CD73 promotes anthracycline resistance and poor
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Using gene-expression data from over 6,000 breast cancer patients,
we report herein that high CD73 expression is associated with a poor
prognosis in triple-negative breast cancers (TNBC). Because anthracycline-based chemotherapy regimens are standard treatment for
TNBC, we investigated the relationship between CD73 and anthracycline efﬁcacy. In TNBC patients treated with anthracycline-only
preoperative chemotherapy, high CD73 gene expression was significantly associated with a lower rate of pathological complete response or the disappearance of invasive tumor at surgery. Using
mouse models of breast cancer, we demonstrated that CD73 overexpression in tumor cells conferred chemoresistance to doxorubicin,
a commonly used anthracycline, by suppressing adaptive antitumor
immune responses via activation of A2A adenosine receptors. Targeted blockade of CD73 enhanced doxorubicin-mediated antitumor
immune responses and signiﬁcantly prolonged the survival of mice
with established metastatic breast cancer. Taken together, our data
suggest that CD73 constitutes a therapeutic target in TNBC.
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T

riple-negative breast cancer (TNBC), as deﬁned by the absence of estrogen receptor (ER), progesterone receptor (PgR),
and human epidermal growth factor receptor 2 (HER2) expression, accounts for 15–20% of all breast cancers (1). Compared with
other breast cancer subtypes, TNBC is characterized by a worse
prognosis and increased risk of metastasis to vital organs (1).
There are currently no known molecular targets for this subgroup
of breast cancer patients and there seem to be few therapeutic
options on the horizon, especially given that the development of
poly (ADP ribose) polymerase and EGFR inhibitors have been
thus far disappointing (2). Hence, the treatment of TNBC is a
signiﬁcant challenge in today’s clinical practice and the identiﬁcation of therapeutic targets an area of urgent clinical need (3).
Cytotoxic chemotherapy, particularly anthracycline-based regimens, therefore remains the mainstay of treatment for TNBC
today. Although TNBC is associated with a poor prognosis, some
patients seem to respond well to anthracycline-based chemotherapy, reﬂecting a signiﬁcant degree of molecular heterogeneity
within this subgroup (3–5). Unfortunately, the molecular mechanisms underlying this heterogeneity and its relationship to treatment response are still poorly understood. Recently, new light has
been shed on the mechanism-of-action of anthracyclines, which
may help elucidate new mechanisms of chemoresistance. Accumulating data suggest that anthracyclines mediate their anticancer
activity not only by direct cytotoxic effects but also through activation of adaptive antitumor immune responses (6) by inducing a type
of tumor cell death that is “immunogenic” (7–10). In mice, chemotherapy with anthracyclines requires IFN-γ–producing CD8+ T
cells for optimal activity. This ﬁnding is further supported by correlative clinical studies that report that high intratumoral levels of
IFN-γ and CD8+ T cells are associated with better clinical responses
to anthracycline-based chemotherapy regimens (7, 11).
To trigger antitumor immune responses, anthracyclines require
extracellular release of ATP by tumor cells, a process induced by
www.pnas.org/cgi/doi/10.1073/pnas.1222251110

autophagy (8). Extracellular ATP activates P2X7 receptors on
dendritic cells, which initiates a cascade of events that ultimately
culminates in the generation of IFN-γ–producing CD8+ T cells.
Because of its proinﬂammatory effects, extracellular levels of ATP
are tightly regulated. Extracellular levels of ATP are essentially
controlled by membrane-bound ecto-nucleotidases and kinases
(12). Hydrolysis of ATP to ADP is catalyzed by CD39 (ENTPD1),
and CD73 (NT5E) catalyses the hydrolysis of AMP to adenosine,
a potent immunosuppressor (13). Although CD39 activity is
negatively regulated by the actions of NDP kinase and adenylate
kinase, the activity of CD73 is irreversible, which places CD73
at a crucial checkpoint in the conversion of ATP to adenosine. By
increasing extracellular levels of adenosine, CD73 further suppresses immune responses, essentially via activation of high afﬁnity A2A adenosine receptors (14, 15).
CD73 is overexpressed in various types of cancer (16–19). We
and others have recently demonstrated that CD73 expression
favors tumor growth by suppressing antitumor functions of CD8+
T cells (20–24). We further established the proof-of-concept that
targeted blockade of CD73 with a monoclonal antibody (mAb)
can delay tumor growth in mice (20, 22). Nevertheless, whether
CD73 constitutes a valid cancer target remains to be shown.
Herein, we investigated the clinical relevance of CD73 expression
in breast cancer patients. Using gene-expression analysis from
over 6,000 breast cancer cases, we found that high CD73 expression is signiﬁcantly associated with a poor prognosis, particularly in
TNBC. Our analysis also revealed that CD73 expression in TNBC
patients is associated with an increased resistance to doxorubicin
(DOX), a commonly used anthracycline chemotherapy. Using
mouse models and human TNBC cell lines, we demonstrate that
DOX treatment induces CD73 expression on tumor cells, which
promotes DOX resistance by suppressing IFN-γ–producing CD8+
T cells via the activation of A2A adenosine receptors. Our study
thus reveals a unique mechanism of chemoresistance mediated by
the accumulation of extracellular adenosine and identiﬁes CD73
as a previously unexplored therapeutic target for TNBC.
Results
To assess the clinical importance of CD73 in breast cancer, we
performed gene-expression proﬁle analysis of 44 publically available microarray datasets comprising over 6,000 breast cancer
patients (Table S1). Using a robust and previously validated
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classiﬁcation model, patients were assigned to three main breast
cancer molecular subtypes: Luminal (ER + /HER2 − ), HER2overexpressing (HER2+), and TNBC (Fig. S1) (25, 26). We ﬁrst
assessed whether high CD73 expression was associated with a
particular molecular subtype of breast cancer. Our analysis
revealed that CD73 gene expression was signiﬁcantly, albeit
modestly, highest in TNBC (P < 0.001) (Fig. S2). We also found
that CD73 expression was negatively correlated with the gene
encoding the estrogen receptor (ESR1) and a ESR1 gene module,
and positively correlated with a well-known invasion/metastasisassociated gene plasminogen activator urokinase (PLAU) and
PLAU gene module (Fig. 1A) (26, 27). CD73 positively correlated
with PLAU irrespective of subtype (Fig. S3).
We next assessed whether CD73 gene expression was correlated with survival in patients with relapse data available (Fig.
1B). We collected the gene-expression proﬁles of 44 publicly
available microarray datasets involving 6,209 breast cancer patient samples. As shown in Fig. 1C, CD73 gene expression was
signiﬁcantly associated with a worse prognosis in TNBC patients
(n = 661, P = 0.029), but not in patients with Luminal (Fig. 1D)
(n = 2,083, P = 0.7) or HER2+ (Fig. 1E) (n = 487, P = 0.86) breast

cancer. Notably, in a multivariate analysis, CD73 as a continuous
variable was signiﬁcantly independent of lymph node involvement, tumor size, and age as a predictor of adverse clinical outcome in TNBC patients [hazard ratio 1.34, 95% conﬁdence
interval (CI) (1.03–1.74), P = 0.029]. Therefore, the association
between higher CD73 expression and poor outcomes in TNBC
is linear.
Because CD73 is immunosuppressive, we hypothesized that
CD73 expression might be associated with resistance to anthracycline therapy in TNBC. To test our hypothesis, we analyzed
CD73 gene expression in human TNBC biopsies taken at diagnosis from a clinical trial of preoperative treatment with single
agent epirubicin, a commonly used anthracycline (27). We evaluated the association between CD73 gene expression and pathologic complete responses (pCR), deﬁned as the absence of invasive
tumor at surgery after chemotherapy, an accepted surrogate of
breast cancer survival (28). In 59 TNBC patients treated with four
cycles of epirubicin-only preoperative chemotherapy, low CD73
gene expression was signiﬁcantly associated with an increased pCR
rate [AUC = 0.84, 95% CI (0.68, 1.00), P = 0.00002, Fig. 1F]. This
data further supported the prognostic data above (Fig. 1C) where

Fig. 1. High CD73 gene expression is associated with poor prognosis in the TNBC subtype. We collected gene-expression proﬁles of 44 publically available
microarray datasets of breast cancer patients (n = 6,209). Patients were assigned to the three main molecular subtypes using the SCM (Fig. S1). (A) Correlation
(Spearman ρ) heatmap of CD73 expression with ESR1 (single gene and gene module) and PLAU (invasion gene and gene module). Red indicates positive
correlation, with green indicating an inverse correlation and black indicating no correlation (n = 6,209). From our compendium of datasets we retrieved all of
the patients with survival data available. We assessed the prognostic value of tertiles of CD73 gene expression in: (B) all patients (n = 3,368), (C) TNBC (n =
661), (D) Luminal (n = 2,083), (E) HER2+ (n = 487) breast cancer subtypes. Signiﬁcance (P values) of differences in survival between patients groups deﬁned by
tertiles of CD73 expression is estimated by log-rank test. (F) ROC curve of CD73 expression as a continuous variable for predicting the pCR of 59 ER− (IHC)
HER2− (FISH) patients in the TOP trial (27). The null hypothesis is that AUC = 0.5 and is depicted by the diagonal line. The upper line indicates the performance
of CD73. High CD73 levels are associated with poor response to preoperative epirubicin. Area under the ROC curve = 0.84 (95% CI 0.68, 1.00), P = 0.00002.
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α,β-methylene ADP (APCP) (P < 0.05) (Fig. 2C). We investigated
whether CD73 and CD39 up-regulation was speciﬁc for DOX
using various chemotherapeutic drugs, and if it was speciﬁc to
TNBC using a panel of human breast cancer lines of distinct
subtypes (Fig. S4E). Among tested chemotherapeutic drugs [i.e.,
DOX, oxaliplatin, cisplatin, 5-ﬂuorouracil (5-FU), paclitaxel (PAC),
and cyclophosphamide], DOX induced the greatest up-regulation
of CD73 and CD39 expression (Fig. 2 D and E). Oxaliplatin, cisplatin, and 5-FU were also associated with CD73 and CD39 upregulation, although not to the extent of DOX. Among different
breast cancer lines, CD73 and CD39 up-regulation was most
signiﬁcant in TNBC and HER2+ER− cells (Fig. 2 D and E and
Fig. S6). Interestingly, DOX also up-regulated CD73 and CD39
expression in human melanoma (LOX-1MV1 and A2058) and
leukemia (Kasumi-1 and RPMI-8226) cells, suggesting a more
general effect (Fig. 2F and Fig. S7). In addition, chemotherapyinduced CD73 and CD39 up-regulation were positively correlated,
suggesting a united mechanism (Fig. S8A). CD73 up-regulation
was also positively correlated with endogenous CD73 levels, but
CD39 up-regulation was not correlated with endogenous CD39
levels (Fig. S8B).
We next investigated the effect of CD73 expression on DOX
activity in vivo. We found that CD73 overexpression in AT-3
tumors conferred chemoresistance to DOX in immunocompetent
mice (P < 0.05) (Fig. 3A). In contrast, CD73 overexpression in AT-3
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the majority of patients had received an anthracycline as part of
their adjuvant chemotherapy.
Therefore, our analysis suggested that CD73 may promote
anthracycline resistance. We next investigated the effect of
CD73 overexpression, CD73 gene-silencing, and CD73 inhibition
on anthracycline activity. In vitro, CD73 overexpression in AT-3
mouse breast cancer cells (Fig. S4A), CD73 gene-silencing in human MDA-MB-231 breast cancer cells (Fig. S4B), and CD73 inhibition in 4T1.2 mouse breast cancer cells (Fig. S4C) had no
effect on DOX activity. Consistent with these results, CD73 genesilencing in MDA-MB-231 cells had no effect on Bcl2 or
p-glycoprotein expression (Fig. S4D).
We next investigated whether DOX treatment could regulate
CD73 expression in breast cancer cells. We found that DOX
treatment signiﬁcantly up-regulated CD73 expression on MDAMB-231 breast cancer cells in vitro (Fig. 2A) and in vivo (Fig. S5).
DOX also up-regulated CD39 expression (Fig. 2B), thus providing cells with the ectonucleotidase potential to hydrolyze extracellular ATP—released upon anthracycline treatment (8)—to
adenosine. DOX-mediated up-regulation of CD73 and CD39
was inhibited by naphtol-AS-E, suggesting a cyclic AMP-responsive
element binding-dependent mechanism (Fig. 2 A and B). Consistent with these results, DOX treatment signiﬁcantly increased
the production of extracellular adenosine by MDA-MB-231
cells, and this was inhibited by the selective CD73 inhibitor

Fig. 2. DOX up-regulates CD73 and CD39 expression on tumor cells. (A) MDA-MB-231 cells were treated for 48 h with DOX at increasing doses with or
without the cyclic AMP-responsive element binding inhibitor naphtol-AS-E (10 nM). Cell-surface CD73 or (B) CD39 up-regulation (relative to untreated cells)
was then measured by ﬂow cytometry. Means ± SEs of triplicate are shown (*P < 0.05 by Mann–Whitney test). (C) MDA-MB-231 cells were treated with DOX
at increasing doses for 48 h and CD73 activity, following addition of AMP (250 μM) with or without APCP (100 μM), was measured using a Malachite green
phosphate detection kit. Means ± SEs of triplicate are shown (*P < 0.05 by Mann–Whitney test). Results are representative of two individual experiments.
(D) CD73 and (E) CD39 up-regulation (maximum fold increase relative to untreated cells ± SEs) in response to DOX, oxaliplatin (OXA), cisplatin (CIS), 5-FU,
PAC, and cyclophosphamide (CPX) in human breast cancer cells (*P < 0.05 comparing DOX to each drug). (F) CD73 and CD39 up-regulation in response to
DOX, 5-FU, and CPX in human melanoma (LOX-1MV1, A2058) and leukemia (KASUMI-1 and RPMI-8226) cells.
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tumors had no effect on DOX activity in recombination activating
gene (RAG)1−/− mice, which lack adaptive immunity (Fig. 3B).
We next assessed whether CD73-mediated chemoresistance could
be overcome by blocking extracellular adenosine signaling. Extracellular adenosine has been shown to inhibit adaptive antitumor immunity via A2A adenosine receptors (14). We thus
hypothesized that targeted blockade of A2A adenosine receptors
could rescue DOX sensitivity in CD73-expressing tumors. Accordingly, treatment of chemoresistant CD73-expressing tumors
with the A2A antagonist SCH58261 could rescue DOX activity in
immunocompetent mice (P < 0.05) (Fig. 3 C and D).
We next investigated whether anti-CD73 mAb therapy could
potentiate DOX activity against breast tumors that constitutively
express high levels of CD73. We and others have previously
demonstrated that anti-CD73 mAb therapy can stimulate adaptive antitumor immunity (20–23). We found that targeted blockade of CD73 with an anti-CD73 mAb signiﬁcantly enhanced DOX
activity against 4T1.2 tumors (Fig. 4A). In contrast to its synergistic
effect when used in combination with DOX, anti-CD73 mAb
therapy failed to synergize with PAC (Fig. 4A). Consistent with our
previous results (Fig. 3), treatment of 4T1.2 tumors with antiCD73 mAb and DOX was more effective in immunocompetent vs
immunodeﬁcient mice (Fig. 4B). We next investigated whether
targeted blockade of A2A adenosine receptor could recapitulate
the therapeutic effect of anti-CD73 mAb against 4T1.2 tumors. As
shown in Fig. 4C, treatment of 4T1.2 tumors with the A2A antagonist SCH58261 signiﬁcantly enhanced DOX activity (Fig. 4C).
We further assessed the therapeutic effect of anti-CD73 mAb
therapy in combination with DOX on established metastatic breast
cancer. For this purpose, syngeneic immunocompetent mice were
injected in the mammary fat pad with metastatic 4T1.2 cells and
primary tumors were surgically removed at day 25. Consistent with

Fig. 3. CD73 promotes DOX resistance in vivo via A2A adenosine receptor.
(A) Wild-type and (B) RAG1−/− C57BL/6 mice were injected subcutaneously
with 5 × 105 AT3-CD73 or AT3-GFP tumors cells and treated when tumors
reached 25 mm2 with an intratumoral injection of DOX (1 mM in 50 μL PBS) or
PBS. Means ± SEs of ﬁve to seven mice per group are shown (*P < 0.05 by
Mann–Whitney test). (C) Wild-type C57BL/6 mice were injected subcutaneously with 5 × 105 AT3-GFP or (D) AT3-CD73 tumors cells and were
treated at day 14 once with DOX (1 mM in 50 μL PBS, intratumorily) and PBS or
SCH58261 (1 mg/kg, i.p) twice weekly. Means ± SEs of four to ﬁve mice per
group are shown (*P < 0.05 by Mann–Whitney test).
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Fig. 4. Targeted blockade of CD73 enhances DOX activity in vivo. (A) Wildtype and (B) SCID BALB/c mice were injected subcutaneously with 2 × 105 4T1.2
tumor cells and treated on day 3 and day 10 with PBS, DOX (2 mg/kg, i.v.) or
PAC (10 mg/kg, i.p.), or on days 3, 7, 10, and 14 with anti-CD73 mAb (100 μg,
i.p., clone TY/23) or control Ig (100 μg, i.p., clone MAC4). Means ± SEs of ﬁve
mice per group are shown (*P < 0.05 by Mann–Whitney test, compared with
monotherapy). A representative of two experiments is shown. (C) BALB/c mice
were injected subcutaneously with 2 × 105 4T1.2 tumor cells and treated on
day 3 and day 10 with PBS or DOX (2 mg/kg, i.v.) or SCH58261 (1 mg/kg, i.p.,
twice weekly). Means ± SEs of ﬁve mice per group are shown (*P < 0.05 by
Mann–Whitney test, compared with monotherapy). (D). Fifty-thousand 4T1.2
tumor cells were inoculated into the mammary fat-pad of wild-type BALB/c
mice (n = 8 per group), primary tumors were surgically removed on day 25 and
mice were treated with DOX (2 mg/kg, i.v.) or PAC (10 mg/kg, i.p.) on day 28
and 35 or anti-CD73 mAb (100 μg, i.p., clone TY/23) on days 28, 32, 36, and 40.
Signiﬁcance of differences in survival between groups is estimated by log-rank
(Mantel–Cox) test (P < 0.0001).

previous studies (29), tumor-bearing mice undergoing surgery
alone, with subsequent control treatment, died of metastatic disease by day 40 (median survival of 36.5 d) (Fig. 4D). Postsurgery
chemotherapy with DOX had only a modest effect on survival
(median survival of 40 d) (Fig. 4D). In contrast, combined chemotherapy with DOX and anti-CD73 mAb therapy prolonged by
∼50% the survival of mice compared with DOX monotherapy
(median survival of 61 d) (Fig. 4D).
Because chemotherapy with anthracyclines requires priming
of IFN-γ–producing CD8+ T cells for optimal activity, we investigated whether targeted blockade of CD73 enhanced antitumor
CD8+ T-cell responses triggered by DOX. Using ovalbuminexpressing AT-3 tumors (AT3-OVA), we found that targeted
blockade of CD73 signiﬁcantly increased the frequency of tumorspeciﬁc CD8+ T cells (Fig. 5A) and the levels of IFN-γ (Fig. 5B) in
tumors. Further in support of a critical role for CD8+ T cells, the
improved response to DOX following anti-CD73 mAb therapy was
abolished in mice depleted of CD8β+ T cells (Fig. 5C).
Discussion
In this study, we demonstrated the importance of CD73 expression
in the survival of TNBC patients and the effect of CD73-mediated
immunosuppression on the promotion of anthracycline resistance.
Our study supports the concept that CD73 and its downstream
effector A2A adenosine receptor can be targeted to improve clinical outcomes in TNBC, in particular by enhancing anthracycline
Loi et al.
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Fig. 5. CD73 blockade in combination with DOX enhances adaptive antitumor immune responses. Wild-type C57BL/6 mice were injected subcutaneously
with 106 AT3-OVA tumors cells and treated when tumors reached 25 mm2 with
an intratumoral injection of DOX (1 mM) or the CD73 inhibitor APCP (400 μg/
mouse) in 50 μL PBS. Tumors were harvested 4 d posttreatment and analyzed for the presence of (A and B) OVA-speciﬁc CD8 + T cells and (B) IFN-γ
levels. Symbols represent individual mice, means ± SE are shown (*P < 0.05 by
Mann–Whitney test, compared with monotherapy). A representative of two

Loi et al.

experiments is shown. (C) Wild-type C57BL/6 mice were injected subcutaneously with 106 AT3-OVA tumors cells and treated at day 7 with an
intratumoral injection of DOX (1 mM in 50 μL PBS) or anti-CD73 mAb (100 μg,
i.p., clone TY/23) or control Ig (100 μg, i.p., clone MAC4) twice weekly from
day 7. Where indicated, mice were depleted of CD8+ T cells using anti-CD8β
mAb (20 μg, i.p., clone 53–5.8 weekly from day 0). Means ± SEs of ﬁve mice
per group are shown (*P < 0.05 by Mann–Whitney test). A representative of
two experiments is shown.
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activity. TNBC remains a challenging disease with the poorest
prognosis of all of the breast cancer subtypes. Importantly, there
are currently no known molecular targets for this subgroup of
breast cancer patients. The identiﬁcation of new targets could
potentially have a major impact on the disease.
Although CD73 expression has been documented in various
types of cancer, including breast cancer, correlative analysis to
clinical outcome has been limited (30). Herein we show that CD73
expression in breast cancer is higher in the TNBC subtype and that
TNBC patients with high CD73 expression have a higher risk of
distant metastases, the main cause of death from breast cancer.
For decades, anthracycline-based chemotherapy has been and still
remains the standard-of-care treatment for TNBC, although there
have been some attempts to move away from anthracycline-based
regimens. We thus investigated whether high CD73 expression
before treatment could affect treatment response to anthracyclines, as our clinical analysis suggested that CD73 was associated
with resistance to anthracycline treatment. We therefore explored
the relationship between CD73 and DOX activity in vitro and in
immunocompetent mouse models of breast cancer. First, we observed that CD73 expression had no effect on the intrinsic sensitivity of breast tumor cells to DOX. Because anthracyclines belong
to a class of chemotherapeutic agents characterized by their ability
to promote antitumor immune responses, we investigated whether
CD73-mediated immunosuppression could suppress DOX activity
in immunocompetent mice. Our data revealed that CD73-mediated immunosuppression suppresses the therapeutic activity of
DOX in vivo.
Anthracyclines like DOX rely on activation of anti-tumor CD8+
T cells for efﬁcacy, a phenomenon dependent on extracellular
accumulation of ATP. We demonstrated that CD73 expression in
breast tumors suppressed antitumor immune response via A2A
adenosine receptor. Furthermore, CD73 inhibition potentiated
the CD8-dependent anti-tumor immune response following DOX
treatment. In a mouse model of established metastatic breast
cancer, we showed that postsurgery DOX alone had minimal impact on survival, and combining DOX with anti-CD73 mAb
therapy prolonged mouse survival by over 50%. Intriguingly, we
observed that DOX treatment, and to some extent oxaliplatin,
cisplatin, and 5-FU, signiﬁcantly up-regulated CD39 and CD73
ectonucleotidase expression on human breast cancer, melanoma,
and leukemia cells. Hence, some chemotherapeutic drugs are
endowed with the potential to up-regulate the enzymatic machinery
that converts proinﬂammatory extracellular ATP to immunosuppressive adenosine. This ﬁnding suggests that a counterbalancing
process to chemotherapy-induced immunogenic cell death could be
chemotherapy-induced accumulation of extracellular adenosine.
Our study provides strong evidence that immunosuppression
mediated by CD73 suppresses anthracycline efﬁcacy and this could
contribute to the poorer outcomes observed in some patients with
TNBC, especially those with high levels at diagnosis (pretreatment). We note that, although CD73 inhibition seems to act
synergistically with anthracyclines, we have not deﬁnitively proven
that this effect is speciﬁc to anthrayclines and it is quite possible
that this effect may also occur with other chemotherapeutic
agents. Nevertheless, anthracyclines are usually standard treatment for these patients. Interestingly, we observed that anti-CD73
therapy failed to potentiate chemotherapy with a commonly used
taxane, PAC. Taking these data together, we propose that CD73
and its downstream effector A2A adenosine receptor could represent unique therapeutic targets in this subgroup of breast cancer

patients currently characterized by a relative paucity of targeted
treatment options.

using the malachite green phosphate detection kit (R&D Systems) following
the manufacturer’s instructions.

Materials and Methods

Experimental Tumor Models. C57BL/6 wild-type, C57BL/6 RAG1−/−, BALB/c wildtype, and BALB/c SCID mice were bred and maintained at the Peter MacCallum
Cancer Centre or purchased from The Jackson Laboratory and maintained at
the Centre de Recherche du Centre Hospitalier de l’Université de Montréal. All
experiments were carried out in accordance with guidelines set out by the
respective Animal Experimental Ethics Committee. Where indicated, mice
were treated with DOX (2 mg/kg, i.v. in PBS or 1 mM in 50 μL PBS intratumoral),
PAC (10 mg/kg, i.p.), anti-CD73 mAb TY/23 (100 μg, i.p), control Ig MAC4 (100
μg, i.p), APCP (20 mg/kg, i.v. or 400 μg/mouse intratumorally), SCH58261 (twice
weekly injections of 1 mg/kg; Sigma) or anti-CD8β mAb clone 53–5.8 (20 μg,
i.p). For survival experiments, 5 × 104 4T1.2 tumor cells were inoculated into the
fourth mammary fat-pad of BALB/c mice. On day 25, mice were anesthetized
with methoxyﬂurane, the primary tumor was surgically removed, the wound
was closed with surgical clips and treatments commenced 3 d later.

Cell Lines, Antibodies, and Chemicals. AT-3 and 4T1.2 mouse breast tumor cell
lines have been previously described (7, 21, 22). For CD73 overexpression,
AT-3 cells were transduced with retroviral vectors coexpressing mouse CD73
cDNA (provided by Linda H. Thompson, Oklahoma Medical Research Foundation, Oklahoma City, OK) and GFP or GFP only, and FACS sorted based on
GFP expression. For OVA expression, AT-3 cells were transduced with retroviral vectors expressing chicken OVA cDNA. For CD73 gene-silencing,
MDA-MB-231 cells were transduced with lentiviral vectors produced from
293FT cells transfected with human CD73 shRNA (TRCN0000048755) or control
GFP shRNA plasmids from Open Biosystems and selected for 7 d in 1 μg/mL
puromycin-supplemented media. CD73/CD39 expression was assessed using
phycoerythrin (PE)-conjugated anti-mouse CD73 mAb (clone TY/23; BD Bioscience), PE-conjugated anti-human CD73 mAb (clone AD2; BD Bioscience),
and APC-conjugated anti-human CD39 mAb (clone TU66; BD Bioscience).
Puriﬁed anti-mouse CD73 mAb (clone TY/23; provided by Linda H. Thompson,
Oklahoma Medical Research Foundation, Oklahoma City, OK), anti-CD8β mAb
(clone 53–5.8) and control Ig (clone MAC4) were produced in house. APCconjugated anti-mouse CD8 (53-6.7) was purchased from BD Bioscience and
PE-conjugated MHC (class I/SIINFEKL tetramers was purchased from Andrew
Brooks (University of Melbourne, Parkville, VIC, Australia). APCP and naphtolAS-E were purchased from Sigma (Sigma-Aldrich). Chemotherapeutic drugs
were obtained from the pharmacy of the Centre Hospitalier de l’Université de
Montréal or Peter MacCallum Cancer Centre.
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Cell Viability Assays. For colorimetric assays, 104 AT3-GFP and AT3-CD73 cells
per well, 104 MDA-MB-231 shGFP and shCD73 cells per well, or 5 × 103 4T1.2
cells per well were cultured in 96-well plates with or without DOX for 3 or
4 d, as indicated. Cell viability was measured using CellTiter Assay (Promega).

Intratumoral Lymphocytes and IFN-γ. Established AT3-OVA tumors (5 mm × 5
mm) were treated with an intratumoral injection of DOX (1 mM) and/or APCP
(400 μg/mouse) in 50 μL PBS. For tumor-inﬁltrating lymphocyte analysis,
tumors were excised 4 d posttreatment, minced with scissors, and incubated
1 h at 37 °C in PBS containing collagenase type 4 (Worthington Biochemical)
and DNase I (Roche). Tumor cell suspensions were passed through a 70-μm cell
strainer, washed twice in PBS, and resuspended in PBS 2% serum for ﬂow
cytometric analysis. Anti-CD16/32 mAb (clone 2.4G2) was used to block Fc
receptors. Flow cytometry was performed on a LSR II (BD Bioscience) and
analyzed using the software program FlowJo. For intratumoral IFN-γ analysis,
tumors were excised 4 d posttreatment, minced with scissors, and homogenized 2 mL PBS. Tumor homogenates were centrifuged at 10,000 × g for 5 min
at 4 °C and IFN-γ levels were measured by ELISA (eBioscience).

CD73 Activity. MDA-MB-231 cells were plated at 7.5 × 103 cells per well in
a 96-well plate in complete DMEM. After 24 h, cells were treated with DOX
at increasing doses. After 48 h, cell media was removed and cells were
washed twice with prewarmed phosphate-free buffer (2 mM MgCl2, 125 mM
NaCl, 1 mM KCl, 10 mM glucose, 10 mM Hepes pH 7.2, diluted in ddH2O).
APCP (100 μM ﬁnal; Sigma) diluted in phosphate-free buffer or phosphatefree buffer alone were added to the cells and incubated for 10 min at 37 °C.
AMP (250 μM ﬁnal; Sigma) diluted in phosphate-free buffer or phosphatefree buffer alone were then added and incubated for 1 min at 37 °C.
Phosphate concentrations resulting from AMP hydrolysis were measured
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