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ABSTRACT
◥

T cells play a critical role in the control of cancer. The develop-
ment of immune checkpoint blockers (ICB) aimed at enhancing
antitumor T-cell responses has revolutionized cancer treatment.
However, durable clinical benefit is observed in only a subset of
patients, prompting research efforts to focus on strategies that target
multiple inhibitory signals within the tumor microenvironment
(TME) to limit tumor evasion and improve patient outcomes.
Adenosine has emerged as a potent immune suppressant within
the TME, and CD73 is the major enzyme responsible for its
extracellular production. CD73 can be co-opted within the TME
to impair T-cell–mediated antitumor immunity and promote
tumor growth. To target this pathway and block the formation of
adenosine, we designed a novel, selective, and potent class of small-

molecule inhibitors of CD73, including AB680 (quemliclustat),
which is currently being tested in patients with cancer. AB680
effectively restored T-cell proliferation, cytokine secretion, and
cytotoxicity that were dampened by the formation of immunosup-
pressive adenosine by CD73. Furthermore, in an allogeneic mixed
lymphocyte reaction where CD73-derived adenosine had a dom-
inant suppressive effect in the presence of PD-1 blockade, AB680
restored T-cell activation and function. Finally, in a preclinical
mousemodel of melanoma, AB680 inhibited CD73 in the TME and
increased the antitumor activity of PD-1 blockade. Collectively,
these data provide a rationale for the inhibition of CD73withAB680
in combination with ICB, such as anti–PD-1, to improve cancer
patient outcomes.

Introduction
Adenosine has a remarkable range of functions in cellular biology

and physiology. Importantly, this nucleoside has emerged as a key
signaling molecule serving to attenuate excessive immune responses
during infection and other inflammatory insults (1, 2). The role of
adenosine as a potent immune suppressant within the tumor micro-
environment (TME) is now appreciated as a prominent mechanism of
immune escape and tumor progression (2–5). CD73, also known as
ecto-50-nucleotidase, converts extracellular AMP into adenosine and
organic phosphate and is the major enzyme involved in the generation
of adenosine (6). In the absence of disease, CD73 is expressed on
lymphocytes and endothelial cells and plays a role in the regulation of
endothelial barrier function (7, 8) and cell migration (9, 10). In
malignancy, CD73 is overexpressed and has been correlated with

poor prognosis (11, 12).While there is a clear role for CD73-expressing
cancer cells in promoting tumor growth (13, 14), expression is not
restricted to just cancer cells. CD73 is also found on tumor-infiltrating
myeloid cells (15, 16), cancer-associated fibroblasts (17), and onT cells,
where CD73 enzymatic activity results in local accumulation of
adenosine and activation of the adenosine receptor A2AR. The resul-
tant dampening of T cell–mediated antitumor immunity is thus
mediated through CD73-derived adenosine and subsequent A2AR
signaling in T cells (5, 14, 18–20). Indeed, in vivo reconstitution
studies with CD73-deficient regulatory T cells (Treg) in mice
demonstrate a critical role for T cell–derived adenosine in creating
an immunosuppressive environment and promoting tumor growth
(18, 21, 22). CD39, an enzyme that converts extracellular ATP to
AMP, is also expressed on many cell types within the TME and
cooperates with CD73 to convert extracellular ATP to adenosine.
For example, activated Tregs express both CD39 and CD73 (21–23)
and have been shown to cooperate with CD73þ CD4þ T cells
(19, 24, 25) and other CD73þ suppressive cell types in the TME,
such as tumor-associated macrophages, myeloid-derived suppres-
sor cells, cancer cells, and even CD8þ T cells to dampen T cell–
mediated immunity (26). Thus, inhibiting CD73 in the TME could
be an effective therapeutic approach to promote a robust antitumor
T-cell response (27–30).

While the success of immune checkpoint blockade (ICB) targeting
T cells initiated a revolutionary shift toward immunotherapeutic
approaches to treat cancer, durable clinical benefit is limited to only
a subset of patients (31). Along the lines of augmenting tumor-specific
immunity, preclinical studies targeting CD73 in addition to other key
nodes of the adenosinergic pathway have been shown to increase
therapeutic benefits observed PD-1 and CTLA-4 blockade (28, 32, 33),
as well as chemotherapies that induce immunogenic cell death
(13, 15, 30), lending support for exploring the combination in a clinical
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setting. Correspondingly, CD73 and adenosine receptor inhibition is
being investigated in solid tumor indications in regimens with PD-1
blockade (26, 34). AB680 (quemliclustat) is a potent, reversible, small-
molecule competitive inhibitor of human CD73. It exhibits a Ki of 5
pmol/L (35) and is characterized by low plasma clearance and a long
half-life in preclinical species, resulting in a pharmacokinetic profile
suitable for long-acting parenteral administration (36). In humans,
initial data show that AB680 is well tolerated and exhibits a pharma-
cokinetic profile (long half-life) suitable for intravenous administra-
tion (36, 37). AB680 is currently being evaluated in patients with
treatment-na€�ve pancreatic cancer (ref. 37; NCT04104672), metastatic
colorectal cancer (NCT04660812), and castrate- and androgen-
resistant prostate cancer (NCT04381832). Herein we describe the
immunotherapeutic effects of AB680—a novel, selective, and potent
inhibitor that blocks adenosine generation by CD73. AB680 reversed
adenosine-mediated immunosuppression of human and mouse
immune cells in vitro and promoted antitumor immunity as a single
agent and in combination with anti-PD-1 in a syngeneic mouse tumor
model.

Materials and Methods
Cell lines

B16F10 and EG7.OVA cell lines were obtained from the ATCC
and were cultured in DMEM supplemented with 10% FBS, 100 U/
mL penicillin/streptomycin, and 1� GlutaMAX or RPMI-1640
supplemented with 10% FBS, 100 U/mL penicillin/streptomycin,
0.4 mg/mL G418, and 1� GlutaMAX, respectively. Cell lines
were authenticated using short tandem repeat DNA profiling and
tested for pathogen contamination including Mycoplasma spp.
(STAT-Myco and IMPACT II testing) via RT-PCR (IDEXX
Bioresearch). EG7.OVA cells were fluorescently labeled using the
IncuCyte Nuclight Red Lentivirus Reagent (Essen Biosciences),
single-cell cloned in the presence of Puromycin (Invivogen), and
selected on the basis of red fluorescence intensity by flow cytometry
and imaging. K562 cells engineered to express either HLA-A02
alone or HLA-A02 and tumor-specific epitope (Neo-12; ref. 38)
were provided by PACT Pharma and were maintained in RPMI-
1640 supplemented with 10% FBS, 100 U/mL penicillin/strepto-
mycin, and 1� GlutaMAX. All cell lines were maintained at 37�C,
5% CO2.

Antibodies and reagents
For the human in vitro assays, anti-PD-1 (AB122) was supplied by

Arcus Biosciences while purified human IgG4 (anti-b-Gal, Invivogen)
isotype control antibody was sourced commercially. Adenosine 50-
monophosphate disodium salt (AMP) and Erythro-9-(2-Hydroxy-3-
nonyl) adenine, HCl (EHNA) were purchased from Sigma-Aldrich.
For mouse in vivo studies, purified anti-PD-1 (clone RMP1-14) or
isotype control (rat IgG2a, clone 2A3) were purchased from BioXCell.
CD73 inhibitor AB680 was synthesized by Arcus Biosciences as
described previously (39). Flow cytometry was performed on the
LSRFortessa (BD Biosciences) and analyzed using FlowJo software
(TreeStar). Antibodies used for flow cytometry are summarized in
Supplementary Table S1.

Mice
Female 6 to 8 weeks old wild-type (WT), CD73�/� (B6.129S1-

Nt5etm1Lft/J), andOT-I [C57BL/6-Tg(TcraTcrb)1100Mjb/J] C57BL/6J
mice were purchased from The Jackson Laboratory. Experiments were
performed at Arcus Biosciences in accordance with federal, state, and

institutional guidelines and were approved by Arcus Biosciences’
Institutional Animal Care and Use Committee.

Human tumor-infiltrating lymphocyte flow cytometry
Dissociated tumor biopsies were obtained from Conversant Bio

with informed written consent and according to Institutional Review
Board (IRB)-approved guidelines in accordance with the Declaration
ofHelsinki. Subject information is detailed in Supplementary Table S2.
Tumor samples were thawed and washed with PBS, blocked with
Human Fc Block (BD Biosciences) before staining with fluorophore-
conjugated antibodies for 30 minutes at 4�C. Cells were washed and
resuspended in PBS for flow cytometric analysis.

Human T-cell activation assays
Total, memory, and na€�ve human CD4þ or CD8þ T cells were

isolated from buffy coats obtained from Stanford Blood Center with
informed written consent and according to IRB-approved human
sample guidelines in accordance with U.S. Common Rule. To track
proliferation, isolated CD4þ T cells were labeled with 5 mmol/L
CellTrace Violet (Invitrogen), washed, and plated. 5 � 104 CD4þ

T cells and CD8þ T cells were activated with anti-CD2/CD3/CD28
beads (Miltenyi Biotec) at a 1:1 bead-to-cell ratio. AB680 was added at
indicated concentrations in a final DMSO concentration of 0.1% and
incubated for 1 hour at 37�C. Unless otherwise indicated, 6.25 mmol/L
AMP and 2.5 mmol/L EHNA were added and incubated for 3 days at
37�C prior to surface marker staining and for flow cytometric analysis.
Cytokine secretion (IFNg , granzyme B, or IL2) was measured using
Cytometric Bead Arrays (CBA, BD Biosciences) per manufacturer’s
instructions.

Mouse T-cell activation assays
Formouse, CD8þT cells were isolated fromWTorCD73�/�mouse

splenocytes and resuspended in complete media containing RPMI, 5%
FBS. A total of 5� 104 cells were activated with anti-CD3/CD28 beads
(Miltenyi Biotec) at a 2:1 bead-to-cell ratio in the presence of 50 U/mL
recombinant mouse IL2 (Peprotech). CD73 inhibitors were added
at indicated concentrations in a final DMSO concentration of 0.1%
and incubated for 1 hour at 37�C. A total of 50 mmol/L AMP and
2.5 mmol/L EHNA were added and incubated for 4 days at 37�C.
Supernatant was collected for IFNg quantification by CBA.

Allogeneic mixed lymphocyte reaction
Peripheral blood mononuclear cells were isolated from healthy

donor buffy coats obtained from Stanford Blood Center. CD14þ

monocytes were isolated using the EasySep Human CD14 Positive
Selection Kit (StemCell Technologies). Monocyte-derived dendritic
cells (mo-DC) were generated by resuspending CD14þ monocytes in
6-well cell culture plates in RPMI-1640 supplemented with 5% FBS
and recombinant human GMCSF (100 ng/mL, R&D Systems) and
IL4 (100 ng/mL, Peprotech) for 7 days. mo-DCs were cocultured
with CD4þ T cells (isolated as described above) at a ratio of 1:4 (2.5�
104 mo-DCs, 1 � 105 CD4þ T cells) in X-VIVO-20 media. Where
indicated, anti-PD-1 or IgG4 isotype (0.67 or 6.7 nmol/L), AMP (100
mmol/L), and AB680 (100 nmol/L) were added. After 72 hours, cells
were harvested for RNA isolation and after 96 hours, supernatant was
collected for IFNg quantification by CBA.

RT-PCR
RNAwas isolated using the RNeasyMini Kit (Qiagen) and convert-

ed to cDNA using Superscript IV First Strand Synthesis (Invitrogen).
RT-PCR was carried out using Taqman probes (Thermo Fisher
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Scientific) for CTLA4 (Hs00175480_m1), TBX21 (Hs00894392_m1),
PDCD1 (Hs01550088_m1), IFNG (Hs00989291_m1), and HPRT1
(Hs02800695_m1). Relative gene expression was calculated using
the formula 2–DCt where DCt equals the cycle threshold (Ct) for the
gene of interest minus the Ct for the reference gene HPRT1.

Immunofluorescence staining
Multiplex fluorescence was performed by Ventana Medical

Systems/Roche Tissue Diagnostics using a Ventana Benchmark
Ultra System. Formalin-fixed, paraffin-embedded tissue sections
of human colorectal cancer were stained with the following
antibody clones: CD73 (Cell Signaling Technology, D7F9A), pan-
cytokeratin (Roche Tissue Diagnostics, AE1/AE3/PCK26), CD8
(Spring Bioscience, SP239) and imaged on a Zeiss Axio Scan.Z1
slide scanner.

Mouse in vitro CTL assay
Growth Factor Reduced Matrigel (3 mg/mL; Phenol Red-free,

LDEV-free, Corning) in RPMI was added at 30 mL/well to coat a
flat 96-well cell culture plate. Red fluorescently labeled EG7.OVA
cells (1 � 104) were added to the precoated wells and incubated at
37�C overnight. OT-I splenocytes were activated with 1 mg/mL of
SIINFEKL peptide (Genscript) 48 hours prior to coculture.. CD8

þ

T cells were isolated using a mouse CD8a T-cell Negative Isolation
Kit (Miltenyi Biotec) and activation status and purity were exam-
ined by flow cytometry. Isolated CD8þ T cells were resuspended
in RPMI-1640 supplemented with 10% FBS and added to EG7.OVA
cells at a 2:1 ratio in the presence of 50 mmol/L AMP and 2.5 mmol/L
EHNA with or without 50 nmol/L AB680 in a final DMSO con-
centration of 0.1%. The coculture was imaged every 4 hours for a
total of 48 hours in the IncuCyte ZOOM under a 10� objective.
Percent confluence of red fluorescence objects was measured over
time and calculated as a percent change relative to day zero.

Human tumor-specific T-cell assay
A tumor-specific T-cell receptor (TCR; Neo12-TCR; ref. 38) was

transduced into primary human CD4þ and CD8þ T cells from the
same donor using site-specific nucleases in a single-step trans-
fection process to knock out the endogenous TCRb chain and
knock in the Neo12-TCR (40). Efficiency was confirmed by dex-
tramer staining. T cells were added at 1 � 105 cells/well and
incubated with 100 nmol/L AB680 for 1 hour at 37�C. AMP
(50 mmol/L) and EHNA (2.5 mmol/L) were added along with K562
cells expressing HLA-A2 with the Neo12 epitope at a T cell:K562 cell
ratio of 4:1. After 72 hours, activation of T cells was determined by
the percent of CD25þ CD69þ cells using flow cytometry. IL2 and IFNg
in the supernatant was quantified by CBA.

AMPase histochemistry
B16F10 tumors were frozen in O.C.T. compound (Tissue-Tek).

A modified form of the Wachstein-Meisel phosphatase activity assay
(41) was developed and performed. Briefly, sections were fixed with
4% formaldehyde for 5 minutes at 4�C and washed three times in
50 mmol/L tris maleate buffer (pH 7.4). Samples were preincubated
for 30 minutes with 50 mmol/L tris maleate buffer, 250 mmol/L
sucrose, 2 mmol/L MgCl2, and AB680 (5 mmol/L) at room temper-
ature. For assessment of AMPase activity, sections were incubated in
50 mmol/L tris maleate buffer (pH 7.4) supplemented with AMP
(0.3 mmol/L), AB680 (5 mmol/L), MnCl2 (5 mmol/L), and lead acetate
(2 mmol/L) for 1 hour at 37�C. Samples were washed with 2% acetic
acid and incubated with 1% ammonium sulfide for 3 minutes before

being washed with H2O and counterstained with hematoxylin (Vector
Laboratories).

CD73 enzymatic assay on T cells
Human or mouse CD8þ T cells were resuspended in assay buffer

consisting of 20 mmol/L HEPES, pH 7.4, 137 mmol/L NaCl,
5.4 mmol/L KCl, 1.3 mmol/L CaCl2, 4.2 mmol/L NaHCO3, and
0.1% glucose. Serial dilutions of AB680 were prepared in DMSO,
added to assay buffer, and transferred to cells followed by incuba-
tion for 30 minutes at 37�C and addition of AMP. Final assay
conditions comprised of 2.6 � 104 cells per well in 2% DMSO and
50 mmol/L of AMP substrate. After 120 minutes, supernatant was
collected and added to wells preloaded with 20 mL of PiColorLock
Gold colorimetric assay reagent (Thermo Fisher Scientific). Inor-
ganic phosphate reaction product was assessed and quantitated
using an Envision 2102 Multilabel Reader fitted with a 620 nm filter.
CD73 enzymatic activity was evaluated as a correlate of phosphate
product levels. Percentage maximum activity in each test well was
calculated on the basis of DMSO (maximum activity) and no cell
control wells (baseline activity) and the IC50 values were determined
from compound dose–response curve fitted using a standard four-
parameter fit equation.

CD73 enzymatic 13C5 AMP assay
Implanted B16F10 tumors were excised, snap frozen, and homo-

genized in protein lysis buffer. Inhibitors including 10 mmol/L
EHNA, 625 mmol/L TNAP inhibitor (supplied by Arcus Bio-
sciences), 10 mmol/L 5-iodotubercidin (Sigma-Aldrich), and 4 mmol/L
aristeromycin (Sigma-Aldrich) were added to the lysate at 37�C,
pH 7.4. AB680 was added exogenously to tumor homogenates and
incubated for 1 hour at 37�C before adding 5 mmol/L 13C5 AMP.
After 5 minutes, the reaction was quenched with a final concen-
tration of 0.1 mol/L PCA and CD73 activity was calculated from the
amount of 13C5 adenosine produced (measured by LC/MS).

In vivo treatments
C57BL/6 female mice were injected subcutaneously on the right

flank with B16F10 cells in 100 mL PBS (3 � 105). For single-agent
efficacy, mice were treated with vehicle (1% HPMC) or AB680
(10 mg/kg), subcutaneous (between the shoulder blades) daily
starting on the day of tumor injection and continued throughout
the duration of the study. For combination efficacy, once tumors
were established (50 mm3), mice were randomized into groups
based on tumor size and treated with anti-PD-1 [2.5 mg/kg,
intraperitoneal] every 3 days for a total of four administrations
with or without AB680 (10 mg/kg, s.c.) daily. Tumor volume was
monitored with digital calipers and volume was calculated using the
formula: (Length�Width2)/2. For survival, a predetermined tumor
volume of 1,000 mm3 was used as the endpoint.

Mouse tumor-infiltrating lymphocyte phenotyping
B16F10 tumors were minced with scissors and dissociated

with tumor digestion buffer [RPMI-1640 supplemented with 20%
FBS, 0.25 mg/mL Collagenase D (Roche), and 100 KUnits/mL Type
IV DNase I (Sigma-Aldrich)] using the GentleMACS Octo Dis-
sociator (Miltenyi Biotec). Single-cell tumor suspensions were
passed through a 70 mm cell strainer and washed. A total of 1 �
106 cells per well were incubated for 15 minutes at room temper-
ature with Live-Dead Aqua and anti-mouse CD16/CD32 Fc block
followed by surface staining for 30 minutes at 4�C. Cells were
washed, fixed/permeabilized using FoxP3 Transcription Factor
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Staining Buffer Set (eBioscience), and stained intracellularly with
an anti-mouse FoxP3 for 30 minutes at 4�C. Cells were washed,
resuspended in HBSS, and analyzed by flow cytometry.

Statistical analysis
Statistical analyses were completed using Prism (GraphPad).

Differences between the control and treated groups were analyzed
by ANOVA and either Dunnett test, Tukey test, or t test as stated in
figure legends. P values less than or equal to 0.05 were considered
significant. For survival experiments, Kaplan–Meier survival plots
were generated and three comparisons between groups were
conducted using a family-wise significance level of 5%. As such,
P values less than or equal to 0.016 were considered significant.

Data availability statement
The data generated by the authors in this study are available within

the article and its Supplementary Data files.

Results
CD73 is expressed by T cells in the TME

CD73 is expressed on both hematopoietic and non-hematopoietic
cell types (18). At the mRNA level, CD73 expression varied quite
dramatically across different indications in The Cancer Genome Atlas
(TCGA; Fig. 1A). Adenocarcinomas of the colon/rectum (COAD,
READ), lung (LUAD), and pancreas (PAAD) were among the solid
tumorswith the highest overall CD73 expression, while cancers such as
prostate and squamous non–small cell lung carcinoma (NSCLC,
LUSC) were among the lowest. Despite distinctions based on the
median expression level, it is important to note that there was a
wide distribution of CD73 expression even within the same indication.
To determine expression of CD73 protein on intratumoral cell subsets,
human tumor tissue samples representing the spectrum of CD73
expression observed in TCGA dataset—specifically, melanoma
(SKCM), colorectal cancer (CRC), head and neck (HNSC), renal cell
carcinomas (KICH; chromaphobe, KIRC; clear cell), and NSCLC
(LUSC)—were dissociated and interrogated by flow cytometry
(Fig. 1B; Supplementary Figs. S1A and S1B). Intratumoral CD8þ T
cells exhibited a greater percent of CD73 positivity compared with
CD4þ CD25þ FoxP3þ Tregs within each indication (Fig. 1B). In
addition, CD73 protein expression in the CD45� subset, encompass-
ing both stromal and cancer cells, was reflective of TCGA transcrip-
tional data as levels varied both across and within the five cancer types
examined (Fig. 1A and B). These features were confirmed and
visualized by IHC for CD73 (Fig. 1C and D). In a primary rectal
tumor biopsy, panCKþ colorectal cancers cells exhibited intense
staining for CD73 (Fig. 1C). In contrast, a metastatic colorectal cancer
tumor biopsy exhibited little to no staining of CD73 on cancer cells, yet
epithelial cells and peripheral T cells in the normal adjacent tissue were
positive for CD73 (Fig. 1D, yellow arrow and white arrows). Factors
that may contribute to the wide range of CD73 expression between
individuals and indications include the proportion of immune infil-
trate as well as variations at the cellular level in stromal and/or cancer
cell compartments. Collectively, bioinformatic, flow cytometry, and
IHC approaches demonstrated that a number of tumor types express
an appreciable amount of CD73 transcript and protein.

AB680 inhibits the enzymatic activity of CD73 and prevents
CD73-mediated suppression of T-cell functionality

AB680 is a novel small-molecule CD73 inhibitor (39) that potently
inhibited the enzymatic activity of CD73 on human and mouse CD8þ

T cells in a dose-dependent manner (Fig. 2A; Supplementary
Fig. S2A). In humans, both central memory (TCM)/naive (CCR7þ)
and effector memory (TEM)/effector (CCR7

�) CD8þ T-cell subsets
express CD73. When the TCR was stimulated in the presence of
varying concentrations of AMP (and EHNA to prevent adenosine
degradation), both subsets exhibited decreased IFNg secretion in all
donors tested (Fig. 2B; Supplementary Fig. S2B). Importantly, AB680
prevented AMP-mediated suppression of human CD4þ (Fig. 2C
and D) and CD8þ (Fig. 2E) T-cell proliferation and effector cytokine
secretion in all donors tested. To genetically validate that CD73 was
responsible for T-cell inhibitory effects in the presence of AMP, AMP
hydrolysis (a surrogate measure for the formation of adenosine) was
quantified in WT and CD73�/� mouse splenic T-cell cultures. Mouse
CD73�/� CD8þ T cells had a significantly impaired ability to hydro-
lyze AMP compared withWTCD8þ T cells (Fig. 2F, left). In addition,
AMP suppressed activation (as measured by IFNg) of WT, but not
CD73�/�T cells—an effect thatwas reversed byAB680 (Fig. 2F, right).
Taken together, these results confirm that the formation of adenosine
via T cell–derived CD73 can suppress activated T cells and demon-
strates the capacity of CD73 inhibition by AB680 to restore T-cell
functionality in the presence of AMP.

Pharmacologic inhibition of CD73 enables maximal T-cell
activation, cytokine secretion, and cytolytic capabilities
associated with antigen-specific TCR engagement

Wenext askedwhetherCD73 inhibitors could blockAMP-mediated
T-cell suppression in the context of antigen-specific TCR activation.
HumanCD4þ andCD8þTcells engineered to express a tumor antigen-
specific TCR (Fig. 3A) were cocultured with peptide-presenting K562
cells in the presence or absence of AMP and AB680. AMP significantly
decreased the percent of CD25þ CD69þ activated T cells and cytokine
secretion in the cocultures, and addition of AB680 in the presence of
AMP restored T-cell activation and functionality (Fig. 3B). We also
assessed whether CD73 inhibition could restore any AMP-mediated
impairment in cancer cell killing by cytotoxic CD8þ T cells. To do this,
we utilized the ovalbumin mouse model antigen system by coculturing
OT-I cytotoxic T cells with a fluorescently labeled mouse lymphoma
line expressing ovalbumin (EG7.OVA) and killing was measured by
fluorescent image analysis. While the EG7.OVA cells did not express
CD73, approximately 34% of preactivated OT-I T cells were CD73þ

(Fig. 3C). OT-I T cells were able to efficiently kill EG7.OVA cells;
however, T-cell cytolytic capacity was significantly diminished in the
presence of AMP (Fig. 3D). Like the human system, AB680 facilitated
antigen-specific T-cell functionality in the presence of AMP. These
results demonstrate that the cytotoxic capacity of T cells can be
suppressed through the local accumulation of adenosine via T cell–
derived CD73 and that pharmacologic inhibition of CD73 may
enhance the capacity of antigen-specific CD8þ T cells to kill cancer
cells in the context of an adenosine-rich TME.

Adenosine signaling results in a dominant suppression of T-cell
activation in the presence of PD-1 blockade that can be restored
by inhibiting CD73 with AB680

Using an allogeneic mixed lymphocyte reaction (MLR), we evalu-
ated whether the suppressive effects of CD73-derived adenosine were
dominant in the presence of PD-1 checkpoint blockade in primary
human cells. While anti-PD-1 did facilitate transcriptional upregula-
tion of CTLA-4 and PD-1, IFNg , and T-bet, this effect was superseded
by the addition of AMP, indicating that the suppressive effect of
adenosine signaling is not reversed by PD-1 blockade. However, T-cell
activation was restored by addition of AB680 (Fig. 4A and B), and
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Figure 1.

CD73 expression is variable at the tissue and cellular level across and within cancer indications. A, Total CD73 mRNA expression in various cancer indications from
TCGA. B,Quantification of frequency of CD73þ T cells and CD45� cells in dissociated tumor biopsy samples from various indications. Each data point is an individual
donor. Flow cytometry data pooled from at least two replicate experiments. Data represented as mean � range. HNSC, head and neck squamous cell carcinoma;
SKCM, skin cutaneous melanoma; CRC, colorectal carcinoma; NSCLC, non–small cell lung cancer; KIRC, kidney renal clear cell carcinoma. C and D, Fluorescent IHC
staining for panCK (red), CD8 (magenta), andCD73 (teal) on two independent human colorectal cancer tumors. Pockets of panCK-positive cancer cells are outlined in
yellow and marked “Tumor.” Yellow arrows denote CD73-positive epithelial cells in the normal adjacent tissue, and white arrows show CD73-positive CD8 T cells.
CRC, colorectal carcinoma; HNSC, head and neck squamous cell carcinoma; KIRC, kidney renal clear cell carcinoma; NSCLC, non–small cell lung cancer; SKCM, skin
cutaneous melanoma.
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IFNg was similarly regulated at the protein level (Fig. 4C). To
determine whether the suppressive effect of CD73-derived adenosine
on IFNg production could affect an ongoing T-cell response, a similar
MLR was conducted with the addition of AMP and AB680 48 hours
after coculture was initiated. Even after the MLR had been established,
CD73-derived adenosine was able to significantly suppress IFNg
secretion, and inhibition of CD73 reversed this effect (Fig. 4D). These
results indicate that the suppressive effect of AMP upon CD73þ

primary human T cells not only operates in the presence of PD-1
blockade, but can override T-cell activationmediated though blockade
of the PD-1–PD-L1 axis. This suggests that, in an adenosine-rich TME,
single agent anti-PD-1 treatment may not be sufficient to potentiate
tumor-specific T-cell responses to the fullest capability and provides a
rationale for combining PD-1 blockade with AB680.

Anti–PD-1 treatment in combination with pharmacologic
inhibition of CD73 with AB680 enhances antitumoral immunity
in syngeneic B16F10 tumor model

To investigate the efficacy of AB680 alone or in combination with
ICB in vivo, we utilized the B16F10 syngeneicmousemelanomamodel.
B16F10 cells are reported to beCD73negative (29), assigning any effect
of AB680 to cancer cell–extrinsic (immune, stromal, and soluble)
CD73 inhibition and thereby supporting therapeutic applicability of
AB680 to patients and indications irrespective of CD73 expression by
cancer cells. We first sought to characterize cellular CD73 expression
in this model and to evaluate the ability of AB680 to inhibit mouse
CD73 enzymatic activity in tumors. Using a modified form of the
Wachstein–Meisel enzyme histochemistry method, staining repre-
sentative of AMP hydrolysis by CD73 was detected along the

Figure 2.

The CD73 inhibitor AB680 rescues the inhibitory effects of adenosine generation on T-cell activation and function. A, Dose–response curve of AB680 in CD73
enzymatic activity assay to determine the IC50 in isolated human CD8þ T cells. B, Left: Frequency of CD73þ on human na€�ve/central memory (TCM; CD8

þ

CCR7þ) and effector/effector memory (TEM; CD8
þ CCR7�) CD8þ T cells determined by flow cytometry. Right three panels: Total, na€�ve, or memory CD8þ

T cells were activated with anti-CD2/CD3/CD28 beads in the presence of indicated concentrations of AMP (þ10 mmol/L EHNA). Secreted IFNg was
measured after 48 hours. � , P < 0.05; �� , P < 0.01; ��� , P < 0.005; ���� , P < 0.0001, Dunnett multiple comparisons test versus activation alone. Human CD4þ

(C and D) and CD8þ (E) T cells were activated with anti-CD2/CD3/CD28 beads in the presence of AMP and EHNA � AB680 (200 nmol/L). C, Proliferation
was measured by cell trace violet after 96 hours and shown as representative histograms (left) and quantified for 4 donors (right). D and E, Secreted IFNg
(CD4þ and CD8þ T cells), IL2 (CD4þ T cells), and granzyme B (CD8þ T cells) was measured after 72 hours. For B–E, bar graphs with data points are individual
donors pooled from multiple independent experiments. Paired t test; � , P < 0.05; �� , P < 0.01; ��� , P < 0.005; ���� , P < 0.0001. F, Left: mouse CD8þ T cells were
isolated from splenocytes from either WT or CD73�/� mice as indicated, and AMP hydrolysis was measured with AMP-Glo. ���� , P < 0.0001, Sidak
multiple comparisons test versus WT. Right: WT or CD73�/� CD8þ T cells were activated with anti-CD3/CD28 beads þ IL2 in the presence of 50 mmol/L of
AMP þ 2.5 mmol/L EHNA � AB680 (200 nmol/L). Secretion of IFNg was measured after 96 hours to determine T-cell activation. Results were repeated in
an independent experiment with another CD73 inhibitor. � , P < 0.05; �� , P < 0.01, Dunnett multiple comparisons test versus AMP alone.
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Figure 3.

Pharmacologic inhibition of CD73 enhances activation and cytolytic capabilities of tumor-specific T cells.A,HumanCD4þ andCD8þ T cells froma healthy donorwere
transduced with a Neo-12 TCR and examined for CD73 expression and antigen specificity (dextramer staining) by flow cytometry. Greater than 95% of transduced
cells expressed CD73, and 48.8% of CD4þ and 51.3% of CD8þ T cells expressed the transduced TCR as measured by dextramer staining. B, T cells from A were
cocultured with K562 cells expressing HLA-A2 alone or HLA-A2 with the Neo12 epitope in the presence of AMPþ EHNA� AB680 for 72 hours. Frequency of CD25þ

CD69þ T cells and secretion of IL2 (CD4þ T cells) and IFNg (CD8þ T cells) were quantified. ��� , P < 0.001; ���� , P < 0.0001, Dunnett multiple comparisons test versus
AMP alone.C,Representative flow plots displaying activated phenotype (CD44þ, CD25þ, CD62Lhi) of mouse OT-I CD8þ T cells and frequency of CD73þ cells on both
activated OT-I CD8þ T cells and EG7.OVA tumor cells. Stained samples (red) overlaid on the isotype controls (blue). D, CTL killing assay showing time course (top)
and 48 hours quantification (bottom) of tumor cell growth measured by the IncuCyte of red fluorescently labeled EG7.OVA cell confluence when cocultured with
preactivatedOT-I CD8þ T cells in the presence of 50 mmol/L AMPþ 2.5 mmol/L EHNA� 50 nmol/L AB680. Data presented asmean� SEM and representative of two
independent experiments. � , P < 0.05; ��� , P < 0.001; ���� , P < 0.0001, Dunnett multiple comparisons test versus AMP alone.
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vasculature and surrounding the blood vessels (Fig. 5A, red arrows),
corroborating findings that CD73 is highly expressed on endothelial
cells (18). We were not able to assess the relative contribution of
CD73-mediated AMP hydrolysis by lymphocytes, as these cells were
not well detected histologically in poorly infiltrated B16F10
tumors (42). However, similarly to the human setting (Fig. 1B),
CD73 was expressed on mouse intratumoral T-cell subsets as
assessed by flow cytometry, albeit the relative expression levels
differed as mouse melanoma Tregs had the highest median percent
expression (Fig. 5B; Supplementary Fig. S3A). Both methods
produced results consistent with the fact that B16F10 cells do not
express CD73 (Fig. 5A and B). Finally, using a carbon radioisotope-
labeled AMP substrate, CD73 enzymatic activity was measured
within the total tumor homogenate to determine the capability of
AB680 to block CD73 present in the TME (Fig. 5C). AB680
robustly decreased AMP hydrolysis with an IC50 of 0.704 nmol/L.

Next, mice injected in the flank with B16F10 cells were given
10 mg/kg AB680 once daily to assess the effect of blocking CD73
upon tumor growth and composition. AB680-treated mice exhibited a
statistically significant delay in tumor growth that was accompanied by
an increase in tumor-infiltrating CD8þ T cells and CD8þ T cell to
immunosuppressive Treg ratio (CD8þ:Treg; Fig. 5D). Similar B16F10
tumor growth inhibition was observed in RAG�/� mice reconstituted
with CD73�/� T cells (Supplementary Figs. S3B–S3F), suggesting that
the efficacy observed with AB680 was a result of inhibiting the
suppressive effects of T cell–derived adenosine and are also consistent
with findings from CD73-deficient bone marrow reconstitution
studies (18, 21, 22).

Finally, we assessed whether treating mice with established B16F10
tumors with AB680 and anti-PD-1 resulted in greater antitumor
efficacy than anti-PD-1 alone. Whereas anti-PD-1 exhibited minimal

single-agent efficacy, mice treated with a combination of anti-PD-1
and AB680 had significantly decreased tumor burden and increased
survival compared with mice treated with vehicle alone (Fig. 5E).
Similar to treatmentwithAB680 alone (Fig. 5D), the decrease in tumor
burden observed with the combination treatment was accompanied
by a significant increase in the frequency of tumor-infiltrating CD8þ

T cells, and the addition of AB680 increased the CD8þ:Treg ratio
significantly more than anti-PD-1 alone (Fig. 5E). Collectively, these
in situ, ex vivo, and in vivo data demonstrate that AB680 blocks CD73
enzymatic activity in the TME, and this activity correlates with
decreased tumor burden and increased CD8þ T-cell infiltration in
both single agent and anti-PD-1 combination settings in a mouse
melanoma model.

Discussion
In this article, we tested the effect of inhibiting CD73 activity

with AB680 in a range of human and mouse in vitro T-cell assays
as well as in vivo in a mouse syngeneic tumor model. With a sub-
nanomolar IC50 in both mouse and human T cells, AB680 potently
blocks CD73 enzymatic activity, and the data presented here
complement related preclinical studies where both AB680 (43) and
a significantly less potent CD73 small-molecule inhibitor (44),
adenosine 50-(a,b-methylene)diphosphate were shown to promote
antitumor activity (18, 33). Furthermore, we demonstrated the re-
storative effect of CD73 inhibition by AB680 on human and mouse
T-cell function, which is consistent with other preclinical studies
where an anti-CD73 mAb and/or genetic mutants were utilized
to limit adenosine-mediated inhibitory effects on T-cell activity,
thus validating CD73-mediated biology (27, 30). Extending these
findings to the activation and cytotoxic potential of tumor-specific

Figure 4.

Adenosine signaling results in a dominant suppression of T-cell activation in the presence of PD-1 blockade that can be restored by blocking CD73 with AB680.
A–D, Human moDCs were cultured with CD4þ T cells in an allogeneic MLR for 96 hours in the presence of anti–PD-1, AMP and AB680 as indicated. A and B, Gene
expression measured by quantitative RT-PCR from an MLR treated with IgG4 isotype (0.67 nmol/L), anti–PD-1 (0.67 nmol/L), AMP (100 mmol/L), and AB680
(100 nmol/L) as indicated for 72 hours. Data shown from one representative donor pair. Similar results obtained in another donor pair. C, Secretion of IFNg was
measured to determine T-cell functionality after 96 hours treatment with IgG4 isotype, anti–PD-1 (0.67 or 6.7 nmol/L), AMP (100 mmol/L) � AB680 (100 nmol/L)
as indicated. Data shownof IFNg in onedonor pair (left) andof normalized IFNg of 16 donor pairs from three independent experiments (right). Each symbol represents
a unique donor pairing. D, Secretion of IFNg was measured after 96 hours treatment with IgG4 isotype or anti–PD-1 (0.67 or 6.7 nmol/L) � the addition of AMP
(100 mmol/L) and AB680 (100 nmol/L) at the beginning of the coculture or after 48 hours. Data shown of IFNg in one donor pair (left) and normalized IFNg of
nine donor pairs from two independent experiments (right). Data represented asmean� SEM. � , P < 0.05; �� , P < 0.01; ���, P < 0.001; ���� , P < 0.0001, (A–C) Dunnett
multiple comparisons test versus AMP þ anti–PD-1. D, Sidak multiple comparisons test.
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T cells, we also demonstrated the importance of inhibiting CD73
enzymatic activity locally in the TME to enhance tumoricidal T-cell
responses. Finally, potentiation of T-cell responses was corrobo-
rated in vivo, where treatment of B16F10 tumor-bearing mice with
AB680 drove a compositional change to a pro-immunogenic TME,
chiefly characterized by decreased tumor burden and increases
in infiltrating CD8þ T cells. Thus, AB680 has the potential to be
a first-in-class small-molecule CD73 inhibitor therapeutic for
cancer (35).

Our data also highlight potential implications for assessing
indications in which patients would benefit from CD73 inhibition.
Many preclinical studies have demonstrated the efficacy of CD73

inhibition in mouse models where the cancer cells overexpress
CD73 (13, 20, 27). In this setting, it is difficult to distinguish the
cancer cell–intrinsic versus cancer cell–extrinsic effect of CD73
inhibition. Like others that have established the role of CD73 in
immunosuppression (27, 28, 32), we took the opportunity to ex-
ploit the fact that many commonly used murine cancer cell lines,
exemplified by B16F10 (29, 45), exhibit low or no CD73. While the
cancer cells lack CD73, surrounding vasculature and T cells express
CD73 and are capable of synthesizing adenosine. Thus, we were able
to isolate efficacy observed with AB680 to soluble, immune, and/or
stromal CD73 enzymatic activity. Addressing this question exper-
imentally was important, given the number of human tumors with

Figure 5.

Inhibition of CD73 enzymatic activity in a syngeneic B16F10 tumor model enhances antitumoral immunity. A, AMPase activity was assessed on B16F10 tumor
sections using a modified form of the Wachstein–Meisel method of enzyme histochemistry. Red arrows indicate regions with active AMP hydrolysis. Data
repeated in independent experiment with related CD73 inhibitor AB1421. B, Tumors from B16F10 tumor-bearing mice examined by flow cytometry for CD73
expression on B16F10 cancer cells (CD45�) as well as T-cell subsets. n ¼ 11, mean � SEM. C, Dose-dependent inhibition of CD73 enzymatic activity by
AB680 was quantified in B16F10 tumor homogenates using 13C5-AMP hydrolysis method. Data presented as mean � SD. D, Top: tumor growth curve
showing C57Bl6/J mice implanted subcutaneously with B16F10 cells and subsequently treated with vehicle or AB680 at 10 mg/kg every day. Data
representative of three independent experiments, � , P < 0.05, mixed effects analysis, Sidak multiple comparisons test for each timepoint. Bottom: percent
of CD8þ T cells and the CD8þ T cell to Treg ratio within tumors from each treatment group were determined by flow cytometry and plotted. n ¼ 9–15,
mean � SEM, � , P < 0.05, Student t test. E, Left: tumor growth and survival curve showing B16F10 tumor-bearing mice treated with anti–PD-1 (2.5 mg/kg) and
AB680 (10 mg/kg) as indicated. Data representative of three independent experiments, ns ¼ not significant, ��� , P < 0.001. Tumor growth curve: mixed effects
analysis, Tukey multiple comparisons test. Kaplan–Meier survival plot: multiple comparisons conducted using family-wise significance level of 5%.
Right: percent of CD8þ T cells and the CD8þ T cell to Treg ratio within tumors from each treatment group were determined by flow cytometry and
plotted. n ¼ 9–15 mice, mean � SEM. Tumor-infiltrating lyphocyte data repeated in independent experiment, � , P < 0.05; �� , P < 0.01; ��� , P < 0.001, Sidak
multiple comparisons test, vehicle versus anti–PD-1, anti–PD-1 versus anti–PD-1/AB680, vehicle versus anti–PD-1/AB680.
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CD73 expression restricted to stromal and/or immune cells. Data
leveraging mouse models presented here and elsewhere (26) high-
light the importance of cancer cell–extrinsic CD73 inhibition in
antitumor immunity. Given that the direct effect of AB680 upon
T cells is consistent between mouse and human, our data support
broadening the therapeutic applicability of AB680 from patients
with high CD73-expressing tumors to patients and indications with
peripheral and intratumoral T-cell infiltrate, irrespective of cancer
cell–intrinsic CD73 expression.

Another important facet to the clinical application of new immu-
notherapeutic agents is how these agents can serve to complement or
enhance existing immunogenic or immuno-oncology drugs, namely
ICB. To further characterize the biological effects of adenosine in the
context of ICB, we used in vitro systems to evaluate the activation and
effector function of T cells in an adenosine-rich environment. We
found that, in the presence of anti-PD-1, or even after TCR signaling
had been initiated, humanT-cell functionwas appreciably reduced in a
CD73-dependent manner. This result suggests that the potential
therapeutic benefit of PD-1 blockade may be restricted in the context
of the levels of adenosine that have been reported within the TME (26)
and provides one explanation for resistance to ICB treatment. Con-
sistent with previous publications reporting enhanced antitumor
efficacy when ICB were combined with CD73-targeting agents
(27, 28, 33, 46), combining PD-1 blockade with AB680 overcame
suppressive effects of adenosine upon human T cells in vitro and
enhanced antitumor efficacy in vivo.

Additional facets to contemplate when considering the therapeutic
applicability of CD73 inhibition are combinations with therapeutics
that can either alter the expression of CD73 or induce immunogenic
cell death associatedwith the release of ATP (the penultimate substrate
for CD73). It has been demonstrated that CD39 and CD73 expression
is significantly upregulated in human breast cancer, melanoma, and
leukemia cell lines upon treatment with doxorubicin, oxaliplatin, and
cisplatin chemotherapies (13, 47). In vivo, combination of doxorubicin
with a CD73-neutralizing antibody resulted in a T cell–dependent
reduction in tumor growth (13), suggesting that CD73 may play a role
in resistance to chemotherapies known to induce immunogenic cell
death. Radiotherapy has also been shown to upregulate expression
of CD73 and promote immunogenicity via ATP release, and
likewise has also been shown to improve antitumor efficacy when
used in combination with anti-CD73 (48). Furthermore, maintain-
ing an immunostimulatory ATP pool by blocking CD39 may also
enhance antitumor efficacy; indeed, a preclinical study has demon-
strated that combination of anti-CD73 with anti-CD39 promotes
T-cell activation (30).

Collectively, these data support the hypothesis that inhibition of
CD73 with AB680 may benefit patients with cancer in several clinical
settings and provide rationale for exploring combination of adenosine
path inhibitors with standard-of-care ICB, chemotherapy, and radio-
therapy regimens.
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