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Abstract

Extracellular adenosine is a key immunosuppressive metab-
olite that restricts activation of cytotoxic lymphocytes and
impairs antitumor immune responses. Here, we show that
engagement of A2A adenosine receptor (A2AR) acts as a check-
point that limits the maturation of natural killer (NK) cells.
Both global and NK-cell–specific conditional deletion of A2AR
enhanced proportions of terminally mature NK cells at homeo-
stasis, following reconstitution, and in the tumor microenvi-
ronment. Notably, A2AR-deficient, terminally mature NK cells
retained proliferative capacity and exhibited heightened recon-
stitution in competitive transfer assays. Moreover, targeting

A2AR specifically on NK cells also improved tumor control
and delayed tumor initiation. Taken together, our results estab-
lish A2AR-mediated adenosine signaling as an intrinsic nega-
tive regulator of NK-cell maturation and antitumor immune
responses. On the basis of these findings, we propose that
administering A2AR antagonists concurrently with NK cell–
based therapies may heighten therapeutic benefits by augment-
ing NK cell–mediated antitumor immunity.

Significance:Ablating adenosine signaling is found topromote
natural killer cellmaturation and antitumor immunity and reduce
tumor growth. Cancer Res; 78(4); 1003–16. �2017 AACR.

Introduction
Adenosine is a critical immunosuppressivemetabolite, necessary

for protecting against an overzealous immune reaction during
inflammation and tissue damage (1). In response to hypoxia and

extracellular stress, adenosine is generated from ATP by the ecto-
nucleotidase CD39 and CD73 and signals via four G-protein–
coupled adenosine receptors (A1, A2A, A2B, and A3; reviewed by
ref. 2). The high affinity A2A adenosine receptor (A2AR) is highly
expressed on lymphocytes and has been shown to abrogate their
activity. In the tumor microenvironment (TME), adenosine signal-
ing via the A2AR prevents an effective antitumor immune response
by inhibiting the infiltration and function of CD8þ T and natural
killer (NK) cells (3–6). In addition, A2AR signalinghasbeen shown
to inhibit macrophage activation (7) and to affect T-lymphocyte
proliferation, priming, and cytokine production, leading to polar-
ization in favor of immunosuppressive T regulatory cells (8–10). At
homeostasis, A2AR-deficient mice display a reduction of na€�ve
CD44lo CD4þ and CD8þ T cells, suggesting adenosine signaling
is critical for T-cell maintenance (11). However, understanding the
impact of A2AR signaling on NK cells remains limited to reduced
cytotoxicity and cytokine production in response to exogenous
adenosine and adenosine analogues in vitro (4, 12, 13).

Group 1 innate lymphoid cells include bothNK cells and type 1
innate lymphoid cells (ILC1), the latter of which appears to be
more restricted to residing in tissues (14). NK cells are innate
effector lymphocytes critical for rapid recognition of aberrant
transformed or infected cells. Their function is dependent on
engagement of activating or inhibitory receptors present on the
cell surface, which dictates the release of cytotoxic granules and
pro-inflammatory cytokines (14, 15). Functionally distinct NK
cell maturation subsets are distinguished by expression of
CD11b/CD27/KLRG1 and DNAM-1 in mice (16–18) and
CD56/CD16 inhumans (19).Deficiency in anumber of pathways
including IL15 signaling and the transcription factors EOMES,
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GATA-3, AIOLOS, ZEB2, and T-BET prevents the development of
mature NK cells (20–24). However, regulatory pathways that
drive NK cell maturation remain poorly defined. Recently, accu-
mulation of functionally mature NK cells was identified in mice
with FOXO1-deficient NK cells (25). Because of their ability to
generate a fast-acting, antigen-independent host immune
response, NK cells are being increasingly considered for their
therapeutic potential. Identifying pathways that enhance the
accumulation of functionally mature NK cells is of great interest.

Here, we show that deficiency in A2AR signaling enhances
NK-cell maturation at homeostasis, with terminally mature NK
cells displaying increased function and antitumor immunity.
Currently, A2AR antagonists are undergoing clinical trials for
their safety and efficacy in solid tumors either alone or in com-
bination with other immunotherapies (NCT02655822 and
NCT02403193). Based on our findings, the use of A2AR antago-
nists as an adjuvant therapy to potentiate NK cell–based immu-
notherapy efficacy should be considered.

Materials and Methods
Mice

C57BL/6 wild-type (WT) and B6.SJL-PTPRCA (PTPRCA;
CD45.1þ) mice were purchased from Walter and Eliza Hall
Institute for Medical Research or bred in-house at the QIMR
Berghofer Medical Research Institute. C57BL/6 A2AR-deficient
(A2AR.KO) mice (6) and Rag2�/�IL2rg�/� (26) were as previ-
ously described. FloxedA2ARmice (A2ARfl/fl; ref. 11)were crossed
with Ncr1iCre (27) to generate Ncr1iCreA2ARfl/fl (A2ARDNK).
Ncr1WTA2ARfl/fl (A2ARWT), Ncr1iCreA2ARWT/WT (WTDNK), and
Ncr1iCreR26ReYFP (Rosa-YFPDNK) were used as controls. WT and
all gene-targeted strains were used between the ages of 8 and 25
weeks. Groups of 4 to 25 mice per experiment were used for
experimental tumor assays and competitive reconstitutions, to
ensure adequate power to detect biological differences. All experi-
ments were approved by the QIMR Berghofer Medical Research
Institute Animal Ethics Committee.

Tumor cell lines
The C57BL/6 SM1WT1 melanoma cells were derived from the

spontaneously arising BRAFV600E SM1 cell line originally isolated
from a transgenic mouse, and were grown as described (28, 29).
Briefly, SM1WT1 cells were grown in RPMI1640 (Gibco) supple-
mentedwith 10%FCS, 1%Glutamax (Gibco), and 1%penicillin/
streptomycin (Gibco) and maintained at 5% CO2. All cell lines
were routinely tested negative for Mycoplasma using the Lonza
MycoAlertMycoplasmaDetection Kit, but cell line authentication
was not routinely performed.

Antibodies and reagents
50-(N-Ethylcarboxamido)adenosine (NECA), SCH58261

(A2ARi), and PSB1115 (A2BRi) were purchased from Sigma and
used at 1 mmol/L in vitro. NECA was administered in vivo by
intraperitoneal injection at 0.05mg/kg by the schedule indicated.
Purified control Ig (clone 1-1) and anti-asialoGM1 (asGM1) were
given intraperitoneally at 100 mg on day �1, 0, 7, and 14 of
experimental tumor assays.

In vivo tumor models
For primary tumor growth experiments, SM1WT1 (106) cells

were injected subcutaneously into mice in a volume of 100 mL

(day 0). Tumor growthmeasured using digital calipers and tumor
sizes represented as mean � SEM. As indicated, tumors were
excised and mass (in mg) measured for individual mice. For
methylcholanthrene (MCA) carcinogen-induced fibrosarcoma,
male mice of the indicated genotypes were injected subcutane-
ouslywith 300 mgMCA (Sigma) in 100mL dissolved in sterile corn
oil. Fibrosarcoma development wasmonitored for over 200 days.
The percentage of tumor-free mice was determined, tumors were
recorded following aminimumof two consecutivemeasurements
of increasing growth greater than 10 mm2.

Flow cytometry analysis
Tumors, peripheral tissues (spleen, BM, lung, liver), and blood

were harvested from mice of various genotypes as indicated.
Tumors and lungs were minced and digested with 1 mg/mL
collagenase IV (Worthington Biochemical) and 0.02 mg/mL
DNase I (Roche), and homogenized to prepare single cell suspen-
sions. Spleens were homogenized and red blood cells (RBC) lysed
in preparation for flow cytometry. Similarly, RBCs from periph-
eral blood samples were lysed twice in preparation for flow
cytometry. Digested MCA tumor suspensions and homogenized
liver samples, were enriched for lymphocytes using 37.5% Percoll
solution (GE Healthcare) and centrifugation at 690 � g for 12
minutes. For surface staining, tumor-infiltrating leukocytes (TIL)
or immune cell suspensions were stained with monoclonal anti-
bodies against CD45.2 (104), CD45.1 (A20), CD4 (RM4-5),
CD8a (53-6.7), TCRb (H57-597), CD3e (145-2C11), CD19
(6D5), Gr-1 (RB6-8C5), F4/80 (BM8), TCRg/d (GL3), NK1.1
(PK136), NKp46 (29A1.4), CD49a (Ha31/8), CD49b (DX5),
CD11b (M1/70), CD27 (LG.7F9), KLRG1 (2F1/KLRG1), CD73
(TY/23), CD39 (24DMS1), Ly49C/I (5E6), c-kit (2B8), CD3
(OKT3), CD56 (HCD56), and respective isotype antibodies
(eBioscience, BD Biosciences, Biolegend) in the presence of
anti-CD16/32 (2.4G2). 7AAD or Zombie Aqua (Biolegend) was
used to exclude dead cells. Cell number was calculated using BD
Liquid Counting Beads (BDBiosciences) with the count per organ
or per ml of blood shown. Cells were acquired on the BD LSR II
Fortessa (BD Biosciences) and analysis was carried out using
FlowJo (Tree Star).

Cell sorting
Mouse NK cells (7AAD�, TCRb�, NK1.1þ, NKp46þ) were

sorted as a whole population or divided into maturation subsets
based onCD11b andCD27 expression. Prior to antibody staining
and cell sorting,NKcellswere enrichedusing theNKCell Isolation
Kit II and autoMACS Pro Separator (both Miltenyi Biotec). CD4þ

and CD8þ T cells were stained (7AAD�, TCRbþ, CD4þ, or CD8þ,
respectively) and sorted from the autoMACS depleted fraction.
For humanNK cells, peripheral bloodmononuclear cells (PBMC)
were derived and cryopreserved from blood donor buffy coats,
following enrichment by ficol density gradient centrifugation.
Further purificationof cryopreservedPBMCswas performedusing
the human NK Cell Isolation Kit and autoMACS Pro Separator
(both Miltenyi Biotec). Following, human NK cells (7AAD�,
CD3�, CD56þ) were sorted.

Human samples
For healthy human A2AR staining by flow cytometry, PBMCs

were obtained from volunteers with the approval and consent of
the La Jolla Institute Institutional Review Board (protocol
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#VD-057). RBCs were lysed (Biolegend) and remaining cells were
stained with cell surface markers against CD19 (SJ25-C1), CD3
(UCHT1), CD4 (RPA-T4), CD56 (HCD56), NKp46 (9E2; Life
Technologies, BD Biosciences, eBioscience, Biolegend) with Live/
Dead fixable viability stain (Life Technologies). Cells were fixed
(BD Biosciences) and intracellular staining with a monoclonal
antibody against A2AR (7F6-G5-A2; ref. 30) was performed.

The study of gastrointestinal stromal tumors (GIST) patient
specimens (TILs and PBMCs) was undertaken in accordance with
theDeclaration ofHelsinki and approved by the Ethic Committee
(2007-A00923-50) and all patients provided written informed
consent for participation as previously described (31). Antibodies
targeting the following human epitopes were purchased from
Biolegend, CD3 (OKT3), CD56 (N901), eBiosciences CD73
(AD2), CD39 (eBioA1), and BDBiosciences CD14 (M5E2) CD19
(HIB19). Dead cells were excluded using the Live/Dead Fixable
YellowDead Cell Stain Kit (Life Technologies). Cell samples were
acquired on a BDFACSCanto II flow cytometer and data analyzed
with BD FACSDiva software.

In vitro NK-cell culture
Sorted mouse splenic NK cells were labeled with Cell Trace

Violet (CTV; Invitrogen) prior to being seeded in equivalent
numbers between genotypes or treatment groups within the same
experiment in 96-wellUbottomplates (Greiner Bio-One) contain-
ing RPMI1640 supplemented with 10% FCS, 1% non-essential
amino acids (Gibco), 1% sodium pyruvate (Gibco), 10 mmol/L
HEPES, 1% GlutaMAX, 0.1% 2-mercaptoethanol (Gibco), 1%
penicillin/streptomycin in the presence of rIL15/IL15Ra complex
(10 ng/mL; eBioscience) at 5% CO2 for 3 to 4 days. Human NK
cellswere cultivated inRPMI1640 supplementedmedia (described
above) in the presence of IL2 (50 U/mL) for 6 days.

Quantitative real-time PCR
RNA was isolated from sorted splenic NK cells, CD4þ and

CD8þ T cells following the manufacturer's instructions for
RNAzol (Sigma). cDNA synthesis was performed in a 20 mL
reaction containing 500 mmol/L dNTPmix, 500 nmol/L OligodT,
20 U of Ribosafe RNase Inhibitor, and 200 U of Tetro Reverse
Transcriptase (Bioline) at 42�C for 50 minutes. Reactions were
heat inactivated at 85�C for 5minutes, cDNA product was diluted
to 10 ng/mL, and 2 mL of cDNA was subjected to 10 mL real-time
PCR reaction using SensiFAST SYBR Lo-ROX Kit (Bioline) and
primers (IDT) on Applied Biosystems ViiA 7 Real-Time PCR
system. Relative expression of the gene of interest was compared
with the housekeeping gene HPRT using the primer sets detailed
in Supplementary Methods.

NK-cell transfer assays
Sorted splenic NK cells as specified from the indicated geno-

types were mixed at a 50:50 ratio of 105 cells each and were
intravenously injected in to Rag2�/�IL2rg�/� recipients. Flow
cytometry was used to assess reconstitution from serial bleeds
and at endpoint peripheral lymphoid tissues of recipients.

Bone marrow chimeras
Recipient PTPRCA mice received two doses of 550 cGy total

body irradiation, separated by 3 hours to minimize gastrointes-
tinal toxicity. Following,WT and A2AR.KOor A2ARDNK and Rosa-
YFPDNK donor bone marrow was mixed at a 50:50 ratio and

injected intravenously on day 0. Reconstitution was assessed by
flow cytometry from serial bleeds or at endpoint in peripheral
lymphoid tissues of recipients.

RNA-seq
Sorted splenic NK-cell populations differentiated on CD11b

and CD27 expression were acquired. RNA was isolated using the
RNeasy Micro Kit (Qiagen). Sample quality control (RIN > 8.0),
library preparation and sequencing were performed at AGRF
using the Illumina HiSeq2000 platform receiving 20 million
50 bp single-end reads per sample. Sequence reads were aligned
to theMus musculus GRCm38 (MM10) using the gene, transcript,
and exon features model of Ensembl (release 75) using STAR
(version 2.5.2a; ref. 32). Gene expression was estimated using
RSEM (version 1.2.30; ref. 33). Protein coding genes with <5
counts per million in fewer than two samples were removed and
Trimmed mean of M-values (TMM) normalization and differen-
tial gene expression analysis performed using the edgeR package
(34) and has been deposited in the European Nucleotide Archive
(accession no.: PRJEB22631).Differentially expressed genes had a
fold change exceeding 1.5 and a multiple-test corrected (Benja-
mini–Hochberg procedure) false discovery rate of <0.05. RNA-seq
performed on CLP, NKP, ILC1s, and NK-cell populations from
bone marrow, spleen, and liver was previously described (21, 23,
35, 36).

Statistical analysis
Statistical analyses were carried out using GraphPad Prism

software. Significant differences were determined by log-rank
(Mantel–Cox) t test, Mann–Whitney U test, unpaired, and paired
t test as specified. Values of P < 0.05 were considered significant.

Results
A2AR-deficient mice accumulate terminally mature NK cells

To investigate the role of adenosine signaling on mouse NK
cells, we first determined the gene expression of all four adenosine
receptors during NK-cell development. High A2ARmRNA expres-
sion was previously identified on splenic NK cells, compared to
T-cell subsets and tumor cells (37). Using RNA-seq data from
isolated bone marrow (BM) common lymphoid progenitor
(CLP), NK-cell progenitor (NKP), and splenic populations at
different stages of NK cell maturity (defined by CD11b, CD27
and KLRG1), we found that ADORA2A (encoding the A2AR) was
the predominant adenosine receptor encoding gene expressed
(Fig. 1A). Next, we assessed whether A2AR-deficient mice (A2AR.
KO) displayed alterations to NK-cell proportions and numbers.
Consistent with previous reports, NK cells were equivalent
between WT and A2AR.KO mice within spleen, blood, and lung,
with a minor reduction identified in the BM (Fig. 1B; refs. 6, 11).
Liver-derived ILC1s (defined as CD49aþ) and conventional NK
(cNK) cells (CD49bþ) also displayed high ADORA2A (A2AR)
gene expression compared to other adenosine receptors (Supple-
mentary Fig. S1A). Equivalent proportions and numbers of these
cell typeswere identified inWTandA2AR.KOmice at homeostasis
(Supplementary Fig. S1B and S1C), although, ILC1s preferentially
expressed adenosinergic pathway markers, CD73 and CD39
(Supplementary Fig. S1D). Notably, A2AR.KO mice displayed
an increased proportion of terminally mature NK cells
(CD11bþCD27�) and a corresponding reduced fraction of less
mature NK cells (CD11bþCD27þ) within the periphery (Fig. 1C).

Adenosine Impairs Proliferation of Terminal NK Cells
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Figure 1.

A2AR adenosine signaling limits NK-cell maturation. A, RNA was isolated from sorted populations from BM (common lymphoid progenitor, CLP; NK progenitor,
NKP) and spleen (immature, M1, and M2 NK-cell subsets) and subjected to RNA-seq analysis. Reads per kilobase per million (RPKM) mapped to the indicated
genes for the cell populations are shown. RNA-seq data have been previously reported (21, 23, 35, 36). B, Frequency and enumeration of NK cells
(TCRb�NK1.1þNKp46þof CD45.2þ viable cells) fromC57BL/6WTorA2AR.KOmice in the indicated organs (spleen, BM, blood, lung).C, Flow cytometric analysis and
proportions of NK-cell maturation subsets based on CD11b and CD27 expression in the indicated organs (spleen, BM). D and E, Flow cytometric analysis and
proportions of KLRG1þ (D) and Ly49C/Iþ (E) expressing populations from splenic NK cells. Representative histogram comparing expression from individual
A2AR.KO (unshaded histogram) and WT (shaded histogram) mice, isotype control (dashed line). Results are presented as mean � SD from one representative
experiment of four to six mice per group. � , P < 0.05; ��� , P < 0.001; ���� , P < 0.0001 determined by unpaired t test.
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Similarly, an accumulation of NK cells expressing the maturation
markers KLRG1 and Ly49C/I was also identified (Fig. 1D and E).
This may indicate that A2AR adenosine signaling negatively
regulates the transition from CD11bþCD27þ to terminally
mature CD11bþCD27� NK cells, but not early-stage develop-
mental processes, at homeostasis.

A2AR adenosine signaling limits NK-cell proliferation
Next, we wanted to assess whether NK-cell proliferation was

altered in response to adenosine signaling. Sorted NK cells
(TCRb�NK1.1þNKp46þ) stimulated in vitro with rIL-15/IL-
15Ra displayed reduced proliferation in response to the non-
selective adenosine agonist NECA (Fig. 2A). A2AR, but not
A2BR, antagonism or A2AR gene-deficiency rescued NK-cell
proliferative capacity inhibited by NECA (Fig. 2A and B). We
then compared the proliferation of splenic A2AR-deficient
(CD45.2þ) NK cells in competition at a 50:50 ratio with
congenic PTPRCA WT (CD45.1þ) NK cells. Interestingly, when
transferred into a Rag2�/�IL2rg�/� recipient, A2AR-deficient
NK cells displayed greater reconstitution than PTPRCA WT NK
cells (Fig. 2C and D). As A2AR.KO mice possess higher pro-
portions of terminally mature NK cells (CD11bþCD27�),
which display limited proliferation (16), it was expected that
their proliferative capacity would be diminished, but this was
not the case.

Next we assessed the competitive proliferation of BM-derived
NK cells from PTPRCA WT (CD45.1þ) or A2AR.KO (CD45.2þ)
mice transferred at a 50:50 ratio (Supplementary Fig. S2). Fol-
lowing 14 weeks of reconstitution, A2AR.KO NK cells displayed
enhanced proportions within the periphery (Fig. 2E). As seen at
homeostasis, phenotypically A2AR-deficient NK cells also dis-
played a higher proportion of terminallymature NK cells, defined
by CD11bþCD27�, KLRG1þ, and Ly49C/Iþ, than PTPRCA NK
cells within the same recipient (Fig. 2F–H).

Together, this indicates that A2AR adenosine signaling impacts
NK-cell proliferation and limits NK-cell maturation at both
homeostasis and within a competitive setting.

Terminally mature A2AR-deficient NK cells retain proliferative
capacity

Next, we determined differences in the transcriptional regu-
lation of CD11bþCD27� NK cells from either C57BL/6 WT
or A2AR.KO mice. Notably, CD11bþCD27� NK cells from
A2AR.KO mice displayed differential expression of genes relat-
ed to cell survival and replication, cell signaling and differen-
tiation, and metabolic processes (Fig. 3A). Consistent with
these features, in response to rIL15/IL15Ra stimulation,
CD11bþCD27� A2AR.KO NK cells continue to proliferate
(Fig. 3B). Additionally, when competitively transferred at a
50:50 ratio into Rag2�/�IL2rg�/� recipients, A2AR.KO CD11bþ

CD27� NK cells displayed greater reconstitution in comparison
to PTPRCA WT CD11bþCD27� NK cells (Fig. 3C).

NK-cell–specific deletion of the A2AR maintains enhanced
NK-cell maturation and competitive reconstitution

We next generated a NK-cell–specific A2AR-deficient mouse by
crossing the Ncr1iCre (DNK) mice in which the gene encoding the
improved Cre (iCre) recombinase was inserted into the Nkp46
locus (27) with A2AR floxedmice (11). We first validated that NK
cells isolated from A2ARDNK mice displayed reduced ADORA2A
gene expression (Fig. 4A). In comparison to littermate controls,

mice with A2AR-deficient NK cells (A2ARDNK) displayed a mild,
but significant, decrease in cell numbers and proportions of NK
cells within the spleen and BM, but not blood and lung (Fig. 4B).
We next looked atwhether alterations toNK cellmaturationwere
maintained when the A2AR-deficiency was exclusive to NK cells.
Notably, in comparison to mice carrying either cre (WTDNK) or
floxed (A2ARWT) alleles alone, A2ARDNK mice displayed signif-
icantly increased proportions of maturation markers such as
Ly49C/Iþ, KLRG1þ and CD11bþCD27� NK cell subsets and
decreased c-kitþNK cells (Fig. 4C).We examined c-kit expression
as it is an alternate maturation marker downregulated in our
RNA-seq analysis; however, it has also previously been shown to
relate to a proportion ofNK cells that show an inability to control
tumor (38).

We next compared the reconstitution of BM-derived NK cells
from A2ARDNK or Ncr1iCre R26ReYFP (Rosa-YFPDNK) control mice
transferred at a 50:50 ratio into a PTPRCA (CD45.1þ) recipient
(Supplementary Fig. S3). Following 14 weeks of reconstitution,
NK cells fromA2ARDNKmice displayed significantly higher recon-
stitution within multiple organs from recipients (Fig. 4D). In
addition, reconstituted NK cells from A2ARDNK mice retained a
higher proportion of mature NK cells (KLRG1þ, CD11bþCD27�)
compared to the competing Rosa-YFPDNK NK cells from the same
recipient (Fig. 4E).

Collectively these data indicated that the effect of global loss of
host A2AR on NK-cell terminal differentiation and proliferation
was intrinsic to NK cells.

A2AR-deficient NK cells improve tumor control and reduce
tumor initiation

As adenosine is a critical immunosuppressive metabolite
increased within the tumor microenvironment, we wanted to
assess whether adenosine signaling by the A2AR on NK cells was
able to impact tumor control. To assess this we utilized the
transplantable SM1WT1 BRAF-mutant melanoma, for which
A2AR-deficient mice display improved tumor control (6).
SM1WT1-tumor-bearing mice display high levels of NK-cell infil-
tration (�10%) equivalent to other lymphocyte populations such
as CD4þ and CD8þ T cells during early phases of tumor growth
(6). Here, we identified that A2ARDNK mice displayed reduced
tumor growth and this was NK-cell dependent (Fig. 5A and B).
Interrogating TILs at endpoint revealed no changes to proportions
of lymphocytes; however, a significant reduction in CD11bþ

Gr-1hi myeloid cells was observed (Supplementary Fig. S4A). It
is difficult to assess whether this a direct effect of A2AR-defi-
ciency on NK cells or due to the reduction in tumor size that
may lead to a less suppressive tumor microenvironment. In
comparison to splenic NK cells, tumor-infiltrating NK cells have
increased CD73 expression, and this was not altered by A2AR-
deficiency (Fig. 5C; Supplementary Fig. S4B). In contrast, CD39
was increased within the tumor microenvironment of A2ARDNK

mice alongside CD11bþCD27� NK cells, with a reduction in
both CD11bþCD27þ and c-kitþ expressing NK-cell populations
(Fig. 5D and E).

Using the de novo carcinogenesis MCA-induced fibrosarcoma
model, we assessed whether tumor initiation was impeded in
A2ARDNK mice. Previously, NK cells have been shown to control
MCA-induced fibrosarcoma development (39). Preventing
host A2AR adenosine signaling has also been shown to limit
tumor development (6, 40). Interestingly, targeting the A2AR
specifically onNK cells provided protection againstMCA-induced
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Figure 2.

Adenosine inhibits NK-cell proliferation.A, SortedWT splenic NK cells labeledwith CTVwere cultured for 4 days in vitro in rIL15/IL15Ra (10 ng/mL) in the presence of
vehicle (DMSO), A2ARi (SCH58261, 1 mmol/L), A2BRi (PSB1115, 1 mmol/L), or NECA (1 mmol/L) as specified. B, C57BL/6 WT or A2AR.KO-sorted splenic NK cells
labeled with CTV were cultured for 4 days in vitro in rIL15/IL15Ra (10 ng/mL) in the presence of vehicle (DMSO) or NECA (1 mmol/L). C, Sorted splenic PTPRCA
(CD45.1þ) orA2AR.KO (CD45.2þ)NK cellsweremixed at a 50:50 ratio and injected intoRag2�/�IL2rg�/� recipients. Proportions of reconstitutedNKcells in theblood
were assessed by flow cytometry at the indicated time-points and are presented as median� SD. D, As in C, the proportion and number of reconstituted NK cells in
the spleen was assessed by flow cytometry after 14 weeks. E, Competitive bone marrow chimeras at a 50:50 ratio of PTPRCA (CD45.1þ) and A2AR.KO (CD45.2þ)
donor NK cells were injected into PTPRCA recipients. Proportions of reconstituted NK cells were assessed by flow cytometry after 14 weeks in the indicated
organs (spleen, BM, blood, lung). Comparison of statistical significance between PTPRCA and A2AR.KO reconstitution in each organ is shown. F–H, As in E, flow
cytometric analysis of maturation markers CD11b and CD27 (F), KLRG1 (G), and Ly49C/I (H) expression from donor PTPRCA (CD45.1þ) and A2AR.KO (CD45.2þ)
NK cells were compared from the same recipient. Results shown are from one representative biological replicate (A and B), two representative donor pairs
reconstituting nine recipients (C and D), and two representative donor pairs reconstituting seven to nine recipients (E–H). Data are presented as mean� SD unless
indicated. ��� , P < 0.001; ���� , P < 0.0001 determined by unpaired t test (C–E) and paired t test (F–H) from donor NK cells isolated from a shared recipient.
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tumorigenesis (Fig. 5F). Similarly to SM1WT1 tumors, interro-
gating MCA fibrosarcoma-infiltrating leukocytes also revealed
decreased c-kit and increased CD39 expression on NK cells
isolated from A2ARDNK mice (Fig. 5G).

Thefindings indicate that preventing A2ARadenosine signaling
specifically in NK cells provides protection against tumor initia-
tion and development. Consistent with homeostasis, A2AR-defi-
cient NK cells also display enhanced maturation and differenti-
ation within the tumor microenvironment.

Exogenous adenosine modulates maturation and
adenosinergic pathway mediators in NK cells

As loss of A2AR adenosine signaling enhanced NK-cell matu-
ration, we next determinedwhether exogenous adenosine elicited
opposing effects. Following administration of NECA to mice, the

proportions of mature NK cells, defined as CD11bþKLRG1þ,
were significantly reduced, with a reciprocal increase in
CD11bþKLRG1� NK cells (Fig. 6A). These changes further high-
light the intrinsic role of A2AR adenosine signaling as a negative
regulator of NK-cell maturation. In addition, NECA administra-
tion also modulated the expression of key enzymes within the
adenosinergic pathway, resulting in decreased CD39 and
increased CD73 expression on NK cells (Fig. 6B and C).
Notably, when we treated A2ARDNK mice with NECA changes
to maturation markers were not observed, indicating that these
alterations were directly due to engagement of the A2AR on NK
cells (Fig. 6D and E).

As CD39 expression was altered in both A2AR-deficient NK
cells from the tumor microenvironment and in response to
adenosine,wewanted to further interrogatewhichNK-cell subsets

Figure 3.

Terminally mature A2AR-deficient NK cells maintain improved DNA replication and proliferative capacity. A, RNA was isolated from CD11bþCD27� splenic NK
cells from C57BL/6 WT or A2AR.KO mice and RNA-seq performed. Heatmaps of differentially expressed candidate genes within different biological functional
groups as compared between WT and A2AR.KO mice for CD11bþCD27� NK cells. B, Maturation subsets isolated from C57BL/6 wild type (shaded histogram) and
A2AR.KO (unshaded histogram) mice were stimulated with rIL15/IL15Ra (10 ng/mL) and profileration after 4 days assessed by flow cytometry. C, Sorted
splenic CD11bþCD27� NK cells isolated from PTPRCA (CD45.1þ) and A2AR.KO (CD45.2þ) mice were mixed at a 50:50 ratio and injected into Rag2�/�IL2rg�/�

recipients. Reconstitution was assessed by flow cytometry after 14 weeks. Results presented as mean � SD. ��� , P < 0.001 determined by unpaired t test.
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express CD39. Notably, when we divided NK cells based on the
expressionofCD11b andCD27maturationmarkerswe identified
increasing proportions of CD39þ expressing NK cells with mat-
uration (Fig. 6F). We then assessed whether CD39 was altered on
A2AR-deficient NK cells, and found that the proportions of
CD39þ NK cells were significantly increased (Fig. 6G).

A2AR antagonism modulates proportions of CD56dim human
NK cells

As adenosine signaling on mouse NK cells appears to mod-
ulate maturation and the expression of enzymes that impact
adenosine production, we next looked at whether human NK
cells were impacted by adenosine signaling. We first assessed

Figure 4.

NK-cell–specific A2AR-deletionmaintains enhancedNK-cell maturation and proliferation.A, RNA from sorted splenic NK, CD4þ, and CD8þ T cellswas extracted and
relative ADORA2A gene expression was measured by RT-PCR as compared with HPRT housekeeping gene from six biological replicates for each genotype
Ncr1WTA2ARfl/fl (A2ARWT) and Ncr1iCreA2ARfl/fl (A2ARDNK). B, Frequency and enumeration of NK cells (TCRb�NK1.1þNKp46þ of CD45.2þ viable cells) from A2ARWT

or A2ARDNK mice in the indicated organs (spleen, BM, blood, lung). C, Maturation markers including CD11b and CD27, Ly49C/Iþ, KLRG1þ, and c-kitþ were
assessed for alteration in Ncr1iCreA2ARWT/WT (WTDNK), Ncr1WTA2ARfl/fl (A2ARWT), and Ncr1iCreA2ARfl/fl (A2ARDNK). D, Competitive bone marrow chimeras at
a 50:50 ratio of Ncr1iCreR26ReYFP (Rosa-YFPDNK) and Ncr1iCreA2ARfl/fl (A2ARDNK) donor NK cells were injected into PTPRCA recipients. Proportions of reconstituted
NK cells were assessed by flow cytometry after 14 weeks in the indicated organs (spleen, BM, blood, lung). Comparison of statistical significance between
Rosa-YFPDNK and A2ARDNK reconstitution in each organ is shown. E,As inD, flow cytometric analysis of maturationmarkers KLRG1, and CD11b and CD27 expression
from donor Rosa-YFPDNK and A2ARDNK NK cells were compared from the same recipient. Representative histogram comparing KLRG1 expression from
A2ARDNK (unshaded histogram) andRosa-YFPDNK (shaded histogram)NK cells from the same recipientmice. Results shown are fromone representative experiment
of five to seven mice per genotype as indicated (B and C) and two representative donor pairs reconstituting nine recipients (D and E). Data are presented
as mean � SD. � , P < 0.05; �� , P < 0.01; ��� , P < 0.001; ���� , P < 0.0001 determined by unpaired t test (A–D) and paired t test (E) from donor NK cells isolated from
a shared recipient.
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Figure 5.

A2AR-deficient NK cells improve tumor control. A, Growth of subcutaneous SM1WT1 tumor in Ncr1iCreA2ARWT/WT (WTDNK) and Ncr1iCreA2ARfl/fl (A2ARDNK)
presented as mean � SEM from five to six mice and statistical significance determined on day 23. Tumors were excised on day 24 and mass measured.
B, SM1WT1 tumor growth inNcr1iCreA2ARWT/WT (WTDNK) andNcr1iCreA2ARfl/fl (A2ARDNK)mice depleted of NK cells by treatment with anti-asGM1 (100 mg i.p.) on day
�1, 0, 7, and 14; tumor sizes are presented as means � SEM from six to seven mice and statistical significance determined on day 24. C, Flow cytometric
analysis of CD73 expression on NK cells isolated from spleen and tumor of C57BL/6 wild type mice at day 24 of SM1WT1 tumor growth. Representative
histogram comparing CD73 expression (unshaded histogram) in tumor and spleen, isotype control (shaded histogram). D, Flow cytometric analysis and
proportions of CD39-expressing NK cells isolated from SM1WT1 tumors at day 24 grown in seven to eight individual mice from the indicated genotypes.
Representative histogram comparing CD39 expression from individual A2ARDNK (unshaded histogram) and WTDNK (shaded histogram) mice, isotype control
(dashed line). E, Proportions of CD11b and CD27, and c-kitþ NK cells from day 24 SM1WT1 tumors grown in seven to eight individual mice from the indicated
genotypes. F, Percentage of tumor-free Ncr1iCreA2ARWT/WT (WTDNK) or Ncr1iCreA2ARfl/fl (A2ARDNK) following inoculation with MCA. G, Representative
histogram comparing c-kit and CD39 expression from endpoint tumors (greater than 100 mm2) harvested on the same day from A2ARDNK mice (unshaded
histogram) and WTDNK (shaded histogram) mice, isotype control (dashed line). Results shown are from one representative experiment (A, C–E, and G), one
experiment (B), and two pooled experiments of 25–35 mice (F). Data are presented as mean � SD unless otherwise indicated. �� , P < 0.01; ��� , P < 0.001
determined by unpaired t test (A, C, and D) and log-rank (Mantel–Cox) test (E).
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Figure 6.

Adenosine decreases NK-cell maturation and increases CD73 expression. A, C57BL/6 WT mice were treated with vehicle (DMSO) or NECA (0.05 mg/kg)
injected intraperitoneally for 7 days. Flow cytometric analysis and proportions of NK-cell maturation subsets based on CD11b and KLRG1 expression in the spleen.
B and C, As above in A, flow cytometric analysis and proportions of (B) CD39 and (C) CD73 expression on splenic NK cells. Representative histograms
comparingNECA-treated (unshaded histogram) and vehicle-treated (shaded histogram)mice.D,A2ARWT andA2ARDNKmicewere treatedwithNECA (0.05mg/kg)
for 5 days. Proportions of CD11b and KLRG1 or CD39þ splenic NK cells were determined by flow cytometry. E,As above inD, representative histograms comparing c-
kit expression on splenic NK cells from A2ARWT or A2ARDNK mice treated with NECA (unshaded histogram) or vehicle (shaded histogram), isotype control (dashed
line). F, Representative histograms of CD39 expression on splenic NK-cell maturation subsets defined by CD11b and CD27. G, Flow cytometric analysis and
proportions of CD39þ expressing populations from splenic NK cells. Representative histogram comparing CD39 expression from individual A2AR.KO (unshaded
histogram) and WT (shaded histogram) mice, isotype control (dashed line). Results shown are from one representative experiment of four to seven mice
per group. Data are presented as mean � SD. � , P < 0.05; ��, P < 0.01; ���� , P < 0.0001 determined by unpaired t test.
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the gene expression of adenosine receptors present in NK cells
(CD3�CD56þ) isolated from human peripheral blood. The
ADORA2A (A2AR) transcript was the predominant adenosine
receptor expressed by human NK cells (Fig. 7A). Next, we
assessed A2AR protein expression on human CD56bright and
CD56dim NK cells isolated from the blood, compared to resting
T cells. Notably, CD56dim NK cells displayed significantly
higher levels of A2AR compared to both T cells and CD56bright

NK-cell subsets (Fig. 7B). We then cultured human NK cells in
the presence of IL2 alongside an A2AR inhibitor for 6 days.
Interestingly, the proportion of CD56bright NK cells was reduced
and a consequent increase in CD56dim NK cells apparent
(Fig. 7C). In humans, CD56bright NK cells differentiate into
CD56dim mature NK cells (19). Similar to the changes observed
within mice, mature human NK cells accumulate following
A2AR inhibition, indicative that eliminating this pathway fur-
ther promotes the development of functionally mature NK
cells. Finally, we assessed the expression of CD73 and CD39
on human NK cells infiltrating into GIST, for which NK cells
have been shown to be an important predictor of therapeutic
response (41, 42). Notably, CD73 and CD39 levels were
significantly increased in GIST TILs comparatively to PBMCs
isolated from GIST patients (Fig. 7D). This indicates that the
adenosinergic pathway may be active to suppress NK-cell
surveillance in cancer patients.

Discussion
Adenosine is emerging as a prominent immunotherapeutic

target for use alone or as a combinatorial partner to front-line
immune checkpoint blockade in the treatment of cancer. Due
to the broad distribution of A2AR across multiple cell subsets
(2), careful consideration of the therapeutic effects of A2AR
antagonism on each cell type is required. In this study,
we showed that global and conditional deletion of the A2AR
on NK cells modulated NK-cell maturation at homeostasis,
post-reconstitution, and within the tumor microenvironment.
A2AR-deficient NK cells, particularly terminally mature
CD11bþCD27� NK cells, were also afforded a proliferative
advantage. Importantly, although tumor-derived A2AR-defi-
cient NK cells display enhanced maturation, they also provided
protection against tumor development.

Clinical interest in NK-cell–based cancer immunotherapies has
increased due to recognition of their active role in tumor immu-
nosurveillance. Transfer of autologous or allogeneic NK cells as
well as targeting immunosuppressive receptors and metabolites
that impedeNK-cell activation and tumor cell killing are currently
being investigated (15, 43). Transferred NK cells require co-
administration of cytokines (such as IL2 or IL15) to support
expansion (44). However, IL2 also drives polarization of T reg-
ulatory cells, which produce soluble factors (including adeno-
sine) that suppress NK-cell activity (45). A2AR antagonism may

Figure 7.

A2AR inhibition reduces the proportion of CD56 bright NK cells. A, RNA from sorted human peripheral blood NK cells (CD3�CD56þ) was extracted and
relative adenosine receptor gene expressionwasmeasured comparedwith theHPRT housekeepinggene from three biological replicates.B, Flow cytometric analysis
and proportions of A2AR expression in CD56bright and CD56dim NK cells was determined from five healthy subjects. Representative histogram comparing
A2AR expression in CD56bright andCD56dimNK-cell subsets (unshaded histogram) comparedwith conventional T cells (shaded histogram).C, Sorted humanNK cells
were cultured for 6 days in vitro in IL2 (50 U/mL) in the presence of vehicle (DMSO) or A2ARi (SCH58261, 1 mmol/L) as specified. D, Proportions of CD73
andCD39expression inNKcells (CD3�CD56þ) assessedby flowcytometry fromPBMCs and TILs isolated fromGIST patients. Results shownare fromone experiment
of five subjects (B) and one representative experiment (C). Data are presented as mean � SD. � , P < 0.05; �� , P < 0.01; ���� , P < 0.0001 determined
by unpaired t test (B and C) and Mann–Whitney U test (D).
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promote the proliferation of functionally mature NK cells, with-
out expansion of T regulatory cells. In addition, A2AR antagonism
also facilitates improved infiltration of NK cells into solid tumor
microenvironments and promotes expression of the cytolytic
granule granzyme B (4, 37, 46). Often, adoptively-transferred NK
cells persist within the circulation, however, their cytotoxic capac-
ity is limited in patients, due to an unknown mechanism (47).
Adenosine is a potent inhibitor of NK-cell cytotoxicity and cyto-
kine production (4, 12, 13, 48). Furthermore, NK cells were
critical for the therapeutic efficacy of respiratory hyperoxia treat-
ment, which is also A2AR-dependent (49). Similarly, hypoxia
enhances adenosine production, dampens NK-cell cyolytic activ-
ity and expression of essential activating receptors including
NKG2D (50). Downregulation of NKG2D is apparent on NK
cells isolated from patients following autologous NK-cell transfer
(47), suggesting this suppressive mechanism may contribute to
their ineffectual antitumor activity. Therefore, A2AR antagonism
may potentiate the therapeutic efficacy of NK-cell–based thera-
peutic regimens.

Alongside direct enhancement of NK-cell function by genet-
ically or therapeutically targeting the A2AR, limiting A2AR
adenosine signaling on other cell subsets also indirectly pro-
motes a favorable tumor microenvironment for NK-cell activ-
ity. Compared to A2AR-deficient NK cells, myeloid-specific
A2AR deletion also provides improved tumor control and
facilitates NK-cell activation by indirect mechanisms (7). In
the absence of A2AR signaling, tumor-derived myeloid cells
display reduced production of immunosuppressive IL10, lead-
ing to enhanced infiltration and antitumor activity of CD8þ T
cells and NK cells (7). In contrast, conditional A2AR deletion
activates T cells, but in some instances, can also promote tumor
growth by inhibiting T-cell maintenance and memory specif-
ically within the tumor microenvironment (46). However,
these effects may be tumor and dose dependent as in some
tumor models global A2AR deletion, siRNA-induced reduction
of the A2AR on T cells and therapeutic competitive receptor
antagonism have been shown to demonstrate antitumor
efficacy by T-cell–dependent mechanisms (3, 6, 37, 51).
Furthermore, blockade of A2AR adenosine signaling inhibits
T regulatory cell polarization, limiting T regulatory cell-medi-
ated immunosuppression (9). Exploring therapeutic options
that target A2AR signaling irreversibly in NK and myeloid cells,
and partially on T cells may provide the greatest therapeutic
protection.

Certain tumor types express high levels of CD39 and CD73,
with tumor-derived adenosine able to markedly reduce NK-cell–
mediated killing capacity (52). In this study, we showed that both
the tumor microenvironment and exogenous adenosine
enhanced NK cell expression of CD73, providing a potential
self-intrinsic regulatory mechanism. Although CD73 expression
on human NK cells isolated from peripheral blood is limited, it is
increased in the presence of immunosuppressive mesenchymal
stem cells (48). Similarly, TGFb signaling in splenic NK cells
enhanced CD73 expression (53). Others and we identified that
ILC1s predominantly express CD73 in comparison to cNK cells
(53). Furthermore, ILC1s and terminally mature NK cells highly
express CD39, indicating that the adenosinergic pathway may be
particularly active in regulating these cell types. Previously,
CD39 expression onNK cells has been associated to co-regulation
by T-BET and ZEB2 transcription factors during alternate stages of
NK-cellmaturation (24).We showed that A2AR-deficient NK cells

heighten CD39 expression at homeostasis and in the tumor;
however, whether this is a consequence of inferior adenosine
signaling or solely a marker of NK-cell maturation has yet to be
determined.

A2AR antagonism promoted the accumulation of human
highly cytotoxic CD56dim NK cells in vitro. Notably, the tran-
scriptional profile of A2AR-deficient CD11bþCD27� NK cells
resembled the differential expression of key molecules (such as
CXCR3, CX3CR1, IL18R, and KIT) preferentially expressed on
CD56dim compared to CD56bright human NK cells (54, 55).
Previously, KIT expressing NK cells, induced by IL18 signaling,
have been shown to be detrimental to tumor control (38).
A2AR-deficient terminally mature NK cells displayed decreased
IL18R1 and KIT gene expression. Correspondingly, reduced
proportions of KITþ NK cells were identified within the tumor
microenvironment and in response to exogenous adenosine
stimulus. Therefore, ablated A2AR adenosine signaling
improves the quality and antitumor activity of NK cells infil-
trating into the tumor microenvironment.

In summary, adenosine restricts NK-cell function and immune
protection against tumor development. A2AR-engagement pro-
vides a checkpoint that negatively regulates the development of
functionally mature NK cells. Because of the clinical use and
excellent safety profiles of A2AR antagonists, targeting A2AR
adenosine signaling in conjuction with NK-cell–based immu-
notherapies should be interrogated to determine whether this
combinatorial strategy improves therapeutic efficacy.
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