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Abstract

The ectonucleotidases CD39 and CD73 catalyze extracellular adenosine triphosphate (ATP) 

to immunosuppressive adenosine (ADO), and as such, represent potential cancer targets. We 

investigated biological impacts of CD39 and CD73 in pancreatic ductal adenocarcinoma (PDAC) 

by studying clinical samples and experimental mouse tumors. Stromal CD39 and tumoral CD73 

expression significantly associated with worse survival in human PDAC samples and abolished 

the favorable prognostic impact associated with the presence of tumor-infiltrating CD8+ T cells. 

In mouse transplanted KPC tumors, both CD39 and CD73 on myeloid cells, as well as CD73 

on tumor cells, promoted polarization of infiltrating myeloid cells towards an M2-like phenotype, 

which enhanced tumor growth. CD39 on tumor-specific CD8+ T cells and pancreatic stellate cells 

also suppressed IFNγ production by T cells. Although therapeutic inhibition of CD39 or CD73 

alone significantly delayed tumor growth in vivo, targeting of both ectonucleotidases exhibited 

markedly superior anti-tumor activity. CD73 expression on human and mouse PDAC tumor 

cells also protected against DNA damage induced by gemcitabine and irradiation. Accordingly, 

large-scale pharmacogenomic analyses of human PDAC cell lines revealed significant associations 

between CD73 expression and gemcitabine chemoresistance. Strikingly, increased DNA damage 

in CD73-deficient tumor cells associated with activation of the cGAS-STING pathway. Moreover, 

cGAS expression in mouse KPC tumor cells was required for anti-tumor activity of the CD73 

inhibitor AB680 in vivo. Our study, thus, illuminates molecular mechanisms whereby CD73 and 

CD39 seemingly cooperate to promote PDAC progression.
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Introduction

With increasing incidence and 5-year overall survival rates under 20%, pancreatic ductal 

adenocarcinoma (PDAC) is predicted to become the second leading cause of cancer-related 

death in Western countries (1,2). The vast majority of patients are diagnosed with advanced 

or metastatic disease, for which systemic multiagent cytotoxic chemotherapy associates 

with a median survival of less than a year, at the price of significant side-effects (3–5). 

Despite the progress of cancer immunotherapy (6), monoclonal antibodies (mAbs) targeting 

PD-1/L1 or CTLA-4 have shown limited efficacy against PDAC (7,8). Several mechanisms 

have been proposed to explain PDAC resistance to immunotherapy, such as T-cell exclusion 

and a predominant myeloid cell infiltration (7,9–11).

Extracellular adenosine (ADO) is an important immunosuppressive metabolite with broad 

effects on both innate and adaptive immune responses (12). Two ectonucleotidases play a 

central role in ADO accumulation: CD39, which hydrolyzes extracellular ATP into AMP, 

and CD73 that hydrolyzes extracellular AMP into ADO. Extracellular ADO mediates its 

immunosuppressive effects through activation of high-affinity A2A adenosine receptors on 

lymphoid and myeloid cells, and through activation of low-affinity A2B adenosine receptors 

on myeloid cells. A2B receptors are also often overexpressed in cancer cells, and have been 
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shown to promote tumor cell proliferation, metastasis, and chemoresistance through ERK, 

p38, JNK, AKT, and/or STAT3 signaling (13–16).

Across cancer types, ADO-producing CD73 is particularly high in PDAC (12) and correlates 

with poor clinical outcomes (17–20). This has prompted clinical evaluation of CD73 

inhibitors, including in PDAC patients. Recently, preliminary data from early-phase clinical 

trials have revealed encouraging signs of clinical activity of the CD73 small-molecule 

inhibitor AB680 (NCT04104672) and the CD73 mAb oleclumab (NCT02503774) in PDAC 

patients (21,22). The clinical and biological impact of CD39 on PDAC is less well defined, 

albeit earlier clinical studies have revealed expression patterns of this ecto-enzyme in 

chronic pancreatitis and PDAC (23). By scavenging extracellular ATP, CD39 not only 

provides a substrate for ADO production, it also prevents activation of pro-inflammatory 

ATP receptors, notably P2X7 receptors (24). Because CD39 inhibitors are now being 

evaluated in clinical trials, it is essential to better define the relative roles of CD39 and 

CD73 in PDAC.

We, here, further describe CD39 to be an important factor in PDAC progression, in 

cooperation with CD73. CD39 expression on myeloid cells, fibroblasts, and effector T cells 

all contributed to the suppression of anti-tumor immunity against PDAC. Notably, our study 

revealed that targeting host CD39 significantly enhanced the therapeutic activity of CD73 

inhibition against established tumors. Finally, we demonstrate previously unappreciated 

roles for tumor-associated CD73 in regulating the pro-inflammatory cGAS-STING pathway.

Materials and Methods

MetaGxPancreas Gene expression dataset acquisition

NT5E (CD73) and ENTPD1 (CD39) gene expression prognostic values were investigated 

in the curated MetaGxPancreas dataset (http://bioconductor.org/packages/MetaGxPancreas/) 

(25). Only studies with more than 40 patients were kept in the meta-analysis. RNA-Seq and 

clinical data from another Canadian PDAC cohort (ICGC_CA) of 186 PDAC patients was 

retrieved from the International Cancer Genome Consortium (ICGC) under the accession 

code: PACA-CA. This resulted in 12 independent PDAC studies providing data for 1,216 

patients. For each dataset, each investigated gene was scaled using the z-score method, and 

median gene expression was used as cutoffs in prognostic analyses.

Gene signature

Immune gene signatures CYT (cytolytic activity)(26), CD8+ T cells (27), and regulatory T 

cells (Tregs, FOXP3 and CCR8) were computed using Gene Set Variation Analysis (GSVA) 

method (28).

Pharmaco-genomic datasets

To determine whether NT5E (CD73) expression correlated with a distinct pattern amongst 

drug sensitivity profiles, we analyzed the pharmacological and expression profiles of PDAC 

cancer cell lines from three independent pharmaco-genomic datasets from the Bioconductor 

R package PharmacoGx (http://bioconductor.org/packages/PharmacoGx) (29): Genentech 
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Cell Line Screening Initiative (gCSI) (30); Genomics of Drug Sensitivity in Cancer (GDSC) 

(31); and the Cancer Therapeutics Response Portal (CTRP) (32). For drug sensitivity 

profile, C-index was computed using “paired.concordance.index.new” function from the 

wCI package (https://github.com/bhklab/wCI) derived from the survcomp package.

Study approval

Our study on human PDAC samples was approved by the Research Ethics Board of the 

Centre Hospitalier de l’Université de Montréal. Written informed consent was acquired 

from all patients. Handling and breeding of mice and all experiments were performed 

in accordance with the Canadian laws for animal protections and were approved by the 

Institutional Animal Protection Committee (CIPA, CRCHUM, Montreal, Canada).

Patients and tissue microarrays

Tissue microarrays (TMA) were constructed from a total of 104 consecutive patients 

operated on for PDAC at the Centre Hospitalier de l’Université de Montréal between 

February 2000 and October 2008. Formalin-fixed paraffin-embedded (FFPE) tumor blocs 

with adjacent non-tumoral pancreas were selected after pathology review and used to build 

the TMA and generate associated data. Tumors were processed by the CHUM pathology 

department along standard procedures for FFPE and stored at room temperature. The study 

was conducted in accordance to the Declaration of Helsinki after local Institutional Review 

Board approval. Each case was represented by three 1 mm diameter tumor cores and four 

1 mm diameter cores from adjacent normal pancreatic tissue. For the serology cohort, 

serum from 238 patients with PDAC, 10 patients with benign hepato-biliary disease and 

10 healthy volunteers were collected by the Hepatopancreatobiliary Cancer Biobank of the 

Centre Hospitalier de l’Université de Montréal between 2010 and 2017. None of the patients 

had received chemotherapy or radiotherapy before sampling. Patient clinicopathological 

data, including age, gender, details of pathological diagnosis, serum CA 19–9 levels, type 

of surgical resection, perioperative blood loss, and overall survival (OS) were collected 

prospectively.

Automated quantitative immunofluorescence analysis

Multicolor immunofluorescence (IF) staining of the TMAs was conducted using mouse 

monoclonal anti-CD73 (1/300, Ab91086; Abcam), anti-CD39 (1/500, Ab223843; Abcam), 

anti-CD8 (1/50, NCL-L-CD8–4B11; Leica Biosystems), in addition to anti-cytokeratin 8/18 

(CK) rabbit monoclonal antibody (1/2, IR094; Dako) to reveal the epithelial areas. Briefly, 

TMA slides were deparaffinized and rehydrated with xylene and alcohol, followed by 

antigen retrieval in citrate buffer (target retrieval solution; Dako, S1699). Protein block 

solution (Dako, X0909; 100%) was added for 30 minutes prior to an overnight incubation 

at 4°C with primary antibodies. Secondary antibodies (Mouse IgG1 647 cat# A21240, 

Rabbit 750 cat# A21039, Mouse IgG2b 594 cat# A21145, Mouse IgG2a 488 cat# A21131; 

Life technologies, 1/400) were incubated for 2 hours at room temperature, followed by 

4′,6-diamidino-2-phenylindole (DAPI; Sigma) DNA staining and slides were mounted using 

ProLong Gold (ThermoFisher). The stained TMA slides were imaged at 20X magnification 

using the VS-110 scanner (Olympus) using 0.75NA objective and a resolution of 0.3225μm 

for each color channel. Images were then analyzed with Visiomorph DP image analysis 
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software (Visiopharm), allowing automated image analysis of all cores in a batch-processed 

manner to ensure unbiased classification and measurement. The cores areas were defined 

using DAPI staining. Epithelial areas stained positive for CK. Stromal area was determined 

to be the core area minus the epithelial area. All images were visually reviewed to remove 

staining artifacts and damaged tissue areas prior to further analysis. CD73 and CD39 

expression were defined by mean fluorescence intensity (MFI). MFI were calculated as 

the mean of CD73 or CD39 fluorescence intensity per pixel per compartment: epithelium, 

stroma, or total core area. Upper tertiles of CD73 or CD39 MFI were used as cut-offs. 

The number of CD8+ T cells were counted using Visiomorph DP software. The CD8 

density represents the number of CD8+ T cells divided by the surface area (CD8/cm2). For 

each patient, CD73 or CD39 mean fluorescent intensity (MFI), or CD8 density values of 

replicates’ core area were calculated, and the mean of replicates was used for prognostic 

evaluation. The endpoint for the study was OS. OS was defined as the time from surgery to 

death or censoring.

Animals and cell lines

All animal studies were conducted in accordance with, and with the approval of, the 

Institutional Animal Care and Use Committee (IACUC) of the CRCHUM. C57BL/6 (B6) 

mice were purchased from Charles River Laboratories, LysMCre+/− and OT-I B6 mice 

were from Jackson Laboratories, and CD73 flox/flox B6 mice were from Cyagen (33). 

The global CD39−/− and CD39fl/fl BL6 mice were provided by Simon C. Robson (34,35). 

LysMCre+/− CD73fl/fl, LysMCre+/− CD39fl/fl, and OT-I CD39−/− mice were generated 

by crossing respective parental strains and maintained at the CRCHUM animal house, 

Montreal, Canada.

KPC 1245 and KPC 1199 cells (KPC cells) derived from David Tuveson’s laboratory (Cold 

Spring Harbor laboratory) were a gift from Tracy L. McGaha (Princess Margaret Cancer 

Centre, Toronto) and were obtained in 2019. PANC1 cells were purchased from ATCC in 

2019 and were not re-authenticated. All cells were maintained in complete RPMI media 

(10% fetal bovine serum (FBS; Wisent), no antibiotics) and tested biweekly for mycoplasma 

(ThermoFisher, cat# M7006).

KPC and PANC1 cells were transiently transfected by electroporation with a CRISPR-

Cas9 vector (pX330; Addgene) expressing single guide (sg)RNA to mouse CD73 

(5’-GCAGGATCGTGAGCTCCC-3’ and 5’GCGCAAACATTAAGGCAC-3’) or human 

CD73 (5’-GACGCCGGCGACCAGTACCA-3’ and 5’-GCAGCACGTTGGGTTCGGCG-3’) 

provided by Michael Hoelzel (University of Bonn, Bonn, Germany). Cells were then 

sorted (following CD73 staining with mAb clone TY/11.8- PE-Cy7; eBioscience) using 

a BD FACS-Aria III to obtain a CD73-negative and a CD73-positive population (>10% 

of the transfected cells were negative for CD73 prior to sorting; purity > 95% after 

sorting). No expression of Cas9 was detected by western blot following sorting. To generate 

ovalbumin (OVA)-expressing cells, lentiviral vectors were produced by transfecting 293FT 

cells (ThermoFisher) with an OVA plasmid (#72263; Addgene) and ViraPower™ Packaging 

Mix (ThermoFisher Catalog #K4975–0). Supernatant was collected after 72 hours to 

transduce KPC1245 cells followed by FACS cell sorting based on Green Fluorescent 
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Protein (GFP) expression (purity > 95% after sorting). All cells were used within 10 in 
vitro passages after sorting. Where indicated, CD73-positive KPC cells were transfected 

with CRISPR-Cas9 vector alone (Addgene; pSpCas9(BB)-2A-Puro (PX459) V2.0) or 

in combination with sgRNA targeting mouse cGAS (GeneScript, SC1678; sequence 

5’ATATTCTTGTAGCTCAATCC-3’). Individual clones were selected and characterized 

for loss of cGAS expression and activity, as described. CD73-negative KPC cells were 

infected with a lentiviral vector (pLenti-GIII-CMV) expressing mouse Nt5e (ABM good, 

cat.: 322320640195) and selected in complete RMPI media (10 FBS, no antibiotics) with 1 

μg/mL of puromycin (Thermo Fisher)-containing media. Surviving cGAS-deleted cells were 

further enrich by FACS for the presence or absence of CD73 expression (as indicated above; 

purity >95%). Where indicated, CD73-positive KPC cells were infected with a lentivirus 

containing either one of 5 predesigned shRNAs (TRCN0000176706, TRCN0000177514, 

TRCN0000178625, TRCN0000178459, TRCN0000416658) or a control shGFP plasmid (all 

from Sigma) and selected with 1 μg/mL of puromycin-containing media. Knockdown was 

validated by western blot for cGAS protein expression and ELISA for cGAMP production 

as described.

ELISAs

ELISAs were performed on serum samples from 238 patients with PDAC, 10 patients with 

benign hepato-biliary disease and 10 healthy volunteers. Nunc maxisorp plates (Sigma) 

were coated overnight with 1 μg/mL of anti-human CD73 (clone AD2, BioLegend, 

344002). Blocking was done for 1 hour at room temperature in PBS, 0.01% Tween-20 

(ThermoFisher), 0.1% BSA (ThermoFisher). Patient sera were incubated 2 hours at room 

temperature, at 100 μL per well, undiluted. Detection antibody (anti-CD73 clone 1E9, Santa 

Cruz, sc-32299, 5 μg/mL) was incubated for 1 hour. HRP-conjugated anti-mouse IgG3 

detection antibody (1:4000 dilution; Southern Biotech 1101–05) was added for 1 hour at 

room temperature, followed by tetramethylbenzidine (TMB; ThermoFisher) substrate. The 

reaction was stopped with 2N hydrochloric acid (HCl). Absorbance was read at 450 nm 

and corrected at 570 nm on a Versamax microplate reader. All steps were separated by 

three washes with PBS, 0.01% Tween-20. Samples were run in duplicate or triplicate. On 

each plate, a standard curve of recombinant human CD73 protein (R&D Systems, 5795-EN) 

was run. For the 2’3’-cGAMP ELISA, KPC cells were cultured in DMEM with 10% FBS 

containing 20 nM gemcitabine for 48 hours (106 cells per well of a 6-well plate, in 700μL), 

and the undiluted supernatant harvested and used in a commercial 2’3’-cGAMP ELISA kit 

following manufacturer’s instructions (Cayman chemical, 501700). Where indicated, cells 

were treated with 1.5 μg/mL dsDNA consisting of a PCR product (0.7 kb in length) from 

an irrelevant plasmid (Addgene cat#125570). The PCR product was purified using QIAGEN 

DNA purification kit (QIAGEN, Cat.: 28104) and quantified on a nanodrop (DeNovix) 

instrument. The PCR product was mixed with OPTI-MEM media (Gibco, Cat.: 31985070) 

containing 1X Lipofectamine 2000 (ThermoFisher, Cat.: 11668030) and added to cells 

(300μL per well). Cells were incubated for 8hrs at 37°C and supernatant was harvested and 

analyzed undiluted for 2’3’-cGAMP levels by ELISA (Cayman Chemical, Cat.: 501700).
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Western blots

Adherent cells were washed with ice-cold PBS and lysed and scrapped in CelLytic™ M 

buffer (Sigma) with 1X Halt™ protease and phosphatase cocktail inhibitors (Thermo Fisher) 

before being centrifuged for 15 minutes at 20,000 x g at 4°C. Proteins were harvested from 

supernatant and quantified by using Bradford protein assay dye reagent (Bio-Rad). 25 μg 

of protein from whole cell extract were loaded in 4–10% acrylamide gels and transferred 

on nitrocellulose membranes. Membranes were stained overnight in 5% BSA-containing 

PBS Tween 0.1% with following antibodies: mouse anti-PLCγ (1:2000; Millipore #05–163) 

and rabbit anti-cGAS (mouse; 1:1000; Cell signaling #31659). Proteins were revealed with 

fluorescent secondary anti-rabbit (1:10000; LI-COR #926–68073) or anti-mouse antibodies 

(1:10000; LI-COR #926–32212) using the LI-COR fluorescent scanner.

In vivo experiments

KPC cells (5 × 105) were injected subcutaneously (s.c.) into indicated strains of female 

C57BL/6 mice. On indicated days, mice were treated with gemcitabine (100 mg/kg, i.p.), 

anti-mouse CD39 mAb (clone VX26102) or control Ig (400 μg i.p.)(Supplementary Table 

S1, “In vivo”), or AB680 (MedChem Express; 10 mg/kg s.c. peri-tumoral). Tumor growth 

was monitored using calipers three times per week. Tumors were harvested for real-time 

PCR or for tumor-infiltrating lymphocyte (TIL) analysis on days 11 or 12 after implantation 

as described below. In some experiments, disease-free survival was determined as the day 

when the tumor size reached 50 mm2.

CD39 IHC analysis

Subcutaneous KPC tumors from CD39fl/fl LysMCre+/− and CD39fl/fl LysMCre−/− mice 

collected at the indicated endpoints were formalin-fixed, paraffin-embedded, and sectioned 

into 5-micron sections for immunohistochemistry (IHC) and tumor area measurement. 

Dewaxing, antigen retrieval, and staining were performed in a Leica Bond Rx automated 

stainer (Leica Biosystems). For CD39 staining, slides were exposed to ER1 solution (Leica 

cat# AR9961) for 10 minutes at 100°C, followed by a 1-hour incubation with rabbit 

monoclonal anti-mouse CD39 (Cell Signaling Technology, clone E2X6B, CST #14481) 

at room temperature at 1:100 dilution. Slides were dehydrated and cover-slipped and were 

digitally scanned in an Aperio Versa 200 scanner (Leica Biosystems). CD39 staining and 

tumor area were quantitated on digitally scanned slides using the Area Quantification 

module in HALO v3 (Indica Labs) after the tumor was manually outlined as the region of 

interest. Data are expressed as CD39 IHC H-index. The H-index is equal to the percentage 

of tissue positive for a given marker multiplied by the average optical density of tissue 

positive for that marker. Tumor area is expressed as mm2.

FACS analysis of tumor-infiltrating lymphocytes

Tumors were excised, cut with scissors, and were subsequently incubated with a solution 

composed of 1 mg/mL collagenase IV (Sigma) and 0.02 mg/mL DNAse I (Sigma) in 

serum-free RPMI medium for 45 min at 37°C on a heating rotating plate (190 rpm). 

Cell suspensions were filtered using a 40 μm cell strainer and washed with 20 mL cold 

FACS buffer (PBS 2% FBS, 5mM EDTA). Cells were centrifuged at 300g for 5 min, and 
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resuspend in cold FACS Buffer, filter through 5 mL round-bottom polystyrene test tubes 

with cell strainer cap (ThermoFisher) and kept on ice until transfer into 96 U-bottom plates 

(ThermoFisher) for staining. Following Fc block (anti-CD16/32 mAb (BD Bioscience) 

for 10 minutes at 4°C), antibodies against cell surface antigens were added (30 minutes 

incubation at 4°C). For staining of intracellular antigens cells were fixed, permeabilized 

(eBioscience FoxP3/Transcription Factor Staining Buffer Set) and stained with antibodies 

following manufacturer’s provided protocol (Supplementary Table S1, “FACS antibodies”). 

FMO controls were always included as negative controls. To detect OVA-specific CD8+ T 

cells, we used OVA257–264 (SIINFEKL) peptide bound to H-2Kb monoclonal antibody 

(eBio25-D1.16 (25-D1.16))-APC (from eBioscience, cat #17–5743-82). Flow cytometry 

was performed on BD LSR Fortessa (BD Bioscience), and FlowJo software was used for 

analysis.

Quantitative real-time PCR

RNA from homogenized mouse tumor tissue or cell pellets from cGAS-targeted cells, was 

isolated using RNAeasy Mini Kit (Qiagen) according to manufacturer supplied protocol. 

Synthesis of cDNA was done using the Superscript VILO cDNA Synthesis Kit (Invitrogen). 

Real-time PCR was performed using TaqMan probes (Supplementary Table S1, “Real-time 

TaqMan”) and TaqMan Fast Advanced Master Mix (ThermoFisher) on the Step One Plus 

Thermal Cycler. For template, 1μg of RNA was used for reverse transcription. Resulting 

cDNA was diluted 1/10 in ddH2O which accounts for 100 ng RNA per reaction. Analysis 

of each gene per samples was run in triplicate. Beta-actin (Actb; probe Mm00607939_s1; 

ThermoFisher) was used as endogenous control. Relative quantification was measured by 

2–ΔΔCT (computed by StepOne software; ThermoFisher).

Spheroid formation and OT-I activation assay

Wild-type (WT) and CD39−/− OT-I cells were obtained from splenocyte single-cell 

suspensions. CD8+ T cells were purified (>90%) by immunomagnetic negative selection 

(Stem cell EasySep™ 19853). CD8+ T cells, at 1 × 106 cells per mL, were stimulated for 4 

days using plate-bound anti-CD3 (0.5 μg/mL; BioXCell cat.: BE0001–1), soluble anti-CD28 

(5 μg/mL; BioXCell cat.: BE0015–1), recombinant IL2 (30 U/mL; CHUM Pharmacy), 

and recombinant IL7 (0.5 ng/mL; R&D System Cat.: 407-ML-005). To isolate primary 

pancreatic stellate cells, mouse pancreas were harvested and minced under sterile conditions 

and transferred into gelatin (Fisher Scientific, Cat.:G7–500)-coated (0.2% in H2O for 2hrs 

at 37°C) petri dishes in DMEM/F12 (Wisent, Cat.: 319–075-CL) media containing 20% 

FBS, 100IU Penicillin and 100μg/mL streptomycin (Wisent, Cat.: 450–201-EL), 10μg/mL 

gentamycin (Wisent, Cat.: 450–135-XL), 10mM HEPES (Wisent, Cat.: 330–050-EL), 1% 

glutamax (Gibco, Cat.: 35050061), 1% MEM nonessential amino acids (Wisent, Cat.: 

321–011-EL), 1mM sodium pyruvate (Wisent, Cat.: 600–110-EL) and 20ng/mL of basic 

Fibroblast Growth Factor (bFGF) (PeproTech, cat.: 450–33). Gentamycin and bFGF were 

removed from culture after 3 passages. The ratio of KPC (1000 cells), stellate (1000 cells) 

and OT-1 (10 000 cells) was 1:1:10.

Spheroids were formed by seeding 1,000 KPC cells per well into round bottom, non-tissue 

culture-treated 96 well-plates in 100 μL DMEM (Wisent, Cat.: 319–005-CL) containing 
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10% FBS and supplemented with 0.24% methyl cellulose (Sigma). Spheroids were allowed 

to form for 24 hours prior to use in assays (36). For some conditions, 500 primary 

pancreatic stellate cells purified from CD39−/− or WT mice were mixed with the KPC 

cells during the spheroid formation. OT-I CD8+ T cells were added to the spheroid at an 

effector:target (E:T) ratio of 10:1.. After 4 hours, a protein transporter inhibitor cocktail was 

added (ThermoFisher 00–4980-03) for another 4 hours of incubation. Supernatants (100 μl, 

undiluted) were harvested and IFN-γ production was measured by ELISA (R&D system, 

DY485–05) following manufacturer instructions. Spheroids were harvested, dissociated with 

trypsin (Sigma), and stained with Thy1.2, IFNγ, and viability dye (Supplementary Table S1, 

“FACS antibodies”) for FACS analysis of IFNγ production. Flow cytometry was performed 

on BD Fortessa (BD Bioscience), and FlowJoFlow Jo software was used for analysis.

In vitro proliferation assay

For evaluation of cell proliferation, KPC and PANC1 cells were seeded in 96-well plates. 

After overnight adhesion, 15 nM of gemcitabine was added. Cell number was imaged 

using phase-contrast microscopy. Images were captured using the IncuCyteTM Live-Cell 

Imaging System (Incucyte HD). Proliferation curves were generated based on measurement 

of proportion of confluence using the IncuCyte software. In addition, cells were seeded in 

96-well plates, and gemcitabine was added 24 hours later at various concentrations. After 72 

hours of treatment, the number of viable cells was detected using CellTiter-Glo luminescent 

viability kit (Promega) using TopCount NXT microplate scintillation and luminescence 

counter (PerkinElmer). Data are represented as a ratio of relative luminescence (RLU) 

following treatment with gemcitabine over RLU without treatment.

γ-H2AX immunofluorescence (IF)

Cell lines were seeded on glass-cover slips, allowed to attach for 24 hours, and then 

treated for 48 hours with gemcitabine, radiation (1Gy using Gammacell® 3000 irradiator 

Elan), BAY 60–6583 (1μM; Tocris, cat #4472). or AB680 (0.1μM; MedChem Express, cat 

#2105904–82-1). Cells were fixed 10 minutes with 10% formalin and permeabilized 15 

minutes with PBS, 0.25% Triton-X100 (Sigma). Unspecific binding sites were blocked for 

1 hour using PBS, 1% BSA, 4% goat serum (ThermoFisher). Primary antibody against 

γH2AX (Milipore, JBW301, 1/2000) was incubated overnight at 4°C. Goat anti-mouse 

antibody coupled with Alexa Fluor-647 was incubated for 1 hour at room temperature (1/400 

dilution), followed by DAPI staining. Cover slips were mounted on glass slides and imaged 

at 40X magnification with a VS-110 scanner (Olympus). Images were then analyzed with 

Visiomorph DP image analysis software (VIS, Visiopharm) allowing automated nucleus and 

γH2AX foci count following a sequential process. DAPI counterstaining was used for nuclei 

identification, and for each nucleus, the number of γH2AX foci was calculated. For each 

replicate, at least 20 nuceli are analyzed and each condition was tested in triplicate.

Statistical analysis

The Kaplan-Meier method was used to estimate survival rates, and the log-rank test was 

used to assess survival differences between groups. The Cox proportional hazards model for 

multivariate survival analysis (forward conditional) was used to assess univariate predictors 

related to OS. The SPSS software program (version 24.0; IBM Corporation) was used for 
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statistical analysis. Graphical representations were performed with GraphPad Prism 7 (San 

Diego, CA) software. Differences between two continuous variables were assessed using 

Wilcoxon rank sum test. Spearman correlation was used to investigate association between 

gene expression and immune gene signature. Association of specific biomarkers survival 

was assessed using Cox proportional hazard model to assess the discrimination or separation 

of a survival model. Meta-analysis was performed to improve result reproducibility. Each 

individual independent study was investigated separately, and then statistical results were 

pooled using random-effects meta-analysis with inverse variance weighting in DerSimonian 

and Laird random-effects models (37). Heterogeneity across studies was evaluated by 

using the Q statistic along with index, which describes the total variation across studies 

attributable to heterogeneity rather than sampling error (38). Note that values greater than 

50% along with Cochran’s Q statistic represent moderate to high heterogeneity (37). All 

analyses were performed on the R platform (version 4.1.0). Associations were deemed 

statistically significant for p-values lower or equal to 0.05.

For mouse studies, we used Wilcoxon rank-test or unpaired t-test to compare two groups 

and one-way ANOVA or multiple t-tests to compare multiple groups. Recommended post-
hoc multiple comparison tests were used when required. Outliers were identified using 

the ROUT method. Analyses were performed using GraphPad Prism version 9.1.0. The 

statistical tests used to calculate P values are noted in the figure legends. * p <0.05, ** 

p<0.01, *** p<0.001, ns: not significant.

Data availability

The code for analysis scripts is publicly available in Github at https://github.com/barechey/

PDAC_CD73_and_CD39. The remaining data generated in this study are available upon 

request from the corresponding author.

Research reproducibility

A complete software environment through CodeOcean containing the pharmaco-genomic 

analysis, necessary data, and code to reproduce the pharmaco-genomic analysis and figures 

described in this manuscript is available at: https://codeocean.com/capsule/3210626/tree/v1 

(DOI: 10.24433/CO.5854848.v1)

Results

Tumoral CD73 and stromal CD39 are both associated with poor PDAC survival

To investigate the prognostic impact of the adenosine pathway in PDAC, we initially 

performed a gene expression meta-analysis of CD73 and CD39 in 12 curated independent 

studies encompassing over 1,200 PDAC patients. CD73 was significantly associated with 

worse overall survival (OS) (Fig. 1A). CD39 overall was linked to better OS (Suppl. Fig. 

S1A), although this did not reach statistical significance in individual cohorts (Suppl. Fig. 

S1B-C). We next explored the prognostic association between CD73 and CD39 in the two 

largest cohorts (i.e., TCGA and ICGC). The CD73 association with a worse prognosis was 

only observed when PDAC tumors had concomitant high CD39 expression (Fig. 1B, Suppl. 

Fig. S1D). Correlative analyses in the two largest cohorts further revealed a significant 
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positive correlation between CD39 gene expression and markers of cytotoxic T cells, Tregs, 

and T-cell exhaustion (i.e., PDCD1, CTLA4, TIGIT, LAG3), whereas CD73 showed no 

significant correlations (Fig. 1C, Suppl. Fig. S1E).

We next investigated the histological distribution of CD73 (Fig. 2A) and CD39 (Fig. 

2B) protein expression in the epithelium and stroma of PDAC surgical samples from an 

independent cohort (Suppl. Table S2). Compared to matched normal adjacent pancreatic 

tissue, CD73 was significantly upregulated in the PDAC tumor epithelium and weakly, 

but significantly, downregulated in the tumor stroma (Fig. 2C). CD39, on the other hand, 

was significantly upregulated in the stroma of PDAC tumors (Fig. 2D). A significant 

association was observed between tumor epithelial CD73 and higher stage and poorly 

differentiated PDAC tumors, whereas no correlation was observed between CD39 and 

available clinicopathological characteristics (Suppl. Table S3).

Survival analyses revealed that higher tumor epithelial CD73 expression (Fig. 2E), as 

well as higher tumor stromal CD39 expression (Fig. 2F), associated with worse OS 

of PDAC patients (Table 1). Tumor epithelial CD73 expression associated with worse 

OS in multivariate analyses when adjusting for pre-operative CA 19–9, nodal status, 

differentiation, and resection margin (Table 1). Survival analyses combining epithelial CD73 

and stromal CD39 expression provided further prognostication (Suppl. Fig. S2A).

CD73 and CD39 abolish the good prognostic impact of tumor-infiltrating CD8+ T cells

As previously shown in other PDAC cohorts (39,40), the presence of tumor-infiltrating 

CD8+ T cells associated with improved OS (Suppl. Fig. S2B). Supporting our gene 

expression data (Fig. 1C), CD39 protein expression positively correlated with CD8+ T-cell 

infiltration (Suppl. Fig. S2C), whereas CD73 protein expression was not correlated with 

tumor-infiltrating CD8+ T cells (Suppl. Fig. S2D). We next investigated whether CD73 or 

CD39 expression impacted PDAC immunosurveillance. High expression of tumor epithelial 

CD73 (Fig. 2G) or tumor stromal CD39 (Fig. 2H) completely abrogated the good prognostic 

value of tumor-infiltrating CD8+ T cells in PDAC patients.

Soluble CD73 associates with worse PDAC survival

Because CD73 can be cleaved from the cell surface and found in soluble form, we 

next evaluated whether soluble CD73 (sCD73) could serve as a non-invasive prognostic 

biomarker of PDAC. In an independent cohort (Suppl. Table S2), we observed that sCD73 

was significantly higher in patients with benign or malignant pancreatic tumors compared 

to healthy donors (Fig. 2I, Suppl. Fig. S2E). Higher sCD73 in PDAC patients associated 

with higher CA 19–9 levels, tumors located in the head of the pancreas, higher stage, and 

lymphovascular invasion (Suppl. Table S3). Higher sCD73 also significantly associated with 

worse OS (Fig. 2J). In multivariate analysis, however, sCD73 did not reach significance 

(Table 1). We next assessed whether sCD73 in serum could be used as a surrogate of CD73 

expression in PDAC tumors. In a sub-cohort, no correlation was observed between soluble 

and tumoral CD73 levels (Suppl. Fig. S2F).
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CD73 on tumor cells and myeloid cells favors infiltration of M2-like myeloid cells in murine 
PDAC

We next investigated the role of tumor-derived CD73 using Crispr/Cas9-mediated gene 

deletion in mouse KPC or human PANC1 tumor cell lines (Suppl. Fig. S3A). KPC and 

PANC1 were negative for CD39 expression (Suppl. Fig. S3B). In vitro, tumor-derived 

CD73 had no impact on tumor cell proliferation (Suppl. Fig. S3C). However, loss of tumor-

derived CD73 significantly decreased KPC tumor growth in vivo and improved gemcitabine 

activity (Fig. 3A). This associated with a significant increase in tumor IFNγ levels and a 

weak, but significant, increase in IL10 and arginase-1 (Fig. 3B). Deletion of tumor-derived 

CD73 also significantly decreased infiltration and polarization of M2-like tumor-associated 

macrophages (TAMs) and monocytic myeloid-derived suppressor cells (M-MDSCs) in KPC 

tumors (Fig. 3C, Suppl. Fig. S3D). Targeting tumor-derived CD73 had no impact, however, 

on CD8, CD4, or granulocytic (G)-MDSC infiltration (Suppl. Fig. S3D; gating strategies and 

representative plots in Suppl. Fig. S4). Because CD73 was expressed on KPC-infiltrating 

myeloid cells (Suppl. Fig. S5A), we next evaluated the role of myeloid-derived CD73. 

Conditional CD73fl/fl mice were crossed with LysMCre+/− mice (myeloid-specific deletion 

of CD73) and challenged with CD73-negative KPC tumor cells. Myeloid-derived CD73 

significantly enhanced KPC tumor growth (Fig. 3D), promoted infiltration of M2-like TAMs 

(Fig. 3E), and M2 polarization (Suppl. Fig S5B). Myeloid-derived CD73 had no impact on 

tumor-infiltrating CD8, CD4, M-MDSCs, or G-MDSCs (Suppl. Fig. S5C).

CD39 on myeloid cells, fibroblasts, and T cells suppresses anti-PDAC immune responses

We next investigated the role of CD39. Because myeloid cells were a major source of CD39 

in KPC tumors (Suppl. Fig. S6A), we assessed the impact of myeloid-derived CD39 in 

conditional CD39fl/fl LysMCre+/− mice challenged with KPC tumor cells. CD39 deletion 

in myeloid cells significantly decreased KPC tumor growth (Fig. 4A, Suppl. Fig. S6B) and 

significantly decreased M2-like TAM infiltration (Fig. 4B). In contrast to what we observed 

for CD73 (Suppl. Fig. S5C), myeloid-specific deletion of CD39 additionally associated with 

a significant increase in tumor-infiltrating CD8+ T cells and CD4+Foxp3− T cells (Fig. 4C).

We then evaluated the role of CD39 on tumor-associated fibroblasts and effector CD8+ 

T cells. For this purpose, we measured T-cell function using in vitro spheroid cultures 

composed of ovalbumin (ova)-expressing KPC tumor cells, primary pancreatic stellate cells 

(WT or CD39−/−), and ova-specific CD8+ OT-I cells (WT or CD39−/−) (Fig. 4D). CD39−/− 

OT-I CD8+ T cells, as well as CD39−/− pancreatic stellate fibroblasts, each significantly 

increased IFNγ production by OT-I effector T cells (Fig. 4D).

Targeting CD39 and CD73 enhances gemcitabine activity against mouse PDAC

We next evaluated whether CD39 represented a therapeutic target against PDAC. Mice 

with established KPC tumors (> 25 mm2) were treated with a blocking monoclonal anti-

mouse CD39 three times per week from day 7, alone or in combination with gemcitabine 

(100 mg/kg on day 7 and 10).Anti-CD39 monotherapy significantly delayed KPC tumor 

growth and significantly enhanced gemcitabine activity against established tumors (Fig. 4E). 

Similarly, treatment with a selective CD73 inhibitor (i.e., AB680) also significantly inhibited 

KPC tumor growth and enhanced gemcitabine activity (Fig. 4F, Suppl. Fig. S6C).
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We then evaluated whether CD39 and CD73 had redundant protumorigenic effects. For this 

purpose, KPC tumors were injected into WT and CD39−/− mice and treated with the CD73 

inhibitor AB680 in combination with gemcitabine. Targeting host-derived CD39 further 

enhanced the therapeutic activity of CD73 inhibition when combined with gemcitabine (Fig. 

4G). Similar results were obtained using a different KPC model (i.e., KPC 1199 cells; Suppl. 

Fig. S6D). Immune profiling of KPC-ova tumors treated with AB680, monoclonal anti-

CD39, or both revealed that only the combined inhibition of CD73 and CD39 significantly 

increased tumor-specific T-cell infiltration and prevented acquisition of the PD-1 exhaustion 

marker (Fig. 4H). Taken together, our results revealed non-redundant roles for CD73 and 

CD39 in promoting PDAC.

Tumor-derived CD73 protects against DNA damage and inhibits cGAS-STING

Because PDAC cells expressed high CD73, but not CD39 (Suppl. Fig. S3A-B), we next 

investigated whether CD73 conferred a proliferative advantage to PDAC tumor cells in a 

cell-autonomous manner. As mentioned above, CD73 gene-silencing had no impact on the 

survival or proliferation of mouse or human PDAC cells in normal culture conditions. CD73-

deletion in KPC or PANC1 cells, however, significantly enhanced tumor cell sensitivity 

to gemcitabine in vitro (Fig. 5A-B). To further evaluate the role of CD73 in PDAC 

chemoresistance, we next determined whether CD73 gene expression was associated with 

gemcitabine sensitivity in the three largest pharmacogenomics drug screening studies (i.e., 

Cancer Therapeutics Response Portal, Genomics of Drug Screening in Cancer, Genentech 

Cell line Screening Initiative). Meta-analysis of the three datasets revealed a significant 

inverse correlation between CD73 gene expression in PDAC cell lines and gemcitabine 

response (C-index=0.62, p<0.001; Fig. 5C), as measured by the area above the drug dose-

response curve. Consistent with these results, gemcitabine treatment of CD73-deficient KPC 

tumor cells induced significantly greater DNA damage, revealed by γH2AX staining (Fig. 

5D-E). Partial rescue of CD73 expression reverted phenotype and reduced DNA damage 

(Suppl. Fig. S7). Similar results were obtained in response to irradiation (Fig. 5F) and in 

human PANC1 tumor cells treated with the CD73 inhibitor AB680 (Fig. 5G). Activating 

A2B receptors with a selective agonist (BAY 60–6583) restored this phenotype, as revealed 

by a significant decrease in DNA damage in gemcitabine-treated PANC1 after A2B receptor 

activation (Fig. 5G) and KPC cells (Fig. 5H).

The DNA sensor cGAS can link DNA damage to inflammation through production of cyclic 

GMP-AMP (cGAMP), which in turn activates STING-dependent gene transcription (41). 

Because CD73 expression protected PDAC cells against DNA damage, we investigated 

whether CD73 could inhibit cGAS-STING activation. Indeed, we observed that CD73-

deficient KPC cells produced significantly greater cGAMP (Fig. 5I) and expressed 

significantly higher STING target genes (Fig. 5J) compared to CD73-proficient tumor 

cells following gemcitabine treatment. This suggested a possible role for the cGAS-STING 

pathway in the therapeutic activity of CD73 inhibition. To test this, we deleted cGAS 

from parental KPC cells by Crispr/Cas9, generated a polyclonal population consisting of 

individual clones with confirmed loss of cGAS-STING activation (Suppl. Fig. S8), and 

evaluated the therapeutic activity of AB680 against cGAS-null KPC tumors and control 

Cas9-expressing KPC tumors. cGAS-deletion in tumor cells abrogated the in vivo activity of 
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AB680 (Fig. 5K). Similar results were obtained using shRNA-based knockdown of cGAS 

(Suppl. Fig. S9). Taken together, our data highlights a previously unappreciated role for 

CD73 in regulating the cGAS-STING pathway and underscores the importance of tumor 

cGAS activation for therapeutic activity of CD73 inhibitors.

Discussion

PDAC is one of the most lethal and challenging cancers. Poor clinical outcomes reflect 

the difficulty of early diagnosis and lack of biomarkers, high propensity to rapidly 

disseminate, and limited treatment options (1–3). Our study demonstrates that CD39 and 

CD73 ectonucleotidases not only represent prognostic biomarkers in PDAC, but that these 

also constitute valid and non-overlapping therapeutic targets.

In multivariate survival analyses, CD73 expression on PDAC tumor cells, measured using 

standard histological techniques, was found to be the most significant prognostic biomarker 

of overall survival (HR: 2.27; P=0.003), even after correction for positive lymph nodes, 

grade of differentiation, resection margins, and preoperative CA 19–9 levels. The prognostic 

value of intratumoral CD73 was independent and stronger than CD8+ T cells. Validation of 

this finding could have a major impact in patient care, as preoperative serum CA 19–9 levels 

remains the only biomarker currently used for PDAC prognostication, despite low sensitivity 

and specificity, and the absence of CA 19–9 expression in 5–10% of the population (42).

High levels of soluble CD73 in serum of PDAC patients at the time of surgery also 

significantly correlated with worse overall survival. Serum sCD73 levels, however, lost 

prognostic value in multivariate analysis when combined with other pathological indicators. 

Our observed correlation between sCD73 and PDAC progression is in agreement with 

reports from Rittman et al. and Turiello et al. (43,44). In matched samples, we did not 

observe any correlation between sCD73 levels and tumor CD73 expression in PDAC 

patients. We also previously had not found any correlation in colorectal cancer patients 

(45). As a GPI-anchored protein, CD73 cleavage from the cell membrane can occur from 

the activity of metalloproteinases and cell-associated phospholipases (46–49). Upregulation 

of serum sCD73 in cancer patients may reflect cleavage from CD73-expressing cells outside 

the TME, such as lymphocytes or endothelial cells. Taken together, determining CD73 

expression on PDAC tumors cells appears a better strategy for PDAC prognostication.

CD39 protein expression was significantly upregulated in PDAC stroma compared to 

matched normal stroma. This specific upregulation of CD39 in stroma associated with poor 

patient survival and suppressed tumor immune surveillance (i.e., associated with the loss of 

prognostic impact of CD8-infiltrating cells). We further demonstrated that CD39 expression 

by primary mouse pancreatic stellate cells, the main cell type in PDAC stroma, significantly 

suppressed tumor-specific CD8+ T-cell responses against pancreatic tumor cells.

Prior work has noted high expression of CD39 and CD39L1, together with P2R (P2X7, 

P2Y2, and P2Y6), in chronic pancreatitis and PDAC (35). Interestingly, CD39 expression 

has also been shown to promote fibrogenesis in experimental pancreatitis, likely by 

generation of extracellular adenosine; of potential relevance to desmoplastic PDAC 
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responses. Indeed, CD39-deficient mice show heightened IFNγ in response to induction 

of experimental pancreatitis with less generation of matrix (23).

In the transplantable KPC mouse model of PDAC, we found that CD39 expression on 

myeloid cells, as well as CD73 expression on tumor cells and myeloid cells, promoted 

infiltration of M2-like macrophages. The immune regulatory effects of CD39 on myeloid 

cells were non-redundant to those of CD73 expression on the same cells. Indeed, only 

myeloid-derived CD39, but not myeloid-derived CD73, significantly repressed T-cell 

infiltration in KPC tumors. Further in support of non-redundant functions for CD39 and 

CD73 in PDAC, targeting host CD39 added to the therapeutic activity of CD73 inhibition 

against KPC tumors.

Our data support previous studies demonstrating a distinctive mechanism for CD39 amongst 

the adenosinergic axis. Accordingly, CD39 activity not only provides the nucleoside 

monophosphate substrate for CD73-mediated ADO production, this ectonucleotidase also 

inhibits pro-inflammatory signaling through ATP receptors such as NLRP3 inflammasome-

activating P2X7 receptors. Hence, activation of the P2X7-NLRP3 pathway has been shown 

to be involved in the response to CD39 mAb therapy in mice (50,51). Interestingly, single-

cell transcriptome analysis of infiltrating leukocytes in CT26 tumors reveals an upregulation 

of T-cell chemoattracting genes following treatment with CD39 mAb (52). Hence, activation 

of NLRP3 in response to CD39 inhibition likely contributes to promote T-cell recruitment 

by enhancing production of T-cell chemoattracting chemokines (53). In human PDAC, 

elevated NLRP3 activation has been associated with increased expression of T cell-attracting 

chemokines (CXCL9, CXL10, CCL4 and CCL5) (54).

In addition to the dual impact of maintaining pro-inflammatory ATP signaling and 

abrogating ADO signaling, co-blockade of CD39 and CD73 may also prevent potential 

compensatory mechanisms, for instance those mediated through CD38 and ENPP1 (12). 

Because ADO can also be produced independently of CD73 or released from the 

intracellular pool, it would be of interest to further assess the therapeutic activity of 

combining anti-CD39 with an A2A and/or A2B receptor antagonists.

Interestingly, CD73 has also been shown to have immune-independent and ADO-

independent functions. This is supported by observations that “catalytically dead” CD73 can 

promote cell survival and interactions with extracellular matrix proteins, and that targeted 

blockade of CD73 can delay human tumor xenografts in severely immunodeficient mice 

(55,56). Yet, the underlying mechanisms remain poorly defined. A recent study suggests 

that intracellular CD73 can enhance AKT signaling in PDAC tumor cells independently of 

ecto-enzymatic activity, which in turn confer resistance to gemcitabine (57). In the current 

study, we observed that CD73 deletion in human or mouse PDAC sensitized tumor cells to 

gemcitabine in vitro. Blocking CD73 enzymatic activity with AB680 significantly increased 

gemcitabine-induced DNA damage, and treatment with a selective A2B agonist restored 

this phenotype. Our data support the notion that inhibitors of CD73 activity potentiate the 

activity of gemcitabine in PDAC. Another independent group also recently demonstrated 

that anti-CD73 treatment significantly improves gemcitabine efficacy against mouse KPC 
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tumors (58). Interestingly, CD73 was shown to promote recruitment of immunosuppressive 

myeloid cells in a GM-CSF-dependent manner.

Because A2B receptor signaling has been shown to induce p53 activity (59), ADO 

production from CD73 may activate p53-mediated DNA repair mechanisms. Intriguingly, 

CD39 activity has also been shown to promote chemoresistance. In acute myeloid leukemia 

cells, inhibiting CD39 blocks mitochondrial reprogramming triggered by cytarabine, thus 

enhancing cytotoxicity (60). These complexities, however, need to be further investigated 

given prior results when examining other pathways of ADO generation and divergent 

impacts on DNA damage (61,62).

Accumulation of DNA damage in tumor cells can activate the pro-inflammatory cGAS-

STING pathway. PDAC tumor cells are notably characterized by high expression of STING 

(63), and recent studies have demonstrated the therapeutic potential of STING agonists in 

mouse models of PDAC (64,65). We here provide evidence that CD73 expression in PDAC 

tumor cells inhibits activation of the cGAS-STING pathway. Deleting cGAS in mouse KPC 

tumor cells abrogated the therapeutic activity of AB680 in vivo. This suggests that activation 

of cGAS is a central trigger in the mechanism of CD73 inhibition in the KPC mouse model 

of PDAC. Although we did not evaluate the role of cGAS-STING for anti-CD39 therapy, 

inhibition of ADO signaling through CD39 inhibition may also regulate cGAS-STING 

activation. Interestingly, activation of STING in mouse KPC tumors is characterized by 

a conversion of M2 to M1 tumor-infiltrating myeloid cells (65,66), a phenotype we also 

observed upon targeting of CD73 or CD39.

In conclusion, our study supports further evaluation of CD39 and CD73 biology in PDAC, 

with roles as immune checkpoints and in generating chemoresistance to gemcitabine. We 

demonstrated that both CD39 and CD73 significantly associate with poor clinical outcomes 

and suppress tumor immune surveillance against PDAC. We propose that targeting the 

CD39-CD73 axis will be beneficial in the context of immunologically cold tumors, such as 

PDAC.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Synopsis

The clinical and biological impact of ectonucleotidases CD73 and CD39 in pancreatic 

adenocarcinoma (PDAC) is poorly defined. Here, complementary roles for CD73 and 

CD39 are revealed and uncover a novel mechanism whereby CD73 promotes immune 

escape in PDAC.
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Figure 1. CD73 gene expression is associated with poor PDAC prognosis.
(A) Meta-analysis of CD73 gene expression (median) with 5-year overall survival (5-y 

OS). Forest plot displays the log hazard ratios (logHR) and 95% confidence intervals (CI). 

Horizontal bars represent the 95% CI of effect-size. Blue diamond represents the overall 

effect in all PDAC patients. (B) Association between CD73 gene expression (median) 

and OS in CD39-High PDAC (CD73 Low: n=37; CD73 High: n=36) and CD39-Low 

PDAC (CD73 Low: n=37; CD73 High: n=36) from the TCGA cohort. (C) Spearman 

correlation heatmap between ENTPD1 (CD39), NT5E (CD73), PDCD1 (PD-1), LAG3, 
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CTLA4, TIGIT and three signatures (CYT, CD8, and Treg) in 179 PDAC patients from the 

TCGA cohort. Cells are colored according to Spearman’s correlation coefficient values, with 

blue indicating a positive correlation and red indicating a negative correlation.
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Figure 2. Tumor CD73 and stromal CD39 protein expression associate with poor PDAC 
prognosis and suppressed immune surveillance.
(A-B) Representative immunofluorescence staining of CD73 expression in epithelium (A) 

and CD39 expression in stroma (B) of PDAC tumors. Epithelium was determined as the 

compartment expressing cytokeratin (CK, green). Stroma is the CK-negative compartment. 

CD73, red; DAPI, blue. (C-D) Mean fluorescence intensity (MFI) of epithelial and 

stromal CD73 (C) and CD39 (D) expression in 104 normal adjacent pancreas (N) versus 

intratumoral compartment (IT) (red bars indicate mean). (E-F) Association between CD73 
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expression in tumor epithelium (CD73 Low: n=69; CD73 High: n=35) (E) or CD39 

expression in tumor stroma (CD39 Low: n=73; CD39 High: n=36) (F) with overall 

survival (OS), using the upper tertile as cut-off. (G-H) Combined prognostic value of CD8 

infiltration with CD73 protein expression in epithelial tissue (G) (CD73_Low/CD8_Low: 

n=13; CD73_Low/CD8_High: n=55; CD73_High/CD8_Low: n=8; CD73_High/CD8_High: 

n=28) or CD39 protein expression in tumor stroma (H) with OS. Patients were stratified into 

four groups depending on expression, using upper tertile as cut-off for CD73 and CD39 and 

upper-quartile for CD8 (CD39 Low/CD8 Low: n=16; CD39 Low/CD8 High: n=56; CD39 

High/CD8 Low: n=4; CD39 High/CD8 High: n=33) (I) Soluble CD73 (sCD73) in the serum 

of healthy patients (n=10) compared to patients with benign hepato-biliary disease (n=10) or 

PDAC patients (n=248)(median, interquartile range and 95%CI are shown). (J) Association 

between sCD73 and patient outcomes (Low: n=178; High: n=60), using upper quartile as 

a cut-off. Statistical significance was determined with Student T test (C-D), Log-rank test 

(E-H, J) or Wilcoxon rank-sum test (I). *P<0.05, **P<0.01, ***P<0.001, ns: not significant.
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Figure 3. CD73 on tumor cells and myeloid cells promotes mouse PDAC.
(A) CD73-positive (pos) or -negative (neg) KPC tumor cells were injected s.c. into C57BL/6 

mice and treated with gemcitabine (gem; i.p. 100 mg/kg) on days 5 and 8. Mean tumor 

sizes are shown ± SEM (n=9–11). (B) KPC tumors were analyzed at day 11 by qPCR 

for expression of selected immune genes. Data represent mean relative expression ± SEM 

compared to CD73-positive tumors. (C) KPC tumors were analyzed at day 11 by FACS 

to assess the proportion of CD11b+Ly6G−Ly6Clo/− cells (TAMs) expressing CD206. Data 

represent individual and mean frequencies of TAM ± SEM gated on CD45+ cells. (D-E) 
CD73-negative KPC tumor cells were injected s.c. into CD73fl/fl LysMCre−/− mice (n=9) 

and into CD73fl/fl LysMCre+/− mice (n=12). On day 11, tumors were weighed (D) and 

the proportion of CD206+ TAMs was assessed by FACS. Data are representative of 2 

independent experiments (n=9–10/group). Statistical comparisons were performed using 

one-way ANOVA comparing indicated groups (A, C), multiple t-test or unpaired t-test (B, 

D, E). *P<0.05, **P<0.01, ***P<0.001, ns: not significant.
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Figure 4. CD39 cooperates with CD73 to promote mouse PDAC.
(A) KPC tumor cells were injected s.c. into CD39fl/fl LysMCre−/− mice and CD39fl/fl 

LysMCre+/− mice. Mean tumor sizes are shown ± SEM (n=10). (B-C) KPC tumors from 

CD39fl/fl and LysMCre+/− CD39fl/fl mice were analyzed by FACS at day 11 to measure the 

proportion of CD206+ TAMs and tumor-infiltrating lymphocytes (mean are shown ± SEM). 

(D) In vitro spheroids composed of ovalbumin-expressing KPC (KPC-ova) and pancreatic 

stellate cells (WT or CD39−/−) were cultured with OT-I cells (WT or CD39−/−). The 

frequency of IFN-γ producing OT-I cells was measured 8 hours later by FACS (n=3/group; 
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means ± SEM are shown). (E) Ova-expressing KPC tumors injected s.c. into C57BL/6 mice 

were treated with gemcitabine (i.p. 100 mg/kg, day 7 and 10) and/or anti-CD39 (i.p. 400 

μg, every three days from day 7 to 22). Mean tumor sizes ± SEM are shown (n= 8–10). (F) 
Ova-expressing KPC tumors injected s.c. into C57BL/6 mice were treated with gemcitabine 

(i.p. 100 mg/kg, day 7 and 10) and/or AB680 (10 mg/kg s.c. daily from day 6 to 11). Mean 

tumor sizes ± SEM are shown (n= 8–10). (G) Ova-expressing KPC tumors injected s.c. into 

CD39+/+ (WT) or CD39−/− (KO) C57BL/6 mice were treated with gemcitabine (i.p. 100 

mg/kg on days 6 and 9) and the CD73 inhibitor AB680 (10 mg/kg s.c. daily from day 6 to 

11). Survival of mice shown. (H) Ova-expressing KPC tumors injected s.c. into C57BL/6 

mice were treated with AB680 (10 mg/kg s.c. daily from day 6 to 10) and/or anti-CD39 

(i.p. 400 μg, on day 3, 6 and 9). On day 11, tumors were analyzed by FACS (means ± SEM 

are shown). All experiments were performed twice. Statistical comparisons were performed 

using Mann-Whitney test (A, E), unpaired t-test (B, D, F), multiple T-test (C, H), or log-rank 

test (G). *P<0.05, **P<0.01, ***P<0.001, ns: not significant.
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Figure 5. CD73 promotes DNA damage repair and suppresses cGAS-STING activation.
(A-B) CD73-positive (pos) or -negative (neg) KPC and PANC1 cells were exposed 

to increasing concentrations of gemcitabine, and proliferation was measured using 

CellTiter-Glo (Promega) after 48 hours of treatment. Data represents the average relative 

luminescence units (RLU) ± SEM of triplicates and is representative of 4 independent 

experiments. (C) Meta-analysis of CD73 gene association with sensitivity to gemcitabine in 

PDAC cell lines from the Genentech Cell Line Screening Initiative (gCSI), the Genomics 

of Drug Sensitivity in Cancer (GDSC), and the Cancer Therapeutics Response Portal 

(CTRP) datasets. Forest plot displaying the C-Index and 95% confidence intervals (CI) 

for each dataset. Horizontal bars represent the 95% confidence intervals of effect-size. The 

blue diamond represents the overall effect of the variable. (D) Representative images of 

γ-H2AX foci detected by immunofluorescence. (E) Number of γ-H2AX foci detected by 

immunofluorescence in CD73-positive or -negative KPC tumor cells following 48 hours 

of gemcitabine treatment at the indicated doses (n=4; mean ± SEM). (F) Number of 

γ-H2AX foci over time detected by immunofluorescence in KPC tumor cells following 

1 Gy irradiation (n=3; mean ± SEM). (G) Number of γ-H2AX foci detected in human 

PANC1 cells treated with gemcitabine, CD73 inhibitor AB680, and/or A2B receptor agonist 

BAY 60–6583 (n=3; mean ± SEM). (H) Number of γ-H2AX foci detection after 48 hours 

of gemcitabine treatment in KPC tumor cells, in presence or absence of BAY 60–6583 

(A2B receptor agonist)(n=3; mean ± SEM). (I) CD73-positive or -negative KPC tumor 

cells were exposed to gemcitabine (20 nM) for 48 hours and cGAMP was measured in 

supernatants by ELISA (n=3; mean ± SEM). (J) Following gemcitabine exposition, cGAS-

induced gene expression in KPC cells was measured by qPCR (n=2; mean ± SEM). (K) 
CD73-positive KPC tumor cells expressing cGAS or not were injected in mice (n=10 per 

group). Some groups were treated with AB680 (peri-tumoral, 10mg/kg daily from day 6 

to 11). Means ± SEM tumor growth at day 20 are shown (experiment performed once). 

Statistical significance was determined with Student T test (A-B, E-K). *P<0.05, **P<0.01, 

***P<0.001, ns: not significant.
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Table 1

Univariate and multivariate analysis of CD73 and CD39 association with outcomes

Univariate Analysis n HR (95%CI) p-value

Gender (male vs female) 110 0.7 (0.45–1.09) 0.117

Preoperative CA 19–9 (<=300 vs >300 U/mL) 87 1.71 (1.05–2.77) 0.031

pN category (N0 vs N+) 110 1.83 (1.09–3.07) 0.022

Lymphovascular invasion (no vs yes) 97 1.77 (0.85–3.69) 0.129

Resection margin (negative vs positive) 110 1.59 (0.93–2.72) 0.09

CD73 tumoral expression (low vs high - top tertile) 104 2.61 (1.65–4.11) <0.001

CD73 tumoral expression (continuous variable) 104 2.11 (0.99–4.5) 0.054

CD39 stromal expression (low vs high - top tertile) 109 1.63 (1.03–2.56) 0.036

CD39 stromal expression (continuous variable) 109 4.03 (0.95–17.08) 0.059

CD8 tumoral expression (low vs high - opt.cut-point) 110 0.53 (0.32–0.88) 0.015

CD8 tumoral expression (continuous variable) 110 0.76 (0.51–1.14) 0.181

Multivariate Analysis - CD73 84

Preoperative CA 19–9 (<=300 vs >300 U/mL) 1.77 (1.05–3) 0.033

pN category (N0 vs N+) 1.12 (0.6–2.09) 0.726

Differentiation (well vs moderate/poor) 1.95 (1.1–3.43) 0.021

Resection margin (negative vs positive) 1.48 (0.71–3.06) 0.294

CD73 tumoral expression (low vs high - top tertile) 2.27 (1.33–3.86) 0.003

Multivariate Analysis - CD39 86

Preoperative CA 19–9 (<=300 vs >300 U/mL) 1.75 (1.02–2.99) 0.041

pN category (N0 vs N+) 1.08 (0.56–2.1) 0.820

Differentiation (well vs moderate/poor) 2.26 (1.3–3.93) 0.004

Resection margin (negative vs positive) 1.29 (0.64–2.63) 0.476

CD39 tumoral expression (low vs high - top tertile) 1.29 (0.76–2.19) 0.350

Multivariate - CD73 - CD39 83

Preoperative CA 19–9 (<=300 vs >300 U/mL) 1.81 (1.06–3.06) 0.028

pN category (N0 vs N+) 1.17 (0.62–2.22) 0.630

Differentiation (well vs moderate/poor) 1.74 (0.97–3.1) 0.061

Resection margin (negative vs positive) 1.38 (0.66–2.89) 0.393

CD73 tumoral expression (low vs high - top tertile) 2.55 (1.47–4.41) 0.001

CD39 stromal expression (low vs high - top tertile) 1.46 (0.84–2.52) 0.179

Serology cohort Univariate Analysis

Gender (male vs female) 238 1.1 (0.83–1.46) 0.509

Preoperative CA 19–9 (<=300 vs >300 U/mL) 222 1.65 (1.21–2.24) 0.001

pN category (N0 vs N+) 161 2.57 (1.7–3.88) <0.001

Differentiation (well vs moderate/poor) 151 1.6 (1.09–2.33) 0.016
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Univariate Analysis n HR (95%CI) p-value

Resection margin (negative vs positive) 238 1.84 (1.12–3.02) 0.016

sCD73 expression (low vs high - top quartile) 238 1.45 (1.06–1.97) 0.020

sCD73 expression (continuous variable) 238 1.02 (1.00–1.04) 0.027

Serology cohort Multivariate Analysis 137

Preoperative CA 19–9 (<=300 vs >300 U/mL) 1.34 (0.85–2.11) 0.210

pN category (N0 vs N+) 1.99 (1.26–3.16) 0.003

Differentiation (well vs moderate/poor) 1.51 (0.97–2.35) 0.066

Resection margin (negative vs positive) 1.46 (0.86–2.49) 0.158

CD73 tumoral expression (low vs high - top quartile) 1.43 (0.91–2.25) 0.116

Abbreviations: n, number; HR, Hazard ratio; CI, Confidence interval; CA 19–9, Cancer antigen 19–9; T, Tumor; N, Node; CD, Cluster of 
differentiation
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