapid phosphorylation of these inflamma-
tory mediators. However, adenosine signaling did not change
their phosphorylation status. Previously, it was shown that
adenosine modulated NR4A orphan nuclear receptors to at-
tenuate inflammatory responses downstream of adenosine
signaling (26). Another target identified for the regulation of
inflammatory responses downstream of cAMP pathway is c-
Fos protein (11). Phosphorylation of c-Fos downstream of
cAMP can prevent its degradation, causing elevation of both
phosphorylated and total cFos levels. Both NR4A and c-Fos

pathways inhibited NF-kB transcriptional activity. Accord-
ingly, adenosine signaling or addition of PKA and Epac to-
gether significantly increased both expression of NR4A
receptors and phosphorylated and total c-Fos levels, suggest-
ing that rather than directly interfering with phosphorylation
status of major inflammatory pathways, adenosine/cAMP/
PKA-Epac signaling can regulate inflammation by increasing
the expression or stabilization of negative regulators of in-
flammation. In accordance with our observations, Koroskényi
et al. (27) have also suggested the A2AR/cAMP pathway may
not alter LPS-induced NK-kB activation in macrophages but
suppresses inflammation in a cAMP-dependent manner. In-
terestingly, chronic deletion of A2AR pathway in this study
caused an increased basal level of MAPK activation, sug-
gesting that in the absence of inflammatory stimuli adenosine,
signaling alone can have important regulatory effects in
macrophage differentiation and responsiveness to subsequent
inflammatory stimuli. Similarly, our results indicated adenosine
signaling alone can promote expression of anti-inflammatory
NR4A expression.
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FIGURE 5. Adenosine signaling can target both PKA and Epac pathways to polarize BM-DCs into a suppressor phenotype. (A) Graphical representation
of the experimental strategy in (B). (B) BM-DCs were stimulated with LPS in the presence or absence of PKA (P)-, Epac (E)-, or PKA+Epac (P+E)—specific
cAMP analogues or 3 uM NECA for 6 h. After a vigorous wash three times with warm PBS, fresh medium was added to the culture. After incubating the
cells for another 12 h, supernatants were collected and added to the CD4" T cell culture prior to activation with anti-CD3/anti-CD28~coated plates. Three
days after stimulation, T cells were collected and restimulated with PMA/ionomycin for 5 h in the presence of brefeldin A. Intracellular staining for IFN-y
was performed to test T cell activation and phenotypic differentiation to effector subset. (C) Graphical representation of (B). (D) BM-DCs were stimulated
with 100 ng/ml LPS (L) in the presence or absence of NECA or NECA + 100 nM PKA (Pinh)- and/or 20 uM Epac (Einh)-specific inhibitors. DMSO is used
as vehicle. IL-12p40 and IL-10 in culture supernatants were tested by ELISA. Data were analyzed by one-way ANOVA and post hoc Tukey test. **p < 0.01,

*Ep < 0.001, **¥**p < 0.0001. n.s., not significant.

We tested the effect of adenosine signaling and downstream
mediators PKA and Epac pathways in human monocyte-derived
DCs. Adenosine signaling strongly suppressed IL-12p40 se-
cretion while increasing anti-inflammatory IL-10, which was
similar to what we observed in murine BM-DCs. However, we
observed that PKA is the main pathway for increasing IL-10.
We also observed that PKA pathway more substantially sup-
presses IL-12p40 secretion as compared with Epac pathway.
However, we still observed combinatorial effect of stimulat-
ing PKA and Epac pathways together on IL-12p40 secretion,
suggesting that for optimum suppression of human DC, acti-
vation of both pathways is necessary. Also there are a rea-
sons besides species differences to be considered, such as the
origin of cells (monocytes versus bone marrow) and culture
conditions (addition of IL-4 plus GM-CSF versus GM-CSF
alone).

In conclusion, adenosine can target both PKA and Epac
pathways to suppress inflammatory cytokine production while
strongly elevating anti-inflammatory IL-10. Regulation of
inflammation through PKA and Epac activation possibly in-
volves activation of negative regulators of NF-kB such as
NR4A receptors or c-Fos. These findings suggest that for
therapies to regulate inflammation or for the activation of
antitumoral immunity targeting both PKA and Epac pathways
may be necessary to obtain strong responses. Future studies
are needed to understand the influence of these pathways for

other cAMP-elevating immunomodulatory pathways, different
subtypes of DCs, or other immune cell types prone to GPCR-
mediated immunoregulation.
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FIGURE 6. Adenosine signaling and PKA pathway suppress IL-12p40
section while promoting IL-10 secretion in human monocyte-derived DCs.
Human monocyte-derived DCs were stimulated with LPS in the presence
or absence of PKA (P)-, Epac (E)-, or PKA + Epac (P+E)-specific cAMP
analogues or NECA (N) for 18 h. IL-12p40 and IL-10 concentrations in
culture supernatants were tested by ELISA. DMSO is used as vehicle. ADA
(1 U/ml) was added to the cell culture to neutralize the effect of endogenous
adenosine generated. Representative of one of two independent experiments
with similar results. Data were analyzed by one-way ANOVA and post hoc
Tukey test. **p < 0.01, ****p < 0.0001. n.s., not significant.
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