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Abstract The ectonucleotidases CD39 and CD73

degrade immune stimulatory ATP to adenosine that

inhibits T and NK cell responses via the A2A adenosine

receptor (ADORA2A). This mechanism is used by regu-

latory T cells (Treg) that are associated with increased

mortality in OvCA. Immunohistochemical staining of

human OvCA tissue specimens revealed further aberrant

expression of CD39 in 29/36 OvCA samples, whereas only

1/9 benign ovaries showed weak stromal CD39 expression.

CD73 could be detected on 31/34 OvCA samples. While

8/9 benign ovaries also showed CD73 immunoreactivity,

expression levels were lower than in tumour specimens.

Infiltration by CD4? and CD8? T cells was enhanced in

tumour specimens and significantly correlated with CD39

and CD73 levels on stromal, but not on tumour cells.

In vitro, human OvCA cell lines SK-OV-3 and OaW42 as

well as 11/15 ascites-derived primary OvCA cell cultures

expressed both functional CD39 and CD73 leading to more

efficient depletion of extracellular ATP and enhanced

generation of adenosine as compared to activated Treg.

Functional assays using siRNAs against CD39 and CD73

or pharmacological inhibitors of CD39, CD73 and

ADORA2A revealed that tumour-derived adenosine

inhibits the proliferation of allogeneic human CD4? T cells

in co-culture with OvCA cells as well as cytotoxic T cell

priming and NK cell cytotoxicity against SK-OV3 or
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K.-N. Klotz

Institute of Pharmacology and Toxicology,

University of Würzburg, Versbacher Str. 9,

97078 Würzburg, Germany

123

Cancer Immunol Immunother (2011) 60:1405–1418

DOI 10.1007/s00262-011-1040-4



OAW42 cells. Thus, both the ectonucleotidases CD39 and

CD73 and ADORA2A appear as possible targets for novel

treatments in OvCA, which may not only affect the func-

tion of Treg but also relieve intrinsic immunosuppressive

properties of tumour and stromal cells.

Keywords Ovarian cancer � Immune escape �
Adenosine � CD39 � CD73

Abbreviations

CFDA-SE Carboxyfluorescein diacetate succinimidyl

ester

ENTPD1 Ectonucleoside triphosphate

diphosphohydrolase 1

FITC Fluorescein isothiocyanate

NK Natural killer (cells)

OvCA Ovarian cancer

PBMC Peripheral blood mononuclear cells

shRNA Short hairpin RNA

siRNA Short interfering RNA

Introduction

Ovarian cancer (OvCA) is burdened with the most unfa-

vourable prognosis of all gynaecological malignancies [1].

Although the introduction of platinum-based chemotherapy

yielded a moderate benefit, the 5-year survival rate still

does not exceed 20–40% [2]. Therefore, new potential

targets for novel therapeutic approaches have to be iden-

tified for this tumour entity. Recent findings suggest that

tumour immune escape is clinically relevant in OvCA [3].

Thus, an increased number of intratumoural regulatory T

cells (Treg), which are able to suppress the host’s immune

response to tumour antigens, are associated with a signifi-

cantly higher mortality [3].

Elevated adenosine concentrations have also been

reported in the microenvironment of some tumours [4]. A

recent study has shown that adenosine mediates immuno-

suppressive effects via the A2A adenosine receptor

(ADORA2A) [5] on immune cells, which acts by stimu-

lating adenylate cyclase activity [6]. Recently, several

independent groups demonstrated that CD4?CD25?

FoxP3? Treg express CD39/ENTPD1 and CD73/ecto-

50-nucleotidase [7, 8]. CD39 hydrolyses extracellular

adenosine tri- and diphosphate (ATP/ADP) to adenosine

monophosphate (AMP) [8], which is in turn dephospho-

rylated by CD73 [9]. The resulting adenosine acts to sup-

press, among others, TH1, TH2 [10], CTL, and NK cells [8].

Moreover, ATP, which has been shown to attract antigen-

presenting cells [11] and to promote the priming of anti-

cancer immune responses [12], is depleted. In the tumour

context, aberrant expression of CD39 has already been

described for pancreatic cancer [13], melanoma [14] and

small cell lung carcinoma [15], but its functional role in

these malignancies is still poorly understood. In gliomas,

where the role of ATP-degrading ectoenzymes has been

studied in some detail, tumour growth was inhibited by co-

injection of apyrase during tumour inoculation, most likely

due to an inhibitory effect on vascularisation [16]. Stable

overexpression of NTPDase2 in C6 glioma cells, however,

increased tumour growth and malignant characteristics in

vivo dramatically, even though it showed no tumour cell-

intrinsic effects in vitro [17]. CD73 and extracellular

adenosine can, in contrast, stimulate tumour cell prolifer-

ation [18], adhesion, chemotaxis and metastasis [19, 20],

mostly via ADORA2B on cancer cells. Nevertheless,

recent data [19] which show that CD73 on murine breast

cancer cells exerts strong tumour-promoting effects in

immunocompetent, but not in severe combined immuno-

deficient (SCID) mice suggest that ADORA2A-dependent

immunomodulatory effects predominate in vivo [21].

These findings prompted us to investigate the expression

and putative immunosuppressive function of CD39 and

CD73 in human OvCA specimens ex vivo and cell lines in

vitro.

Materials and methods

Immunohistochemical staining

All tissue specimens were provided by the tumour bank of

the University Hospital Würzburg (Würzburg, Germany).

Samples had been evaluated by at least two pathologists in

routine diagnostics as serous papillary OvCA or benign

ovaries. Histological criteria used for the morphological

identification of serous papillary carcinomas included cel-

lular atypias (e.g. altered nucleus–cytoplasm ratio or

prominent nucleoli), (micro) papillary ‘lacy’ patterns con-

sisting of almost uniform cells partly with cystic spaces

(depending on the grading) and stromal infiltration. Par-

affin-embedded tissue samples were cut at 2 lm, depa-

raffinized with xylene and rehydrated in a descending

alcohol sequence. Antigens were unmasked in TE buffer

(10 mM Tris, 1 mM EDTA, 0.05% Tween 20, pH 9.0) in a

steamer. Endogenous peroxidases were left to react with

3% H2O2 in methanol for 10 min. After washing with PBS,

slides were incubated for 1 h with antibody in diluent

(Dako, Glostrup, Denmark). Rabbit anti-human CD73

HPA017357 (Atlas, Uppsala, Sweden) was used at 1:1000.

The monoclonal mouse anti-human IgG antibodies used

were ab49580 anti-CD39 (Abcam, Cambridge, UK, 1:200),

4B12 anti-CD4 (Novocastra, Newcastle, UK, 1:250), C8/

144B anti-CD8 (Dako, 1:400), eBio7979 anti-FoxP3
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(eBioscience, San Diego, USA, 1:100). Biotinylated anti-

mouse immunoglobulins and HRP-conjugated streptavidin

(both from Dako) were used according to the manufac-

turer’s protocols.

Cryosections (4 lm) were fixed with acetone, rehy-

drated with TBS buffer (10 mM Tris–HCl, 150 mM NaCl,

pH 7.5), blocked with 10% goat serum, treated with 3%

H2O2 and incubated for 3 h with mouse anti-human CD73

(sc-32299, Santa Cruz, Santa Cruz, USA) diluted in com-

mercial Antibody diluent (Dako). Following a secondary

biotinylated anti-mouse IgG (81-6540, Zymed, San Fran-

cisco, USA), HRP-conjugated streptavidin (Lsa 1007,

Caltag Laboratories, Burlingame, USA) was used.

Staining were developed for 15 min with diam-

inobenzidine (Dako). Nuclei were counterstained with

haematoxylin. After dehydration, sections were embedded

in Harleco Aquatex Mounting Media (Voigt, Lawrence,

USA).

For immunohistochemical double staining, anti-CD39

and anti-CD73 immunoreactivity were detected using

Alexa555-labelled anti-mouse IgG or anti-rabbit IgG (as

appropriate, both from Invitrogen, Karlsruhe, Germany),

while the biotinylated mouse anti-human CD326 (EpCAM)

BLD-324216 was applied at 1:40 and visualised with

DylightTM488-conjugated Streptavidin (both from Bioleg-

end, San Diego, USA). Confocal pictures were recorded

with the Olympus FluoViewTM FV1000 confocal micro-

scope with three channel detectors.

Cell culture

The OvCA cell lines SK-OV-3 and OAW42 were cultured

in RPMI 1640 medium with 10% FCS, 0.02% sodium

pyruvate, penicillin (100 IU/ml) and streptomycin (100 lg/

ml) (all from PAA, Pasching, Austria). Cell line identity

was confirmed via the single tandem repeat fingerprint

system performed by the Deutsche Sammlung für Mikro-

organismen und Zellkulturen (Braunschweig, Germany).

Expression of adenosine receptors on these cells was

characterised using radioactive ligand binding and aden-

ylate cyclase assays as described in [22]. Primary OvCA

cells (named A1-15) were isolated from ascites from 15

different OvCA patients using the CD326/EpCAM-specific

Tumour Cell Enrichment and Detection Kit (Miltenyi

Biotec, Bergisch Gladbach, Germany). Ascitic fluid punc-

tures were performed for medical needs. Investigation into

the obtained tumour material was approved by the local

ethics committee.

For RNA interference, 10 nmol/l of either CD39 siRNA

(target sequence: 50-GGGCAAAUUCAGUCAGAAA-30),
CD73 siRNA (target sequence 50-GCCACUAGCAUCU-

CAAAUA-30) or an irrelevant control (all from Dharma-

con, Lafayette, CO, USA) were transfected using

Lipofectamine(tm) RNAiMAX (Invitrogen, Carlsbad,

USA). Stable pSUPERpuro shRNA constructs targeting the

same sequences were cloned and transfected as previously

described [23].

Flow cytometric analysis

OvCA cells (106/sample) were detached with Accutase

(PAA), blocked and stained with A1 anti-human CD39-PE/

Cy7 [24] or AD2 anti-human CD73-APC antibody (both

from BioLegend, San Diego, USA) [25].

Density gradient centrifugation (Biocoll, Biochrom,

Berlin, Germany) was used to isolate peripheral blood

mononuclear cells (PBMC) from healthy volunteers.

PBMC were stained with polyclonal rabbit anti-human

adenosine 2a (A2a)-receptor (ADORA2A) antiserum

(ab3461, Abcam, Cambridge, UK) [26] and visualised with

FITC-labelled goat anti-rabbit IgG (4030-2, SouthernBio-

tech, Birmingham, USA). Cell types were identified by

co-staining with anti-CD3-PE/Cy5 (clone MEM-57), anti-

human CD4-PE (MEM-241), CD8-PE (MEM-31) and

CD56-PE (MEM-188, all ImmunoTools, Friesoythe,

Germany) and analysed on a FACScan flow cytometer (BD

Biosciences, San Jose, USA). Specific fluorescence indices

(SFI) indicate the ratio of signal intensities obtained with

specific and irrelevant isotype-matched control antibody.

ATP degradation and adenosine production via CD39

and CD73

ATP concentrations in supernatant were determined using

the firefly luciferin-luciferase system [27]. Briefly,

104 cells/well were seeded. After adherence overnight, the

medium was replaced with 100 ll fresh RPMI 1640 con-

taining 10% FCS and the indicated concentration of

inhibitors and ATP. Twenty-four hour later, 50 ll of

supernatant were collected and measured by addition

of 50 ll ATP assay buffer (pH 7.8) containing 300 lM

D-Luciferin, 5 lg/ml Firefly Luciferase, 75 lM Dithio-

threitol, 25 mM HEPES, 6,25 mM MgCl2, 0.63 mM

EDTA and 1 mg/ml BSA. Adenosine generation was

quantified as described in [28]. ADORA2A-overexpressing

HEK-293 cells were transiently transfected with the lucif-

erase-encoding RIP1-CRE.luc? cAMP-reporter plasmid.

Transfection efficiency was normalised by co-transfer of

pRL-CMV (Promega, Madison, WI, USA). Binding of

paracrine adenosine to ADORA2A activates adenylate

cyclase and thus the inducible firefly luciferase signal.

About 104 cells of interest were co-incubated with equal

numbers of RIP1-CRE.luc- and pRL-CMV-transfected

HEK-293 ADORA2A?/- cells for 4 h. Cells were lysed in

passive lysis buffer (Promega), and the biophotonic signals
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were quantified in an Orion II Microplate Luminometer

(Berthold Detection Systems, Pforzheim, Germany), using

a non-commercial dual luciferase assay [29]. All values

were measured in triplicate and controlled for specificity by

addition of the specific inhibitors ARL67156 [30] for CD39

(100 lM) (Tocris, Bristol, UK) and a,b-methyleneadeno-

sine-50-diphosphate (APCP) [31] (100 lM) (Sigma, St.

Louis, MO, USA). The corresponding adenosine or ATP

concentrations were calculated using a co-determined

standard curve ranging from 20 nM to 40 lM adenosine or

0.1 nM to 10 lM ATP.

Proliferation of CD4? T cells in co-culture

with adenosine-generating cells

CD4?, CD4? CD25high and CD4? CD25- T cells were

isolated from PBMC using the CD4? T cell isolation kit II

or the CD4? CD25? regulatory T cell isolation kit (both

from Miltenyi Biotec). T cells were labelled with 2.5 lM

5-(and-6)-carboxyfluorescein diacetate succinimidyl ester

(CFDA-SE, Invitrogen) or Cell Proliferation Dye (CPD)

eFluor� 670 (eBioscience). Anti-human CD3 (clone

UCHT-1) and anti-human CD28 (clone 15E8, both Im-

munoTools) antibodies were immobilized on 96-well

Maxisorp-plates (Nunc, Roskilde, Denmark) by overnight

incubation in PBS (antibodies used at 1 lg/ml). In each

well, 2 9 106 T cells were co-incubated with 5x105 SK-

OV-3 or OAW42 cells in the absence or presence of the

specific inhibitors ARL67156 for CD39 (100 lM), ab-

methyleneadenosine-50-diphosphate (APCP 100 lM) for

CD73 or the ADORA2A antagonist SCH58261 [32]

(100 nM, Tocris), respectively. The metabolically stable

adenosine receptor agonist adenosine-50-N-ethylcarboxa-

mide (NECA, Tocris) was used at 10 lM. DMSO was

included as solvent control. Proliferation was measured

using a FACScan flow cytometer (BD Biosciences) on

day 7.

NK cell preparation and cytotoxicity assays

Polyclonal NK cell cultures yielding 70–90% pure

CD3-CD56? cells were obtained by co-culturing human

peripheral blood lymphocytes with irradiated (30 Gy)

RPMI 8866 feeder cells [23]. NK cells were labelled with

PKH-26 (Sigma–Aldrich). The lytic activity against

CFDA-SE? (2.5 lM, Invitrogen) target cells (50.000 target

cells/well) was determined in modified 4 h FATAL assays

[23]. To block CD39, CD73 or ADORA2A, inhibitors were

used as described above. Flow cytometry was used to

quantify tumour cell lysis at different effector to target cell

(E:T) ratios; within the PKH-26 negative cell population,

CFDA-SEdim cells were considered to be lysed. To control

for spontaneous leakage of CFDA-SE, stained cells were

incubated with medium only.

T cell response to recall antigens

Alloreactive CD8? T cells were primed by co-culturing

PBMC with irradiated (10 Gy) SK-OV-3 OvCA cells at a

ratio of 40:1. To block ectonucleotidase activity during

priming, ARL67156 or APCP, respectively, were added at

100 lM. SCH58261 (100 nM) was used to inhibit

ADORA2A. After 10 days, primed PBMC were harvested

and their cytotoxicity was assessed against SK-OV-3 cells

expressing a firefly luciferase plasmid kindly provided by

Dr. M. Jensen (City of Hope National Medical Centre and

Beckman Research Institute, Duarte, CA) [33]. Different

E:T ratios were investigated in 96-well plates (104/well) in

triplicates. After 4 h, cell-permeant D-luciferin (PJK) was

added at 0.14 mg/ml and luminescence (from viable target

cells only) was measured using the Orion II luminometer

(Berthold). To assess cytotoxicity against siRNA-trans-

fected cells, a modified FATAL assay was used [23].

Statistics

Data were evaluated using Summit v4.1 (DakoCytomation,

Fort Collins, USA) and Microsoft Office Excel 2007

(Microsoft, Redmond, USA). In flow cytometric assays

with at least 50,000 events, two samples were considered to

be significantly different (*) when they were separated by

at least twice the sum of the standard deviations for the

respective regions. A difference exceeding four times the

sum of the respective standard deviations was considered

as highly significant (**). Immune cell infiltration in vivo

was statistically assessed by Wilcoxon rank-sum test.

Results

Expression of CD39 and CD73 in human OvCA

specimens and cell lines

Expression of the ectonucleotidases CD39 and CD73 was

evaluated in paraffin-embedded (n = 36 for CD39 and

n = 27 for CD73) or frozen (n = 9 for CD73 only) human

OvCA specimens and benign ovarian tissue samples

(n = 9). All malignant samples belonged to the most

common serous papillary subtype. Staining with CD39- or

CD73-specific antibodies showed that in benign ovaries

CD39 expression is restricted to endothelial vessels that

served as internal positive control. In OvCA, however, 29

of 36 samples displayed expression of CD39 (Fig. 1a) on

tumour (26/36) and/or stromal (27/36) cells. CD73, in

contrast, was detected in 8 of 9 examined normal ovaries
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and in 33 of 36 OvCA samples (Fig. 1b). Tumour cells

stained positive in 31/36, stromal cells in 22/36 specimens.

Epithelial tumour and stromal cells were identified by their

characteristic morphologies as described above. In addi-

tion, confocal double staining was performed to show co-

localisation of CD39 and CD73 with EpCAM/CD326

(Fig. 1c, d).

Corresponding to these in vivo data, CD73 could be

detected on 14/15, CD39 on 12/15 freshly isolated ascites-

derived ovarian carcinoma cultures. Strong expression of

both CD39 and CD73 was found on 11/15 primary samples

and the human OvCA cell lines SK-OV-3 and OAW42

(Fig. 2a, b, d). In contrast, CD4?CD25- and CD8? T cells

showed no detectable, NK cells and CD4?CD25? Treg a

much weaker expression of CD39. Likewise, CD73

expression was much higher on OvCA cells than on Treg

and (rare) CD73-positive CD8? T cells (Fig. 2a, b and data

not shown). Reduction of CD39 and CD73 expression

could be achieved using both transient siRNA and stable

shRNA transfection, with siRNA being more efficient in

SK-OV-3 and shRNA showing a superior effect in OAW42

cells (Fig. 2c).

SK-OV-3 and OAW42 OvCA cells degrade ATP

and generate adenosine via CD39 and CD73

In order to test the functional activity of CD39 and CD73

on OvCA cells, both the consumption of extracellular ATP

and the generation of adenosine were assessed in the

absence or presence of small molecule inhibitors. Lumi-

nescence-based ATP measurements showed that remaining

ATP levels in the medium were greatly increased when

Fig. 1 Immunohistochemical analysis of CD39 and CD73 expression

in OvCa tissue. a Immunohistochemical staining of 36 serous

papillary epithelial OvCAs showed moderate to strong expression

of CD39 in 29 of 36 samples. Representative samples are shown in

the middle and the right panel. In contrast, 8 out of 9 tissue samples

from benign ovaries were negative for CD39 with exception of

vascular endothelial cells providing an internal control (left). b CD73

immunoreactivity was detected in 8/9 benign ovaries (a representative

staining is shown in the left panel) and in 31/34 epithelial OvCAs of

the serous papillary subtype (see middle and right panel). c, d To

examine the expression of CD39 (c) and CD73 (d) on tumour and

stromal cells, immunofluorescent double staining were performed for

EpCAM/CD326 (green) and either CD39 or, respectively, CD73 (red)

and. Shown is one representative sample where both ectonucleotid-

ases are mainly expressed on tumour cells. Size bars correspond to

30 lm in the overview pictures (on the left) and to 10 lm when a

higher magnification was applied (on the right)
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Treg or OvCA cells were cultured in the presence of the

CD39-specific inhibitor ARL67156, while the CD73

inhibitor APCP obviously could not rescue extracellular

ATP levels (Fig. 3a)—both with and without addition of

exogenous ATP. However, after addition of 1 lM ATP,

ARL67156 virtually prevented ATP degradation in the

presence of Treg, while the blockade was incomplete with

SK-OV-3 or OAW42 cells. Importantly, ARL67156 also

increased ATP levels in the presence of primary OvCA

cells (Fig. 3b). Free extracellular adenosine can be detected

with high sensitivity using RIP1-CRE-luc? pRL-CMV

ADORA2A? HEK-293 ‘sensor’ cells [28]. Measured

adenosine concentrations were 1.3 lM for SK-OV-3,

2.4 lM for OAW42 and *100 nM for two randomly

selected EpCAM? cultures established from primary

patient-derived material (Fig. 3c, d). Using RNA interfer-

ence, adenosine generation by OAW42 cells was reduced

by 57% ± 1% when CD39 was targeted and by

57% ± 7% when a siRNA against CD73 was transfected.

Co-expression of CD39- and CD73-specific shRNA

Fig. 2 Analysis of CD39 and

CD73 surface levels on primary

OvCA cells, OvCA cell lines

and Treg. (a, b) SK-OV-3,

OAW42 OvCA and freshly

isolated human regulatory T

cells (Treg) cells were stained

for expression of CD39 (a) or

CD73 (b) and analysed by flow

cytometry. Representative

histograms are shown. The

indicated specific fluorescence

indices (SFI values) were

calculated by dividing the mean

fluorescence obtained with the

specific antibody (black profile)

by the fluorescence intensity

obtained with the

corresponding) isotype control

(grey curve) (n = 3). c SK-OV-

3 and OAW42 OvCA were

transfected with either siRNAs

against CD39 or CD73 (siCD39,

siCD73, open bars) or with

pSUPERpuro plasmids

encoding short hairpin RNAs

which target the same sequence

(shaded bars). CD39 and CD73

surface expression were

assessed either 3 days after

transient transfection with

siRNA or after selection of

stable clones expressing

pSUPERpuroCD39 (shCD39)

or pSUPERpuroCD73

(shCD73), respectively. FACS

analysis and evaluation were

performed as in (a). d Magnetic

beads were used to purify

EpCAM-positive OvCa cells

from ascites (n = 15). SFI

values for CD39 and CD73

expression were determined as

described above and are shown

for five representative primary

tumour cell cultures
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constructs resulted in 67% ± 16% less adenosine produc-

tion. In SK-OV-3 cells, adenosine production went down

by 79% ± 7% with the CD39-specific siRNA and by

68% ± 6% when an siRNA against CD73 was applied. In

this cell line, the co-expressed CD39 and CD73 shRNAs

yielded a 57% ± 1% reduction in adenosine levels. No

significant downregulations were observed with scrambled

control siRNA or shRNA. When ARL67156 or APCP were

added to block CD39 or CD73, respectively, the measured

adenosine concentrations decreased to almost background

values (Fig. 3c, d)—which confirmed that the chosen, still

non-toxic inhibitor concentrations were appropriate for

functional experiments. As adenosine levels generated by

Treg did not exceed 0.04 lM (Fig. 3c), we conclude that

OvCA cells generate far more immunosuppressive adeno-

sine than activated Treg from healthy donors.

Correlation between CD39 and CD73 expression

in human OvCA specimens and immune cell infiltration

While we could not detect functionally relevant adenosine

receptor expression by OvCA cells (data not shown), the

immune inhibitory A2A adenosine receptor (ADORA2A) is

known to be expressed by T and NK cells [5, 34] and could

also be stained with a polyclonal anti-ADORA2A antise-

rum on these cell types [26] (data not shown).

Fig. 3 Quantification of CD39- and CD73-dependent ATP degrada-

tion and adenosine generation by Treg and OvCA cells. a 104 cells/

well were cultured in 100 ll complete RPMI 1640 medium with or

without addition of 1 lM ATP and/or 100 lM of either ARL67156 or

APCP or solvent control. After 24 h, free extracellular ATP was

measured via addition of recombinant firefly luciferase and D-

Luciferin (in excess). A standard curve ranging from 0.1 nM to

10 lM ATP confirmed that the bioluminescent signal obtained under

these conditions was directly proportional to the level of available

ATP (r = 0.99). b Primary OvCA cells were cultured with and

without addition of ARL67156 before ATP levels from supernatant

were determined as in (a). As primary cells were limited in number,

the APCP control had to be omitted. c, d Adenosine generation from

Treg, OvCA cell lines (c) and ascites-derived OvCA cells (d) was

quantified using a reporter gene assay based on RIP1-CRE-luc? pRL-

CMV? ADORA2A? HEK-293 reporter cells that are co-incubated

with the cells of interest at a 1:1 ratio (104 cells/well from each cell

type). Adenosine in the cellular microenvironment binds to the

ectopically expressed ADORA2A on HEK-293 cells, which leads to

increased cAMP levels in the ‘sensor’ cells and thus enhanced activity

of the cAMP responsive RIP1-Cre-luc reporter. Firefly luciferase

activity was measured after 4 h co-incubation, normalised for co-

transfected pRL-CMV activity and related to extracellular adenosine

concentrations via a co-determined standard curve. Where indicated,

the specific inhibitors of CD39 and CD73, ARL67156 and APCP

were added (100 lM) (n = 3). Please note the different scales
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Consequently, we investigated whether the expression of

adenosine-generating enzymes correlated with immune cell

infiltration in vivo (Table 1). This revealed that carcinoma

tissues (n = 25) showed significantly more infiltration with

CD4? (P = 0.0009), CD8? (P = 0.002) and Foxp3?

(P = 0.0074) cells than healthy ovaries (n = 8). While

those OvCA with the highest CD39 expression on tumour

cells (n = 3) showed the least CD4? and CD8? T cell

infiltration, differences were not significant (P = 0.56 for

CD4? and P = 0.32 for CD8? T cells), according to

Wilcoxon log-rank test—even though unpaired Student’s

t test yielded P values\0.05 for CD4? and CD8? T cells.

At the other end of the spectrum, tumours altogether

lacking CD39 (n = 8) also showed low CD4? T cell

Table 1 Correlation between CD39 and CD73 expression in human OvCA specimens and immune cell infiltration

Tissue

specimen

CD39 gradinga

epithelial

ovarian/OvCa cells

CD39 grading

parenchymal/

stromal cells

CD73 grading

epithelial

ovarian/OvCA cells

CD73 grading

parenchymal/

stromal cells

CD4? cells

per HPF

CD8? cells

per HPF

FoxP3?

cellsper HPF

Healthy Ov 1 - - - ? 0.2 0 0

Healthy Ov 2 - ? - ?? 0.2 2.1 0

Healthy Ov 3 - - ? ??? 2.2 2.8 0.1

Healthy Ov 4 - - - ?? 0.1 1.7 0

Healthy Ov 5 - - ? ?? 0.2 0 0

Healthy Ov 6 - - - ? 0.4 2.3 0

To establish the staining protocols, 3 additional healthy ovaries were stained for expression of CD39 (0/3 positive) and CD73 (2/3 positive)

OvCA 1 ?? ??? ?? ? 9.7 13.9 0.7

OvCA 2 ? ?? ? - 30.8 3.6 1.1

OvCA 3 ? ?? ? - 16.8 0.6 0.3

OvCA 4 - ??? ?? ??? 4.2 7.9 0.25

OvCA 5 - - - ?? 1.3 24.7 2.4

OvCA 6 ? ?? ??? ? 44.4 17.4 4

OvCA 7 - - ??? ? 1.3 6.2 0

OvCA 8 - ?? ?? ??? 5.3 3.6 12.2

OvCA 9 ?? ?? ??? ? 15.3 28.2 21.7

OvCA 10 ? ??? ?? ???? 5.7 23.9 0.2

OvCA 11 ?? ??? ? ?? 0.8 85 9.8

OvCA 12 ? ??? ? - 16.4 0.1 2.2

OvCA 13 - - ??? - 26.5 5.5 2.2

OvCA 14 ??? - ?? - 1.3 13 0.9

OvCA 15 ??? ??? ?? - 7.6 2.3 0.1

OvCA 16 ? ??? ?? ??? 10.2 88.8 1.1

OvCA 17 ?? ? ??? - 3.6 1.7 0.4

OvCA 18 - - ?? ??? 11 13.9 0

OvCA 19 - ? - ??? 0 8.6 0

OvCA 20 ??? - ??? - 5.1 5.3 1

OvCA 21 ?? ?? ??? ?? 62.6 68 13.5

OvCA 22 - - ??? - 1 21 2

OvCA 23 ?? ?? ? ? 36.5 12 1.8

OvCA 24 ? ? ??? - 0 0.7 0.2

OvCA 25 ?? ? ?? - 0.2 15.2 0.9

OvCA 26 ? ?? n.d. n.d. n.d. n.d. n.d.

OvCA 27 ? ??? n.d. n.d. n.d. n.d. n.d.

To establish the staining protocols, 9 OvCA tissue specimens were stained for expression of CD39 (7/9 positive) and CD73 (6/9 positive)

HPF high power field
a CD39 and CD73 expression were graded according to the following scheme: (-) signifies absence of detectable staining, (?) corresponds to

few positive cells in a focal or diffuse pattern, (??) indicates up to 20% of positive cells, (???) means 20–50% of clearly stained cells and

(????) was given for [50% of positive cells
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infiltration (P = 0.17) suggesting that other immunosup-

pressive mechanisms might be predominant here. In

tumours displaying low (n = 7) or intermediate (n = 7)

levels of CD39, CD4? T cell, infiltration was increased

(P = 0.09) and very similar (P = 0.78 for CD39intermediate

vs. CD39low), while the proportion of Foxp3? T cells rose

with CD39 expression (P = 0.11). Taken together, there

were some observable tendencies, but no significant cor-

relation between CD39 expression on tumour cells and

immune cell infiltration. Likewise, no significant correla-

tions were observed for CD73 on tumour cells. Looking at

stromal cells, however, high expression of CD39 was sig-

nificantly correlated with low CD4? T cell infiltration

(P = 0.02 for CD39high vs. CD39intermediate). However, in

specimens with lower CD39 expression, enhanced infil-

tration by CD4? T cells went along with increasing levels

of CD39 until intermediate CD39 expression was reached

(P = 0.009 for CD39intermediate vs. CD39null and P = 0.008

for CD39intermediate vs. CD39low). Likewise, CD73 expres-

sion on stromal cells accompanied increased CD8? T cell

infiltration (P = 0.04 for low vs. no expression, P = 0.01

for intermediate vs. no expression and P = 0.11 for high

vs. absent expression). This raises the question whether

both CD39 and CD73 expression on stromal cells could be

triggered by infiltrating immune cells. Of note, all tumours

infiltrated by C10 Treg per high power field showed inter-

mediate to high expression of both CD39 and CD73 on

tumour and stromal cells.

Blockade of CD39, CD73 or ADORA2A increases

proliferation of CD4? T cells in co-culture with OvCA

cells

To examine a possible suppression of CD4? T cell pro-

liferation by OvCA-derived adenosine, CFDA-SE- or CPD

eFluor670-labelled CD4? T cells were first activated with

plate-bound antibodies against CD3 and CD28 and then

co-incubated with proliferation-inhibited (i.e. irradiated)

siRNA-transfected or control SK-OV-3 or OAW42 cells in

the absence or presence of specific inhibitors for the

ectonucleotidases and ADORA2A. The number of cell

divisions was determined as outlined in Fig. 4a. Tests using

Treg as adenosine-generating cells [8] showed that

ADORA2A-dependent proliferation inhibition can be

assessed in this experimental system (Fig. 4b). Further

preliminary experiments revealed that both OvCA cell

lines reduced T cell proliferation by *65% (Fig. 4c). In

co-culture with SK-OV-3 and OAW42 cells, inhibition of

CD39 or CD73 by siRNA now significantly increased the

proliferation of CFDA-SE? CD4? T cells (Fig. 4d).

Slightly weaker, but similar effects were observed with

small molecule inhibitors (Fig. 4e). Effects of T cell-

derived CD39 or CD73 could be excluded since ARL67156

or APCP or SCH58261 alone had no effect on T cell

proliferation (data not shown). As expected, the effects of

ARL67156 and APCP could be overruled by exogenous

addition of 100 lM adenosine (data not shown) or by

adenosine-50-N-ethylcarboxamide (NECA), a metaboli-

cally stable adenosine receptor agonist (Fig. 4f).

Lytic activity of NK cells against OvCA cells is

increased by blockade of CD39, CD73 or ADORA2A

To assess suppression of NK cell-mediated lysis of OvCA

cell lines, polyclonal NK cell cultures were obtained from

healthy volunteers [23]. PKH-26 labelled polyclonal NK

cells were incubated at different E:T ratios with freshly

detached CFDA-SE-stained SK-OV-3 and OAW42 cells

(control/siCD39/siCD73/shCD39 ? shCD73). During the

modified 4 h FATAL assays [23], CD39 or CD73 were

blocked by the specific inhibitors ARL67156 or APCP as

indicated. ADORA2A was inhibited by application of

SCH58261. After 4 h, the percentage of PKH-26- CFDA-

SEdim OvCa cells was determined by flow cytometry.

Inhibition of CD39, CD73 or ADORA2A by siRNA,

shRNA or inhibitors resulted in significantly improved lytic

activity of polyclonal NK cells against SK-OV-3 (Fig. 5a,

b, left) and OAW42 (Fig. 5a, b, right) cells as compared to

untreated controls.

T cell response to recall antigens from SK-OV-3 cells is

increased by inhibition of CD39, CD73 or ADORA2A

To examine the role of CD39, CD73 and ADORA2A with

respect to the priming of T cell response against recall

antigens, PBMC were isolated from healthy volunteers and

co-cultured with irradiated SK-OV-3 or OAW42 cells.

When stimulator cells with transient siRNA- or stable

shRNA-mediated downregulation of CD39 or CD73 were

used, PBMC showed significantly increased lytic activity

against fresh CFDA-SE labelled OvCA targets (Fig. 5c). In

line with the achieved levels of suppression, siRNA had a

considerably greater effect than shRNA for SK-OV-3 cells,

while shRNA was slightly superior in OAW42. Likewise,

improved T cell priming was achieved when ARL67156,

APCP, SCH58261 or combinations thereof were present

during the 10 days of co-culture. This was demonstrated

by increased lytic activity against luciferase-expressing

SK-OV-3 cells (Fig. 5d). From OAW42 OvCA cells, no

firefly luciferase-expressing subline could be obtained

(data not shown), which precluded their use in this assay.

Importantly, no lytic activity against autologous lympho-

blasts was observed under these conditions (data not

shown).
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Discussion

Adenosine, which is known to inhibit the function of CD4?

and CD8? T cells as well as the lytic activity of NK cells

[6, 34], is found at high concentrations in some tumour

entities [4]. It is thought to be generated from ATP due to

recurrent hypoxia in the tumour tissue [35]. Thus, mice

deficient for ADORA2A exhibited improved CD8? T cell-

mediated anti-tumour responses and reduced growth of

experimental tumours as compared to wild-type controls

[5]. Additionally, it has recently been described that Treg

generate adenosine via the membrane-bound

ectonucleotidases CD39 and CD73, revealing thus a novel

immunosuppressive mechanism of Treg [8].

In the present study, we demonstrate that OvCA cells

express both CD39 and CD73 in vitro (Fig. 2) and in vivo

(Fig. 1), which enables them to mimic the paracrine

secretion of adenosine previously described for Treg [8]. In

contrast, benign ovarian tissues express only CD73 but

rarely CD39 (Fig. 1). Within the cancer group, however,

ectonucleotidase expression did not correlate with pro-

gression-free or overall survival. Considering the various

confounding factors (grading, molecular heterogeneity),

the limited number of samples and the short observational

Fig. 4 Effect of CD39, CD73 or A2A adenosine receptor inhibition

on the suppressive capacity of OvCA cells against proliferating

activated CD4? T cells. a–f Treg and OvCA cells were co-cultured

with CD4? T cells that had been stained with CFDA-SE (a–e) or Cell

Proliferation Dye eFluor� 670 (f) and stimulated with plate-bound

anti-CD3 and anti-CD28 antibodies. To inhibit ectonucleotidases,

CD39 or CD73 inhibitors ARL67156 (ARL) and APCP were added as

indicated (100 lM each). ADORA2A was blocked using 100 nM

SCH58261. To activate adenosine receptors, 10 lM adenosine-50-N-

ethylcarboxamide (NECA) was used. a During each cell division,

CFDA-SE is distributed equally between the daughter cells, which

enables the assessment of a cell’s proliferation history by flow

cytometry. In order to determine the total number of cell divisions, the

number of counts in each region was divided by 2n (n = number of

peak, from right to left, beginning with 0) to determine the number of

cells ‘x’ which originally divided into the cytometrically assessed

cells of the peak.
Pn�1

i¼0

ðx � 2iÞ gives the total number of cell division

per peak n. b–f Representative and independent experiments are

shown (n = 3) for the co-culture of CD4? T cells with Treg (b), SK-

OV-3 and OAW42 cells only (c), with siRNA-transfected SK-OV-3

and OAW42 cells (d), with SK-OV-3 and OAW42 cells in the

presence or absence of the inhibitors ARL67156, APCP or

SCH58261, which block CD39, CD73 or ADORA2A, respectively,

(e) and with SK-OV-3 and OAW42 cells in the presence of

NECA ± ARL67156 or APCP or both (f)
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period for recently resected tumours, such a relationship

could not realistically be expected. Nevertheless, while

(non-regulatory) T cell infiltration is a favourable prog-

nostic factor in OvCA [36], co-staining of infiltrating

immune cells revealed that tumours with the highest stro-

mal CD39 and CD73 expression showed the least infiltra-

tion by T cells. Moreover, all tumours containing high

numbers of Treg (which indicate poor prognosis [3])

expressed intermediate to high levels of both CD39 and

CD73 on tumour and stromal cells. While sample numbers

were too low to reliably assess correlations between ecto-

nucleotidase expression and immune cell infiltration, our

observations nevertheless give rise to two hypotheses;

While high levels of CD39 and CD73 might repell infil-

trating lymphocytes, low to moderate levels of CD39 and

CD73 on stromal cells might actually be induced by int-

ratumoural T cells. Considering that CD39 is required to

hydrolyse extracellular adenosine tri- and diphosphate

(ATP/ADP) to adenosine monophosphate (AMP) [8],

which is in turn dephosphorylated to adenosine by CD73

[9], the presence of both ectonucleotidases is a prerequisite

for the efficient enzymatic conversion of extracellular ATP

to adenosine. In fact, ATP levels in supernatant could be

saved from degradation by inhibition of CD39, but not by

Fig. 5 Effect of CD39, CD73 or A2a adenosine receptor inhibition on

the lytic activity of cytotoxic effector cells against OvCA cells. a,

b Polyclonal NK cells (pNK) were stained with PKH-26 and co-

incubated for 4 h with CFDA-SE labelled OvCa cell lines SK-OV-3

or OAW42 at different effector to target cell (E:T) ratios [45].

Ectonucleotidase activity was either downregulated by transient

transfection with siRNA or stable plasmid-based shRNA expression

(a) or blocked by addition of ARL67156 or APCP as indicated (both

used at 100 lM) (b). SCH58261 (SCH) was used at 100 nM to inhibit

ADORA2A. Target cell lysis was determined in modified FATAL

assays. Depicted are exemplarily the E:T ratios 10:1 for SK-OV-3

(left) and 5:1 for OAW42 (right). Lower E:T ratios that resulted in

reduced target cell lysis showed a similar trend (data not shown).

c Peripheral blood mononuclear cells (PBMC) were co-incubated

with siRNA- or shRNA-transfected SK-OV-3 or OAW42 cells. On

day 10, recall lysis by primed PBMC was evaluated by modified

FATAL assays. d PBMC were co-cultured for 10 days with SK-OV-3

OvCA cells in the absence or presence of CD39 and CD73 inhibitors

ARL67156 or APCP (used at 100 lM each). ADORA2A signalling

was blocked with SCH58261 (100 nM). The lytic activity of the

PBMC was then evaluated in a luciferase-based cytotoxicity assay

against fresh SK-OV-3 cells that were stably transfected with a firefly

luciferase plasmid. As we were unable to obtain suitable luciferase-

expressing OAW42 targets, this cell line was not included in the

assay. Representative and independent experiments are shown

(n = 3)
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targeting of CD73 (Fig. 3a). While enzymatic conversion

of ATP may lead to high adenosine concentrations at the

sites of production/conversion (i.e. in the tumour micro-

environment or in cell culture), the resulting adenosine is

rapidly degraded by adenosine deaminases [37] or inter-

nalised via nucleoside carriers [38]. Thus, global adenosine

concentrations in the cell culture supernatant may be low

and could not be detected via high-performance liquid

chromatography (HPLC) endpoint measurements (not even

in serum-free medium, data not shown). However, a

reporter gene assay employing ADORA2A-transfected

HEK-293 ‘sensor’ cells that indicate the presence of

adenosine by activation of a downstream luciferase plas-

mid [28] revealed that OvCA cells generate far greater

amounts of adenosine than resting or activated Treg

(Fig. 3c, d). The observed low levels of Treg-derived

adenosine may not only be species-dependent (human vs.

mouse) or related to suboptimal activation of Treg, they

could also be biologically meaningful; Since Treg act in a

strictly controlled, localised manner, low levels of adeno-

sine might be functionally sufficient. Tumour cells, in

contrast, induce a wide-ranging immunosuppressive

microenvironment and inhibit immune responses even

systemically. Accordingly, tumours could benefit from

higher levels of adenosine. On a functional level, we could

show that siRNA against or small molecule inhibitors of

CD39 and CD73 enhance CD4? T cell proliferation

(Fig. 4d, e), NK cell-mediated lysis (Fig. 5a, b) and cyto-

toxic T cell priming against recall antigens (Fig. 5c, d) in

co-culture with SK-OV-3 and OAW42 OvCA cells. Similar

results were obtained by blockade of ADORA2A. Inhibi-

tion of CD39 or CD73 was, however, insufficient to

overcome the anti-proliferative effect of the adenosine

receptor agonist NECA (Fig. 4f). Thus, these model in

vitro assays confirm that human OvCA cells inhibit

immune responses by a mechanism that depends on CD39,

CD73 and ADORA2A.

A critical aspect in these assays is the inclusion of serum

that contains adenosine deaminase that will rapidly degrade

adenosine. However, as adenosine deaminase is also

ubiquitous in vivo—and immune cells are in contact with

serum during most of their life—we deliberately did not

increase the half-life of adenosine artificially to obtain

more pronounced effects. (A rather slight difference in that

direction was observed when we used XVivo 15 medium,

data not shown). Signals derived from free adenosine will

also be short-lived in vivo—but they are, nevertheless,

sufficient to exert a strong immunomodulatory effect.

Our findings are fully compatible with recent publica-

tions from Mark Smyth’s and Bin Zhang’s laboratories

[19, 21]: Using an immune-competent breast cancer

model, Stagg et al. [19] have performed a very elegant

series of in vivo experiments to demonstrate that the

targeting of CD73 is a promising immunotherapeutic

strategy for breast cancer. Immunological depletion

experiments showed that the observed effects were

essentially dependent on the induction of adaptive anti-

tumour immune responses. NK cells, in contrast, had an

anti-metastatic effect, but did not affect primary tumour

growth. Jin et al. [21] tested the functional relevance of

CD73 for adoptive immunotherapy; Strikingly, they found

that adoptive transfer of OT-1 specific T cells into tumour-

bearing C57BL/6 hosts was only curative when the mice

had been inoculated with ID8-OVA CD73-knockdown

OvCA cells, while control ID8-OVA tumours could not be

cleared. This study not only confirms the importance of

CD73 in an immune-competent mouse model for OvCA,

but also shows that the functional significance of CD39

and CD73 on human OvCA cells cannot be assessed in

immune-deficient xenograft models. Thus, it is reassuring

that our study confirms the effect of CD73 for human

OvCA cells at least in vitro—using both siRNA and

pharmacological inhibitors, which may be clinically

applicable. Moreover, as CD39 appears to be expressed in

an even more tumour-specific pattern than CD73 (Fig. 1)

[39, 40], the targeting of CD39 or both ectonucleotidases

might be advantageous. (While no cumulative effect was

observed when more than one component of this cascade

was blocked in vitro, we cannot exclude that additive

effects were masked by a certain toxicity of an inhibitor

‘cocktail’.) Inhibiting CD39, which catalyses the first step

in the conversion of ATP to adenosine, is also likely to

protect free ATP from degradation. This, in turn, may act

as an important immunological danger signal that recruits

antigen-presenting cells [11] and induces the maturation of

dendritic cells. Anti-tumoural immune responses could

thus be substantially improved by inhibition of CD39—

especially since hypoxia in the tumour microenvironment

[12] will both lead to ATP release from necrotic cells [35]

and induce CD39 and CD73 expression [41]. As our in

vitro assays could not capture the consequences of CD39-

dependent ATP depletion in the tumour microenvironment

or autocrine tumour-promoting effects mediated by

ADORA2B on many cancer cells (but not SK-OV-3 or

OAW42), the in vivo impact of targeting CD39 either

alone or in combination with CD73 could by far exceed the

immune stimulatory effects caused by inhibition of the

CD39-CD73-ADORA2A axis in vitro.

From a translational perspective, it is important to note

that small molecule inhibitors are available and have

already been used in vivo to block CD39 [42], CD73 [43]

and ADORA2A [5]. Moreover, small molecule inhibitors

of ADORA2A have already been clinically tested in neu-

rodegenerative disorders like Parkinson’s disease [44].

Thus, there should be no major obstacles to their applica-

tion for OvCA patients provided that they can show their
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efficacy in further OvCA models in vivo, either alone or in

combination with other immune therapies.

Taken together, the data obtained in our in vitro model

system and from primary tumour tissues strongly suggests

that OvCA cells suppress various immune cell populations

via adenosine that is generated locally in the tumour

microenvironment by the ectonucleotidases CD39 and

CD73. Consequently, both of these molecules emerge as

possible targets for novel immunomodulatory approaches

in this tumour entity.
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