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Notch receptors signaling is required for optimal T-cell activation and function.
T-cell receptor (TCR) engagement can activate Notch receptors in T-cells in a
ligand-independent fashion. In this study, we examined the role of adenosine A2A
receptor (A2AR) signaling pathway in regulating the activity of Notch1 induced by
TCR stimulation in CD8+T-cells. A selective A2AR agonist decreased Notch1 protein
expression and Notch1 cleavage, and reduced transcripts of Notch1-target genes Hes 1
and Myc in activated CD8+T-cells. Inhibition of TCR-induced Notch1 expression by an
A2AR agonist was accompanied by increased cAMP concentration and mimicked by
forskolin. This effect was associated with reduced IFN-y and granzyme B production.
The effect of an A2AR agonist was abrogated by a selective A2AR antagonist and absent
in CD8+T-cells harvested from A2AR—/— mice. Stimulation of A2AR reduced Notch1
receptor levels by inhibiting upstream TCR signals, including ZAP70 phosphorylation, in
turn impairing the generation of the active Notch1 intracellular domain (N1ICD). Direct
activation of PKC with PMA and ionomycin bypassed A2AR-induced Notch1 inhibition.
Overexpression of N1ICD in CD8+T-cells prevented the suppressive effects of an A2AR
agonist on proliferation and cytokine release during activation. Our results identify the
A2AR signaling pathway as an important regulator of TCR-induced Notch1 receptor
activation in CD8+T-cells, and Notch as an important target of the immune suppressive
effects of A2AR. We propose a mechanism whereby A2AR impairs CD8 T-cells function
through inhibition of Notch1 receptor activation.

Keywords: adenosine, A2A adenosine receptor (A2AR), Notch1, CD8+T-cells, immunosuppression

INTRODUCTION

Notch signaling plays a pivotal role in the differentiation and function of several T-cell subsets
[reviewed in (1-4)]. Notch proteins (Notch 1-4) are heterodimeric transmembrane receptors
that are activated by engagement of transmembrane ligands (Delta-like 1, 3, 4, and Jagged 1, 2,
although Delta-like 3 is likely an inhibitory ligand) (5). The interaction of Notch receptors with
their ligands leads to subunit separation, followed by a trans-endocytosis of the Notch extracellular
domain. This facilitates the cleavage of the Notch transmembrane subunit by metalloproteases of
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the ADAM family, which is followed by a second cleavage within
the transmembrane domain by the y-secretase complex. This
generates the active intracellular domain of Notch (NICD) (1, 2,
6). NICD translocates into the nucleus where it associates with
the transcriptional repressor CSL (CBF1-Suppressor of Hairless-
LAG1), recruiting a co-activator complex, to modulate the
transcription of several genes (7). In T-cells, ligand-independent
activation of Notchl receptor can be triggered through T-cell
receptor (TCR) signals (8-11), through mechanisms that require
receptor endocytosis. Notchl can upregulate its own expression
in T-cells (12). TCR-induced up-regulation of Notch1 expression
in peripheral T-cells is associated with increased proliferation
and cytokine production, including IFN-y (8), or the expression
of the transcriptional regulator eomesodermin (EOMES), which
in turn regulates the expression of CD8 effectors perforin and
granzyme B (10). Transgenic expression of Notchl renders
CD8 T-cells resistant to tumor-induced immune suppression
(13). Pharmacological inhibitors of y-secretase, which prevent
the generation of NICD (14, 15), reduce proliferation and
cytokine release from TCR-activated T-cells in a concentration-
dependent manner (8, 10). Notch2 also contributes to the activity
of cytotoxic T-cells, controlling directly the transcription of
granzyme B, independently of EOMES (16). The expression of
Notch2 can be also up-regulated during T-cell activation and
can, redundantly with Notch1, modulate proliferation and IFN-y
production in CD8-+T-cells (13).

Adenosine is an ATP metabolite that increases in the
extracellular space in response to hypoxia and tissue
injury, acting as an anti-inflammatory mediator that limits
inflammation-induced damage (17). Adenosine can exert
profound immunosuppression by acting on both lymphoid (18)
and myeloid cells (19). The A2A receptor (A2AR) belongs to the
family of adenosine receptors and is the predominant adenosine
receptor type expressed in T-cells (20, 21). This is a high-affinity,
Gs-coupled receptor that upon activation increases cyclic AMP
(cAMP), which in turn activates protein kinase A (PKA).
Stimulation of A2AR suppresses TCR signaling in a cAMP-
dependent manner (22-26). Inhibition of TCR signaling by
A2AR agonists is associated with reduced cytokine production,
including interleukin-2 (IL-2) and interferon-y (IFN-y), and
decreased cytotoxicity and proliferation (22-27). Selective
A2AR agonists may be used for the treatment of inflammatory
diseases (28). Conversely, because A2AR in tumors contributes
to induce profound immunosuppression, A2AR antagonists are
considered potential novel cancer immunotherapeutics (29).

Given the crucial role of A2AR signaling in limiting CD8+ T-
cell responses, we evaluated its effects on Notch1 expression and
signaling. We demonstrate that A2AR stimulation inhibits TCR-
induced Notchl expression and cleavage in activated CD8+-T-
cells, describing a novel mechanism through which adenosinergic
molecules can suppress CD8+T-cells functions via A2AR.

MATERIALS AND METHODS
CD8+ Cells Isolation and Activation

Splenocytes were collected aseptically from the spleens of naive
C57BL/6 mice (6-10 weeks old) (Charles River, Lecco, Italy)

or from A2AR gene-deficient (A2ZAR—/—) C57BL/6-background
mice (6-10 weeks old), kindly provided by M. Sitkovsky
(Northeastern University). CD8+ T-cells were enriched with
a negative selection kit (StemCell Technologies), according to
manufacturer’s instructions. Experiments were also performed
in CD8+T-cells conditionally expressing transgenic Notchl
intracellular domain (N1IC CD8+T-cells) or floxed control cells
(N1IC/f CD8+T-cells) isolated, respectively, from previously
described N1IC mice and NI1ICY!f mice (13). Isolated cells,
cultured in RPMI 1640 medium supplemented with 10% FBS,
4mM L-Glutamine, 50 U/ml penicillin, 50 pg/ml streptomycin
and 50 uM 2-mercaptoethanol, were activated in plates coated
with anti-mouse CD3¢ (1pg/ml; clone 145-2C11) and anti-
mouse CD28 (0.5 pug/ml; clone 37.51) antibodies up to 72 h or left
unstimulated (NS). In specific sets of experiments, CD8+ T-cells
were activated with 50 ng/ml phorbol 12-myristate 13-acetate
(PMA) and 200 ng/ml ionomycin (both from Sigma-Aldrich) or
left unstimulated (NS).

Cell Treatments

Cells were incubated with 1M A2AR agonist CGS-21680
(Tocris), 1 WM A3aR antagonist ZM-241385 (Tocris), 1 uM y-
secretase inhibitor PF-3084014 (SelleckChem) or with 10 uM
adenylate cyclase stimulator Forskolin (Sigma-Aldrich), alone or
in combination, 15 min before activation with anti-CD3¢/CD28
antibodies or PMA and ionomycin. PF-3084014 was dissolved in
DMSO, whilst the other agents were solubilized in PBS (vehicle).
Control cells (Ctr) received vehicle before activation as described
above. In specific experiments, cells were incubated with the
above agents 24 h after CD3¢/CD28-stimulation.

Proliferation Assays

To measure proliferation, 5 x 10° isolated CD8+ T-cells were
labeled with 1M carboxyfluorescein diacetate succinimidyl
ester (CFDA-SE, Life Technologies) for 10 min at 37°C. Cells
were then washed to remove excess CFSE and then treated
with 1 M CGS-21680, 1 wM PF-3084014, or 10 uM Forskolin
before adding anti-CD3e and anti-CD28 antibodies for 72h.
Proliferation was assessed by measuring CFSE fluorescence
by flow cytometric analysis on a FACSCalibur cytometer (BD
Biosciences). Data were analyzed using CellQuest software.

ELISA Assays

Granzyme B and IFN-y concentrations were measured in CD8+
T-cells supernatants after 72-h treatments as described above, by
using specific ELISA kits (Thermo Fisher Scientific) according to
the manufacturer’s instructions.

Western Blot Analysis

1 x 10° cells treated as described above were collected, washed
in ice-cold PBS and lysed in RIPA buffer to which were freshly
added 1 mM Protease Inhibitor Cocktail (Thermo Scientific),
I mM NaF and 1 mM sodium orthovanadate (all the reagents
used for the lysis buffer were EDTA-free). Equal amounts
of proteins were electrophoretically separated in SDS-Page
gels and then transferred to PVDF membranes (Immobilion-
FL Transfer Membrane). Bovine serum albumin (5% BSA,
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Sigma) was used to block non-specific binding sites. The
following primary antibodies were used: anti-Notchl (which
specifically detects the Notchl intracellular domain N1ICD,
Val1744; D3B8), anti-Notch1™, (to detect the transmembrane
Notchl domain, D1E11) (both from Cell Signaling), anti-
PZAP70 (pY319.17A) or anti-GAPDH, anti-B-tubulin or anti-
actin as controls (Santa Cruz Biothecnology). After incubation
with appropriate secondary antibodies, immune-reactive protein
bands were detected by enhanced chemiluminescence reagents
(Amersham Pharmacia Biotech, UK) and analyzed by Las4000
(GE Healthcare Life Sciences). The optical density of protein
bands detected by Western blotting was calculated with
ImageQuantTL (GE Healthcare).

Quantitative Real-Time RT-PCR

Total RNA was isolated from treated cells using an RNeasy
Mini kit (Qiagen) following the manufacturer’s instructions.
Reverse transcription was performed using the First strand
cDNA synthesis Kit (Fermentase Life Science Co.). cDNAs were
amplified by real-time PCR using iTagTM SYBR Green Supermix
with ROX (Bio-RAd). Primer sequences were:

Notchl(Forward): AGCGGGGTATGCAAGGAGTC,
(Reverse): CTCGCAGGTTTGACCTTGCCG;

Hesl(Forward): CTGGTGCTGATAACAGCGGAATC,
(Reverse): AGTGATCGGTAGCACTATTCCAGG;
Myc(Forward): GCAGATCAGCAACAACCGCA, (Reverse):
CCAAGACGTTGTGTGTCCGCG;

IFNy (Forward): TGCATCTTGGCTTTGCAGCTC, (Reverse):
GGCTTTCAATGAGTGTGCCGT.

Rpl3a(Forward): GGAGGGGCAGGTTCTGGTAT, (Reverse):
TTCACAGCGTACGACCACCA.

Samples were run in triplicate in a 96 well Optical Reaction
plate (Applied BioSystems). The PCR reaction conditions were:
50°C for 2min, 95°C for 5min, 35 cycles of 95°C for 30s,
59°C for 1min, 72°C for 1 min, followed by dissociation step.
Granzyme B RT-PCR analysis was performed by using Tagman
primers Mm00442837_m1 and GAPDH: Mm99999915_g1 as
housekeeping gene (Applied Biosystems). Results were analyzed
using the 7,300 system Software (Applied BioSystems).

cAMP Assays

cAMP levels were measured with the cAMP assay kit (Abcam),
according to the manufacturer’s instructions. cAMP levels were
determined in 1 x 10° CD3g/CD28-stimulated CD8+ T-cells
pre-incubated with 1 uM CGS-21680 or 10 M Forskolin. 10 min
later, cells were incubated with 0.1 M HCI at room temperature
for 20 min. After gentle pipetting, samples were centrifuged for
10 min and supernatants collected. Samples were then assayed for
cAMP levels.

Statistical Analysis

Unless otherwise stated, results are expressed as means =+
SD. Data were analyzed with GraphPad Prism 6 (GraphPad
Software). Two-tailed Student’s t-test (2-group comparisons)
or ANOVA (>2-group comparisons) were performed as
appropriated, with Bonferroni correction for multiple

comparisons when needed. P values < 0.05 were considered
significant.

RESULTS

A2AR Stimulation Leads to Reduced
Expression and Activity of Notch1 in
CD3e/CD28-Activated CD8+T-Cells

To evaluate the mechanistic interaction between A2AR and
Notch signaling, we pre-incubated for 15min mouse CD8+
T-cells with the selective A2AR agonist CGS-21680 prior to
adding anti-CD3¢/CD28 specific antibodies. As Notch1 receptor
proteolytic cleavage/activation is induced by TCR stimulation
(8, 10, 11, 30), we evaluated the levels of Notchl receptor
proteins (the transmembrane Notch1 subunit, Notch1™ and the
intracellular Notchl domain, N1ICD) in activated CD8+ T-cells
compared to unstimulated cells. Activated CD8+-T-cells strongly
expressed Notch1™ and N1ICD proteins, compared to non-
stimulated (NS) counterparts (Figure 1A). Notably, incubation
of CD8+T cells with CGS-21680 significantly reduced the
expression of both Notch1™ and NIICD (Figures 1B-D),
suggesting that A2AR activation interferes with TCR signaling.
As a control, we treated cells with the y-secretase inhibitor
(GSI) PF-3084014, which potently inhibits Notchl cleavage
(31). Incubation of cells with PF-3084014 (1 uM) prevented
the generation of N1ICD following anti-CD3¢/CD28 stimulation
(Figures 1B-D). Cells treated with PF-3084014 alone or together
with CGS-21680 showed the highest Notch 1 down-regulation
(Figures 1B-D).

To further investigate the effect of the A2AR agonist on
TCR-induced Notchl signaling pathway, we determined the
expression of N1ICD-target genes HesI (32) and cMyc (33). Hesl
and cMyc mRNA levels were reduced in CD8+T-cells treated
with CGS-21680 (1 wM) and stimulated with anti-CD3g/CD28
(Figures 1E,F, respectively). In particular, Hes] mRNA levels
upon TCR stimulation were significantly reduced 48 and 72h
after CGS-21680 treatment (Figure 1E). cMyc mRNA levels were
significantly decreased at 24 and 48h of treatment (Figure 1F).
These results suggest that stimulation of A2AR decreases the
expression and activation of Notchl and NIICD-mediated
transcriptional activity in CD3¢/CD28-stimulated CD8+T-cells.
The different time courses of the two transcripts may be related
to different half-lives of these two transcripts or to the different
mechanisms whereby N1ICD regulates the expression of Hesl
and cMyc in T-cells. HesI is regulated largely through a Sequence-
Paired Site (SPS) closely associated with the HesI transcriptional
start site (34), whereas cMyc is regulated primarily through a
distal super-enhancer whose acetylation status is highly sensitive
to depletion of N1ICD (35).

To determine whether the lower levels of Notchl protein
were due to reduced mRNA synthesis, we analyzed Notchl
transcript levels in CD8-+T-cells treated with CGS21680 (1 M)
and anti-CD3e/CD28. Notchl mRNA levels were unchanged in
CD8+T-cells incubated with CGS-21680 compared to control
cells (Figure 1G), indicating that A2AR stimulation decreases the
levels of Notch1 protein without affecting Notch1 transcription.
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**p < 0.001, two-way ANOVA with post Bonferroni test.

The Inhibitory Effect of CGS-21680 on
TCR-Induced Notch1 Expression Depends

on A2AR Stimulation

To confirm that the effect of CGS-21680 on Notchl expression
was dependent on A2AR stimulation, we performed experiments
in presence of the A2AR antagonist ZM-241385 (1uM),
administered in combination with CGS-21680 (1 uM).
Treatment with ZM-241385 (1 wM) reversed the inhibitory
effect of CGS-21680 on Notchl expression in CD3g/CD28-
stimulated CD8+T-cells (Figure 2A). To rule out off-target
effects induced by the CGS-21680, we treated T cells lacking
A2AR. In A2AR—/— CD8+T-cells, CGS-21680 treatment
did not affect TCR-induced Notchl levels or N1ICD levels
(Figure 2B), indicating that the observed CGS-21680 effects
were triggered through stimulation of A2AR. No differences
in the levels of Notch2, 3, or 4 were observed in A2AR—/—
CD8+T-cells (Supplemental Figure 1).

A2AR Stimulation and Notch1 Inhibition
Strongly Reduce Proliferation and Cytokine
Production in Activated CD8+ T-Cells
Stimulation of A2AR strongly inhibits the proliferation (22) and
the effector functions of activated T-cells, including cytokine
production (23-27). On the other hand, Notchl activation
promotes proliferation (8) and cytokine release (8, 10, 36) in

CD8+T-cells. We therefore investigated the cross-talk between
these signaling pathways in regulating the functional properties
of CD8+T-cells, by measuring proliferation and cytokine levels
in cells treated with CGS-21680 alone or in combination with GSI
PF-3084014 before TCR-activation. Proliferation was assessed
by flow cytometry analysis after CFSE staining. The increased
CD8+ T-cell proliferation induced upon stimulation with anti-
CD3e/CD28 was slightly reduced after pre-incubation with CGS-
21680 or PF-3084014 (Figure 3A). Moreover, an additive anti-
proliferative effect was observed after the combination of CGS-
21680 plus GSI PF-3084014 (Figure 3A).

Experiments were also performed in cells treated with the
A2AR antagonist ZM-241385 (1 wM). Further inhibition of
A2AR signaling through ZM-241385 did not affect proliferation
in anti-CD3e/CD28-activated T cells (Figure 3A).

Transcript levels of granzyme B and IFN-y were significantly
reduced in cells treated with 1uM CGS-21680 or 1 uM PF-
3084014 and even more so after combination treatment with
CGS-21680 + GSI before stimulation with anti-CD3e/CD28
antibodies for 24 h (Figures 3B,D, respectively). Consistent with
mRNA levels, the amounts of granzyme B and IFN-y released
from activated CD8+T-cells treated with CGS-21680 (1uM)
and/or PF-3084014 (1 wM) for 72h were significantly reduced
compared to control cells (Figures 3C,E, respectively). These
data indicate that A2AR stimulation and y-secretase inhibition
strongly impair the functions of activated CD8+T-cells. The
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FIGURE 2 | The effect of CGS-21680 on Notch1 protein levels depends on
A2AR stimulation. (A) CD8+T-cells from the spleens of C57BI6 mice were
incubated with: CGS-21680 (1 wM; CGS); the A2AR antagonist ZM-241385
(1 wM; ZM); or both and then stimulated with anti-CD3¢/CD28 antibodies. Blot
showing Notch1™ s representative of three independent experiments. (B)
CD8+T-cells isolated from the spleens of A2AR—/— mice were treated with
vehicle (Ctr) or CGS-21680 (1 wM; CGS) before activation with
anti-CD3e/CD28 antibodies and whole-cell extracts were analyzed for
Notch1™ (left panel) and the intracellular Notch1 domain, N1ICD (right panel)
by Western blotting.

effects of GCS-21680 on both granzyme B and IFN-y were
completely reversed by the A2AR antagonist ZM-241385 (1 uM)
(Figures 3C,E, respectively).

Treatment of A2AR—/— CD8+T-cells with CGS-21680
(IuM) failed to reduce the release of either granzyme
B (Figure 3F) or IFN-y (Figure3G), confirming that the
suppressive effect of CGS-21680 on the release of these
factors was completely dependent upon the presence of A2AR.
Conversely, inhibition of y-secretase with PF-3084014 led to a
significant reduction of both granzyme B and IFN-vy release from
activated CD8+T-cells from A2AR—/— mice (Figures 3EG,
respectively). These data indicate that Notch effects on granzyme
B and IFN-y release are independent of A2AR.

Adenylate Cyclase Stimulation Mimics the
Effects of CGS-21680 on Notch1 in
Activated CD8+ T-Cells

Stimulation of A2AR increases intracellular levels of cAMP
in activated T-cells (22, 26). Consistent with these reports, we
observed that CGS-21680 treatment (1wM) of CD3e/CD28-
stimulated CD8+ T-cells increased cAMP levels within 10 min
(Figure 4A). To evaluate whether increased levels of cAMP
affected TCR-induced Notchl signaling, we used the adenylate
cyclase activator Forskolin (10 wM), which significantly
increased cAMP levels in activated T-cells (Figure 4B). Forskolin
significantly decreased the expression of Notchl proteins
induced by TCR engagement in CD8+T-cells, proliferation,
production of IFN-y and granzyme B (Figures 4C-G). When

we combined Forskolin and GSI PF-3084014 (Figures 4C,D),
the effect on Notchl proteins was marked. These results suggest
that cAMP-elevating agents can markedly decrease the amount
of Notchl in activated CD8+ T-cells and significantly impair
Notch-dependent functions of TCR-stimulated CD8+T-cells.

Ectopic Expression of N1IC Rescues CD8+
T-Cells From the Suppressive Effects of
CGS-21680

To determine the functional role of the inhibition of Notchl
signaling in the suppressive effects induced by A2AR activation,
we studied CD8+T-cells from activated-CD8+T cell conditional
N1IC mice (13), which over-express Notch1IC upon activation.
N1IC mice were created after crossing N1IC/f mice with those
expressing Cre Recombinase driven by Granzyme B promoter.
Activated N1IC CD8+ T-cells or floxed controls (N1ICYY)
were treated with CGS-21680 and/or GSI PF-3084014 and
evaluated for proliferation or IFN-y and granzyme B expression.
Similar to the results observed in wild-type T cells, treatment
of N1ICY! cells with CGS-21680 and/or PF-03084014 slightly
reduced the proliferation (Figure 5A). Conversely, activated
N1IC CD8+ T-cells showed no restriction in their proliferation
after treatment with CGS-21680 or PF-3084014 or a combination
of both (Figure 5A), suggesting that restoring Notchl1 signaling
in CD8+T-cells prevents the suppressive effects induced by
A2AR activation.

Next, we compared the expression of IFN-y and granzyme
B in N1IC vs. N1ICY/f CD8+ T-cells treated with CGS-21680,
GSI PF-3084014 or both. In agreement with the key role of
Notch in the effects induced by A2AR, we found that while
CGS-21680 and/or PF-3084014 reduced the frequency of IFN-
y-expressing cells and the expression of granzyme B in control
N1ICYf CD8+ T-cells, they had no significant effect in N1IC
CD8+ T-cells (Figures 5B,C). Overall, these results indicate
that inducible expression of Notchl intracellular domain is
sufficient to overcome the suppressive effects of A2AR agonists in
activated CD8+-T-cells, and support the hypothesis that Notch1
is a functionally important target of A2AR-mediated suppressive
effects in these cells.

A2AR Stimulation Inhibits TCR-Induced
Notch1 Activation/Expression by Blocking

Proximal TCR Events

In CD44 T-cells, TCR stimulation triggers Notchl activation
within 2h with a peak at 6 h (11). This activation is mediated
by a unique, Notch ligand-independent process that requires
Notch endocytosis and signals from the TCR through Lck,
ZAP70, phospholipase C gamma (PLCy), a diacylglycerol-
activated protein kinase C (presumably PKCH), Ca*™ influx
as well as ADAM10 or 17 and y-secretase. PKC is activated
by PDKI, in response to a PI3K co-activating signal from
CD28 (37). We reasoned that if Notchl activation in CD8+
T-cells is mediated by a similar mechanism, A2AR activation
would suppress ZAP70 phosphorylation, while activation of
PKC and Ca™ influx downstream of ZAP70 would bypass
A2AR-mediated Notch inhibition. Additionally, we hypothesized

Frontiers in Immunology | www.frontiersin.org

February 2019 | Volume 10 | Article 162


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Sorrentino et al. A2AR Stimulation Blunts Notch Activity

A
Lo
s 3
S
S &
an
=22 g0
0
N
® &P A& K
CF &
& S

]
(9]

» 2.0 - e de ke
Q L " — *kek
° E
§ % 15 5
8 1.0 @
% 3 5000
o 5 05
©
et |
0.0 - r r 0
s 00% & &
&
o
D .5 E 2000
1) Kkk
50 Fkk _—
§ i>) 10 % % 1500
o= 1000
EE =
g g0s L 500
ok 10 ]
0.0 r == 0
S & & &
&
o
E A2AKO G
5000+ 2500
— 4000 e 2000
E E
2 3000 B 1500
g 2000- > 1000
i
1000- 500
d
0 n 0 nd
& © &
o O

FIGURE 3 | A2AR stimulation and y-secretase inhibition decrease CD8+T-cell effector functions. (A) CD8+T-cells were labeled with CFSE and then incubated with
CGS-21680 (1 wM; CGS), PF-3084014 (1 uM; PF) or both (CGS+-PF) for 15 min before stimulation with anti-CD3¢/CD28 antibodies for 72 h. Proliferation was also
assessed in cells incubated with the A2AR antagonist ZM-241385 (1 wM; ZM) alone or in combination with CGS-21680 (CGS+ZM). CFSE-labeled cells were counted
by flow cytometry. Results represent means + SD of the percentage of proliferating CD8+T-cells from six different mice, tested in duplicate. *p < 0.05; ***p < 0.001;
one-way ANOVA followed by Bonferroni correction for multiple comparisons. (B) Expression of granzyme B (GZMB) mRNA was determined by real-time RT-PCR in
CD8+T-cells pre-treated with CGS and/or PF before anti-CD3e/CD28 antibodies stimulation for 24 h; (C) granzyme B was quantified by ELISA in supernatants
harvested from cells treated as described in (A) for 72 h. Results are means + SD from three independent experiments. *p < 0.05; **p < 0.001. (D) Expression of
interferon-y (IFN- y) mRNA was determined by real-time RT-PCR in CD8+T-cells pre-treated with CGS and/or PF before anti-CD3¢/CD28 antibodies stimulation for
24 h and (E) IFN-y was quantified by ELISA in supernatants harvested from cells treated as described in (A) for 72 h. Results represent mean + SD from three
independent experiments. ***o < 0.001; one-way ANOVA followed by Bonferroni correction for multiple comparisons. (F,G) levels of granzyme B and IFN-y,
respectively, in supernatants harvested from CD8+T-cells isolated from spleen of A2AR—/— mice (n = 4) and pre-treated with CGS and/or PF before anti-CD3¢/CD28
antibodies stimulation for 72 h. Results represent means + SD. **p < 0.01; **p < 0.001; one-way ANOVA followed by Bonferroni correction for multiple comparisons.
Unstimulated cells (NS) and vehicle-treated cells (Ctr) were used as controls. Nd, not determined.

that A2AR agonists would be unable to block Notchl if given
after early events in TCR activation have occurred. A2AR
stimulation inhibits early TCR signaling by increasing the

levels of cAMP during T-cell activation. This effect is mediated
by reduced ZAP70 phosphorylation (26, 38). Consistent with
these observations, we found that incubation of cells with
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FIGURE 4 | cAMP inhibits TCR-induced Notch1 activation in CD8+T-cells. Levels of cAMP were measured in cells incubated with CGS-21680 (1 uM; CGS) (A) or
Forskolin (10 uM; Forsk) (B) before stimulation with anti-CD3e/CD28 antibodies for 10 min. Activated CD8+T-cells (Ctr) were used as controls. Results represent
means + SD from four different animals, tested in duplicates. *o < 0.01; Mann-Whitney test. (C) Protein levels of Notch1™ (upper panel) and N1ICD (lower panel) in
CD8+T-cells pre-treated with Forskolin (10 wM; Forsk) alone or in combination with GSI PF-3084014 (1 uM; PF) before activation with anti-CD3e/CD28 antibodies for
72 h. Unstimulated cells (NS) or activated cells (Ctr) were used as controls. (D) Densitometric analyses of Notch1™ (left panel) and N1ICD (right panel) normalized
against GAPDH. Results represent means + SD from four independent experiments. *o < 0.01; **p < 0.001; one-way ANOVA followed by Bonferroni correction for
multiple comparisons. (E) Percentage of proliferating CD8+T-cells treated as described in C determined by flow cytometry after CFSE staining. Results represent
means + SD from three independent experiments. **o < 0.01; ***p < 0.001; one-way ANOVA followed by Bonferroni correction for multiple comparisons. Levels of
IFN-y (F) and granzyme B (GZMB) (G) measured by ELISA in supernatants collected from cells treated as described in (C). Results represent mean + SD from four
independent experiments. **p < 0.001; one-way ANOVA followed by Bonferroni correction for multiple comparisons. Nd, not determined.

CGS-21680 (1 wM) reduced Tyr319 ZAP70 phosphorylation in  these results indicate that the suppressive effects of CGS-21680
activated CD8+T-cells (Figure 6A). Treatment of CD8+ T-  through A2AR on Notchl activation rely in its capacity to
cells cells with CGS-21680 24h after incubation with anti-  block early TCR signaling events upstream of PKC activation,
CD3¢/CD28 antibodies had no effect on Notchl protein levels — most likely ZAP70 phosphorylation. These effects are lost once
(Figures 6B-D). Proliferation and release of granzyme B and  TCR signals have been transduced and the first wave of N1ICD
IFN-y from activated CD8+T-cells were unchanged by CGS-  generation has occurred.
21680 treatment once the early TCR signal had been transduced
(Figures 6E-G, respectively).

To determine whether A2AR agonists affect later stages of DISCUSSION
the TCR signaling cascade leading to Notchl activation, we h . ously unkn e f
activated CD8+ T-cells with PMA and ionomycin. PMA and In the present stgdy we describe a p revious'y unknown ro'e tor
. o o L +1+  the A2A adenosine receptor pathway in the control of TCR-
ionomycin induce protein kinase C (PKC) activity and Ca . L . .
. . . . . induced Notch1 receptor activation in CD8+T-cells. Stimulation
influx (39). CD8+T-cells activated with PMA and ionomycin f AJAR d he levels of Notch .
howed much higher levels of Notch1™ and N1ICD compared 2 ecreases the levels of Notchl receptor protein
showe 8 P stabilized by TCR ligation, as well as the levels of cleaved active
to unstimulated cells (Figures 7A-C). In addition, treatment

] i ) i intracellular domain generated in CD3e/CD28-stimulated CD8+
of these cells with CGS-21680 (1 M) before stimulation with  T_ce]ls. This effect requires A2AR and is mediated by inhibition
PMA and ionomycin had no effect on Notchl protein levels  of TCR signaling upstream of PKC activation.

(Figures 7A-C), suggesting that A2AR acts upstream of PKC Consistent with published results (22, 26), activation of
activation during TCR-induced Notch activation. Taken together, ~ A2AR increases intracellular levels of cAMP. cAMP-dependent
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FIGURE 5 | Transgenic expression of Notch1 ICD abrogates the suppressive effects of CGS-21680 on CD8+T-cells functions. (A) CD8+T-cells isolated from spleen
of N1ICY or N1IC mice were activated with anti-CD3/CD28 antibodies and 24 h later cells were labeled with CFSE and incubated in presence or absence of:
CGS-21680 (1 wM; CGS); PF-3084014 (1 wM; PF); CGS in combination with PF (CGS+PF); or ZM-241385 (1 wM; ZM) alone or in combination with CGS.
CD8+T-cells proliferation was assessed after 72 h by flow cytometry. Results represents means + SD of the percentage of proliferating cells from three independent
experiments. **p < 0.001; two-way ANOVA followed by Bonferroni correction for multiple comparisons. (B) Expression of IFN-y was assessed in cells stimulated as
described in (A). The percentage of CD8+IFN-y+T-cells was determined by flow cytometry. Results represent means + SD from four independent experiments.
*o < 0.05; *p < 0.01; **p < 0.001; two-way ANOVA followed by Bonferroni correction for multiple comparisons. (C) CD8+T-cells from N1 IC/f or N1IC mice were
stimulated as described in (A), whole-cells extracts were collected and expression of granzyme B (GZMB) was determined by Western blotting. Blot representative of
two independent experiments is shown.

protein kinase A (PKA) phosphorylates and activates the C-
terminal SRC kinase (CSK), which in turn phosphorylates
and inactivates Lck, reducing tyrosine phosphorylation of
the TCR/CD3g chain during T-cells activation (40). Lck-
mediated tyrosine phosphorylation of the TCR/CD3 ¢ chain
after T-cell activation is required for the recruitment to
CD3 and activation of the zeta-chain-associated protein kinase
70 (ZAP70) and subsequent activation of other substrates
that initiate downstream signals (40). In line with previous
data (26, 41), stimulation of A2AR with CGS-21680 reduced
ZAP70 phosphorylation. Therefore, we propose a mechanism
whereby stimulation of A2AR, by attenuating early TCR
transduction signaling in a cAMP-dependent manner, can
prevent the generation of the Notchl intracellular domain
(N1ICD) induced by TCR signaling in CD8+T-cells (Figure 8).
This working model could apply not only to A2AR but also
potentially to other immune suppressive molecules that signal
through cAMP and PKA in T-cells, such as prostaglandin
E2 (42, 43).

Our data indicate that A2AR signals act upstream of
a diacylglycerol-dependent PKC and Ca™", as PMA and
ionomycin bypass the effect of A2AR activation upon Notchl.
Recent data show that TCR-induced, Notch ligand-independent
Notchl cleavage in T-cells requires the activation of one or more
PKC isoforms, which facilitate ADAM activity (11). Previous

reports indicate that the activities of ADAMI10 and 17, involved
in the S2 Notchl cleavage (44) are regulated by PKCa and
PKC6 (45, 46). Activation of PKC is a downstream event of
the TCR signaling, which depends on diacylglycerol produced
by phospholipase C (PLC)-y. PLC-y activation in turn is
triggered by the phosphorylation of ZAP70 (47). The stable
activation and membrane translocation of PKCO requires Vav
and phosphatidylinositol 3-kinase (PI3K) activation, triggered by
the CD28 costimulatory signal, in addition to TCR/CD3 signal
(47). PKC6, a Ca™"-independent, phospholipid-dependent PKC
isoform, is a central player in the immunological synapse,
responsible for the activation of AP-1 and NF-kB downstream
of the TCR (48). In this study, we observed that activation
of CD8+T-cells with PMA and ionomycin, which directly and
potently stimulate the activity of PKCs (47), increases the levels
of Notchl and consequently its activity. This is similar to
what was described by Steinbuck and collaborators (11) in
CD4+ T-cells. Our data indicate that the process of Notchl
activation in CD8+ T-cells is likely similar to what these authors
described, involving a ZAP70-dependent, ligand-independent
endocytosis process that results in Notch internalization and
cleavage in the endosomal compartment. Notch endocytosis
can result in either endosomal y-secretase cleavage and release
of N1ICD into the cytoplasm or lysosomal degradation of
uncleaved receptor. E3 ubiquitin ligases Deltex (DTX1 in

Frontiers in Immunology | www.frontiersin.org 8

February 2019 | Volume 10 | Article 162


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Sorrentino et al.

A2AR Stimulation Blunts Notch Activity

A B s & c D
)
2 & &
=5 i el 100 kDa__| == wmm [Notch1™ 2 2.0 2 2.0
Eﬁm‘ pZAp70 E‘_ €15 a S 15
37 kDa_ | a1 APDH N §510= 2§ 1o T
Ant-CD3¢/CD28 -+ + . Z3 05 50
100 kDa—ia“NﬂCD g £ 0.5
L5 1e N. Ctr CGS Ctr CGS
Sl ‘ﬂ' GAPDH
Anti-CD3¢/CD28 + +
E F
2500
2o ™0 E £ 2000 T
S 8 100 S 10000 2 1500
1] Q.
£ s m % 1000
g® 50 & 5000 £
5.0 N L 500
= 0 0 nd 0 nd
NS Ctr CGS NS Ctr CGS NS Ctr CGS

FIGURE 6 | CGS-21680 inhibits the early events of TCR signal transduction. (A) ZAP70 phosphorylation was examined in CD8+T-cells lysates after 10 min
stimulation with anti-CD3/CD28 antibodies of untreated cells (Ctr) or CGS-21680-pretreated cells (1 wM; CGS). Unstimulated cells (NS) were used as controls. One
experiment representative of three independent experiments is shown. (B) Expression of Notch1™ (upper panel) and N1ICD (lower panel) at 72 h in CD8+T-cells
stimulated with anti-CD3¢/CD28 antibodies for 72 h. Cells were treated with CGS-21680 (1 wM; CGS) or vehicle (Ctr) 24 h after anti-CD3¢/CD28 stimulation.
Densitometric analyses of Notch1™ (C) and N1ICD (D) bands normalized against GAPDH. Results represent means + SD from four independent experiments. (E)
Percentage of proliferating CD8+T-cells labeled with CFSE, treated as described in (B) as determined by flow cytometry. Results represent means + SD from four
independent experiments. Levels of granzyme B (GZMB) (F) and interferon-gamma (G) measured by ELISA in supernatants collected from cells treated as described
in (B). Results represent means + SD from five independent experiments. Nd, not determined.
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FIGURE 7 | Stimulation of A2AR does not inhibit the activation of Notch1 in PMA/lonomycin-stimulated CD8+T-cells. (A) quantification and densitometric analysis of
Notch1™ (B) and N1ICD (C) proteins in whole-cell lysates from CD8+T-cells pre-treated with CGS-21680 (1 wM; CGS) for 15 min and then stimulated with
PMA/lonomycin for 24 h. Unstimulated cells (NS) and untreated cells (Ctr) were used as controls. Results represent means + SD from three independent experiments.

mammals) and Suppressor of Deltex (Itchy in mice and AIP4
in humans) target Notchl to endosomal activation or lysosomal
degradation, respectively [see (49, 50) for reviews]. In many
mammalian cells, inactive Notch receptors are constitutively
targeted to lysosomal degradation via Itchy/AIP4 (50). In T-
cells, E3 ligase Cbl ubiquitinates Notchl and Notch3 and
targets them to lysosomal degradation (51, 52). Interestingly,
PKC6 phosphorylates and inactivates Cbl (47), and PI3K-
AKT protects Notchl from Cbl-induced degradation in T-ALL
(51). The fact that in our cells Notchl protein was virtually
undetectable at rest but rapidly increased and was cleaved
to generate N1ICD upon TCR activation suggests that TCR
signals in CD8+ T-cells can shift Notchl protein from a

default rapid lysosomal degradation pathway, perhaps mediated
by Cbl-catalyzed ubiquitination, to an endosomal activation
pathway, and that A2AR modulates this process via cAMP.
Further investigations on these mechanisms may help to better
understand how adenosine, and possibly other cAMP-generating
immune suppressive mediators, regulate Notchl activity in
CD8+T-cells.

The effect of CGS-21680 on Notchl expression is A2AR-
dependent, since it was completely reversed by a selective A2AR
antagonist and lost in CD8+T-cells from A2AR—/— mice. A2AR
activation with CGS-21680 markedly inhibits the production of
IFN-y and granzyme B released from CD3e/CD28-stimulated
CD8+T-cells. These data are consistent with previous studies
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CD28

CD8+T cell

- @

Endocytosis,
activation

"

"

l [Granzyme B] I

describing a critical role of A2AR in controlling CD8+T-
cell activation in a cAMP-dependent manner, by suppressing
proximal TCR signaling events (18, 53). These effects as well were
completely lost in activated CD8+T-cells from A2AR—/— mice,
as well as in wild-type cells incubated with CGS-21680 after TCR
stimulation.

In CD4+ T-cells, Notch augments NF-kB activity after TCR
activation (36). Moreover, Notchl is required for CD8 effector
functions, including production of IFN-y and granzyme B
(10). GSIs suppress production of IFN-y and granzyme B (30).
Consistent with published observations, GSI PF-3084014 did
decrease production of IFN-y and granzyme B in CD8+ T-
cells. Our data show that simultaneous inhibition of Notch
and stimulation of A2AR profoundly impair the responses of
activated CD8+T-cells, including proliferation and cytokine
production. This suggests that in tumor microenvironments rich
in adenosine and other immune-suppressive mediators, GSIs
may suppress anti-tumor CD8+ responses. GSIs have multiple
targets (14), including Notch2, which is also induced by TCR
stimulation in T-cells although to a lesser extent than Notchl
(54). Our data show that CD8+ T-cells ectopically expressing

N1IC are remarkably resistant to the inhibitory effects of A2AR
stimulation compared with controls N1IC/f cells. These results
strongly indicate that intracellular levels of Notchl regulate the
sensitivity of CD8+ T-cells to A2AR agonists, and that inhibition
of Notchl is a functionally relevant mechanism whereby A2AR
agonists suppress CD8+ T-cell activation. Whether A2AR
antagonists can protect Notch activity in CD8+ T-cells in
tumors remains to be determined. Further investigations are also
required to understand whether the A2AR signaling suppresses
responses in other T-cell subsets, including CD4+T-cells and
memory CD4+ or CD8+ T-cells, through inhibition of Notch.

Altogether, our data suggest a new role for A2AR in
blunting Notch activity, which is essential to the effector
function of CD8+T-cells. We propose that the inhibitory
effects of CGS-21680 on activated CD8+ T-cells are, at least
partially, dependent on reduced Notchl protein and activity
after TCR stimulation. This novel cross-talk between two
critical pathways offers new insights into the mechanisms
whereby elevated adenosine concentrations can hamper
immune cell activation in tumors and/or in inflamed injured
tissues.
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