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CANCER IMMUNOLOGY

Interleukin-7 protects CD8™ T cells from
adenosine-mediated immunosuppression

Altay Koyas'*, Suat Tucer'*, Merve Kayhan', Ali Can Savas’, Imran Akdemir', Caglar Cekic'*

The nucleoside adenosine accumulates extracellularly in solid tumors and inhibits CD8" T cells by activating
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adenosine receptors. The cytokine interleukin-7 (IL-7), which is produced by various tissues and tumors, promotes
the survival and maintenance of T cells. Adenosine and IL-7 signaling are being clinically targeted separately or in
combination with other therapies for solid tumor indications. Here, we found that IL-7 signaling promoted the
accumulation of tumor-associated CD8" T cells, in part, by preventing adenosine-mediated immunosuppression.
Inhibition of the transcription factor FoxO1 downstream of IL-7 receptor signaling was important for protecting
CD8* T cells from suppression by adenosine. These findings have implications for the development of new
approaches for cancer immunotherapies that target the adenosine pathway.

INTRODUCTION

Signaling by the nucleoside adenosine is one of the immune check-
point pathways in tumors. Unlike membrane-bound, receptor-ligand
interactions, adenosine is a small molecule. Therefore, the presence
of adenosine is not limited to the presence of a particular cell type
but to the presence of events common to most tumors: hypoxia,
inflammation, cellular stress, high metabolic activity, and cell death
(I-3). Adenosine is a hallmark of the tumor microenvironment
(TME) because these events occur in most tumors. Tumor-infiltrating
suppressive cells and invasive tumors express adenosine-generating
ectonucleotidases, such as CD38, CD39, and CD73, which break
down adenosine triphosphate (ATP) and nicotinamide adenine di-
nucleotide (NAD) to adenosine to further increase adenosine con-
centrations and generate an immunosuppressive niche (4, 5). Therefore,
both adenosine receptors and adenosine-generating pathways are
being targeted in clinical trials for many solid tumor indications (5).
Extracellular adenosine can interact with four different adenosine
receptor subtypes: Al, A2A, A2B, and A3 (6). Signaling through the
adenosine A2A and A2B receptors inhibits immune cell activation
and promotes tissue healing responses, such as angiogenesis and
fibrosis (1).

Adenosine signaling strongly suppresses antigen-presenting cells
and T cells. In T cells, adenosine A2A receptors (A2ARs) are the
main adenosine receptors. Global or T cell-specific deletion of
adora2a (the gene that encodes A2AR) increases the growth of syn-
geneic melanoma and bladder carcinoma tumors (7). Myeloid cell-
specific deletion of adora2a in mice decreases tumor growth and
dissemination to the lungs (8). Accordingly, adenosine gene signa-
tures that predict the responsiveness of patients to A2AR blockade
in the clinic consist mainly of myeloid cell-associated genes (9).
Deletion of adora2a is associated with the reduced abundance of the
interleukin-7 receptor (IL-7R) and reduced responsiveness to the
cytokine IL-7, which is important for T cell development and main-
tenance. Therefore, in adora2a™~ mice, we observed a substantial
reduction in the numbers of T cells in the thymus, lymphoid organs,
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and tumors (7, 10). These findings suggest that interactions between
adenosine signaling and IL-7 signaling may play important roles for
T cell development in general or T cell maintenance in the TME (7, 10).

The transcription factor FoxO1 plays an important role in naive
T cell maintenance by keeping naive T cells quiescent and by pro-
moting the expression of IL-7R (11). Sustained FoxO1 signaling can
also stimulate proapoptotic pathways (12). One of the consequences
of IL-7 signaling and antiapoptotic Akt signaling in general is
inactivation of FoxO1 through phosphorylation of Ser®*, which
prevents FoxO1 from entering the nucleus to perform transcrip-
tional activities. This suggests that unrestrained FoxO1 activation
can limit T cell survival by activating proapoptotic pathways (13).
Similar to FoxOl, adenosine signaling through A2AR promotes T
cell quiescence and maintenance by increasing IL-7R expression
(10), suggesting a potential link between adenosine signaling and
FoxO1 signaling through IL-7, which is yet to be identified.

In this study, in experiments with mice doubly deficient in A2AR
and IL-7R, as well as with A2AR-deficient mice expressing IL-7R
ectopically, we investigated the direct functional relationship between
IL-7 signaling and A2AR signaling in the regulation of CD8" T cell
responses in vivo and ex vivo. Our data suggest that IL-7 signaling
protects CD8" T cells from adenosine-mediated suppression of their
accumulation in tumors through inactivation of FoxO1. Because both
IL-7 and adenosine signaling are being targeted in the clinic for can-
cer and because they are key molecules for the regulation of homeo-
static pathways and immune responses, our data have implications
for the treatment of cancer and other immunometabolic diseases.

RESULTS

Adenosine signaling inhibits CD8" T cell activation in vitro
To test the effects of adenosine signaling on CD8" T cells in vitro,
we used 5'-(N-ethylcarboxamido)adenosine (NECA), a cell-
impermeable, stable adenosine analog. NECA significantly de-
creased the expansion of CD8" T cells after stimulation through
the T cell receptor (TCR) complex with plate-bound anti-CD3
and anti-CD28 in vitro (fig. SIA). NECA also suppressed the
activation-induced increase in CD25 cell surface expression (fig. S1B).
However, NECA increased IL-7R (CD127 encoded by il7r) ex-
pression in activated CD8" T cells in a dose-dependent manner
(fig. S1C).
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IL-7 signaling prevents adenosine signaling from inhibiting
CD8* T cell accumulation in B16 melanoma tumors

To test whether IL-7R played an important role in the adenosine-
dependent regulation of tumor-associated CD8" T cells, we crossed
adora2a™™ mice with il7r"~ mice and tested these mice for tumor
growth and infiltration of tumors by CD8" T cells and other immune
cells in experiments in which adora2a**il7r"~ littermates were used
as controls. In adora2™'~il7r”'~ mice, tumor growth was significantly
slower as compared with that in adora2a™"il7r”'~ mice (Fig. 1A,
right), which was associated with increased infiltration of the tumor
by CD8" tumor-infiltrating lymphocytes (TILs) (Fig. 1B, right).
However, tumors grew faster in adora2a™~ mice as compared with
adora2a™* littermates (Fig. 1A, left). In adora2a™~ mice, the pro-
portion of CD8" TILs was less than that in adora2a™* littermates
(Fig. 1B, left), confirming our previous findings (7). The proportion
of overall immune cells (CD45" cells) was also increased in tumors
from adora2a™"~il7r”'"~ mice as compared with that in tumors from
adora2a*"*il7r”"~ mice (Fig. 1C, right). The proportions of tumor
immune cells were comparable between adora2a™~ and adora2a™*
mice (Fig. 1C, left). The proportions of tumor-infiltrating immune
cells (Fig. 1C) and the tumor density of various immune cell popu-
lations, including CD8" TILs, natural killer (NK) cells, and Ly6C*
monocytes, were also increased in adora2a™~il7r”'~ mice as com-
pared with those in adora2**il7r”'" littermates (Fig. 1D). Tumor
infiltration by NK cells was also increased in adora2a™ mice,
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whereas infiltration by monocytes was unchanged as compared with
that in adora2a** littermates in our previous study (7), suggesting
that the increase in NK cells was independent of IL-7 signaling in
the context of A2AR deficiency, whereas changes in monocyte popula-
tions may be a secondary effect to the changes in CD8" T cell
populations.

To test whether the effect of adenosine signaling on the accumu-
lation of CD8" TILs was cell intrinsic, we reconstituted the bone
marrow of irradiated wild-type mice (CD45.2") with a 1:1 mixture
of bone marrow cells from adora2a™™ mice (CD45.2"EGFP™) and
adora2a™* (CD45.1%) mice before inoculation with B16 melanoma
tumors (fig. $2). The proportion of tumor-associated adora2a™'~CD8*
TILs was significantly reduced compared with that of adora2**CD8"
TILs, suggesting that A2AR signaling intrinsically mediates CD8" TIL
accumulation in B16 melanoma tumors. Together, these results
suggest that in the absence of IL-7Rs, A2AR signaling suppresses
CD8" T cell responses and promotes tumor growth, whereas the
presence of IL-7R can reverse this effect.

Ectopic expression of il7r reverses the tumor-promoting
effects of adora2a deletion

In adora2a™™ mice, thymic accumulation and peripheral mainte-
nance of T cells were reduced, and this reduction was associated
with decreased CD127 expression (10). Therefore, we next investi-
gated the effects of ectopic expression of il7r in A2AR-deficient
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Fig. 1. IL-7R signaling protects T cells from A2AR-mediated suppression. (A) Analysis of in vivo tumor growth in adora2a™il7r""* versus adora2a**il7r*/* littermates
as controls (left) or adora2a™~il7r”~ versus adora2a**il7r”~ littermates as controls (right) after the injection of 1 x 10° B16F10 melanoma cells. Data are pooled from two
independent experiments with similar results; N > 11 mice. ***P <0.001 and ****P < 0.0001 by two-way ANOVA and Sidak’s multiple comparisons test. (B) Flow cytometry
analysis of the proportions of CD8" TILs among total CD8" T cell populations in tumor tissues from the experiments shown in (A). Spleen tissues were used as a control.
(C and D) Proportions of CD45" immune cell populations among live cells (C) and tumor density (numbers of cells/numbers of counting beads/tumor volume) of the in-
dicated immune cell populations (D) in adora2™"il7r”~ versus adora2a**il7r”’~ mice. For (C) and (D), *P < 0.05 and **P < 0.01 by Student’s t test. For (B) to (D), data are
representative of one of two independent experiments, n =4 mice per group. SPL: spleen; TMR: tumor; TAM: tumor-associated macrophages.
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T cells by crossing adora2a™~ mice with il7r'"Lckil7r mice (mice ex-
pressing il7r ectopically under the proximal Ick promoter) and
compared their thymic and peripheral T cell populations with those
of their adora2a™*il7r'~Lckil7r littermate controls (Fig. 2). Ectopic
expression of il7r caused comparable cell surface expression of CD127
between adora2a*"il7r"Lekil7r and adora2a™"il7r " Lekil7r T cells
from the thymus and spleen (Fig. 2, A and B, right). Ex vivo analysis
indicated similar IL-7 responsiveness between adora2a™*il7+™~Lckil7r
and adora2a™"il7r”"Lekil7r T cells (Fig. 2C, right). We observed
decreased CD127 expression on thymic and peripheral T cells from
adora2a™ mice as compared with that on CD8" T cells from
adora2a*’* mice (Fig. 2, A and B, left). Ex vivo, IL-7 responsiveness
of CD8" T cells from adora2a™~ mice was reduced as compared with
that of CD8" T cells from adora2a™ ™ mice (Fig. 2C, left). Proportions
of peripheral T cells were similar between adora2a™ ~il7r'"Lckil7r
and adora2a™'"il7r'"Lckil7r mice, whereas proportions of peripheral
T cells were reduced in adora2a™™ mice as compared with adora2a™"*
mice (Fig. 2D). B16 melanoma growth, T cell infiltration, and overall
immune cell infiltration (CD45" cells) in adora2a™'"il7r'"Lckil7r
mice were similar to those of adora2a®*il7r " Lckil7r mice (Fig. 2,
E andF, and fig. S3). A2AR-deficient mice ectopically expressing il7r
(adora2a™"~il7r'"Lckil7r) had similar numbers and proportions of
CD4" and CD8" T cells in the thymus and in the periphery as
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compared with those of their adora2a**il7r""Lckil7r littermates
(figs. S4 and S5). We observed decreased numbers of thymic and
peripheral CD4* and CD8" T cells from adora2a™~ mice as com-
pared with those of CD8" T cells from adora2a™* mice (figs. $4 and
S5), consistent with our previous observations (10). Note that nei-
ther A2AR deficiency nor ectopic expression of CD127 changed the
proportions of T cells with specific TCR Vf subunit subtypes, sug-
gesting that these genetic modifications did not substantially in-
fluence T cell clonality (fig. S6). Expression of other cytokine
receptors such as IL-4R, IL-15R, and IL-2R in thymocytes from
adora2a”* versus adora2a™~ mice or adora2a**il7r” " Lckil7r
versus adora2a”"il7r/"Lckil7r mice was comparable (fig. S7).
Together, these results suggest that ectopic expression of CD127
rescues A2AR-deficient T cells and neutralizes the tumor-promoting
effects of A2AR deletion.

Adenosine-mediated suppression of CD8" T cell expansion is
reversed by FoxO1 inhibition, downstream of IL-7

To understand the molecular mechanism by which IL-7 rescued
CD8" T cells from adenosine-mediated immunosuppression, we
first replicated our in vivo observations in vitro. The adenosine
analog NECA suppressed CD8" T cell expansion after activation in a
dose-dependent manner, which was reversed by the addition of
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Fig. 2. Ectopic expression of il7r restores IL-7 responsiveness and tumor accumulation of A2AR-deficient T cells. (A to D) adora2a™"il7r*"* versus adora2a™*il7r"’*

littermates as controls (left) or adora2a™"il7r”"Ickil7r versus adora2a**il7r "~

Ickil7r littermates as controls (right) were used to compare CD127 expression in thymocytes

(A), CD127 expression in splenic T cells (B), IL-7 responsiveness of isolated CD8" T cells as calculated by the fold change in T cell numbers as compared to the average of
vehicle-treated group (C), and proportions of CD4" and CD8" T cells from the spleen (D). For (A) to (D), n > 3 mice per group. For (A) to (C), *P < 0.05, **P < 0.01, ***P < 0.001,
and ****P < 0.0001 by two-way ANOVA and post hoc Sidak’s multiple comparisons test. For (D), *P < 0.05 by Student's t test. (E) Growth of B16F10 melanoma tumors. Data
are pooled from two independent experiments, n > 7 mice per group. (F) Proportions of tumor- or spleen-associated CD8*CD44* T cells from adora2a™~il7r”"Ickil7r mice
and adora2a**il7r"Ickil7r littermates. Data in (E) and (F) were analyzed by two-way ANOVA and post hoc Sidak’s multiple comparisons. CD127 intensity: geometric mean
of CD127 expression by flow cytometry.
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IL-7 (Fig. 3A). IL-7 signaling suppresses FoxO1 activities by de-
creasing its expression and boy increasing its inactivation through
the phosphorylation of Ser® (13). FoxO1 activation can control
expansion of T cells (12). Therefore, we investigated the involve-
ment of FoxOl signaling in the adenosine-mediated regulation of
T cell activation. We stimulated CD8" T cells in the presence or
absence of NECA with or without IL-7 and analyzed FoXO1 phos-
phorylation. The abundance of FoxO1 phosphorylated at Ser**® was
decreased in NECA-treated cells compared to that in cells activated
in the absence of NECA, suggesting that adenosine signaling may
sustain FoxO1 activation after T cell stimulation (Fig. 3B). T cell
activation led to increased FoXO1 phosphorylation. The addition of
IL-7 did not further increase the FoxO1 phosphorylation after T cell
activation; however, IL-7 reversed the inhibitory effects of NECA
on FoxO1 phosphorylation (Fig. 3B), suggesting that IL-7 signaling
prevented sustained FoXO1 activation in the presence of adenosine
signaling. FoXO1 inhibition by the cell-permeable and selective
FoxO1 inhibitor, AS1842856, together with NECA treatment not

only completely reversed the suppression of T cell proliferation as
compared with that of cells treated with NECA alone but also sig-
nificantly increased T cell proliferation as compared with that of the
positive control group (anti-CD3/anti-CD28). Inhibition of T cell
proliferation by adenosine signaling was associated with increased
caspase 3/7 activation (Fig. 3D). Adenosine receptor activation to-
gether with FoXO1 inhibition also caused a significant reduction in
caspase activation as compared with that in the control cells (Fig. 3D).
Adenosine signaling through A2AR causes the accumulation of
cyclic adenosine monophosphate (cAMP) to regulate immune re-
sponses (6). Accordingly, stimulation of CD8" T cells with an A2AR
agonist caused the accumulation of cAMP, which was reversed by
the addition of the A2AR antagonist 5-amino-7-[2-(4-fluorosulfonyl)
phenylethyl]-2-(2-furyl)-pryazolo[4,3-¢]-1,2,4-triazolo[1,5-c]
pyrimidine (FSPTP) (Fig. 3E). The addition of the stable cAMP analog,
(8)-adenosine, cyclic 3',5’-(hydrogenphosphorothioate), during
anti-CD3/anti-CD28-dependent activation significantly reduced T cell
proliferation (Fig. 3F). However, when the CD8" T cells were treated
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Fig. 3. IL-7 signaling prevents adenosine-mediated suppression of T cell accumulation in vitro. (A) Naive CD8" T cells were isolated from the spleens of wild-type
mice and stimulated with plate-bound anti-CD3/anti-CD28 (3/28). NECA (0.03 to 3 uM) with or without recombinant murine IL-1 (rmIL-7, 10 ng) were added to the culture
medium before stimulation. Medium was replaced with fresh medium 48 hours after stimulation. T cell accumulation (numbers of cells/ul) was measured by flow cytom-
etry 4 days after cell culture. DMSO was used as a vehicle. n = 4 replicates per group; ***P < 0.001 and ****P < 0.0001 by two-way ANOVA and Tukey's multiple comparisons
test. n.s.: not significant. (B) Isolated naive T cells were stimulated for 15 min with anti-CD3 and anti-CD28 in the presence or absence of T mM NECA and/or IL-17 (10 ng/ml).
The cells were then lysed with RIPA buffer and analyzed by Western blotting with antibodies against for phosphorylated FoxO1 at Ser®*®, total FoxO1, and B-actin as a
loading control. Blots are representative of two independent experiments. (C and D) CD8" T cells were stimulated in the presence or absence of NECA alone or with the
FoxO1 inhibitor (Finh) for 4 days with fresh medium added after 48 hours. (C) The numbers of cells were measured by flow cytometry. (D) Caspase 3/7 activation was
measured by flow cytometry. (E) CD8" T cells were activated with plate-bound anti-CD3 and anti-CD28 for 24 hours and treated with A2AR agonist CGS 21680 (1 mM) in
the absence or presence of various concentrations of the A2A antagonist FSPTP for 10 min. The concentration of cCAMP was measured in the presence of 10 uM rolipram.
(F) CD8™ T cells were stimulated in the presence or absence of stable cCAMP analog cAMP-Sp (cAMP) in the presence or absence of FoxO1 inhibitor. (G) CD8" T cells were
stimulated with anti-CD3/anti-CD28 (3/28) and IL-7 in the presence or absence of NECA alone or with the FoxO1 inhibitor. Cell density was measured after 4 days of cul-
ture by flow cytometry. For (C), (D), (F), and (G), n=4 replicates per group; *P < 0.05, ***P < 0.001, and ****P < 0.001 by one-way ANOVA and post hoc Tukey's test. Results
in all panels are representative of at least two experiments with similar results.
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with both the cAMP analog and the FoXO1 inhibitor, they showed
increased proliferation compared with that of cells stimulated with
anti-CD3/anti-CD28 alone (Fig. 3F). The addition of the FoXO1 in-
hibitor did not further promote T cell proliferation in the presence
of IL-7 alone or with NECA (Fig. 3G). Together, these results sug-
gest that FoxO1 inactivation downstream of IL-7R signaling may be
one of the main pathways that promotes T cell expansion in the
presence of immunosuppressive adenosine.

Expression of adora2a positively correlates with il7r
expression and is associated with increased survival among
patients with melanoma

Our analysis using The Cancer Genome Atlas (TCGA) database
showed that adora2a rather than adora2b positively correlated with
il7r expression in human melanoma samples (Fig. 4A). Increased
expression of il7r was associated with the increased survival of pa-
tients with melanoma (Fig. 4B). Similar to il7r, increased expression
of adora2a was associated with prolonged survival in patients with
melanoma (Fig. 4C), whereas expression of adora2b was associated
with poorer survival (Fig. 4D), indicating an overlap between clini-
cal outcomes and our findings.

DISCUSSION

The evidence presented here suggests that IL-7 signaling regulates
T cell responses to extracellular adenosine. We found that in the
absence of IL-7R expression, signaling by the adenosine receptor
A2AR was protumoral, limiting the infiltration of tumors by CD8"
T cells, NK cells, and monocytes. However, in the presence of IL-7R
signaling, deletion of A2AR promoted tumor growth and limited
T cell accumulation in the tumor. Previously, we observed that
above-threshold TCR signaling due to A2AR deficiency causes a re-
duction in the cell surface abundance of CD127 and reduces T cell
development and maintenance (10). Here, we showed that ectopic
expression of IL-7R reversed the impaired T cell development and

peripheral maintenance due to A2AR deficiency. Ectopic expression
of IL-7R also reversed the protumoral effects of A2AR deficiency. In
vitro, adenosine signaling suppressed T cell activation but sustained
CD127 expression. Adenosine-mediated suppression of T cell pro-
liferation was prevented by the addition of IL-7 or by inhibition of a
downstream target of IL-7, FoxOl. In patients with human melano-
ma, the expression of adora2a and il7r was correlated and associat-
ed with increased survival.

In preclinical settings, IL-7 suppresses tumor growth in several
tumor models, including murine melanoma, by increasing T cell
infiltration and persistence (14, 15). IL-7 increases CD8" T cell in-
filtration in tumors by decreasing T cell exhaustion and increasing
cell renewal capacity. IL-7 also antagonizes the immunosuppres-
sion by myeloid-derived suppressor cells (MDSCs) and regulatory
T (Treg) cells without changing their proliferation (16, 17). Tregs and
MDSCs produce ectonucleotidases that catalyze the dephosphoryl-
ation of ATP to adenosine (4, 18). Adenosine generation by these
cells is viewed as one of the main mechanisms for the suppression
of CD8" T cells. Our data suggest that one of the mechanisms by
which IL-7 can be effective is to maintain activated CD8" T cells
despite the presence of immunosuppressive extracellular adenosine.
In this scenario, adenosine signaling would also support the IL-7
responsiveness of CD8" T cells by sustaining CD127 expression to
obtain this combinatorial effect.

IL-7 is important for the development and peripheral homeosta-
sis of T cells (19). Our previous observations suggested that exces-
sive TCR signaling due to A2AR deficiency causes decreased IL-7R
expression and impaired T cell development and homeostasis
(1, 8). In this study, we provided further evidence that ectopic
expression of the IL-7R can reverse this phenotype. Deletion of
A2AR or ectopic expression of IL-7R in the presence or absence
of A2AR did not change the proportion of T cells with particu-
lar VB chain expression, suggesting that this interaction may
mostly influence T cell maintenance rather than T cell clonality.
However, further research is required to determine whether A2AR
deficiency or inhibition could change
the proportion of thymic T cell clones
and, therefore, the T cell subsets that
recognize tumor neoantigens.

Tumor growth was slower in A2AR/
CD127 co-deficient mice than in CD127-
deficient mice, whereas in A2AR-
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than that in A2AR-proficient mice.
Note that ectopic expression of CD127
in A2AR-deficient mice did not cause
slower tumor growth as compared with
that in littermate controls (il7+ /" Lckil7r),
suggesting that A2AR signaling not only
controls CD127 expression but also in-
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Fig. 4. Expression of CD127 and A2AR is positively correlated and associated with prolonged survival in pa-
tients with human melanoma. (A to D) Gene expression and survival data for the il7r, adora2a, and adora2b genes
among patients with melanoma were downloaded from the TCGA database using the OncoLnc tool. (A) Correlation
between il7r and adora2a or adora2b expression was calculated and graphed by simple linear regression. (B to D) The
survival of high versus low il7r expressors (B), high versus low adora2a expressors (C), and high versus low adora2b
expressors (D) was analyzed by the log-rank (Mantel-Cox test) method and plotted as Kaplan-Meier curves.
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type mice as compared with A2AR-
deficient mice in the presence of IL-7R
signaling. These results, together with
the fact that there are only a few T cells
in CD127-deficient mice, also emphasize
the potential importance of adenosine-
mediated suppression of innate immune
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components as a tumor-promoting mechanism, which is supported by
previous reports (8, 20).

Adenosine receptor signaling is targeted in the clinic by various
methods: blockade of A2AR, A2BR, or both; and blockade or inhi-
bition of ectonucleotidases, such as CD39 and CD73 (5). However,
so far, these approaches have had very limited success, which may
be partially due to the fact that they were tested in heavily pretreated
patients, who are refractory to other therapies. One other potential
challenge for these approaches is choosing the appropriate patient
population. Therefore, a biomarker-driven approach is needed. The
discovery of potential biomarkers depends on a better understanding
of the mechanisms of adenosine-mediated regulation of the im-
mune system. Our previous observations emphasized the impor-
tance of myeloid cells as targets for adenosine-mediated suppression
of antitumor immune responses (8, 21, 22). Accordingly, Fong et al.
(9) identified an adenosine gene signature that consists mainly of
myeloid cell-specific genes. The adenosine gene signature success-
fully predicted responding patient populations to adenosine receptor
blockade in renal cancer (9). A2AR signaling in both hematopoietic
and nonhematopoietic cells also promotes lymphangiogenesis, pro-
moting the disseminations of tumors (23), further suggesting that
the tumor-promoting effects of A2AR signaling may go beyond the
cell-intrinsic effects of adenosine on T cells. On the basis of our
work here and a study indicating that microbiome-derived inosine
increases checkpoint blockade responsiveness through A2AR sig-
naling (24), negative predictors (adora2a and IL-7 signature or
microbiome/growth factor signature) of therapy response can also
be identified to further stratify the correct therapy-responsive pop-
ulations. Our observations that il7r expression is positively correlated
with adora2a expression and that both il7r and adora2a expression
is associated with a favorable outcome in patients with human
melanoma further support this notion and the gene expression
analysis of melanoma tumors by Gide et al. (25), in which adora2a
is listed as one of the genes that predicts checkpoint blockade
responsiveness.

In summary, our work showed that a protumoral metabolic fac-
tor (adenosine) can have anti- or protumoral effects depending on
the cytokine (for example, IL-7) milieu. Therefore, our research
increases our understanding of the interactions between immuno-
suppressive metabolites and different cytokine receptors regulating
FoxOl1 signaling in the TME and peripheral tissues. Other agents
that increase cAMP abundance may interact with cytokine signal-
ing in a similar manner to that discussed here, resulting in
unexpected clinical outcomes for a given therapy. This will help the
development of better strategies to treat cancer and potentially other
immune-related diseases associated with immunosuppressive me-
tabolite accumulation.

MATERIALS AND METHODS

Mice and reagents

B16F10 cells were obtained from the American Type Culture
Collection. Transgenic mice expressing the il7r gene under the
proximal Lck promoter and lacking endogenous il7r expression
(il7r""1ckil7r) were obtained from the Jackson laboratory. The
adora2a™’ mice that was produced by Chen et al. (26) on a mixed
genetic background were backcrossed onto C57BL/6 mice. Six-week-
old C57BL/6], CD45.1, and EGFP* mice were purchased from the
Jackson laboratory, crossed with adora2a™~ mice, and used for

Koyas et al., Sci. Signal. 14, eabb1269 (2021) 16 March 2021

experiments after being acclimated for 2 to 6 weeks. adora2a™'"il7r~
mice, adora2a™"il7r""1ckil7r mice, and littermate controls were
obtained by crossing adora2a™'~ mice with il7r " "Ickil7r mice. Only
littermate controls were used across the study. The antibodies used
in this study for flow cytometry analysis are shown in table S1.

Tumor model

B16F10 cells were cultured in R5F [RPMI 1640 containing 10%
heat-inactivated fetal bovine serum (FBS), 2 mM r-glutamine, 1 mM
sodium pyruvate, penicillin (50 U/ml), and streptomycin (50 mg/ml)].
Tumor cells were injected into mice after reaching 60 to 80% con-
fluence. B16-F10 cells (1 x 10°) in suspension were injected sub-
cutaneously into the mice. Tumor volumes were measured with
digital calipers and were calculated as height x width?/2.

Bone marrow reconstitution

Bone marrow reconstitution of C57BL/6 mice (CD45.2*) with bone
marrow cells from congenic CD45.1* mice and EGF*adora2a™'~
mice was performed as described previously (10). Briefly, 6- to
12-week-old mice were fasted for 24 hours and then lethally irradi-
ated (2 x 600 rads). After the second radiation exposure, a 1:1
mixture of 5 to 10 x 10° bone marrow cells from donor mice
(CD45.1%adora2a™* and CD45.2"EGF*adora2a™") were injected
intravenously. Mice were treated with antibiotics from 3 days be-
fore until 2 weeks after radiation. We injected 1 x 10°> B16F10
melanoma cells subcutaneously into the right flanks 10 weeks after
reconstitution of the bone marrow. Single-cell suspensions from
spleens and tumors were analyzed by cytofluorometry to determine
the proportion of CD44" cells within the CD45.1adora2a™* or
CD45.2"EGF*adora2a™’~ CD8" T cell populations.

Flow cytometry

Tumors were removed and used to prepare single-cell suspensions
by sequential pressing through 100- and 40-pm cell strainers. Cells
were washed and resuspended in R10F medium and counted in a
Z2 Coulter particle counter (Beckman Coulter). Single-cell suspen-
sions were preincubated for 10 min in 100 pl of fluorescence-
activated cell sorting (FACS) buffer [phosphate-buffered saline
(PBS) (pH 7.2), 1% heat-inactivated FBS, and 0.05% NaN3] with
anti-CD16/32 antibodies to block Fc receptors. Each sample tube
received 100 pl of fluorescently labeled antibody mixture and was
incubated for 30 min at 4°C in the dark. After a subsequent wash,
the cells were fixed with Fix/Perm buffer (BD Biosciences) for
15 min in the dark. After a final wash in PBS, cells were resuspended
in 350 ul of FACS buffer and were analyzed with an LSR II flow
cytometer equipped with four lasers and FACSDiva software (BD
Biosciences). Live/dead fixable yellow (Invitrogen) was used to ex-
clude dead cells before analysis. Flow cytometry data were analyzed
with Flow]Jo software (9.0.1 version; Tree Star).

In vitro T cell activation

Tissue culture plates were coated with anti-hamster antibody at
room temperature in PBS for 2 hours. Anti-mouse CD3e, clone
145-2C11 (2 pug/ml), and anti-mouse CD28 clone 37.51 (2 pg/ml)
(both antibodies from Tonbo Biosciences) were added in the pres-
ence or absence of 1 UM NECA (Tocris) or the stable cell-permeable
cAMP analog cAMP-Sp (100 puM, Tocris) with or without the FoXO1
inhibitor AS1842856 (25 nM, Merck Millipore) after blocking the
plate in cell culture medium (RPMI 1640, 10% FBS, 10 mM Hepes,
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1x penicillin/streptomycin, 1x glutamine, 1x Na-pyruvate, and 50 uM
2-mercaptoethanol). Recombinant adenosine deaminase (1 U/ml,
Roche) was added to the culture medium to prevent the effect of
endogenously generated adenosine. Freshly isolated T cells (3 x 10*
cells per well) were added, and plates were centrifuged at 300g using
low brake mode. For some experiments, recombinant mouse IL-7
(10 ng/ml, BioLegend) was added on day 0 and during feeding by
replacing the medium on day 2. To test the effect of ectopic expres-
sion of i[7r on naive T cell survival, the concentrations of IL-7 indi-
cated in the figure legends were added to naive, unstimulated T cell
suspensions using T cells from wild-type mice or adora2a™’~ littermates
as controls or adora2a™~il7r”"1ckil7r versus adora2a™*il7r " Ickil7r
littermates as controls. The responsiveness of naive T cells to IL-7
was measured by the fold difference between the absolute numbers
of T cells compared to vehicle. T cell responses were measured by
flow cytometry using a CytoFLEX flow cytometer and NovoExpress
Software. CellEvent Caspase-3/7 Green ReadyProbes Reagent (Life
Technologies) was used according to the manufacturer’s instruc-
tions to test for caspase activation as a measure of apoptosis in
T cells.

Western blotting

Single-cell suspensions were prepared from mouse spleens, and
CD8" T cells were isolated using a CD8" T cell enrichment kit
(STEMCELL). For Western blotting analysis, 1 x 10° isolated T cells
in cell culture medium were incubated on ice in Eppendorf tubes in
the presence of anti-CD3 and anti-CD28 antibodies for 10 min.
Cross-linking anti-Syrian hamster antibody and NECA or dimethyl
sulfoxide (DMSQ) control was added before the transfer of cells to
37°C for an additional 10 min. After incubation, the cells were cen-
trifuged twice at 4°C and lysed in radioimmunoprecipitation assay
(RIPA) buffer. The BCA Protein Assay (Thermo Scientific) was
used to measure the protein concentrations. Equal amounts of pro-
tein lysates for each treatment group were resolved by SDS-
polyacrylamide gel electrophoresis and transferred to polyvinylidene
difluoride membranes. The membranes were blocked in the pres-
ence of 5% nonfat dry milk or 5% bovine serum albumin (BSA) for
1 hour at room temperature and were incubated with primary anti-
bodies at 4°C overnight. Blots were developed with Clarity Western
ECL substrate (Bio-Rad) after being incubated with horseradish
peroxidase—conjugated secondary antibody, and bands were then
visualized by film developer.

Measurement of intracellular cAMP

Intracellular cAMP concentration was determined on the basis of
the modified protocol from LANCE Ultra cAMP Kit (PerkinElmer).
Briefly, T cells activated in the presence of anti-CD3/anti-CD28 for
24 hours were resuspended in freshly made stimulation buffer (1x
Hanks’ balanced salt solution, 5 mM Hepes, and 0.1% BSA). Cells
were preincubated with 0 to 1000 nM FSPTP at 37°C for 60 min
before the addition of 10 uM Rolipram or 1 uM CGS 21680. After
incubating the cells for 10 min, ice-cold 0.6 M perchloric acid was
added to stop the reaction and to precipitate the protein fraction of
the cells. We then added 2.5 M potassium carbonate to neutralize
the lysate. Clear lysate was obtained by collecting the supernatants
after centrifugation at 12,000¢ for 10 min. Working Eu cAMP tracer
solution and ULight-anti-cAMP solution were added to the super-
natants and incubated for 1 hour at room temperature. Time-
resolved fluorescence energy transfer emission was measured with a
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SpectraMax plate reader using an emission wavelength of 665 nm
and a correction wavelength of 615 nm.

Bioinformatics analysis

Survival and gene expression data were downloaded from the TCGA
database using the OncoLnc tool (www.oncolnc.org). Km plots
were drawn for high expressors (the top 30%) and low expressors
(the bottom 30%) of the patient population. For correlation analy-
sis, linear regression of log-transformed expression values was used
to calculate Pearson’s correlations coefficient (r) value and statisti-
cal significance.

Statistical methods

Data were analyzed by GraphPad Prism Software (version 8.4.3).
For datasets involving two groups, Student’s t tests were performed;
for datasets involving more than two groups, one-way analysis of
variance (ANOVA) was performed; and for samples involving more
than one variable, two-way ANOVA tests were performed. ANOVA
tests also included post hoc multiple comparisons analysis. The choice
of post hoc analysis was determined by whether the comparison
was made between experimental groups and control group or be-
tween all of the groups. For tumor growth experiments, normal
distribution was tested using the Shapiro-Wilk test and two-way
ANOVA test together with post hoc analysis for multiple compari-
sons for each day.

SUPPLEMENTARY MATERIALS
stke.sciencemag.org/cgi/content/full/14/674/eabb1269/DC1

Fig. S1. Adenosine signaling inhibits T cell activation but sustains CD127 expression in vitro.
Fig.52. Cell-intrinsic adenosine signaling is associated with reduced accumulation of CD8" TILs
in tumors.

Fig. S3. A2AR deficiency does not change the proportion of tumor-infiltrating immune cells
after ectopic expression of il7r.

Fig. S4. Ectopic expression of il7r restores the percentage of SP thymocytes in A2AR-deficient mice.
Fig. S5. Ectopic expression of il7r restores the numbers of T cells in the thymus and spleen of
A2AR-deficient mice.

Fig. S6. VP selection of T cells is similar between adora2a
adora2a**il7r”"Ickil7r and adora2a™"il7r”"Ickil7r mice.
Fig. S7. Expression of IL-2R, IL-4R, and IL-15R is similar between adora2a
adora2a**il7r”"Ickil7r and adora2a™"il7r”"Ickil7r mice.

Table S1. Antibodies used for flow cytometry.

*+ and adora2a™~ or

*+ and adora2a™ or

View/request a protocol for this paper from Bio-protocol.
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Averting antitumor immunity

Within the tumor microenvironment, the nucleoside adenosine accumulates and acts through its cell surface receptors
to inhibit the activity of antitumor CD8 T cells. To alleviate this immunosuppression, therapeutics that target either
adenosine production or adenosine receptor signaling are being developed. Koyas et al. showed in mice that the
actions of adenosine on tumor-infiltrating CD8 T cells depended on the milieu within the tumor. In particular, signaling
by the cytokine interleukin-7 (IL-7) counteracted the immunosuppressive effects of adenosine, leading to enhanced
antitumor immunity in a melanoma model. Together, these findings suggest that targeting IL-7 signaling may alleviate
the inhibition of tumor-infiltrating T cells.
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