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ABSTRACT
◥

Natural killer (NK) cell protection from tumor metastases is a
critical feature of the host immune response to cancer, but
various immunosuppression mechanisms limit NK cell effector
function. The ectoenzyme, CD39, expressed on tumor-
infiltrating myeloid cells, granulocytes, and lymphocytes, includ-
ing NK cells, converts extracellular ATP (eATP) into AMP and,
thus, potentially suppresses eATP-mediated proinflammatory
responses. A CD39-targeting monoclonal antibody (mAb) that
inhibits the mouse ectoenzyme CD39 suppressed experimental
and spontaneous metastases in a number of different tumor
models and displayed superior antimetastatic activity compared
with the CD39 inhibitor POM1 and inhibitors and mAbs that
block other members of the adenosinergic family (e.g., A2AR and
CD73). The antimetastatic activity of anti-CD39 was NK cell
and IFNg dependent, and anti-CD39 enhanced the percentage

and quantity of IFNg produced and CD107a expression in lung-
infiltrating NK cells following tumor challenge and anti-CD39
therapy. Using conditional Cd39 gene–targeted mouse strains
and adoptive NK cell transfers, we showed that CD39 expressed
on bone marrow–derived myeloid cells was essential for anti-
CD390s antimetastatic activity, but NK cell expression of CD39
was not critical. The eATP receptor P2X7 and the NALP3
inflammasome, including downstream IL18, were critical in
the mechanism of action of anti-CD39, and the frequency of
P2X7 and CD39 coexpressing lung alveolar macrophages was
specifically reduced 1 day after anti-CD39 therapy. The data
provide a mechanism of action involving NK cells and myeloid
cells, and anti-CD39 combined with anti–PD-1, NK cell–
activating cytokines IL15 or IL2, or an inhibitor of A2AR to
effectively suppress tumor metastases.

Introduction
The metastatic spread of cancer cells to distant anatomic loca-

tions is a prominent cause of cancer-related death. Metastasis is
governed by cancer cell–intrinsic mechanisms, but also by micro-
environmental and systemic processes, such as immunosurveil-
lance (1). Natural killer (NK) cells play a key role in the control
of metastatic dissemination, but the molecules that regulate NK cell
antimetastatic activity have not been fully elucidated (1). The cell-
surface ectoenzymes CD73 and CD39 are expressed on different
immune cell populations and cancer cells and are responsible for
regulating the balance between the proinflammatory extracellular
ATP (eATP) and immunosuppressive extracellular adenosine in the
tumor microenvironment (TME; ref. 2). Cancer can lead to release
of high amounts of eATP through a variety of mechanisms,

including cell destruction (3), and hypoxia upregulates CD39 and
CD73 (2). CD39 is a membrane-bound extracellular ectoenzyme
that promotes immunosuppression by degrading adenosine tri-
phosphate (ATP) into AMP, which is then converted to adenosine
by CD73 (4). Extracellular ATP acts as a proinflammatory stimulus
by agonizing P2 purinergic receptors on immune cells (5), and
purinergic signaling is an important component of peripheral
immune regulation (6). By signaling through purinergic receptors
on immune cells, eATP functions as a danger-associated molecular
pattern (DAMP) to promote innate and adaptive immune
responses (3, 6). However, during inflammation, eATP is rapidly
dephosphorylated by ectonucleotidases (largely CD39 and CD73),
resulting in the formation of high amounts of immunosuppressive
extracellular adenosine within the TME (4).

The adenosinergic pathway has been shown to regulate metas-
tasis with roles for host CD73, adenosine 2A receptor (A2AR), and
CD39 using gene-targeted mice (7–10). Therapeutic targeting of
experimental and spontaneous metastases with small-molecule
inhibitors of A2AR and CD39 has also revealed the importance of
NK cells in the mechanism of action of these agents (8–11).
Nevertheless, a direct role for CD39 expressed on NK cells has
not been demonstrated in tumor metastasis. We previously devel-
oped a unique anti-mouse CD39 that inhibits CD39 ectoenzyme
activity and was more effective compared with other agents target-
ing molecules in the adenosinergic pathway (12). Here, we describe
its potent antimetastatic activity and identified the mechanism
of action as being mediated via host myeloid CD39 and the eATP
(P2X7)-inflammasome pathway, including downstream IL18
and NK cell effector function and IFNg . We eliminated a role for
NK cell–expressed CD39 in this activity and demonstrated the
combined activity of anti-CD39 with other NK cell–activating
immunotherapies.

1Cancer Immunoregulation and Immunotherapy Laboratory, QIMR Berghofer
Medical Research Institute, Herston, Queensland, Australia. 2Immunology in
Cancer and Infection Laboratory, QIMR Berghofer Medical Research Institute,
Herston, Queensland, Australia. 3Departments of Medicine and Anesthesia, Beth
Israel Deaconess Medical Center, Boston, Massachusetts. 4Tizona Therapeutics,
San Francisco, California.

Note: Supplementary data for this article are available at Cancer Immunology
Research Online (http://cancerimmunolres.aacrjournals.org/).

J. Yan and X.-Y Li contributed equally to this article.

Corresponding Author: Mark J. Smyth, QIMR Berghofer Medical Research
Institute, 300 Herston Road, Herston, Queensland 4006, Australia. Phone: 61-
7-3845-3957; Fax: 61-7-3362-0111; E-mail: Mark.Smyth@qimrberghofer.edu.au

Cancer Immunol Res 2020;8:356–67

doi: 10.1158/2326-6066.CIR-19-0749

�2020 American Association for Cancer Research.

AACRJournals.org | 356

on June 21, 2021. © 2020 American Association for Cancer Research. cancerimmunolres.aacrjournals.org Downloaded from 

Published OnlineFirst January 28, 2020; DOI: 10.1158/2326-6066.CIR-19-0749 

http://crossmark.crossref.org/dialog/?doi=10.1158/2326-6066.CIR-19-0749&domain=pdf&date_stamp=2020-2-11
http://crossmark.crossref.org/dialog/?doi=10.1158/2326-6066.CIR-19-0749&domain=pdf&date_stamp=2020-2-11
http://cancerimmunolres.aacrjournals.org/


Materials and Methods
Mice

C57BL/6 and BALB/c wild-type (WT) mice were purchased from
Walter and Eliza Hall Institute for Medical Research (Parkville,
Australia) or the same strains bred in-house. C57BL6 Ptprca

(CD45.1þ) mice (purchased originally from Animal Resources Cen-
tre), C57BL/6 CD39-deficientmice (Cd39�/�; ref.13), C57BL/6 CD73-
deficient mice (Cd73�/�; ref. 14), C57BL/6 NALP3-deficient mice
(Nalp3�/�; ref. 15), C57BL/6 P2X7-deficient mice (P2rx7�/�; ref. 16),
C57BL/6 ASC-deficient mice (Pycard�/�; ref. 17), C57BL/6 IL18-
deficient mice (II18�/�; ref. 18), C57BL/6 IL18 receptor alpha-
deficient mice (II18Ra�/�; ref. 19), C57BL/6 IL1 receptor–deficient
mice (II1R�/�; ref. 20), and C57BL/6 adenosine 2A receptor–deficient
mice (Adora2a�/�; ref. 14) were bred in-house and maintained at the
QIMRBerghoferMedical Research Institute. Rag2�/�gc�/�mice have
been previously described (21). C57BL6 Lyz2Cre/WT Cd39fl/fl

and Cd335 (NCR1, NKp46)Cre/WTCd39fl/fl mice were generated by
crossing Lyz2Cremice (fromDr. Irmgard F€orster, University of Bonn,
Germany; ref. 22) or Cd335Cre mice (from Eric Vivier; ref. 23),
respectively, with Cd39fl/fl mice (obtained from the EUCOMM Con-
sortium). Mouse strains were screened for genotype by PCR. Mice
greater than 6 weeks of age were sex matched to the appropriate
models. The number of mice in each treatment group or strain of mice
for each experiment is indicated in the figure legends. In all studies, no
mice were excluded based on preestablished criteria, and randomiza-
tion was applied only immediately pretreatment in therapy experi-
ments to ensure similar mean tumor size was the starting point.
Experiments were conducted as approved by the QIMR Berghofer
Medical Research Institute Animal Ethics Committee.

Monoclonal antibody generation
The B66 antibody tomouse (m)CD39, and aD265A variant thereof,

has been described previously (12). 617 and 619 monoclonal anti-
bodies (mAb) are mouse IgG1 anti-mouse CD39 that have been
previously described, and they do not inhibit CD39 ectoenzyme
activity (12).

Cell culture
Mouse B16F10 (melanoma) cells were grown in Dulbecco's Mod-

ified Eagle Medium supplemented with 10% fetal calf serum (FCS,
Bovogen), 1% glutamine (Gibco), 1% HEPES (Gibco), and 1% pen-
icillin/streptomycin (Gibco). Mouse LWT1 (melanoma), Renca (renal
carcinoma), and 4T1.2 (mammary carcinoma) cells were cultured in
RPMI-1640 supplemented with 10% FCS, 1% glutamine, and 1%
penicillin/streptomycin (complete RPMI). All mouse tumors were
CD39-negative in culture, as previously demonstrated (10). All cell
lines were maintained at 37�C, 5% CO2 and were not grown for more
than 2 weeks of culture. Tumor cell injection and monitoring proce-
dures were described in previous studies (10). All cell lines were
routinely tested negative for Mycoplasma, but cell line authentication
was not routinely performed.

Bone marrow chimera construction
As previously described, CD45.1þ Ptprca WT mice and CD45.2þ

Cd39�/� recipient mice (9–10 mice per group) were irradiated (Gam-
ma Cell) twice (4 hours apart) with a total dose of 1,050 cGy (21).
Donor bone marrow (BM) cells (femur and tibia, 1� 107) from Ptprca

mice or Cd39�/� mice were then intravenously (i.v.) injected into the
irradiated recipient mice to produce BM chimeric mice. Neomycin-
containing water (1 mg/mL, Sigma-Aldrich N1876) was given to these

mice for 3 weeks. After confirming the BM reconstruction by flow
cytometry on peripheral blood 8 weeks after BM cell injection, LWT1
cells (5� 105) were i.v. injected into the BM chimeric mice. Mice were
then treated intraperitoneally (i.p.) with control immunoglobulin (cIg)
or anti-CD39 as indicated below and in the figure legends. Lungs were
harvested on day 14, andmetastatic colonies on the surface of the lungs
were counted using a dissecting microscope (6.7� magnification;
Olympus SZ61, Olympus Life Sciences).

Experimental and spontaneous tumor metastasis models
B16F10 melanoma (2� 105), LWT1melanoma (5� 105), or Renca

renal carcinoma (2 � 105) cells were injected i.v. into the tail vein of
mice. On days 0 and 3 after tumor inoculation, mice were treated i.p.
with various doses of cIg (I-536, mIgG1; Leinco) or anti-CD39 (B66,
mIgG1 ormIgG1D265A) as indicated (from 5 to 200mg per injection).
Some groups of mice were treated with additional therapies alone or in
combination with anti-CD39: POM1 (250 mg i.p. days 0, 1, 2, and 3;
Santa Cruz Biotechnology); anti–PD-1 (RMP1-14, 250 mg i.p. days 0
and 3; Bio X Cell); anti-CD73 (2C5, mIgG1, 200 mg i.p. days 0 and 3;
Tizona Therapeutics), anti-CD73 (TY/23, rat IgG2a, 200 mg i.p. days 0
and 3; Bio X Cell), A2AR inhibitor (A2ARi; SCH58261, 10 mg/kg i.p.
on days 0 and 3; Sigma-Aldrich), IL2 (100,000 IU i.p. on days 0, 1, 2,
and 3), or IL15/IL15Ra (0.5mg/3mg i.p. on days 0 and 3; R&DSystems),
with schedules and doses as indicated in the figure legends. Lungs were
harvested on day 14, andmetastatic colonies on the surface of the lungs
were counted using a dissecting microscope (as above).

For spontaneous metastasis and surgery, 2 � 104 4T1.2 mammary
carcinoma cells were injected into the fourth mammary fat pad as
previously described (24). Mice were i.p. treated with cIg (200 mg),
anti-CD39 (200 mg), anti–PD-1 (250 mg), or combination anti-CD39
and anti–PD-1 (200mg and 250mg, respectively) ondays 14, 17, 20, and
24. The primary mammary gland tumor was resected on day 12. Mice
were then monitored for survival as previously described (24).

In vivo treatments and mechanism of action
In some groups of mice, depletion of NK cells or CD8þ T cells or

neutralization of IFNg was performed by i.p. treatment on days�1, 0,
and 7 with anti-asGM1 (rabbit Ig, 50 mg/mouse; Wako Pure Chemi-
cals), anti-CD8b (rat IgG1, 53.5.8, 100 mg/mouse; Bio X Cell), or
neutralizing anti-IFNg (Armenian Hamster IgG, H22, 250 mg/mouse;
Leinco Technologies). An appropriate isotype control was also used in
these experiments. Clodronate-containing liposomes for the depletion
of phagocytic cells and empty-control liposome preparations were
used as described (clodrolip; sodium clodronate tetrahydrate, Farch-
emia SRL; ref. 25). Clodrolip and control liposomes were diluted in
PBS and injected i.p. at 2 mg per 20 g body weight, 2 days prior to
therapy. Subsequent doses of depleting and control liposome prepara-
tions (1 mg/20 g body weight) were administered on days 0, 2, and 4.
Some groups of mice were neutralized for CD11b (5C6; Dr. Hideo
Yagita, Juntendo University School of Medicine Tokyo, Japan, IL1b
(B122; Leinco Technologies), or IL18 (SKII3AE4; kindly provided
by Irmgard F€orster, University of Bonn, Germany) or depleted
of Ly6Gþ cells (1A8; Leinco) using the scheduling and dosing as
indicated. These dosing schedules have previously been shown
to functionally deplete or neutralize these cells and cytokines,
respectively (12, 14, 25–29).

In some experiments, NK cells (CD45.2þCD3�NK1.1þ using anti-
bodies as below) were sorted from the spleens ofWT or CD39�/�mice
to 95% purity using a BD FACSAria III (BD Biosciences), and WT or
CD39�/�NKcells (2� 105) were injected i.v. intoRag2�/�gc�/�mice.
After 6 days, peripheral blood (retro-orbital) was collected to check
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the equivalent reconstitution of NK cells by flow cytometry. B16F10
(1 � 105) or LWT1 (1 � 105) melanoma cells were then injected i.v.
into Rag2�/�gc�/� mice. Lungs were harvested on day 14, and
metastatic colonies on the surface of the lungs were counted using
a dissecting microscope.

Flow cytometry
Single-cell suspensions from the lungs of tumor-bearing mice were

prepared as previously described (30) and incubated for 20 minutes
with anti-CD16/32 (2.4G2, hybridoma in house) to block nonspecific
Fc binding. Cells then were surface stained for 20 minutes with
antibody cocktails on ice. The following antibodies were used for flow
cytometry analyses: anti-CD45.2 (clone 104), anti-TCRb (clone H57-
597), anti-NK1.1 (clone PK136), anti-NKp46 (clone 29A1.4), anti-
CD27 (clone LG.7F9), anti-MHC II (clone M5/114.15.2), anti-CD4
(clone GK1.5), and anti-FOXP3 (clone JFK-16S; all from eBioscience);
anti-DNAM-1 (clone 480.1), anti-CD11b (clone M1/70), anti-Ly6G
(clone 1A8), anti-CD64 (clone X54-5/7.1), anti-P2X7 (clone 1F11),
anti-CD24 (cloneM1/69), anti-Ly6C (cloneHK1.4), anti-CD39 (clone
Duha59, 24DMS1), anti-CD11c (cloneN418), anti-CD19 (clone 6D5),
anti-CD8a (clone 53-6.7), and anti-CD3 (clone 17A2; all from Bio-
Legend). The Zombie Aqua Fixable Viability Kit (BioLegend) was used
to exclude the dead cells. The FoxP3 fixation/permeabilization kit from
eBioscience was used for FOXP3 staining. For intracellular cytokine
staining, cells were surface stained as described above and then fixed
and permeabilized with a cytofix/cytoperm kit (BD Biosciences)
followed by staining with anti-IFNg (clone XMG1.2) or isotype (clone
eBio299Arm) antibody (both fromBioLegend). All data were collected
on a Fortessa 4 flow cytometer (BD Biosciences) and analyzed with
FlowJo v10 software (TreeStar, Inc.).

Ex vivo NK cell cytokine and degranulation assay
Lung single-cell suspensions were incubated in complete RPMI-

1640 media containing cell stimulation cocktail [PMA (40.5 nmol/
L)/ionomycin (669.3 nmol/L)] plus protein transport inhibitors
(GolgiStop and GolgiPlug; 1/1,000 dilution) for 3 hours. Cells were
then stained, as indicated above, for surface markers and intracel-
lular cytokine production. A CD107a staining assay was used to
assess the degranulation status of NK cells. Briefly, anti-CD107a
(clone 1D4B, BioLegend) was added to single-cell suspensions
during the stimulation period before the cells were surface stained
and analyzed by flow cytometry.

Statistical analysis
Statistical analysis was determined with GraphPad Prism 7

(GraphPad Software). A one-tailed Mann–Whitney U test was used
for comparisons of two groups. Significance of differences was also
calculated by the log-rank t test for Kaplan–Meier survival analysis
or one-way ANOVA as necessary. Tukey multiple comparison
tests were utilized unless otherwise indicated. Differences between
groups are shown as the mean � SEM. P values of less than 0.05
were considered statistically significant.

Results
Antimetastatic efficacy of an anti-mouse CD39

To examine the antimetastatic efficacy of targeting CD39 using a
mouse mAb (clone B66) that allosterically inhibits the mouse
ectoenzyme CD39 (12), we used two experimental metastasis
models of mouse melanoma and one model of renal carcinoma.
The first, LWT1, is a metastatic variant of the BrafV600E-mutant

SM1WT1 melanoma, whose metastatic seeding is controlled by host
NK cells (31, 32). We first demonstrated that at days 0 (tumor
inoculation) and 3, injection of anti-CD39 (200 mg) was effective in
suppressing LWT1 lung metastases (Fig. 1A). A titration of anti-
CD39 was used to determine optimal dosing in the same model
(Fig. 1B). Maximal response was observed at doses of 100 to 200 mg,
with doses as little as 50 mg still able to statistically reduce LWT1
lung metastases. In a second model, B16F10, a melanoma that has
been used for numerous studies of NK cell–mediated control of
metastasis (30, 33), anti-CD39 was also effective in reducing
metastatic burden in the lungs (Fig. 1C). When dosed at the optimal
concentration, targeting CD39 with an enzymatic antibody inhib-
itor was more efficacious than the CD39 small-molecule inhibitor
POM1 or targeting other molecules in the ATP/adenosine axis,
including an A2ARi (SCH58261) and two different anti-CD73 anti-
bodies. Similarly, anti–PD-1 treatment was also suboptimal at reduc-
ing metastatic burden (Fig. 1D). In the Renca model of experimental
renal carcinoma metastasis, anti-CD39 reduced metastases and was
also more effective than POM1 (Fig. 1E). Fc engagement was not
required for antimetastatic efficacy, as a variant of anti-CD39 with a
mIgG1 isotype featuring an additional Fcmutation to further diminish
any Fc receptor interactions (D265A) was as active as the WT mIgG1
isotype (Fig. 1F). The ability to blockCD39 ectoenzyme activity, rather
thanmerely binding to the antigen, was critical to the observed efficacy,
as two other CD39-targeting mAbs (Tz-617; Tz-619) lacking enzy-
matic inhibition with comparable affinity to B66 did not affect LWT1
(Fig. 1G) or B16F10 lung metastasis formation (Fig. 1H). The anti-
metastatic effect of anti-CD39 (B66) in WT mice was greater than the
reduction in lung metastases observed in Cd39�/� or Cd73�/� mice
(Supplementary Fig. S1). This result suggests that compensatory
mechanisms or receptor desensitization may partially account for the
loss of CD39 in the Cd39�/� mice.

The role of NK cells and host CD39 in the antimetastatic activity
of anti-CD39

We next assessed the mechanism by which lung metastases were
reduced in the anti-CD39–treated mice. Using the LWT1 melanoma
model, the antimetastatic effect of CD39 enzymatic inhibition was
completely abrogated in in RAG2�/�gc�/� mice that lack all lympho-
cytes (Fig. 2A). Follow-up experiments using specific depletion of NK
cells or CD8þ T cells or neutralization of IFNg revealed that NK cells
and IFNg , but not CD8þ T effector cells, were required for anti-CD39
control of experimental lung metastases (Fig. 2B). Using Cd39�/�

mice, it was clear that host CD39 expression was also needed for anti-
CD39 reduction of both LWT1 (Fig. 2C) and B16F10 (Fig. 2D) lung
metastases.

To examine the mechanism of anti-CD39 in NK cell control of
experimental lung tumor metastasis, lung mononuclear cells were
harvested frommice 1 and 3 days after tumor inoculation and a single
dose of anti-CD39. After 3 days, an increase in the percentage of IFNg–
producing NK cells and in IFNg mean fluorescence intensity (MFI) in
NK cells following anti-CD39 treatment was seen compared with cIg
(Fig. 3A). Degranulation by NK cells, measured by CD107a, was also
increased, but changes were observed as early as 1 day after anti-CD39
therapy (Fig. 3B). The percentage and number of leukocytes
(CD45.2þ; Supplementary Fig. S2A) and NK cells (Supplementary
Fig. S2B) was not increased by anti-CD39 treatment, nor was any
modulation inmaturation seen, defined by the number and proportion
of DNAM-1þ NK cells (ref. 34; Supplementary Fig. S2C). Additional
assessment of NK cell differentiation using previously described CD27
and CD11b staining (35) also did not reveal any significant changes
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Figure 1.

Targeting CD39 suppresses experimental lung
metastases. A, Groups (n ¼ 10/group) of B6 WT
mice were injected i.v. with LWT1 (5 � 105) mel-
anoma cells on day0 and treated i.p. with cIg (200
mg) or anti-CD39 (200 mg) on days �1, 0, and 3.
B, Groups (n ¼ 10/group) of B6 WT mice were
injected i.v.with LWT1 (5� 105)melanomacells on
day 0 and treated i.p. with cIg (200 mg) or anti-
CD39 at the concentrations indicated on days 0
and 3. C, Groups (n ¼ 10/group) of B6 WT mice
were injected i.v.with B16F10 (2� 105) cells on day
0 and treated i.p. with cIg (200 mg) or anti-CD39
(200 mg) on days 0 and 3. D, Groups (n ¼ 6–16/
group) of B6WTmicewere injected i.v. with LWT1
(5� 105) melanoma cells on day 0 and treated i.p.
with cIg (200 mg), anti-CD39 (200 mg), A2ARi
(SCH58261; 10 mg/kg), anti-CD73 (TY/23 or 2C5;
200 mg), or anti–PD-1 (250 mg) on days 0 and 3 or
POM1 (250 mg i.p.) on days 0, 1, 2, and 3. Pooled
from two experiments. E, Groups (n ¼ 9–10/
group) of BALB/c WT mice were injected i.v. with
2 � 105 Renca cells on day 0 and treated i.p. with
cIg (200 mg) or anti-CD39 (200 mg) on days 0 and
3 or POM1 (250 mg i.p.) on days 0, 1, 2, and 3.
F, Groups (n ¼ 5/group) of B6 WT mice were
injected i.v.with LWT1 (5� 105)melanomacells on
day 0 and treated i.p. with cIg (200 mg) or anti-
CD39 (B66 or B66D265A; 200 mg each) on days 0
and 3. G, Groups (n ¼ 5–6/group) of B6 WT mice
were injected i.v. with LWT1 (5� 105) cells on day
0and treated i.p. with cIg (200mg) or various anti-
CD39 (200 mg) on days 0 and 3 as indicated.
H, Groups (n ¼ 10/group) of B6 WT mice were
injected i.v. with B16F10 (2 � 105) cells on day 0
and treated i.p. with cIg (200 mg) or various anti-
CD39 (200 mg) on days 0 and 3 as indicated.
The lungs were harvested on day 14, and
the metastatic burden was quantified by count-
ing colonies on the lung surface under a micro-
scope. Mean � SEM are shown. Experiments
were performed once unless indicated. Signifi-
cant differences among various treatment
groups were determined by one-way ANOVA,
followed by the Tukey multiple comparison test
(�� , P < 0.01; ����, P < 0.0001).
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post anti-CD39 therapy (Supplementary Fig. S2D–S2F).We were only
able to detectminimal expression of P2X7 onNK cells in the lungs, and
this was not altered by anti-CD39 (Supplementary Fig. S3). Thus, the
major impact of anti-CD39 treatments appeared to be a gain of NK cell
effector function, rather than infiltration or proliferation. Assessment
of the myeloid cells and granulocytes post anti-CD39 revealed a
specific reduction in alveolar macrophages (Fig. 3C–G), which cor-
related with the coexpression of CD39 and P2X7 (eATP receptor)
displayed by these cells in LWT1 tumor-burdened lungs (Fig. 3H;
Supplementary Fig. S4).

Role of P2X7–NALP3–IL18 inflammasome in anti-CD39
antimetastatic activity

CD39 is the pivotal regulator balancing proinflammatory ATP and
immunosuppressive adenosine within the TME. P2X7 is one of the
major functional eATP receptors on immune cells and is a critical
factor in NALP3 inflammasome activity (36). Given this, we next
examined whether host P2X7 receptor and downstream inflamma-
some components contributed to the antimetastatic activity of anti-
CD39 (Fig. 4). In the LWT1 model, anti-CD39 effectively reduced
metastases in WT mice but was ineffective in Cd39�/� (as shown
above), Pycard�/� (ASC-deficient), Nalp3�/�, and P2rx7�/� mice
(Fig. 4A; Supplementary Fig. S5). Similarly, in the B16F10 lung
metastasis model, anti-CD39 was ineffective in Nalp3�/� and
P2rx7�/� mice (Fig. 4B). The A2ARi (SCH58261) still mediated
antimetastatic effects in these strains compared with WT mice
(Fig. 4B; Supplementary Fig. S5), suggesting that in this setting,

adenosine-mediated immune suppression was partially enabling
metastasis spread, but the effects of anti-CD39 treatment required a
functional inflammasome. As previously described (37, 38), P2rx7�/�

mice displayedmore lungmetastases thanWTmice in both LWT1 and
B16F10 models, whereas metastasis was lower in Pycard�/� and
Nalp3�/� mice (Fig. 4A and B; Supplementary Fig. S5). These data
implicated the P2X7-ASC-NALP3 inflammasome axis in the antime-
tastatic activity of anti-CD39 and suggest a mechanism of action
involving the maintenance of proinflammatory ATP, as opposed to
simply impacting the downstream triggering of A2AR by adenosine.

Given that the P2X7 receptor was coexpressed by CD39-expressing
myeloid cells and that macrophages were reduced in the tumor-
bearing lungs of anti-CD39–treated mice, we next assessed the impor-
tance ofmyeloid cells on the antimetastatic activity of anti-CD39 using
two approaches. First, myeloid cells were depleted using clodronate
liposomes. Second, myeloid cell movement was prevented using anti-
CD11b (Fig. 4C and D). Basal LWT1 metastasis was reduced under
these conditions, and we observed suboptimal anti-CD39 activity
when myeloid cells were depleted or immobilized. By contrast, addi-
tional experiments to deplete Ly6Gþ neutrophils had no significant
impact on anti-CD39 antitumor activity (Fig. 4D). These data were
consistent with a role for myeloid cell P2X7-NALP3 inflammasome
because, although macrophages were reduced post anti-CD39, mye-
loid cells were required for the activity of anti-CD39.

ATP-dependent NALP3 inflammasome activation in macrophages
is known to elicit lymphocyte effector responses via the activation and
secretion of IL1 and IL18 cytokines (39, 40). Thus, we next investigated
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Anti-CD39's antimetastatic efficacy is dependent
on NK cells and host IFNg and CD39. A, Groups
(n¼ 10/group) of B6WT and Rag2�/�gc�/�mice
were injected i.v. with LWT1 (5 � 105) melanoma
cells on day 0 and treated i.p. with cIg (200 mg)
or anti-CD39 (200 mg) on days 0 and 3. B, Groups
(n ¼ 5–7/group) of B6 WT mice were injected i.v.
with LWT1 (5� 105) melanoma cells on day 0 and
treated i.p. cIg (200 mg) or anti-CD39 (200 mg) on
days 0 and 3 and anti-asGM1 (50 mg), anti-CD8b
(100 mg), anti-mIFNg (250 mg), or cIg (100 mg) on
days�1, 0, and 7. C, Groups (n¼ 10/group) of B6
WT and CD39�/� mice were injected i.v. with 5 �
105 LWT1 melanoma cells on day 0 and treated i.p.
with cIg (200mg)or anti-CD39 (200mg) ondays0
and 3. D, Groups (n ¼ 10/group) of B6 WT mice
and CD39�/� mice were injected i.v. with B16F10
(2 � 105) cells on day 0 and treated i.p. with cIg
(200 mg) or anti-CD39 (200 mg) on days 0 and 3.
Themetastatic burdenwas quantified in the lungs
after 14 days by counting colonies on the lung
surface. Mean � SEM are shown. Experiments
were performed once unless indicated. Significant
differences among various treatment groups
were determined by one-way ANOVA, followed
by the Tukeymultiple comparison test (� ,P<0.05;
��� , P < 0.001; ���� , P < 0.0001).
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the role of these cytokines on the antimetastatic activity of anti-CD39.
When IL18was blockedwith orwithout IL1b blockade, treatmentwith
anti-CD39 failed to elicit an antimetastatic effect, whereas neutrali-
zation of IL1b alone had no significant impact on anti-CD39 treatment

(Fig. 4E). This suggested that the antimetastatic effects of IL18 were
specific to the mechanism of action of CD39 ectoenzyme inhibition,
rather than a broad measure of inflammasome activation. These data
were supported by the inability of II18�/� mice to control LWT1

-C
D39

0

1

2

3

4
%

Eo
si

no
ph

ils

-C
D39

0

2

4

6

8

%
i-m

on
oc

yt
es

CIg CIg CIg CIg CIg CIg CIg CIg

-C
D39

-C
D39

0

20

40

60
%

IF
N

+
N

K

Day 1 Day 3

**

-C
D39

-C
D39

0

5,000

10,000

15,000

M
FI

of
IF

N
+

N
K

**

Day 1 Day 3

-C
D39

-C
D39

0

20

40

60

80

%
C

D
10

7a
+

N
K

** **

Day 1 Day 3

-C
D39

-C
D39

0

2,000

4,000

6,000

8,000

M
FI

of
C

D
10

7a
+

N
K **

Day 1 Day 3

A B

C

E

-C
D39

0

2

4

6

8

%
a-

m
ac

ro
ph

ag
es *

0

3 × 104

6 × 104

9 × 104

N
um

be
r

of
a-

m
ac

ro
ph

ag
es

** D

-C
D39

0

1

2

3

%
D

C
s

-C
D39

0

1 × 104

2 × 104

3 × 104

4 × 104

N
um

be
r

of
D

C
s

-C
D39

0

5

10

15

20

%
N

eu
tr

op
hi

ls

-C
D39

0

5 × 10 4

1 × 105

2 × 105

N
um

be
r

of
i-m

on
oc

yt
es F

G H

-C
D39

0

2 × 104

4 × 104

6 × 104

8 × 104

N
um

be
r

of
eo

si
no

ph
ils

-C
D39

0

2 × 10 5

4 × 10 5

6 × 10 5

N
um

be
ro

fn
eu

tr
op

hi
ls

a-m
ac

ro
phag

es DCs

i-m
onocy

tes

Neu
tro

phils

Eosin
ophils

0

20

40

60

80

100

%
C

D
39

+
P2

X7
+

su
bs

et
s

CIg
-C

D39CIg CIg CIg

CIg CIg CIg CIg

CIg CIg

Figure 3.

Anti-CD39 enhances the effector function of NK cells in vivo. Groups (n ¼ 6/group) of B6 WT mice were injected i.v. with LWT1 (5 � 105) melanoma cells on day 0
and treated i.p. with cIg (200 mg) or anti-CD39 (200 mg) on day 0. The lungs were harvested on days 1 and 3 after tumor inoculation, and single-cell
suspensions were prepared for flow-cytometric analyses. Summary graphs showing the percentage and MFI of various IFNg-producing (A) and CD107aþ (B)
NK cells are provided. C–H,Mice were i.v. injected with 5� 105 LWT1 cells and i.p. treated with cIg or anti-CD39 (200 mg) on day 0. Lung single-cell suspensions
were generated on day 1 relative to tumor cell inoculation. C–G, The proportions and number of various myeloid and granulocytes, including alveolar
macrophages (a-macrophages). H, The proportion of double-positive CD39þP2X7þ myeloid cells and granulocytes, defined as a-macrophages
(Ly6G�CD64þCD24�CD11cþCD11b�CD45.2þ), dendritic cells (DC; Ly6G�CD64�MHCIIþCD11cþCD45.2þ), inflammatory monocytes (i-monocytes; Ly6G�

MHCIIloCD11bþCD64þLy6CþCD11c�CD45.2þ), neutrophils (Ly6GþCD11c�CD45.2þ cells), and eosinophils (Ly6G�CD64� MHCII�CD11bþCD45.2þ). Mean � SEM
from one experiment are shown. Significant differences between the populations were determined by the Mann–Whitney U test (� , P < 0.05; �� , P < 0.01).
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Antimetastatic activity of anti-CD39 is dependent on the P2X7-NALP3 inflammasome and IL18. A, Groups (n ¼ 4–5/group) of B6 WT, Cd39�/�, Pycard�/�,
Nalp3�/�, and P2rx7�/� mice were injected i.v. with LWT1 (5 � 105) melanoma cells day 0 and treated i.p. with cIg (200 mg) or anti-CD39 (200 mg) on days 0
and 3. B, Groups (n ¼ 18–20/group) of B6 WT mice, Nalp3�/�, and P2rx7�/� mice were injected i.v. with B16F10 (2 � 105) melanoma cells on day 0 and
treated i.p. with cIg (200 mg), anti-CD39 (200 mg), or A2ARi (SCH58261; 10 mg/kg) on days 0 and 3. Pool of three experiments performed. C, Groups (n ¼ 5–6/
group) of WT mice were injected i.v. with LWT1 (5 � 105) melanoma cells on day 0 and treated i.p with anti-CD39 (200 mg) or cIg (200 mg) on days 0 and
3. Mice additionally received either clodronate or control liposomes on days �2 (2 mg/20 g mouse), 0 (1 mg/20 g mouse thereafter), 2, and 4. D, Groups (n ¼
5/group) of WT mice were injected i.v. with LWT1 (5 � 105) melanoma cells on day 0 and treated i.p. with anti-CD39 (200 mg) or cIg (200 mg) on days 0 and 3.
Mice also received either cIg, anti-CD11b, or anti-Ly6G (250 mg i.p.) on days�1, 0, and 3. E, Groups (n ¼ 5/group) of B6 WT mice were injected i.v. with LWT1 (5
� 105) melanoma cells on day 0 and treated i.p. with anti-CD39 (200 mg) or cIg (200 mg) on days 0 and 3. Mice also received either cIg, anti-IL18, anti-IL1b, or
both (250 mg i.p. each) on days �1, 0, 3, and 9 or days �1, 0, and 7 (two experiments pooled). F, Groups (n ¼ 5/group) of B6 WT or B6 II18�/� mice were
injected i.v. with LWT1 (5 � 105) melanoma cells on day 0 and treated i.p. with cIg (200 mg) or anti-CD39 (200 mg) on days 0 and 3. The metastatic burden was
quantified in the lungs after 14 days by counting colonies on the lung surface. Mean � SEM are shown. Significant differences among various treatment groups
were determined by one-way ANOVA, followed by the Tukey multiple comparison test (� , P < 0.05; �� , P < 0.01; ���, P < 0.001; ���� , P < 0.0001).

Yan et al.

Cancer Immunol Res; 8(3) March 2020 CANCER IMMUNOLOGY RESEARCH362

on June 21, 2021. © 2020 American Association for Cancer Research. cancerimmunolres.aacrjournals.org Downloaded from 

Published OnlineFirst January 28, 2020; DOI: 10.1158/2326-6066.CIR-19-0749 

http://cancerimmunolres.aacrjournals.org/


metastasis (Fig. 4F), and II18�/� and II18Ra�/� mice to control
B16F10 metastasis (Supplementary Fig. S6) when treated with anti-
CD39 in contrast to WT or II1R�/� mice, both of which had signif-
icantly reduced metastatic burden when treated with anti-CD39.

Role of myeloid CD39 in anti-CD39–mediated control of
metastases

Given the importance of host CD39 in the antimetastatic activity of
anti-CD39, we next determined the role of hematopoietic and non-
hematopoietic sources of CD39 usingWT/Cd39�/�BMchimeras. The
results demonstrated that anti-CD39 efficacy was dependent on the
presence of functional CD39 on the donor BM (Ptprca) rather than the
recipient mice (Fig. 5A; Supplementary Fig. S7). This indicated
hematopoietic CD39 expression was essential and was consistent with
CD39 expression on lung-infiltrating immune cells, including infil-

trating NK cells, following LTW1 and B16F10 tumor inoculation and
previously reported efficacy post treatment with POM1 (10). We next
examined the possible role of NK cell CD39 in the antimetastatic
activity of anti-CD39. Sorted, purified WT or Cd39�/� NK cells were
transferred into lymphocyte-deficient Rag2�/�gc�/� recipients, and
after 6 days, both sets of recipients had reconstituted equivalently with
donor NK cells (Supplementary Fig. S7). Challenge of these mice and
nontransferred Rag2�/�gc�/� recipients with LWT1 (Fig. 5B) or
B16F10 (Fig. 5C) melanoma cells demonstrated that both WT and
CD39�/�NK cells were capable of offering some protection from lung
metastases. Anti-CD39 remained effective in both sets of mice that
received NK cells but was ineffective in nontransferred recipients
(Fig. 5B and C).

To further assess whether myeloid cells and/or NK cell CD39
expression was important in the antimetastatic activity of anti-CD39,
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Role of hematopoietic, but not NK cell, CD39 in antimetastatic activity of anti-CD39.A, Indicated groups (n¼ 8–9/group) of BM chimeric mice were injected i.v. with
LWT1 (5� 105) melanoma cells on day 0 and treated with cIg (200 mg) or anti-CD39 (200 mg) on days 0 and 3. B and C, B6WT or CD39�/� NK cells (2� 105) were
injected i.v. into Rag2�/�gc�/�mice. One group did not receive NK cells. After 6 days, blood was collected to check the equivalent reconstitution of NK cells by flow
cytometry. LWT1 (1� 105; B) or B16F10 (1� 105; C) melanoma cells were injected i.v. into Rag2�/�gc�/�mice. D, Groups (n¼ 5–8/group) of B6 Lyz2Cre/WT Cd39fl/fl,
Lyz2WT/WTCd39fl/fl,Cd335Cre/WTCd39fl/fl,Cd335WT/WTCd39fl/fl, andCd39�/�micewere injected i.v. with LWT1 (5� 105)melanoma cells onday0and treated i.p. with
cIg (200 mg) or anti-CD39 (200 mg) on days 0 and 3. Pool of two experiments performed. E, Groups (n¼ 4–7/group) of B6 Lyz2Cre/WT Cd39fl/fl, Lyz2WT/WT Cd39fl/fl,
Cd335Cre/WT Cd39fl/fl,Cd335WT/WT Cd39fl/fl, WT, Cd39�/�, and Cd39fl/flmice were injected i.v. with B16F10 (2� 105)melanoma cells on day 0 and treated i.p. with cIg
(200 mg) or anti-CD39 (200 mg) on days 0 and 3. Pool of two experiments performed. Lungs were harvested on day 14, andmetastatic colonies on the surface of the
lungs were counted using a dissecting microscope. Mean � SEM are shown. Significant differences among various treatment groups were determined by one-way
ANOVA, followed by the Tukey multiple comparison test (� , P < 0.05; �� , P < 0.01; ��� , P < 0.001; ����, P < 0.0001).
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we created conditional strains where CD39 was deleted in myeloid
(Lyz2Cre) or NK (Cd335(NCR1)Cre) cells (Supplementary Figs. S8–
S9) in the LWT1 and B16F10 models, and revealed two findings
(Fig. 5D and E). First, basal metastasis (cIg-treated) was reduced in
Lyz2Cre/WT Cd39fl/fl mice in a similar manner to global Cd39�/� mice.
In contrast, Lyz2WT/WT Cd39fl/flmice, Cd335WT/WT Cd39fl/flmice, and
Cd335Cre/WT Cd39fl/flmice displayed a similar higher basal metastasis.
Second, anti-CD39 was only effective in these later strains and
suppressed metastasis whether or not Cd39 was deleted from NK
cells (Fig. 5D and E). However, anti-CD39 was not effective in
mice with Cd39 deleted in myeloid cells (Lyz2Cre strain) or globally
(Cd39�/�). Collectively, these data showed that NK cell expression of
CD39 was dispensable for the antimetastatic activity of anti-CD39.
Rather, myeloid cells and their expression of CD39 was necessary for
both CD39 and anti-CD39–mediated control of metastases in these
two models.

Spontaneous metastasis and combinations
To examine the potential therapeutic effect of anti-CD39 on a

spontaneous metastasis model, we used the orthotopic 4T1.2 mam-
mary carcinoma model where immunotherapy was administered
following (adjuvant) surgical resection of the primary tumor. In this
model, mice left untreated or treated with cIg alone typically succumb
to metastatic burden in the lung, bones, and other organs within 35 to
50 days of surgery. Survival of mice was monitored following adjuvant
immunotherapy post-surgery (Fig. 6). The anti-CD39 and anti–PD-1
combination was more effective at improving survival than either
monotherapy alone.

Finally, given the strong antimetastatic activity of anti-CD39 in
severalmodels of lungmetastases, including in combinationwith anti–
PD-1 therapy, we then examined anti-CD39 in combination with
therapies that specifically enhance NK cell function, including IL2 and
IL15 and an A2ARi, SCH58261. Both IL2 and IL15 were effective
monotherapies against experimental lung metastases, but the combi-

nation with anti-CD39 was even more effective (Fig. 7A and B).
Despite the fact that blockade of extracellular adenosine generation
may occur by anti-CD39 preventing ATP hydrolysis into AMP and
subsequently adenosine via CD73, a combinatorial effect on antimeta-
static activity was observed between anti-CD39 and the A2ARi
(SCH58261) over either monotherapy alone (Fig. 7C). Further sup-
porting this finding was the observed antimetastatic efficacy of anti-
CD39 treatment in Adora2a�/� mice (Supplementary Fig. S10). This
highlights the potential of targeting more than one molecule in the
adenosinergic pathway and raises the possibility that other sources of
adenosine may contribute to the generation of an immunosuppressive
TME (41).

Discussion
Although there has been a lot of interest in the impact of the

adenosine pathway on T-cell effector function in tumors, very little
focus has been applied to the role of this pathway in innate control of
metastatic disease. Here, we described the antimetastatic efficacy and
themechanismof action of amouseCD39-specificmAb.As previously
reported (10, 42), immune surveillance of metastatic spread in these
models is driven byNK cell–mediated and IFNg-dependent processes,
so it is expected that enzymatic inhibition of CD39 mediates anti-
metastatic effects via these mechanisms. Because CD39 is inducible
under inflammatory conditions, both on a number of tumors (43–45)
and immune cell populations, and because T regulatory cells and
myeloid cells constitutively express CD39, it was of critical importance
to delineate that the observed antimetastatic efficacy of anti-CD39
treatment requires inhibition of ATPase activity and is independent of
any Fc receptor engagements. Althoughwe found hallmarks ofNK cell
activation in the lungs, the overall number, frequency, and differen-
tiation state of NK cells were not affected.

Antibody-mediated inhibition of CD39 appeared to be superior to
agents targeting the ATP/adenosine axis, as well as the CD39 small-
molecule inhibitor POM1 that has previously been used in vivo (10).
Superiority over POM1 can be attributed to multiple factors, as the
small molecule lacks the exquisite specificity for CD39 and lacks drug-
like properties (46). The major source of extracellular adenosine is the
breakdown of ATP, but when that hydrolysis is blocked by an effective
anti-CD39, the local ATP generated may have immune-stimulatory
effects on the cell expressing both CD39 and ATP receptors, providing
a potential explanation for the superiority of anti-CD39 treatment to
available antibodies or small-molecule inhibitors of CD73 orA2AR, an
argument further bolstered by the requirement for P2X7. However,
anti-CD39 could be further enhanced by treatment with an A2ARi.
These data suggest that blockade of CD39 ATPase activity was
not sufficient to completely abrogate adenosine-mediated immune
suppression. One potential explanation is that small quantities of
adenosine may be generated by a CD38-driven salvage pathway (41)
and suggests a rational clinical strategy for cotargeting CD39 and
A2AR.

Although BM-derived CD39 was critical in the antimetastatic
activity of anti-CD39, NK cell CD39 was dispensable for the observed
antimetastatic activity. Further studies using conditional CD39-floxed
strains discriminated that myeloid cell CD39 was necessary for anti-
CD39 activity and, in part, explained the reduction inmetastasis in the
Cd39�/� mice compared with WT mice. CD39 expressed by NK cells
was also not a major regulator of experimental metastases. Instead,
multiple lines of evidence pointed to myeloid expressed CD39 as a cis
mechanism limiting the impact of eATP in driving intratumormyeloid
pyroptosis and the release of IL18, both of which could stimulate NK
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Adjuvant treatment with combination anti-CD39 and anti–PD-1 enhances sur-
vival from spontaneous tumor metastases. Groups (n ¼ 10/group) of BALB/c
WTmice were injected with 4T1.2 (2� 104) cells in the mammary fat pad on day
0. The tumor was surgically resected on day 12, and mice were treated i.p. with
cIg (200 mg), anti-CD39 (200 mg), anti–PD-1 (250 mg), or combination of anti-
CD39 and anti–PD-1 (200 mg; 250 mg) on days 14, 17, 20, and 24. The Kaplan–
Meier curves for overall survival of each group are shown. Significant differences
between the indicated groupswere determined by the log-rank test (�, P <0.05;
�� , P < 0.01; ���� , P < 0.0001).
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cell effector function. First, the requirement for host inflammasome
components, including ASC and NALP3, was consistent with the
P2X7-mediated sensing of ATP in a myeloid-specific manner. Second,
either depletion of clodronate-sensitive myeloid cells or neutralization
of myeloid cell migration using anti-CD11b was able to abolish the
antimetastatic activity of anti-CD39 antibody, further bolstering this
argument.Wehave previously shown that all of these populations have
increased CD39 expressed within themetastatic lung TME (10), and in
particular a reduction in alveolarmacrophages coexpressingCD39 and
P2X7 was seen in tumor-burdened lungs immediately post anti-CD39
therapy.

Our data also suggest a potential stimulatory role of local ATP in
promoting immunity via pyroptosis. P2X7–NLRP3-mediated pyr-
optosis in macrophages has been described in other disease con-
texts (47), and it is possible that myeloid cells can undergo
pyroptosis and release IL18 post anti-CD39 treatment. Our experi-
ments in vitro with BM macrophages suggest that they are sensitive
to anti-CD39–mediated pyroptosis, including caspase-1 activation
and IL1b and IL18 release (12). In fact, IL18 and IL18R, but not
IL1b, were found to be critical mediators of the anti-CD39–medi-
ated inhibition of metastases. Although IL18 has previously been
shown to promote myeloid suppressor cell activity in certain tumor
settings (29), its effects appear to be context dependent. In the
setting of metastasis prevention, the dominant function of IL18
appears to be its ability to promote NK cell effector functions (18).
IL18 has been implicated as a central cytokine in supporting
myeloid–NK cell cross-talk by inducing the expression of the IL12
receptor and enhancing IFNg secretion (48, 49). The role of this
anti-CD39–driven eATP-P2X7–NALP3–IL18 pathway is consistent
with a similar mechanism we have described in CD8þ T cell–
mediated control of subcutaneously implanted tumors (12). At this
point, we cannot rule out a trans effect of ATP on NK cells via NK
cell–expressed P2X7. However, we were able to detect only minimal
expression of this purinergic receptor on NK cells in the lungs. We
evaluated only host P2X7 deficiency, and many other studies
suggest that P2X7 also has protumor activities (50, 51), including
prometastatic and proliferative roles when expressed by tumor
cells (52, 53) and other impacts on the TME (54). Future experi-
ments will determine the key source of P2X7 contributing to CD39
blockade.

Herein, we also demonstrated the efficacy of combining adjuvant
anti-CD39 and anti–PD-1 therapy to improve survival of mice with
surgically resected tumors. This approach needs to be extensively
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Figure 7.
Anti-CD39 controls tumor metastases in combination with other NK cell–
activating agents. A, Groups (n ¼ 10–11/group) of B6 WT mice were injected
i.v. with LWT1 (7.5 � 105) cells on day 0 and treated i.p. with cIg (200 mg), anti-
CD39 (200 mg on days 0 and 3), PBS, or IL2 (100,000 IU i.p. on days 0, 1, 2, and 3)
or combination of anti-CD39 and IL2 (same dose schedule). B, Groups (n ¼ 10/
group) of B6WTmice were injected i.v. with LWT1 (7.5� 105) cells on day 0 and
treated i.p. with cIg (200 mg), anti-CD39 (200 mg on days 0 and 3), PBS, or IL15/
IL15Ra (0.5 mg and 3 mg, respectively, on days 0, 1, 2, and 3) or combination of
anti-CD39 and IL15/IL15Ra (same dose schedule). C, Groups (n ¼ 10/group) of
B6WTmicewere injected i.v. with LWT1 (7.5� 105) cells on day0and treated i.p.
with cIg (200 mg), anti-CD39 (200 mg), vehicle, SCH58261 (A2ARi), or their
combination on days 0 and 3 relative to tumor inoculation. The metastatic
burden was quantified in the lungs after 14 days by counting colonies on
the lung surface. Mean � SEM are shown. Experiments were performed once
unless indicated. Significant differences among various treatment groups were
determined by one-way ANOVA, followed by the Tukey multiple comparison
test (� , P < 0.05; ��� , P < 0.001; ���� , P < 0.0001).
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tested in a neoadjuvant context (24, 55). In experimental models where
NK cells are critical, the antimetastatic activity of IL2 and IL15, which
promote the expansion and survival of NK cells, was significantly
enhanced by anti-CD39, suggesting additional rational clinical com-
bination therapies for anti-CD39 treatment of metastatic disease.
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