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SUMMARY
Preclinical studies targeting the adenosinergic pathway have gainedmuch attention for their clinical potential
in overcoming tumor-induced immunosuppression. Here, we have identified that co-blockade of the ectonu-
cleotidase that generates adenosine CD73 and the A2A adenosine receptor (A2AR) that mediates adenosine
signaling in leuokocytes, by using compound gene-targeted mice or therapeutics that target these mole-
cules, limits tumor initiation, growth, and metastasis. This tumor control requires effector lymphocytes
and interferon-g, while antibodies targeting CD73 promote an optimal therapeutic response in vivo when
engaging activating Fc receptors. In a two-way mixed leukocyte reaction using a fully human anti-CD73,
we demonstrated that Fc receptor binding augmented the production of proinflammatory cytokines.
INTRODUCTION

Adenosine is a potent immunosuppressor, essential in maintain-

ing tissue homeostasis and preventing an overzealous immune

response during inflammation and infection (Ohta and Sitkovsky,

2001). However, within the tumormicroenvironment (TME) aden-

osine hampers the immune reaction toward cancer cells. In

particular, adenosine disables the cytotoxic anti-tumor immune

response, while enhancing the proliferation and polarization of

immunosuppressive cells and the neovascularization that sup-

ports tumor growth (Young et al., 2014). Therefore, modulating

adenosine levels in the TMEmay limit tumor growth and improve

anti-tumor immune activity. Both inhibition of adenosine genera-

tion and signaling have been shown to be effective therapeutic

approaches (Beavis et al., 2013; Ohta et al., 2006; Stagg et al.,
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Figure 1. Co-targeting Host A2AR and CD73

Improves Anti-tumor Efficacy

(A) Growth of subcutaneous SM1WT1 tumor in

C57BL/6WT, A2AR.KO, CD73.KO, and DKOmice,

with tumor sizes presented as mean ± SEM and

statistical significance determined on day 21.

(B) SM1WT1 tumors as in (A) were excised on day

22, and tumor mass measured and presented as

mean ± SD.

(C) Growth of subcutaneous AT-3 tumors in WT or

indicated gene-targeted mice, with tumor sizes

presented as mean ± SEM and statistical signifi-

cance determined on day 33.

(D) AT-3 tumors as in (C) were excised on day 36,

and tumor mass measured and presented as

mean ± SD.

(E) Numbers of macrometastases in lung (mean ±

SD) of WT or gene-targeted mice on day 14 after

being inoculated intravenously with LWT1.

(F) Percentage of tumor-free WT or gene-targeted

mice following inoculation with MCA. *p < 0.05,

***p < 0.001, ****p < 0.0001 determined by log-rank

(Mantel-Cox) test.

In (A–E) results are pooled from two experiments

and 12–17 mice per group (A–D) or from one

experiment and eight to ten mice per group (E).

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001

determined by one-way ANOVA and Holm-Sidak

multiple comparison test between indicated pair-

wise combinations. See also Figures S1 and S2.
combination to provide maximal therapeutic benefit (Teng et al.,

2015). Interestingly, blockade of adenosine generation via CD73

and signaling via the A2AR (predominantly expressed on im-

mune cells) increases the therapeutic efficacy of clinically

approved immunotherapies in preclinical models (Allard et al.,

2013; Beavis et al., 2015; Iannone et al., 2014; Mittal et al.,

2014). This suggests the possible benefits of utilizing adeno-

sine-related therapeutic approaches in combination with current

clinically approved immunomodulators.

While antagonists of A2AR signaling are undergoing clinical

testing for the treatment of Parkinson’s disease and display

excellent safety profiles, their redeployment into oncology is

only just occurring. Recently, recruitment has commenced for

a clinical trial to identify the possible benefits of anti-CD73 anti-

body treatment alone and in combination with anti-PD-L1 anti-
392 Cancer Cell 30, 391–403, September 12, 2016
body for solid tumors (NCT02503774).

However, it is yet to be established

whether targeting multiple points of the

adenosinergic pathway in combination

may further enhance anti-tumor efficacy.

RESULTS

A2AR and CD73 Double-Deficient
Mice Display Enhanced Tumor
Control
To determine whether limiting the genera-

tion of adenosine and adenosine signaling

in the TME is redundant, we developed

gene-targeted mice deficient for both the
A2AR and CD73 (herein referred to as DKO). These mice dis-

played baseline immune repertoires similar to those of syngeneic

wild-type (WT) and single-gene-deficient mice in both spleen

and peripheral blood (Figure S1). We initiated our studies using

transplantable AT-3 mammary carcinoma and SM1WT1 BRAF-

mutated melanoma tumor models, which had previously been

determined to be anti-PD-1 resistant (Knight et al., 2013; Ngiow

et al., 2015). These tumor cell lines expressed low levels of CD73

in vitro (Figures S2A and S2B). SM1WT1 subcutaneous tumors

were significantly reduced in size andmass in DKOmice in com-

parison with A2AR.KO, CD73.KO, and WT mice (Figures 1A, 1B,

and S2C). In addition, more than 40% of DKO mice challenged

with SM1WT1 rejected their tumors compared with less than

7% of the single-gene-targeted counterparts (Figure S2C).

Similar results were seen in the AT-3 tumor model, in which the
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Figure 2. A2AR-Deficient Mice Display

Improved CD8+ T Cell Infiltration into the

Tumor

(A and B) Number (A), normalized to tumor mass,

and proportions (B) of live lymphocytes (gated on

CD45.2+, 7AAD�) in SM1WT1 tumors grown in

indicated mice harvested at day 8.

(C and D) Number (C), normalized to tumor mass,

and proportions (D) of CD8+ T cell in day 8

SM1WT1 tumors grown in indicated mice.

(E) Ratio of CD8+ infiltrate within the tumor core

versus the margin of day 8 SM1WT1 tumors was

assessed via immunofluorescence.

(F) SM1WT1 tumor growth in WT and DKO mice

depleted of CD8+ T cells by treatment with anti-

CD8b (100 mg intraperitoneally) on days �1, 0, 7,

14, and 21. Tumor sizes are presented as mean ±

SEM and statistical significance was determined

on day 23.

(G) Mass of SM1WT1 tumors as in (F) excised on

day 24.

Results are presented as mean ± SD unless indi-

cated otherwise from two pooled experiments

of groups of 12–16 mice (A–D) or 10–11 mice per

group (E), or from one experiment of seven to eight

mice per group (F and G). *p < 0.05, **p < 0.01,

***p < 0.001, ****p < 0.0001 determined by one-way

ANOVA and Holm-Sidak multiple comparison test

between indicated pairs.

See also Figure S3.
DKO mice displayed significantly greater reduction in tumor

burden compared with WT mice than the single-gene-targeted

mice (Figures 1C, 1D, S2D, and S2E).

We next assessed whether DKO mice could limit metastatic

formation. Using the experimental metastatic melanoma LWT1

derived from SM1WT1 (Ferrari de Andrade et al., 2014), we

identified that single-gene-targeted mice displayed improved

metastatic control compared with WT mice, which was further

enhanced in DKO mice (Figure 1E). We also assessed the sur-

vival of DKO and control mice intravenously inoculated with

RMA-s lymphoma cells, which lack major histocompatibility

complex class I expression and are controlled by NK cells

(Swann et al., 2007). The DKO mice had better survival than

WT and single-gene-targeted control strains (Figure S2F).

To further substantiate the effects of co-targeting A2AR and

CD73 in a de novo model of primary tumor formation, we utilized

the methylcholanthrene (MCA)-induced fibrosarcoma model.

Using this model, loss of host A2AR or CD73 has been previously

shown to significantly decrease tumor initiation and enhance

survival (Eini et al., 2015; Stagg et al., 2012). Consistent with

these findings A2AR.KO and CD73.KO mice displayed signifi-

cantly delayed tumor development comparedwithWTmice (Fig-
Cancer
ure 1F). Interestingly, the DKO mice dis-

played a significantly lower incidence of

tumor initiation in comparison with both

A2AR and CD73 single-deficient strains

(Figure 1F).

Collectively, these data showed that

targeting A2AR and CD73 together

reduced tumor initiation, growth, and
dissemination. This is indicative that A2AR and CD73 possess

distinct roles in tumor development and progression.

A2AR-Deficient Mice Display Improved Lymphocyte
Infiltration into the Tumor
Next, we assessed the mechanism by which co-deletion of

A2AR and CD73 enhanced anti-tumor efficacy. Since adeno-

sine is a notable immunosuppressive metabolite (Young

et al., 2014), we first interrogated the tumor-infiltrating leuko-

cytes (TILs). Analysis of SM1WT1 primary tumors at day 8

was performed since TILs could be obtained and there was

no significant difference in the mean tumor size observed in

various host strains. SM1WT1 tumors harvested from mice

that lacked A2AR signaling (both A2AR.KO and DKO) dis-

played increased proportions and numbers of TILs compared

with WT mice (Figures 2A and 2B). Specifically, the A2AR-

deficient mice displayed significantly increased intratumor

CD8+ T cell frequency and number (Figures 2C and 2D). No

other immune cell populations that were assessed (CD4+ T,

NK, and myeloid cells) displayed significant changes in both

their frequency and number upon loss of A2AR and/or CD73

(Figure S3A).
Cell 30, 391–403, September 12, 2016 393



Figure 3. CD73 Expression Is Increased

within the Tumor Core of A2AR-Deficient

Mice

(A) Representative images of sections of fresh-

frozen day 8 SM1WT1 tumors grown in WT or

A2AR.KOmice stained for CD73 and CD31. Tumor

sections are divided into tumor core (inside the

blue line) and invasive margin (between the blue

and white line) based on the intensity of DAPI

staining (not shown). Scale bars represent 200 mm.

(B) CD73 MFI in the tumor core and margin of tu-

mor as in (A) was determined and presented as

mean ± SD from one representative experiment of

four to five mice from the indicated genotypes.

**p < 0.01, ***p < 0.001 determined by one-way

ANOVA and Holm-Sidak multiple comparison test.

(C) Representative immunofluorescence images of

the tumor core from day 8 SM1WT1 tumors grown

in mice with the specified genotypes. Scale bars

represent 100 mm.
Recent developments in understanding the positioning of im-

mune cell infiltratewithin the TMEandhow it influences prognosis

(Fridman et al., 2012) led us to investigateCD8+ T cell localization.

Wedefined the tumorcore versus invasivemarginby intensity and

nuclei density using DAPI staining as previously described (Fig-

ureS3B) (Lee et al., 2011).When comparing the ratio of CD8+ infil-

trate in the tumor corewith invasivemargin, the tumors in theDKO

micedisplayedasignificantly higher such ratio comparedwithWT

and CD73-deficient mice (Figure 2E). Preferential CD8+ T cell dis-

tributionwithin the tumor core comparedwith the invasivemargin

hasbeenshown to reflect apositiveprognosisand improved ther-

apeutic response in a number of cancers (Erdag et al., 2012; Ha-

lama et al., 2011; Tumeh et al., 2014). Therefore, loss of A2ARand

CD73 may drive improved immune cell infiltration, particularly

CD8+ T cells, into the tumor core, explaining better tumor control.

We next assessed whether CD8+ T cells were functionally critical

in the anti-tumor immune response against SM1WT1 primary tu-

mors observed in DKOmice. Depletion of CD8+ T cells resulted in

lossof tumor control byDKOmice andsingle-gene-targetedmice

(Figures 2F, 2G, and S3C–S3E).

Taken together, these data indicate that loss of A2AR signaling

enhances immune cell infiltration, particularly of CD8+ T cells,
394 Cancer Cell 30, 391–403, September 12, 2016
into the TME. Surprisingly, however, host

CD73 deficiency did not appear to sub-

stantially change TIL infiltrate. Therefore,

we aimed to identify the distinct role of

CD73 in modulating the primary TME.

CD73 Is Upregulated on the Tumor
and Host in A2AR-Deficient Mice
To identify the role of CD73 in the TME,

we used immunofluorescence staining

to assess CD73 co-localization with he-

matopoietic and non-hematopoietic cell

types. Strikingly, we found that A2AR-

deficient mice significantly upregulated

CD73 expression within the core of

the SM1WT1 tumors (Figures 3A–3C).
Furthermore, CD73 upregulation in A2AR-deficient mice ap-

peared to occur on both tumor and host, particularly endothe-

lium (identified by CD31) (Figure 3C). WT mice displayed modest

levels of CD73 expression, which often co-localized with endo-

thelium. CD73.KO and DKO mice showed some tumor CD73

expression, which however was significantly lower than that

observed in the A2AR-deficient mice (Figures 3B and 3C).

Increased CD73 expression on both tumor and host in A2AR-

deficient micemay represent a tumor escapemechanism, which

is partially lost in DKO mice, unable to produce CD73 on host

cells, indicating that this may contribute to the improved tumor

control observed in these DKO mice.

Targeting A2AR and CD73 in Combination Improves
Therapeutic Response
A2AR antagonism and antibody blockade of CD73 has been

shown to enhance anti-tumor responses in a number of tumor

models (Beavis et al., 2013; Stagg et al., 2010). Moreover,

CD73 expression by the tumor appears to be necessary for elic-

iting maximal therapeutic benefit, indicating that CD73 may be a

biomarker for stratifying patients toward therapies targeting the

adenosinergic pathway (Beavis et al., 2013; Loi et al., 2013).
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Figure 4. Anti-CD73 and A2ARi Suppress Experimental and Spontaneous Lung Metastasis

(A) Numbers of macrometastases in lungs harvested on day 14 from C57BL/6 WT mice injected intravenously with B16F10-CD73hi and treated on days 0 and 3

intraperitoneally with vehicle, A2ARi (SCH58261, 1 mg/kg), cIg (2A3, 250 mg), anti-CD73 (TY/23, 250 mg), or combinations as specified (n = 5 per group). Results

are presented asmean ± SD from one representative experiment. *p < 0.05, ***p < 0.001, ****p < 0.0001 determined by one-way ANOVA and Holm-Sidak multiple

comparison test.

(B) Metastatic burden of B16F10-CD73hi tumor-bearing lungs at day 14 as in (A) from one representative experiment.

(C) Survival of female BALB/c WT mice injected in the mammary fat pad with 4T1.2, with the primary tumor resected on day 17 and treated intraperitoneally with

vehicle, A2ARi (SCH58261, 1 mg/kg), cIg (2A3, 250 mg), or anti-CD73 (TY/23, 250 mg) as indicated on days 18, 21, 24, and 27. *p < 0.05, **p < 0.01 determined by

log-rank (Mantel-Cox) test.

(D) Numbers of macrometastases in lungs harvested on day 14 from male C57BL/6 WT mice injected intravenously with LWT1 and treated on days 0 and 3

intraperitoneally with vehicle, A2ARi (SCH58261, 1 mg/kg), cIg (2A3, 250 mg), anti-CD73 (TY/23, 250 mg), or combinations as specified. Results are presented as

mean ± SD from one experiment. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 determined by one-way ANOVA and Holm-Sidakmultiple comparison test.

See also Figure S4.
Therefore, we assessed the therapeutic efficacy of A2AR inhibi-

tor (A2ARi) and anti-CD73 antibody in metastasis models

known to be responsive to either monotherapy (Beavis et al.,

2013; Stagg et al., 2010, 2011), namely the B16F10-CD73hi

experimental lung metastasis model and the 4T1.2 spontaneous

metastasis model. We found that combining A2ARi (SCH58261)

and anti-mouse CD73 antibody (TY/23) had better anti-metasta-

tic efficacy compared with either monotherapy and control

treatment (Figures 4A–4C). When given concurrently, these

therapies significantly reduced the metastatic burden and
enhanced survival (Figures 4A and 4C). In addition, we assessed

this combination in the LWT1 experimental metastasis mela-

noma model that displayed reduced metastatic formation in

DKO mice. While treatment with either A2ARi or anti-CD73

significantly decreased the metastatic burden compared with

control treatment, the combination afforded significantly

improved protection against metastasis (Figure 4D). Further

investigation revealed that NK cells, CD8+ T cells, and inter-

feron-g (IFN-g), and to a lesser extent perforin, were required

for maximal combination activity (Figures S4A–S4D). Similarly,
Cancer Cell 30, 391–403, September 12, 2016 395
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Figure 5. Anti-CD73 Requires Fc Receptor

Engagement for Anti-metastatic Activity

(A) Binding of cIg (2A3, 10 mg/mL) or anti-CD73 (TY/

23, 10 mg/mL) to CHO cells ectopically expressing

respective FLAG-tagged Fc receptor is shown as

solid histograms. Unshaded histograms represent

the binding of secondary goat anti-rat antibodies

alone. The same secondary alone histogram is

shown for both cIg and anti-CD73 for an individual

cell type.

(B) Numbers of macrometastases in lungs har-

vested on day 14 from C57BL/6 WT, FcgRIII.KO,

FcgRIV.KO, and FcgR.KO (deficient for all acti-

vating Fc receptors) mice injected intravenously

with B16F10-CD73hi (105 cells or 5 3 104 cells for

FcgR.KO mice) and treated intraperitoneally with

cIg (2A3, 250 mg) or TY/23 (250 mg) on days 0 and 3.

Results are presented as mean ± SD from one

representative experiment.

(C) Vehicle, APCP (400 mg), or A2ARi (1 mg/kg)

were administered on day 0 and day 3 in the

specified combinations. B16F10-CD73hi tumor-

bearing lungs were harvested on day 14 and

macrometastases counted. Results are presented

as mean ± SD from two pooled experiments of ten

mice per treatment group.

*p < 0.05, **p < 0.01 determined by unpaired t test

(B) or one-way ANOVA and Holm-Sidak multiple

comparison test (C). ns, not significant. See also

Figure S5.
anti-metastatic activity against LWT1 in DKOmicewasmediated

by NK cells (Figure S4E).

Anti-CD73 Requires Fc Receptor Engagement for
Optimal Therapeutic Activity
While A2AR antagonism has primarily been attributed to

enhancing lymphocyte-mediated anti-tumor immune responses

(Beavis et al., 2013; Mittal et al., 2014), less is known regarding

the mechanism of action by which anti-CD73 monoclonal anti-

body (mAb) elicits efficacy in vivo. Considering the impact of

Fc receptor binding in providing optimal antibody activity (Dahan

et al., 2015), we determined whether anti-mouse CD73 mAb

required Fc receptor engagement for therapeutic activity. We

first found that the rat anti-mouse CD73 mAb TY/23 was able

to bind to mouse FcgRIII and FcgRIV activating receptors (Fig-

ures 5A and S5). We then compared the anti-metastatic activity

of TY/23 in mice deficient for FcgRIII, FcgRIV, or all activating

FcgR receptors. While both WT and FcgRIII-deficient mice had

significantly reduced metastatic burden in response to TY/23

treatment, FcgRIV- or FcgR-deficient mice displayed no signifi-

cant difference in metastasis formation compared with isotype

control-treated mice (Figure 5B). Therefore, TY/23 is dependent

at aminimum on host FcgRIV for optimal therapeutic activity. We

then assessedwhether blockade of CD73 adenosine generation,
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using the small molecule APCP, collabo-

rated with inhibition of A2AR signaling

to reduce metastasis. Interestingly, while

each of A2AR and CD73 small-molecule

inhibitors was able to decrease the num-

ber of metastases compared with vehicle
controls, together they displayed no increased effect (Figure 5C).

This illustrates that genetic or antibody-mediated loss of CD73

activity, by removal of CD73 on the cell surface or Fc receptor

engagement, is required for improved therapeutic activity in

the presence of A2AR antagonism. These data suggest a

multi-functionality of CD73 as a target, beyond its ectonucleoti-

dase activity.

CD11b+Gr-1hi Expansion Is Induced by Anti-CD73
Therapy
Next, given the anti-metastatic activity of anti-CD73 and depen-

dence on FcgRIV, we assessed changes to the immune makeup

of the pulmonary TME. We identified that the most prominent

populations expressing FcgRIV in whole lung homogenates

were the CD11b+Gr-1hi and CD11b+Gr-1lo myeloid cells (Fig-

ure 6A). Interestingly, following TY/23 therapy CD11b+Gr-1hi

cells displayed an expansion in both proportion and number (Fig-

ure 6B). Further characterization of these cells revealed that they

expressed high levels of Ly6G and low levels of F4/80, indicative

of neutrophils (Figure S6A). Therefore, we investigated whether

theCD11b+Gr-1hi cell expansionmediated anti-CD73metastatic

control (Figure S6B). Interestingly, following depletion of the

CD11b+Gr-1hi cells by anti-Ly6G, TY/23 therapeutic efficacy

was lost (Figure 6C).
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Figure 6. Expansion of CD11b+Gr-1hi

Myeloid Cells in the Pulmonary Tumor

Microenvironment Following Anti-CD73

Treatment

(A) Expression of CD16 (FcgRIII) or CD16.2

(FcgRIV) on different CD11b+Gr-1 populations

from lungs of WT mice was assessed by flow

cytometry and shown as a representative black

histogram. Unshaded histograms denote control

isotype staining and gray histograms represent

antibody staining in FcgRIII-deficient (left) or

FcgRIV-deficient (right) mice.

(B) Groups of six C57BL/6 WT female mice

were injected intravenously with B16F10-CD73hi

melanoma. On days 0 and 3, mice were treated

intraperitoneally with cIg (1-1, 250 mg) or TY/23

(250 mg). Tumor-bearing lungs were harvested on

day 5, and frequency and number of CD11b+Gr-1hi

cells determined by flow cytometry are shown as

mean ± SD. *p < 0.05, **p < 0.01 determined by

unpaired t test.

(C) C57BL/6 WT mice were injected intravenously

with B16F10-CD73hi melanoma. On days 0 and 3

after tumor inoculation, mice were treated intra-

peritoneally with cIg (1-1, 250 mg) or TY/23 (250 mg).

Some groups of mice received anti-Ly6G depletion

(1A8, 500 mg intraperitoneally) on days �1 and 2.

Lungs were harvested on day 14 and macro-

metastases counted. Results are presented as

mean ± SD from one representative experiment of

six to seven mice per treatment group. *p < 0.05

determined by one-way ANOVA and Holm-Sidak

multiple comparison test.

(D) C57BL/6 WT and CD73.KO mice were injected

intravenously with B16F10-CD73hi melanoma. On

days 0 and 3 after tumor inoculation, mice were

treated intraperitoneally with cIg (1-1, 250 mg) or

TY/23 (250 mg). Lungs were harvested on day 14

and macrometastases counted. Results are pre-

sented asmean ± SD from two pooled experiments

of ten mice per genotype and treatment group.

*p < 0.05, ****p < 0.0001 determined by one-way

ANOVA and Holm-Sidak multiple comparison test.

See also Figure S6.
The CD11b+Gr-1hi cell population expresses high levels of

both CD73 and FcgRIV (Figures 6A and S6C); therefore, we as-

sessed whether the anti-metastatic activity of TY/23 was main-

tained in CD73-deficient mice following B16F10-CD73hi inocula-

tion. Notably, TY/23 therapeutic efficacy was observed in both

the WT and CD73-deficient mice (Figure 6D). In addition, an in-

crease in the frequency of CD11b+Gr-1hi cells was identified in

the pulmonary TME of CD73.KO, but not FcgRIV.KO, mice

following TY/23 therapy (Figure S6D).We then assessedwhether

TY/23 treatment affected metastasis of the parental B16F10

cells, which did not express CD73, and found that it did not (Fig-

ure S6E). Together, these data indicated that tumor-derived

CD73 and FcgRIV on CD11b+Gr-1hi cells were essential for

anti-CD73 therapeutic efficacy within the pulmonary TME.

Recent evidence from non-small cell lung cancer patients

highlighted a potential role of tumor-associated neutrophils dur-

ing early-stage human disease in enhancing NK cell and T cell
activation via engagement of co-stimulatory molecules (Erusla-

nov et al., 2014). Therefore, we investigated whether the expres-

sion of co-stimulatory molecules such as CD80 and CD86 were

modulated following anti-CD73 treatment. While there was no

significant change in the frequency or intensity of these markers

on CD11b+Gr-1hi cells following anti-CD73 treatment, the

greater number and proportion within the lungmicroenvironment

may further enhance a more permissive anti-tumor interaction

(Figure S6F). In addition, CD73 expression on the CD11b+Gr-

1hi population has been suggested to heighten their immunosup-

pressive functions, particularly via autocrine signaling through

adenosine receptors (Ryzhov et al., 2011). Using a non-

competing mAb for CD73 staining (Stagg et al., 2010), we were

able to identify that CD73 was reduced on CD11b+Gr-1hi cells

following TY/23 treatment, indicating that they may lose sup-

pressive functions (Figure S6G). While other cell populations ex-

pressing high levels of CD73, CD4+, and CD8+ T cells displayed
Cancer Cell 30, 391–403, September 12, 2016 397
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Figure 7. Human Anti-CD73 Requires Fc Receptor Engagement for Optimal Cytokine Production

(A) C57BL/6 WT mice were injected intravenously with B16F10-CD73hi melanoma. On days 0 and 3, mice were treated intraperitoneally with vehicle, A2ARi

(SCH58261, 1mg/kg), cIg (1-1, 250 mg), anti-CD73 (2C5mouse IgG2a or 2C5mouse IgG1, 250 mg) or combinations as specified. Lungs were harvested on day 14

and macrometastases counted and reported as mean ± SD. ***p < 0.001, ****p < 0.0001 determined by one-way ANOVA and Holm-Sidak multiple comparison

test.

(B) Equal proportions of PBMC from two healthy donors were treated with increasing concentrations of human anti-CD73 (2C5 human IgG1 WT or triple mutant

[TM]) or the appropriate isotype controls for 72 hr, and TNF-a levels in the supernatants were measured by ELISA (mean ± SD).

(C–E) Equal proportions of PBMC from 42 healthy donor pairs were treated with 1 mM of either human anti-CD73 (2C5 human IgG1 WT or 2C5 human IgG1 TM).

After 72 hr, TNF-a (C), IL-1-b (D), and IFN-g (E) levels in the supernatants were measured by ELISA. Statistical significance was determined by paired t test

(*p < 0.05, **p < 0.01).

See also Figure S7.
no changes in proportions (Figure S6H), they similarly displayed

a marked reduction in CD73 expression, which may result in

reduced generation of adenosine within the tumor microenviron-

ment (Figures S6I and S6J).

Human Anti-CD73 Enhances Cytokine Release by Fc
Receptor Engagement
For both research and potential clinical uses we developed an

anti-human CD73 mAb (clone 2C5) that is cross-reactive with

mouse CD73. The specificity of 2C5 was validated by flow cy-

tometry and its ability to inhibit CD73 ectonucleotidase activity
398 Cancer Cell 30, 391–403, September 12, 2016
(Figures S7A and S7B). We developed 2C5 with either a mouse

immunoglobulin G2a (IgG2a) or IgG1 Fc region and assessed

whether A2ARi was able to improve metastatic control in combi-

nation with them. Similarly to TY/23, 2C5 IgG2a provided signif-

icant protection against metastasis, which was enhanced in

combination with A2ARi (Figure 7A). However, the 2C5 IgG1,

which has limited Fc receptor binding capacity, displayed no sig-

nificant metastatic control alone or in combination (Figure 7A).

Next, we assessed whether a fully human anti-CD73 was able

to modulate cytokine production in a mixed leukocyte reaction

(MLR) culture system. Notably, 2C5 with human IgG1, which



was able to interact with Fc receptors, enhanced tumor necrosis

factor a (TNF-a) production (Figure 7B). However, when anti-

CD73 was unable to bind Fc receptors, due to a triple mutation

present within the human IgG1 backbone (Oganesyan et al.,

2008), its ability to stimulate a cytokine response was reduced

(Figure 7B). This was further validated by MLR using a number

of donor-recipient pair combinations in which there was signifi-

cantly higher TNF-a and interleukin 1b (IL-1b) production and a

trend for higher levels of IFN-g in the presence of WT anti-

CD73 compared with the triple-mutated Fc receptor-impaired

version of anti-CD73 (Figures 7C–7E). This is again indicative

of the relationship between optimal anti-CD73 function and Fc

receptor binding capability.

DISCUSSION

We have investigated whether the anti-tumor activity of com-

bined inhibition of CD73 and A2AR is more potent than inhibition

of either alone. Interestingly, rather than displaying redundancy,

targeting these interdependent pathways in combination very

significantly suppressed tumor initiation, growth, and metas-

tasis. While the A2AR has been shown to mediate immunosup-

pression predominantly in immune cells from myeloid and

lymphocyte lineages (Cekic et al., 2014; Cekic and Linden,

2014; Ohta et al., 2006), reducing adenosine signaling via

A2AR antagonism provides an alternative targeted strategy to

modulate the number and efficacy of infiltrating effector T cells

within the immunosuppressive TME. Gene-targeting A2AR also

illustrated the important role that host A2AR plays in regulating

CD73 expression levels, particularly in the tumor. CD73 is a

biomarker of poor prognosis for patients in a number of cancer

types (Leclerc et al., 2016; Loi et al., 2013; Turcotte et al.,

2015; Wu et al., 2012), but the role of CD73 as a therapeutic

target is becoming increasingly complex. Alongside its ability

to produce extracellular adenosine, CD73 has also been associ-

ated with modulating leukocyte and tumor migration and angio-

genesis (Algars et al., 2011; Allard et al., 2014; Loi et al., 2013;

Turcotte et al., 2015). We have highlighted the very important

role activating Fc receptor (FcR) engagement might play in the

activity of mAbs targeting mouse and human CD73. These are

critical findings given that both CD73 and A2AR antagonists

will play an increasingly important part in combination immuno-

therapies that include immune checkpoint inhibitors and con-

ventional therapies that initiate immunogenic cell death (Beavis

et al., 2015; Iannone et al., 2014; Loi et al., 2013; Mittal et al.,

2014).

From the recent development of FDA-approved immunother-

apies targeting immune checkpoint inhibitors, it is clear that pa-

tients may be stratified for their clinical response based on fea-

tures present within the TME (Teng et al., 2015). For instance,

anti-PD-1 therapeutic efficacy in metastatic melanoma appears

optimal in a TMEwith a high presence of TILs and PD-L1 expres-

sion. Development and clinical translation of adenosine-related

therapies will require effective selection of cancer subtypes

and stratification of patients in order to recognize their therapeu-

tic potential. In preclinical studies, expression of CD73 by tumor

cells appears necessary for effective therapeutic activity of A2AR

antagonists either alone or in combination (Beavis et al., 2013;

Loi et al., 2013; Mittal et al., 2014). Therefore, assessing the
CD73 status of patient tumors prior to therapy may be helpful

in identifying those likely to respond to A2AR inhibition. Here

we show the superior anti-metastatic activity of anti-CD73

against B16F10-CD73hi tumors compared with parental CD73-

B16F10 tumors, and the activity of anti-CD73 in CD73-deficient

mice. Yet, it is important to note that there may be tumors in

which tumor cells fail to express CD73 but CD73 expression in

the TME is sufficient for anti-CD73 mAb efficacy (eg. anti-

CD73 against CT26; Hay et al., Abstract 285. AACR Meeting,

Philadelphia, April 18-22, 2015). In addition, the role of CD73 in

the TME appears to be diverse and may not be detrimental to

the patient in all cancer cases. Recent studies in endometrial

cancer identified that CD73 downregulation reduces cellular

adhesion, correlating with increased clinical staging and

reduced survival (Bowser et al., 2016). Understanding whether

CD73 status on tumor cells or in the TME is predictive of clinical

outcome will be an important factor in defining the suitability of

different tumor types for treatment by adenosine-targeted

therapies.

While CD73 within the TME has different functions, deter-

mining processes that modulate CD73 expression remains un-

clear. Hypoxia and ischemia play an important role in height-

ening the release of extracellular ATP that is subsequently

converted to adenosine by CD73 (Young et al., 2014). However,

hypoxia may also directly alter CD73 levels and the amount of

CD39, the enzyme that converts ATP to AMP within the TME,

thus further enhancing adenosine accumulation. Transcriptional

activation of both CD73 andCD39 appears regulated by the hyp-

oxia-inducible transcription factor HIF-1a (Synnestvedt et al.,

2002). Similarly, in response to respiratory hyperoxia, T regulato-

ry cells within the pulmonary TME decrease both CD73 and

CD39 expression, impeding adenosine generation and promot-

ing tumor control (Hatfield et al., 2014). In addition, conditional

deletion of TGF-b signaling specifically on myeloid cells results

in downregulation of CD73 and CD39 on infiltrating myeloid cells

within the TME (Ryzhov et al., 2014). The protumorigenic

signaling molecule TGF-b has been shown to stabilize HIF-1a

(McMahon et al., 2006), indicative of interrelated mechanisms

that may heighten CD73 expression. In our study, we identified

that loss of host A2AR signaling increased CD73 expression

within the tumor core. However, this appears to be reliant initially

on the ability for the host, rather than tumor cells, to initiate an

increase in CD73 levels, since host-deficiency of both A2AR

and CD73 restricted changes to CD73 expression in the tumor

core. Therefore, insufficient adenosine signaling within the

TME may drive a feedback loop via induction of CD73 in order

to increase adenosine levels in an attempt to resolve immune ho-

meostasis and dampen immune activation. This provides impor-

tant considerations for A2AR antagonists, and indeed alternate

adenosine-related therapies, as they progress to clinical utility.

Examining the interaction and modulation of the CD73-adenosi-

nergic pathway in response to therapeutic intervention and tu-

mor development will provide improved insight into the regula-

tion and requirement of this molecule within a cancer setting.

The development of distinct immunomodulatory mAbs has

generated much interest in the treatment of cancer. However,

mAbs exert their effects through the Fab region and the Fc

domain. Dependent on the Fc domain, recognition by immune

cells can promote alternate mechanisms of action including
Cancer Cell 30, 391–403, September 12, 2016 399



antibody-dependent cellular cytotoxicity and antibody-depen-

dent cellular phagocytosis. Consideration of the Fc interaction

within the TME appears necessary to improve mAb activity and

limit toxicity. In particular, CTLA-4 is prominently expressed on

T regulatory cells infiltrating into the TME. Through Fcg receptor

engagement, anti-CTLA-4mAb exerts part of its effect in mice by

initiating the depletion of this suppressive cell type, potently

enhancing anti-tumor immune activity (Simpson et al., 2013).

Preclinical development of agonistic antibodies against GITR

and OX40 similarly identified that Fcg receptor engagement

was required to alter the intratumoral effector/regulatory T cell

ratio, critical for therapeutic response (Bulliard et al., 2013,

2014). In contrast, anti-PD-1 mAb, reactive with an alternate im-

mune checkpoint molecule, is not only Fc-independent, but

when engineered to engage activating Fcg receptors its thera-

peutic activity is abrogated (Dahan et al., 2015). In the same

study, it was found that mAbs directed toward the PD-1 ligand,

PD-L1, utilized Fcg receptor binding to modulate the proportion

of different subsets of myeloid cells within the tumor, resulting in

improved tumor control (Dahan et al., 2015). The variation inmAb

requirement of FcR engagement and its ability to modulate ther-

apeutic activity indicates that this should always be assessed

prior to clinical utility. However, whether FcR engagement is crit-

ical for optimal mAb activity in humans is less clear, with no

strong evidence supporting a role for FcR in the clinical activity

of ipilimumab (IgG1) or tremelimumab, which is IgG2 with little

or no FcR engagement. Investigating the interactions between

anti-CD73 and Fc engagement we identified that the Fc/FcR

was contributing to cytokine stimulation and therapeutic activity.

While we report an alternate function of TY/23 that utilizes

FcgRIV, our study and others have shown that CD73 generation

of adenosine is inhibited by APCP, and this inhibition is sufficient

to promote anti-tumor activity (Iannone et al., 2014; Stagg et al.,

2011; Wang et al., 2011). An important consideration is whether

this is tumor microenvironment dependent. In addition, TY/23

has also been shown to block CD73 enzymatic activity and

initiate CD73 internalization (Stagg et al., 2010). Our studies illus-

trate the importance of the host FcR in the anti-metastatic mech-

anism of action of TY/23, but also indicate some down modula-

tion of CD73 on intratumor T cells after TY/23 administration.

Recently, a human IgG2-IgG1 hybrid anti-human CD73 mAb

lacking Fc function with internalization properties was described

where durable reduction of surface CD73 was an important

mechanism (Barnhart et al., Abstract 1476. AACR Meeting,

New Orleans, April 15-20, 2016). Collectively, these findings

have important implications for the development of anti-CD73

mAb therapies.

CD73 is widely expressed on both hematopoietic and non-

hematopoietic cell types therefore Fcg receptor engagement

poses a potential toxicity risk (Young et al., 2014). Consistent

with this concern, the first anti-CD73 antibody in clinical trials,

MEDI9447, was engineered to reduce FcR engagement (Oga-

nesyan et al., 2008). That said, it is interesting that no overt signs

of toxicity have been identified using several different anti-CD73

mAbs in preclinical studies. Anti-CD73 may be an optimal candi-

date for utilization in a bispecific antibody approach to overcome

systemic toxicity (Kontermann, 2012). Co-targeting anti-CD73,

which limits immunosuppression, angiogenesis, and tumor cell

migration and metastasis, using a tumor-specific marker to
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localize the bispecific therapy to the TME, may initiate tumor

control and limit peripheral damage.

Therapeutic interventions targeting theadenosinergic pathway

prevent tumor escape and tumor-derived immunosuppression

in preclinical studies. In this study we demonstrated that co-tar-

geting A2AR antagonism and CD73, via antibody-directed thera-

pies that engage Fcg receptors, is an effective combinatorial

approach. As A2AR inhibitors and anti-CD73 mAbs progress to

oncology use, these findings should have broad implications

for clinical regimens and approaches to adenosine-related

treatment.

EXPERIMENTAL PROCEDURES

Mice

C57BL/6 and BALB/c WT mice were purchased from the Walter and Eliza Hall

Institute forMedical Research or bred in-house at theQIMRBerghofer Medical

Research Institute. C57BL/6 FcR-deficient (FcgR.KO, FcgRIII.KO, and

FcgRIV.KO) (kindly provided by Mark Hogarth and Jeffrey Ravetch, respec-

tively) (Giorgini et al., 2008; Hazenbos et al., 1996; Nimmerjahn et al., 2010; Ta-

kai et al., 1994), and C57BL/6 A2AR-deficient (A2AR.KO) (Beavis et al., 2013;

Chen et al., 1999) and CD73-deficient (CD73.KO) (Stagg et al., 2011; Thomp-

son et al., 2004) mice were as described. C57BL/6 A2AR.CD73-deficient

(DKO) mice were derived by crossing A2AR.KO and CD73.KO mice at the

QIMR Berghofer Medical Research Institute. WT and all gene-targeted strains

were used between the ages of and 20weeks. Groups of 5–23mice per exper-

iment were used for experimental tumor assays to ensure adequate power to

detect biological differences. All experiments were approved by the QIMR

Berghofer Medical Research Institute Animal Ethics Committee.

Tumor Cell Lines

The C57BL/6 SM1WT1, LWT1, and B16F10-CD73hi melanoma, AT-3 mam-

mary adenocarcinoma, RMA-s-luciferase+ T lymphoma, and BALB/c 4T1.2

were maintained as previously described (Beavis et al., 2013; Ferrari de An-

drade et al., 2014; Ngiow et al., 2011; Souza-Fonseca-Guimaraes et al.,

2015; Verbrugge et al., 2012). B16F10-CD73hi and AT-3 were grown in

DMEM (Gibco) supplemented with 10% fetal calf serum (FCS), 1% Glutamax

(Gibco), and 1% penicillin/streptomycin (Gibco) maintained at 5% and 10%

CO2, respectively. 4T1.2, SM1WT1, LWT1, and RMA-s-luciferase+ cells were

grown in RPMI 1640 (Gibco) supplemented with 10% FCS, 1% Glutamax

(Gibco), and 1% penicillin/streptomycin (Gibco) and maintained at 5% CO2.

Antibodies and Reagents

Purified anti-mouse CD73mAb (clones TY/23 and 2C5), control Ig (clones 2A3,

1-1, and 1A7), anti-CD8b (53-5.8), and anti-Ly6G (1A8) were purchased from

BioXCell or supplied by Medimmune, and administered at the schedule and

dose as indicated. SCH58621 was purchased from Sigma and used at

1 mg/kg intraperitoneally per dose. Anti-CD73 antibody 2C5 was discovered

and optimized for CD73 binding and neutralization using established phage

display methodology. The 2C5-TM (triple mutant) form of the antibody en-

codes a triple mutation in the constant region of the heavy chain to reduce

IgG effector function (Oganesyan et al., 2008).

In Vivo Treatments

For primary tumor growth experiments, 106 SM1WT1 or AT-3 tumor cells were

subcutaneously injected into mice in a volume of 100 mL (day 0). Tumor growth

wasmeasured using digital calipers, and tumor sizes represented. At indicated

time points, tumors were excised and mass (in mg) measured for individual

mice in each group. For spontaneous metastasis following surgical resection

survival experiments, 23 104 or 53 104 4T1.2 tumor cells were injected ortho-

topically into the fourth mammary fat pad of BALB/c strain mice. On days 16–

20, while mice were anesthetized, the primary tumor was surgically removed

and the wound closed with surgical clips, and post-surgery treatment

commenced as indicated. Survival was measured, and mice were euthanized

according to ethical endpoints and autopsied to confirm formation of metasta-

ses. For experimental metastasis, 105 or 5 3 104 B16F10-CD73hi, or 5 3 104



RMA-s-luciferase+, or 5 3 105 LWT1 cells were injected intravenously in a

200-mL volume into selected strains of mice and treatment commenced

immediately after (day 0) and on day 3, as indicated. Mice injected with

RMA-s-luciferase+ T lymphoma were followed for survival and euthanized ac-

cording to ethically approved endpoints. Lungs of B16F10-CD73hi and LWT1

tumor-bearing mice were harvested on day 14 and macrometastases on the

lung surface counted using a dissecting microscope.

MCA-Induced Fibrosarcoma

For MCA carcinogen-induced fibrosarcoma formation, groups of 19–23

male WT, A2AR.KO, CD73.KO, or DKO mice were injected subcutaneously

on the right flank with 300 mg of MCA and monitored over 200 days for fibro-

sarcoma development. Data were recorded as the percentage of tumor-free

mice in which tumors were recorded following two consecutive growth

measurements.

Flow Cytometry Analysis

Tumors, tumor-bearing lungs, peripheral lymphoid tissues, and blood were

harvested from naive mice from various genotypes and therapeutically treated

mice, as indicated. Tumors and lungs wereminced and digestedwith 1mg/mL

collagenase IV (Worthington Biochemical) and 0.02 mg/mL DNaseI (Roche)

and homogenized to prepare single cell suspensions. Spleens were homoge-

nized and red blood cells (RBCs) lysed in preparation for flow cytometry. Simi-

larly, RBCs from peripheral blood samples were lysed twice in preparation for

flow cytometry. For surface staining, TIL or immune cell suspensions were

stained with eFluor780 anti-CD45.2 (104; eBioscience), Brilliant Violet 605

anti-CD4 (RM4-5; Biolegend), APC anti-CD8a (53-6.7; Biolegend), fluorescein

isothiocyanate (FITC) and PercpCy5.5 anti-TCRb (H57-597; Biolegend),

phycoerythrin (PE) and BV605 anti-CD11b (M1/70; eBioscience and Bio-

legend), eFluor450 anti-Gr-1 (RB6-8C5; eBioscience), PE-Cy7 anti-NK1.1

(PK136; eBioscience), PE-Cy7 and PE anti-F4/80 (BM8; Biolegend), PE anti-

CD73 (TY/23; BD Bioscience), PE-Cy7 anti-CD73 (TY/11.8; eBioscience),

APC anti-mouse CD16 (FcgRIII), and purified anti-mouse CD16.2 (FcgRIV)

(9E9; Biolegend) followed by FITC goat anti-hamster (Armenian), IgG FITC

goat anti-hamster (Armenian), IgG (Poly4055; Biolegend), and respective

isotype antibodies in the presence of anti-CD16/32 (2.4G2) unless otherwise

indicated. 7AAD or Zombie Aqua (Biolegend) was used to exclude dead cells.

Cells were acquired on the BD LSR II Fortessa (BD Biosciences) and analysis

was carried out using FlowJo (Tree Star).

Immunohistochemistry

Tumors were excised on day 8 and freshly frozen in optimal cutting tempera-

ture compound. Frozen sections were cut from the tumors and fixed in cold

100% acetone. Sections were blocked with Background Sniper (Biocare),

then stained with FITC anti-CD8a (53-6.7; eBioscience), APC anti-CD31

(MEC 13.3; BD Bioscience), and PE anti-CD73 (TY/23; BD Bioscience). Tiled

images of the whole tumor section were captured on a Zeiss 780 laser scan-

ning confocal microscope on a 203 objective (numerical aperture 0.8). Anal-

ysis was performed using Imaris (Bitplane). Tumor boundary and margin

boundary were identified by a minimum of two independent reviewers to

calculate area of tumor. Numbers of CD8+ cells within the tumor versus margin

were automatically detected in Imaris and normalized to region area. Mean

fluorescence intensity of CD73 was determined using MATLAB (MathWorks).

Fc Receptor Binding Assay

CHO cells transfected with FLAG-taggedmurine Fc receptors (Mancardi et al.,

2008) were cultured in DMEM, 1% Glutamax (Gibco), and 1% penicillin/strep-

tomycin (Gibco), non-essential amino acids, and sodium pyruvate as well as

specific selection media including 1 mg/mL geneticin and 0.5 mg/mL zeocin

as required. At 90% confluence the cells were seeded at 2 3 105 cells and

incubated with 10 mg/mL anti-CD73 (TY/23) or cIg (2A3) as specified. Cells

were then washed and a secondary goat anti-rat IgG conjugated to AlexaFluor

488 (Poly4054; Biolegend) was used to detect specific Fc receptor bound anti-

body by flow cytometry.

Mixed Leukocyte Reaction

Peripheral blood mononuclear cells (PBMCs) were isolated fresh from healthy

donors or from frozen healthy Leukopak aliquots. For fresh PBMCs, blood
from healthy donors was collected into 8-mL BD Vacutainer CPT cell prepara-

tion tubes and then centrifuged for 20min at 2,700 rpm. PBMCswere collected

and washed three times with AIM-V assay medium (Gibco). RBCs were lysed

using RBC Lysing Buffer (Gibco). PBMCs were prepared from Leukopaks (All

Cells) by collection into 1-L bottles and dilution with wash buffer (PBS contain-

ing 2% fetal bovine serum). PBMCs were then isolated by layering over LSM

Separation Medium (MP Biomedicals) in 50-mL Sepmate tubes (Stem Cell

Technologies). Cells were collected following centrifugation at 1,200 3 g for

10 min and then washed by centrifugation three times with wash buffer at

3003 g for 8 min. RBCs were lysed using RBC Lysing Buffer (Gibco). PBMCs

were resuspended in Cell Freezing Medium (Gibco) and frozen at �80�C. For
the MLR, PBMCs were resuspended in assay medium. PBMCs from two do-

nors were mixed together in a 1:1 ratio within AIM-V medium and plated into

96-well U-bottomed plates (Costar) at a density of 2 3 105 cells per well per

donor in 100 mL of medium. 2C5 and an isotype control antibody were diluted

in serum-free AIM-V medium and then added to the cells for 72–96 hr. Plates

were then centrifuged at 1,500 rpm for 3 min. Supernatant was harvested and

then assayed for cytokine secretion using the human TH1/TH2multiplex ELISA

(Meso Scale Discovery) according to the manufacturer’s instructions. Healthy

donors supplying PBMCs were anonymously enrolled in the MedImmune

Research Specimen Collection Program. Individuals with HIV infection, hepa-

titis B or C virus, human T-lymphotropic virus, or syphilis were excluded. All

protocols and informed consent forms were approved by Chesapeake Institu-

tional Review Board and all donors provided signed consent.

Statistics

Statistical analyses were carried out using GraphPad Prism software. Signifi-

cant differences were determined by log-rank t test and ANOVA, and Holm-

Sidak multiple comparison test of all pairwise combinations between geno-

types were determined unless indicated, with unpaired and paired t test as

specified. Values of p < 0.05 were considered significant.
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