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Abstract
Background & Aims—Adenosine mediates immune suppression and is generated by the
ectonucleotidases CD39 (ENTPD1) and CD73 that are expressed on vascular endothelial cells and
regulatory T cells (Treg). Although tumor-infiltrating immune cells include Foxp3+ Treg, it is not
clear whether local adenosine generation by Treg promotes tumor growth in a CD39-dependent
manner. In this study, we have examined the impact of CD39 expression by Treg on effector immune
cell responses to hepatic metastases in vivo.

Methods and Results—A model of hepatic metastatic cancer was developed with portal vein
infusion of luciferase-expressing melanoma B16/F10 cells and MCA38 colon cancer cells in wild
type and mutant mice null for Cd39. Chimeric mice were generated by bone marrow transplantation
(BMT) using Cd39 null or wild type (wt) C57BL6 donors and irradiated recipient mice. We
demonstrate that hepatic growth of melanoma metastatic tumors was strongly inhibited in mice with
Cd39 null vasculature or in wild type mice with circulating Cd39 null bone marrow-derived cells.
We show functional CD39 expression on CD4+Foxp3+ Treg suppressed anti-tumor immunity
mediated by NK cells in vitro and in vivo. Lastly, inhibition of CD39 activity by POM-1
(polyoxometalate-1), a pharmacological inhibitor of NTPDase activity, significantly inhibited tumor
growth (P < .001).
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Conclusions—CD39 expression on Treg inhibits NK activity and is permissive for metastatic
growth. Pharmacological or targeted inhibition of CD39 enzymatic activity may find utility as an
adjunct therapy for secondary hepatic malignancies.
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Introduction
Although advances in therapies for hepatic metastatic disease have occurred,1, 2 limitations of
VEGF-based anti-angiogenesis strategies and other regimens remain a major clinical problem.
The tumor microenvironment may regulate local cellular responses by generating purinergic
mediators that dampen anti-tumor immunity.3 The effects of extracellular nucleosides and
nucleotides are mediated by type 1 purinergic (P1) receptors for adenosine and P2 receptors
that bind extracellular nucleotides.4 Adenosine may promote tumor growth by stimulating
vascular endothelial cell proliferation, and inhibiting immune cell cytokine synthesis, trans-
endothelium migration, and anti-tumor effector responses.3, 5, 6

CD39/ENTPD1 (ectonucleoside triphosphate diphosphohydrolase-1) is the dominant
ectonucleotidase expressed by endothelial cells and immune regulatory T cells (Treg). CD39
drives the sequential hydrolysis of both adenosine triphosphate (ATP) and adenosine
diphosphate (ADP) to adenosine monophosphate (AMP).7–10 AMP is further degraded by
CD73/ecto-5′-nucleotidase, to adenosine. CD39 expression by the vasculature is an absolute
requirement for tumor angiogenesis.11 We have noted that deletion of Cd39 on Treg results in
heightened alloimmune responses.9 Whether CD39 expression by tumor-infiltrating immune
cells facilitates tumor growth has not been explored to date.

Melanoma and colon cancers are aggressive, lethal tumors that often target the liver. In this
study, we note that in our model anti-tumor activity is NK cell-dependent. CD4+Foxp3+ Treg
inhibit NK cell-mediated anti-tumor functions, a pathway that is dependent on intrinsic CD39
expression. Pharmacological inhibition of CD39, using POM-1 (polyoxometalate-1),12

likewise inhibits tumor growth. These findings suggest that targeted inhibition of CD39 might
find utility as an adjunct therapy for metastatic hepatic malignancy.

Materials and Methods
Animals

Six to fourteen week old male C57BL6 Cd39 null mice were used.8 Age-, sex- and strain-
matched wild type mice and (γc)/Rag2−/− mice were purchased from Taconic (MA). Rag1−/
− mice were from Jackson Laboratory (Bar Harbor, ME). Foxp3-GFP knock-in mice were
generated as described.13

Animal Experimentation Protocols were reviewed and approved by the Institutional Animal
Care and Use Committees (IACUC) of Beth Israel Deaconess Medical Center.

Antibodies and Reagents
All chemicals were obtained from Sigma-Aldrich (St. Louis, MO). FACS studies were
performed using FITC-, PE-, Cy-chrome- or APC-conjugated antibodies. The following
antibodies used for FACS sorting and analysis were from eBioscience (San Diego, CA): anti-
mouse CD3 (clone: eBio500A2), CD4 (GK1.5), CD8 (53–6.7), CD28 (37.51), CD39
(24DMS1), TCRβ (H57-597), NK1.1 (PK136) (BD Bioscience, San Jose, CA). FACS data
were analyzed with FlowJo software (TreeStar Inc., Ashland, OR). Antibodies used for
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immunohistochemistry were the following: CD31, CD4, CD8, CD11b, Gr-1 (LY6C and
LY6G, BD Bioscience), F4/80, Thy1.2, Foxp3, NKp46 (R&D Systems, Minneapolis, MN),
and polyclonal rabbit anti-mouse CD39 antibody.14 Anti-PE MicroBeads and anti-Biotin
MACSiBead Particles were from Miltenyi Biotec Inc. (Auburn, CA). NTPDase inhibitor
POM-1 was obtained as described.12

Isolation of spleen and LN Treg, NK cells, and cytotoxicity assay
Lymphocytes were positively selected using MOFLO or FACSaria cell sorter (BD Bioscience,
San Jose, CA) producing > 99% cell population. NK cells were sorted as NK1.1+TCRβ− cells,
and Treg were sorted as CD4+GFP+ cells using Foxp3-GFP knock-in mice.13 Cytolytic activity
of NK cells was tested at a number of E:T ratios against N YAC-1 cells using LIVE/DEAD
Cell-Mediated Cytotoxicity Kit (Invitrogen Life Technologies, Carlsbad, CA).

Tumor Cell Lines
Luciferase-expressing B16/F10 (luc-B16/F10 on BL6) cells were developed as described.15

Syngeneic murine MCA38 colon cancer cells provided by Dr. Nicholas P. Restifo, National
Cancer Institute) were maintained in RPMI 1640 medium supplemented with 10% FCS and
glutamine. YAC-1 cells were purchased from ATCC (Manassas, VA).

Tumor Cell Inoculation and in vivo Bioluminescence Imaging
Luc-B16/F10 and MCA38 cells were harvested by trypsinization and resuspended with HBSS/
2% FBS for injection. Luc-B16/F10 cells (1.5 × 105 cells for standard and BMT experiments,
and 2 × 105 cells for adoptive transfer experiments) and MCA38 cells (1.0 × 105 cells for all
experiments except 2 × 105 cells for POM-1 treatments) were infused into liver via portal vein.
Tumor-bearing mice were sacrificed and examined for tumor growth at indicated time points
or if any distress or suffering was observed. In vivo tumor progression was examined using the
noninvasive bioimaging system IVIS (Xenogen) as described previously,15 at the Longwood
Small Animal Imaging Facility. Perpendicular tumor diameters were also directly measured
and tumor volume was determined by integration: Σt1+t2+….tn (t=a2 × b × 0.52; a=smaller
tumor diameter, b=larger tumor diameter).6, 16

Bone Marrow Transplantation (BMT)
Six-week old male Cd39 null mice and wt mice were exposed to 10 Gy (0.28 Gy/min, 200 kV,
4 mA) γ-ray total body irradiation, using an Andrex Smart 225 (Andrex Radiation Products
AS, Copenhagen, Denmark) with a 4-mm aluminum filter. The marrow from the femur and
tibia of matched Cd39 null mice and wt mice were harvested and cells were purified under
sterile conditions. Irradiated recipient mice received 10 × 106 bone marrow cells i.v. The
success of bone marrow transplantation (BMT) was validated by FACS analysis of immune
cell populations (not shown). Transplanted mice were housed in autoclaved cages for 8 wk
before experimentation.17

Adoptive Transfer Experiments
Freshly sorted CD4+ T cells (1 × 106), CD8+ T cells (0.5 × 106), Treg cells (0.1 × 106), or Teff
cells (0.9 × 106) from Cd39 null or wt mice, or wt NK cells (1.5 × 106), were injected into
Rag1−/− mice. Wt NK cells (1 × 106), alone or with wt Treg (1 × 106), or Cd39 null Treg (1
× 106), were injected into (γc)/Rag2−/− mice.
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Histology and Immunohistochemistry
Paraffin-embedded or frozen sections of tumor-bearing livers were analyzed by
immunohistochemical staining as described.11, 18 Apoptosis was determined using Tunel
staining (TdT) (Millipore, Temecula, CA).

Measurement of IFN-γ Production by ELISA
IFN-γ plasma concentrations was measured using Mouse IFN-γ (Femato-HS) ELISA Ready-
To-Go kit from eBioscience.

Purification of Tumor- or Liver-infiltrating Mononuclear Cells
These cells were purified as described previously.19

Thin Layer Chromatography Analysis
NTPDase activity of CD39 on freshly isolated cells was analyzed using Thin Layer
Chromatography (TLC), as described.9, 19

Statistical Analysis
Results in this study are expressed as means ± SEM of values (obtained from at least 4 mice
per group and/or at least 3 independent in vitro experiments). All histology and
immunohistochemical images are representative of at least 4 mice per group.

For statistical analyses, the two-tailed Students t-test was used. Animal time to euthanasia were
analyzed using the Kaplan-Meier method, and were compared using the log-rank test (StatView
5.0 analysis software).

Significance was defined as P < .05.

Results
CD39 Expression Facilitates Tumor Growth

Portal vein infusion of luciferase-expressing melanoma B16/F10 (luc-B16/F10) cells and
MCA38 colon cancer cells resulted in cells being retained in liver sinusoids; no tumors were
found in lungs or other sites within 14 days (not shown). Melanoma-bearing Cd39 null mice
had longer times to euthanasia and death than the wt mice (P < .0001, Figure 1A).

Tumor growth in liver was substantially inhibited in Cd39 null mice (melanoma data in Figure
1B–C and colonic tumor studies in Figure 2A–B), and was associated with decreased
angiogenesis (Figure 1D and Figure 2C). Luc-B16/F10 cells and MCA38 cells do not express
CD39 per se in vitro or in vivo at any tumor progression stages (not shown). Hence, endogenous
CD39 expression is required for the development of metastatic tumors in the liver.

We next studies bone marrow reconstitution. Melanoma growth was significantly delayed in
the livers of irradiated, reconstituted wt mice that had received Cd39 null bone marrow
transplantation (BMT) (Figure 3A–B, P < .05), when compared with wt mice that received wt
BMT. Here, defective angiogenesis in tumors was associated with Cd39 null vasculature. High
levels of cell death were clearly demonstrated at the center of tumor nodules (Figure 3C).

Differences of hepatic melanoma growth among groups on day 14 and 21 were comparable to
that seen on day 10 (Supplementary Figure 1 and not shown). Mortality was only seen in wtBM-
wt mice, from day 17; and all other groups survived for at least 21 days (not shown). Taken
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together, these data indicate that CD39 expression by BM-derived cells is critical for tumor
growth.

Characterization of Tumor-Infiltrating Cells
Melanoma tumor tissues were infiltrated by CD39+, CD4+, CD8+, Thy1.2+ cells, macrophages
(F4/80+), granulocytes and leukocytes (Gr-1+), NK (NK1.1+TCRβ−) and NKT
(NK1.1+TCRβ+) cells, as well as cells positive for CD11b, indicative of myeloid-derived
suppressive cells (MDSCs) (Supplementary Figure 2A–B).20

A proportion of the infiltrating CD4+ cells was positive for both CD39 and Foxp3
(Supplementary Figure 2C–D), suggesting that Treg infiltrate tumors.13, 21 As Treg express
CD39 (Supplementary Figure 2C–D),9 we measured ecto-ADPase activity of purified tumor-
infiltrating mononuclear cells (TIMNC) by TLC assay. Cd39 null cells exhibited markedly
decreased ecto-ADPase activity (Figure 3D).

Cd39 Null CD4+ T Cells Inhibit Tumor Growth
Immunity to melanoma could be mediated by a variety of immune cells e.g. NK, NKT and
CD8+ T cells.15, 22–25 Treg have been shown to suppress anti-melanoma cytotoxic responses
by CD8+ cytotoxic T lymphocytes (CTLs), NKT, as well as NK cells at the local tumor site.
15, 22, 23, 26

To examine first whether CD39 expression on CD4+ T cells is involved in anti-tumor immunity,
wt or Cd39 null CD4+ T cells in combination with effector wt CD8+ T cells were adoptively
transferred into Rag1−/− mice. CD8+ T cells alone failed to control melanoma growth unless
CD4+ T cells were co-transferred (Figure 4A). Tumor growth was significantly inhibited when
Rag1−/− mice were co-transferred with Cd39 null CD4+ T cells, compared to wt CD4+ T cells
(P < .05, Figure 4A).

Liver-infiltrating mononuclear cells of these mice were isolated and the percentages of
CD4+, CD8+, NK and NKT cells were evaluated by FACS analysis (Figure 4B). Heightened
levels of NK cells were observed in mice adoptively transferred with Cd39 null CD4+ T cells
(wtCD4+wtCD8 23.25±5.24% vs nullCD4+wtCD8 34.34±8.18%, P = .05). In contrast,
percentages of adoptively transferred CD4+ or CD8+ cells remained at the same level (Figure
4B).

We next transferred wt or Cd39 null CD4+ T cells into Rag1−/− mice followed by subcutaneous
injection of 0.2 ml Matrigel into the flanks 24 h later. We did not observe any inhibition by
CD4+ T cells on the process of endothelial angiogenesis (Supplementary Figure 3).

NK Cells Mediate Anti-tumor Immunity
We next performed similar adoptive transfer experiments using NK cell-deficient (γc)/Rag2−/
− mice, instead of Rag1−/− mice. In (γc)/Rag2−/− mice, no inhibition of melanoma growth
was noted even after T cell transfer (Figure 5A) suggesting that NK cells are required to inhibit
melanoma growth. We next reconstituted (γc)/Rag2−/− mice with wt NK cells followed by
melanoma cell inoculation. NK cell reconstitution greatly suppressed tumor growth in (γc)/
Rag2−/− mice (P < .001, Figure 5B), with migration of NK cells into the liver (P < .001, Figure
5C) expressing NKp46 (Figure 5D). Anti-tumor activity of NK cells was noted to be cell
number-dependent (not shown). Colonic tumor growth was also inhibited in Rag1−/− mice, as
compared to (γc)/Rag2−/− mice (P < 1E-06, Supplementary Figure 4A–B), associated with
migration of endogenous NK cells into the liver (P < 1E-06, Supplementary Figure 4C) and
strong expression of NKp46 (Supplementary Figure 4D). These data indicate that NK cells
play important roles in anti-tumor immunity.
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Treg Suppress NK Cell-mediated Anti-tumor Responses in a CD39-dependent Manner
NK cell-mediated anti-tumor functions may be suppressed by Treg in vitro and in vivo.22, 26

This regulation seems NKG2D-mediated and TGF-β− dependent.22, 26, 27 Extracellular
purinergic mediators and related metabolites may also exert inhibitory effects on cytotoxic
activity and cytokine production of activated NK cells.28, 29 Therefore, it is conceivable that
CD39 expressed by Treg regulates NK cell activity.

To test for this possibility, wt or Cd39 null Treg were activated with anti-CD3/CD28 and IL2
for 72 h before coculturing with wt NK cells in vitro. We demonstrated specific ability of in
vitro activated Treg to suppress NK cell-mediated cytolysis of YAC-1 target cells (P < .01,
wtNK vs wtNK+wtTreg; Figure 6A). Cd39 null Treg lacked inhibitory effects on NK cell-
mediated cytotoxicity (Figure 6A).

Rag1−/− mice were then adoptively transferred with wt Treg (CD4+GFP+Foxp3+) from Foxp3-
GFP knock-in mice, or with wt Teff (CD4+GFP−Foxp3−), or in combination, followed by
melanoma cell inoculation. Decreased numbers of liver endogenous NK cells and lower plasma
levels of IFN-γ were noted in mice transferred with Treg alone, as compared to mice transferred
with Teff alone (P < .05 and P < .01, respectively) (Figure 6B–C). Effects of Treg were
dominant as shown in Treg+Teff combinations (Figure 6B–C).

We reconstituted (γc)/Rag2−/− mice with wt NK cells alone, or in combination with wt or
Cd39 null Treg, followed by melanoma cell inoculation. As expected, wt NK cells inhibited
tumor growth. NK cells lost anti-tumor efficacy if co-transferred with wt Treg. NK cell activity
was preserved when Cd39 null Treg were co-transferred, with tumor growth abrogated (P < .
05) (Figure 6D). Anti-tumor activity correlated with intrahepatic enrichment of administered
NK cells (Figure 6E). Hence, Treg directly suppress NK cell-controlled tumor expansion in a
manner dependent on Treg-specific CD39.

Pharmacological Inhibition of CD39 Activity Impedes Tumor Growth
A high proportion of tumor-infiltrating CD4+ T cells are Foxp3+ Treg. Deleting these
suppressors or mitigating suppressive activity could boost anti-tumor immunity.
Pharmacological inhibition of CD39 enzymatic activity might be an anti-cancer treatment.
Polyoxometalates (POMs) are anionic complexes that inhibit NTPDase activity12 and have
been proposed as chemotherapeutic agents against many human cancers, e.g. colon cancer,
lung cancer and breast cancer.30, 31

We observed that POM-1 inhibited ecto-NTPDase activity of Treg in vitro (Figure 7A). POM-1
(5 or 10 mg/kg/day) was then injected (i.p.) into wt mice for 10 days after melanoma cell
challenge. Tumor growth on day 14 decreased in POM-1-treated wt mice, in contrast to saline-
treated wt mice (P < .001, Figure 7B). There was no detectable liver and renal toxicity at
suppressive doses (Supplementary Figure 5). In parallel, POM-1 (5 mg/kg/day) did not impact
melanoma tumor growth in Cd39 null mice indicating inhibitory effects of POM-1 are mediated
via CD39 (P = .23, Figure 7C). Furthermore, POM-1 (5 mg/kg/day) was shown to suppress
hepatic metastatic colonic tumor growth in wt mice (P < .05, Figure 7D).

Discussion
We have already shown that CD39 expression on endothelium is important for angiogenesis
and is required for tumor growth in the lung.11, 18 We show now that infiltrating Treg inhibit
NK cell-mediated tumor cytotoxicity in a CD39-dependent manner in the liver. Treg exhibit
immunosuppressive effects on effector T cells, operational via adenosine-mediated pathways
modulated by CD39 and CD73.9 Our current findings strengthen the notion that the expression
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of CD39 and associated changes in nucleotide/nucleoside balance are integral components of
Treg cell function.

Natural killer (NK) cells are an important component of innate defenses against malignant
cells. Tumor growth is accelerated in NK-deficient (γc)/Rag2−/− mice. This phenotype could
be corrected by NK cell reconstitution. NK cell-mediated anti-tumor functions are susceptible
to direct Treg suppression in vitro and in vivo.22, 26, 32 Suppression has been suggested to be,
at least in part, NKG2D-mediated and TGF-βdependent.22, 26, 27 However, other mechanisms
might also be involved.33

Adenosine interacts with four different adenosine receptor subtypes (A1, A2a, A2b, and A3
AR). A2a signaling has been shown to play a predominant role in inhibiting cytotoxicity of
activated NK cells.6, 28, 34, 35 A2b receptors have low affinity and might promote tumor growth
at higher concentrations of adenosine.36 Whether A2a and/or A2b are responsible for
suppressing NK function in our model is currently undetermined.5, 37

NK cells express CD39, but lack CD73 expression.19, 38 Several studies have reported that
purines (ATP = ADP > AMP = adenosine) inhibit cellular proliferation, cytokine production
and cytotoxic activity of activated NK cells.29, 34, 39–41 Molecular mechanisms underlying
purine-mediated suppression of NK cell activity are highly complex. Whether and how deletion
of Cd39 impacts NK cell activity may be dependent on the types of the stimuli and the resulting
balance between adenosine- and ATP/ADP-mediated signaling pathways, and is being tested
further.

Solid tumors are infiltrated by Treg at a far higher frequency than seen in normal lymphoid
organs. It is suggested that depleting Treg with antibodies against surface markers, e.g., CD25,
would have a positive impact on the immunotherapy of cancer.42 Nevertheless, CD25 is also
expressed on many types of activated immune cells and benefits of this strategy are
questionable. We show here that blocking CD39 enzymatic activity with Polyoxometalate-1
(POM-1), a pharmacological inhibitor of NTPDase activity,12 could inhibit adenosine
generation by Treg in vitro and abrogate tumor growth in vivo.

CD39 is also expressed on a variety of immune cells including B cells, dendritic cells (DC),
macrophages, NK cells, NKT cells,9, 19, 35, 43, 44 and CD4+ T memory cells
(CD4+CD44+CD62L−Foxp3−).45 Treg are also not the only tumor-infiltrating suppressor cells.
Myeloid-derived suppressor cells (MDSCs) have been shown to be potent suppressors of
various T-cell functions in tumor-bearing mice and in patients with cancer.20 In mice, these
cells express myeloid-cell lineage differentiation antigens GR-1 and CD11b.20 Monocyte and
neutrophil populations express CD3918, 46, 47 and it was demonstrated here that tumor-
infiltrating immune cells contain GR-1+ and CD11b+ cells (Supplementary Figure 2).

It has been recently demonstrated that B16/F10 melanoma cells express ligands for natural
cytotoxicity receptors (NCRs, NKp46 in mice) and DNAX accessory molecule-1 (DNAM-1),
but not NKG2D.48 Interference with both DNAM-1 and NCRs pathways results in dramatic
decrease in killing of melanoma cells.48 We have observed strong NKp46 staining on tumor-
infiltrating NK cells, associated with decreased melanoma and colonic tumor growth (Figure
5 and Supplementary Figure 4).

NK cells may stimulate maturation of DC,49 and produce cytokines that impact CD4+ and
CD8+ effector T cells,50 and regulate proliferation of T cells.51 Our current data clearly show
that NK and Teff cells interact, particularly in the context of IFN-γ production and that NK
cells could directly influence adaptive immune responses.
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We have noted effects of CD39 expression on pulmonary and subcutaneous metastases of
melanoma, colon and colorectal cancers (unpublished data and 11). Taken together, our studies
provide an intriguing mechanism for the purinergic suppression of NK cell-mediated anti-
tumor immunity, by CD39 expression on Treg. Other authors have recently shown that CD39
may be expressed on infiltrating T cells to generate adenosine in lymphoproliferative disorders,
52 or on T regulatory cells associated with head and neck tumors.53, 54 Work has been also
done to neutralize tumor cell expressed CD73 in a model of breast cancer with salutary effects.
55 Our work strongly suggests that it is CD39 expression on T regulatory cells that modulates
NK cell reactivity against tumor cells.

Detailed analyses of CD39 expression and Treg function in patients at different stages of
hepatic metastatic disease may help improve our understanding of the molecular mechanisms
resulting in tumor growth and metastasis. Inhibition of CD39 expression and/or activity might
also find future utility as a component of anti-cancer immunotherapy.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Cd39 deletion inhibits metastatic melanoma growth in livers. (A) Survival and/or time to
euthanasia in tumor-bearing mice post luc-B16/F10 cell infusion (1.5 × 105 cells) via portal
vein (P < .0001). (B) Representative images of tumor-bearing livers on day 17 (left panel) and
in vivo bioluminescent imaging of tumor metastasis (right panel). (C) Tumor volumes at day
17 (*P < .001). (D) Representative immunohistochemical staining on tissue sections obtained
from (B) using anti-CD31 (a marker for endothelium) antibody (Magnification x400). Data are
given as means ± SEM.

SUN et al. Page 12

Gastroenterology. Author manuscript; available in PMC 2011 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Cd39 deletion inhibits metastatic colon tumor growth in livers. (A) Representative images of
tumor-bearing livers at day 10 post portal vein infusion of 1.0 × 105 MCA38 cells. (B) Tumor
volumes at day 10 (*P < .05). (C) Immunohistochemical staining on tissue sections obtained
from (A) using anti-CD31 (a marker for endothelium) antibody (Magnification x400). Data are
given as means ± SEM.
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Figure 3.
CD39 expression on bone marrow-derived cells facilitates tumor growth. Wild type (wt) and
Cd39 null (null) chimeric mice were generated by bone marrow transplantation (BMT) (donor
genotype designated first/recipients second). Eight weeks post-BMT, 1.5 × 105 luc-B16/F10
cells were infused via portal vein. (A) Tumor volumes on day 10 (n = 6–8 mice per group).
(B) Representative images of tumor-bearing livers at day 10 (top) and in vivo bioluminescent
imaging of tumor metastasis (bottom). (C) Representative immunohistochemical staining
using anti-CD39 and anti-CD31 antibodies and Tunel staining (TdT) for apoptosis
(Magnification x400 for CD39; x200 for CD31 and Tunel staining). (D) Ecto-ADPase activity
in tumor-infiltrating mononuclear cells. Tumor-infiltrating mononuclear cells were isolated
from tumor tissues of wt and Cd39 null tumor-bearing mice. Thin Layer Chromatography
(TLC) analysis of ADP hydrolysis to AMP using 1.5 × 105 cells was analyzed. Data are given
as means ± SEM. *P < .05.
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Figure 4.
Cd39 null CD4+ T cells inhibit tumor growth. (A) Tumor volumes of tumor-bearing Rag1−/−
mice adoptively transferred with lymphocytes (CD4+ T cells, 1 × 106; CD8+ T cells, 0.5 ×
106), followed by portal vein infusion of 2 × 105 luc-B16/F10 cells, on day 14. (B) Percent
CD4+, CD8+, NK1.1+ and NKT lymphocytes of liver mononuclear cells isolated from tumor-
bearing livers above. Data are given as means ± SEM. *P < .05, **P = .05.
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Figure 5.
NK cells mediate anti-tumor immunity to melanoma. (A) Tumor volumes of tumor-bearing
(γc)/Rag2−/− mice adoptively transferred with lymphocytes (CD4+ T cells, 1 × 106; CD8+ T
cells, 0.5 × 106), followed by portal vein infusion of 2 × 105 luc-B16/F10 cells, on day 14.
(B) Tumor volumes of tumor-bearing (γc)/Rag2−/− mice reconstituted with 1.5 × 106 of wild
type, spleen- and lymph node (LN)-derived NK cells (sorted as NK1.1+TCRβ− using MOFLO),
on day 14. (C) Percentage of NK cells among mononuclear cells isolated from tumor-bearing
livers of (B). (D) Immunofluorescence staining using anti-NKp46 antibody on livers of (B):
DAPI staining nuclei in blue and NKp46 in red (Magnification x200). Data are given as means
± SEM. *P < .001.
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Figure 6.
Treg regulate NK cell-mediated anti-tumor immunity in a CD39-dependent manner. (A)
Cd39 null Treg fail to suppress NK cell cytotoxicity in vitro. NK cells were cocultured at 1.5:1
and other ratios (not shown) with activated wt or Cd39 null Treg. The sorted CD4+GFP+ Treg
were stimulated with anti-CD3/CD28 bound MACSiBead Particles and IL2 (100 ng/ml) for
72 h before coculture. (*P < .01, wtNK vs wtNK+wtTreg). (B) Absolute liver NK cell numbers
in tumor-bearing Rag1−/− mice adoptively transferred with sorted wt lymphocytes (Treg, 0.1
× 106; Teff, 0.9 × 106) as indicated, followed by portal vein infusion of 2 × 105 luc-B16/F10
cells, on day 14. (C) Levels of IFN-γ in plasma obtained from mice in (B). (D) Tumor volumes
of tumor-bearing (γc)/Rag2−/− mice adoptively transferred with lymphocytes (Treg, 1.0 ×
106; NK, 1.0 × 106), followed by portal vein infusion of 2 × 105 luc-B16/F10 cells, on day 14.
Mice received PBS as controls. (E) Absolute liver NK cell numbers in tumor-bearing mice of
(D). Data are given as means ± SEM. *P < .01, **P < .05.
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Figure 7.
Pharmacological inhibition of CD39 activity suppresses tumor growth. (A) Ecto-NTPDase
activity of POM-1-treated wt Treg in vitro. Wt Treg (CD39+CD4+Foxp3+, 3 × 105) were pre-
treated with 26 μm of POM-1, washed, and then subjected to TLC ADPase analysis. Treg
incubated in POM-1-free medium served as control. (B) Tumor volumes of melanoma-bearing
wt mice (received 2 × 105 luc-B16/F10 cells) treated with POM-1 on a daily dosage of 5 or 10
mg/kg for 10 days, on day 14. Mice received saline were used as controls. (C) Tumor volumes
of melanoma-bearing Cd39 null mice (received 2 × 105 luc-B16/F10 cells) treated with POM-1
on a daily dosage of 5 mg/kg for 10 days, on day 14. Mice received saline served as controls.
(D) Tumor volumes of colonic tumor-bearing wt mice (received 2 × 105 MCA38 cells) treated
with POM-1 on a daily dosage of 5 mg/kg for 10 days, on day 14. Mice received saline were
used as controls. Data are given as means ± SEM. *P < .001, **P = .23, ***P < .05.
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