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Abstract

Expression of the ectonucleotidase CD73 by tumor cells, stro-
mal cells, and immune cells is associated in cancer with immune
suppression. In this study, we investigated the role of CD73on the
activity of the anti-HER2/ErbB2 monoclonal antibody (mAb)
trastuzumab. In a prospective, randomized phase III clinical trial
evaluating the activity of trastuzumab, high levels of CD73 gene
expression were associated significantly with poor clinical out-
come. In contrast, high levels of PD-1 and PD-L1 were associated
with improved clinical outcome. In immunocompetent mouse
models ofHER2/ErbB2–drivenbreast cancer, CD73 expression by
tumor cells and host cells significantly suppressed immune-medi-
ated responses mediated by anti-ErbB2 mAb. Furthermore, anti-

CD73 mAb therapy enhanced the activity of anti-ErbB2 mAb to
treat engrafted or spontaneous tumors as well as lung metastases.
Gene ontology enrichment analysis from gene-expression data
revealed a positive association of CD73 expression with extracel-
lular matrix organization, TGFb genes, epithelial-to-mesenchy-
mal transition (EMT) transcription factors and hypoxia-induc-
ible-factor (HIF)-1 gene signature. Humanmammary cells treated
with TGFb or undergoing EMT upregulated CD73 cell-surface
expression, confirming roles for these pathways. In conclusion,
our findings establish CD73 in mediating resistance to trastuzu-
mab and provide new insights into how CD73 is regulated in
breast cancer. Cancer Res; 77(20); 5652–63. �2017 AACR.

Introduction
The ecto-50-nucleotidase CD73 causes accumulation of extra-

cellular adenosine in the tumor microenvironment (TME), there-
bypromoting tumor immune escape,metastasis, and resistance to
immune checkpoint inhibitors (1). Extracellular adenosine med-
iates its immunosuppressive activity essentially by activating the
high-affinity A2A and low-affinity A2B receptors. Several studies
have demonstrated that targetingCD73or A2A receptors promote
antitumor immunity, have nonredundant therapeutic effects, and

synergize with T-cell checkpoint inhibitors, chemotherapy, or
adoptive cell therapy (2, 3). Phase I clinical trials are currently
underway evaluating anti-CD73 mAbs or A2A antagonists in
cancer patients, including in combination with PD-1/PD-L1
inhibitors (NCT02655822, NCT02403193, and NCT02503774).

We and others demonstrated that high levels of CD73 in the
TME are generally associatedwithworse prognosis (4–8). In some
cases, CD73 expression abrogates the good prognosis associated
with tumor-infiltrating CD8þ lymphocytes (TIL), consistent with
its immunosuppressive function (9). In human breast cancer, we
recently showed that CD73 expression negatively correlates with
estrogen receptor (ER) signaling and is associated with poor
prognosis and chemoresistance in the triple-negative subtype (6).

In the current study, we investigated the prognostic impact of
CD73 in HER2þ breast cancer in the context of trastuzumab
therapy. Although anti-ErbB2 mAbs, such as trastuzumab, signif-
icantly increase survival of patients with HER2þ breast cancer
(10, 11), acquired and de novo resistance remain important
challenges (12). In addition to targeting HER2 signaling, trastu-
zumab stimulates antitumor immunity (13–15). In support of a
critical role for antitumor immunity in clinical responses to
trastuzumab, high levels of TIL at diagnosis are associated with
improved clinical outcomes, and patients with weak tumor
immune gene signatures are less likely to benefit from trastuzu-
mab treatment (16, 17). Yet, the value of TIL in predicting
trastuzumab responses remains controversial (18).

Several immune effector pathways participate in trastuzumab
activity, including natural killer (NK) cell–mediated antibody-
dependent cellular cytotoxicity and adaptive CD8þ T-cell
responses (13). Given the importance of immune cells for tras-
tuzumab activity, immunotherapy could synergize with anti-
ErbB2 mAbs. In support of this, we previously showed that
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anti-ErbB2 mAb synergizes with PD-1 blockade in mice (13).
However, clinical data suggest that the PD-1/PD-L1 pathway is
infrequently engaged in human breast cancer (19). Alternative
approaches are thus likely required to induce clinically relevant
antitumor responses.

We hypothesized that CD73 expression may constitute an
important immune-regulatory pathway involved in trastuzumab
resistance. Here, we provide evidence that CD73 expression by
breast cancer cells and host cells indeed promotes resistance to
trastuzumab-like therapy in immunocompetentmousemodels of
breast cancer. We further demonstrate that targeting CD73 sig-
nificantly enhances anti-ErbB2 mAb therapy, and that high levels
of CD73 in human HER2þ breast cancer is associated with poor
clinical benefit from trastuzumab. Our study thus supports the
concept that targeting theCD73-adenosine pathwaymay enhance
the immune-mediated activity of anti-ErbB2 mAb therapy.

Materials and Methods
Mice and cell lines

H2N100 and TUBO cells originate from BALB/c MMTV-NeuT
transgenic mice (14, 20). TUBO cells were obtained in 2014 from
Dr. Jason Steel (University of Cincinnati, Cincinnati, OH) and
used within less than 10 freeze-thaw cycles. H2N100 cells were
derived in the laboratory of Dr. Mark J. Smyth (QIMR Berghofer
Medical Research, Herston, Queensland, Australia) and used
within less than 10 freeze-thaw cycles. TUBO were cultured in
completeDMEM10%serum, andH2N100were cultured inRPMI
10% serum with nonessential amino acid, Hepes, glutamax, and
sodium pyruvate. Human breast cancer cell lines SKBR3 and
HCC1954 were purchased from the ATCC in 2015 by the labo-
ratory of Dr. John Stagg (University of Montreal, Qu�ebec,
Canada), cultured in DMEM 10% serum and used within less
than 10 freeze-thaw cycles. HMLE-TWIST-ER cells (21) were
obtained in 2015 fromDr. Robert Weinberg (Whitehead Institute
for Biomedical Research, Cambridge, MA), cultured in MEGM
medium (Lonza), and usedwithin less than 10 freeze-thaw cycles.
No cell lines were authenticated. All cell lines were cultured at
37�C under humidified conditions and 5% CO2, and routinely
tested forMycoplasma (MycoAlert Detection Kit from Lonza; cells
were tested within 1 week before experimental use). Wild-type
(WT) BALB/c mice were purchased from Charles Rivers Labora-
tories. CD73-deficient (CD73�/�) BALB/c mice were obtained
fromDr. Linda F. Thompson (OklahomaMedical Research Foun-
dation, Oklahoma City, OK) and maintained at the Centre de
Recherche du Centre Hospitalier de l'Universit�e de Montr�eal
(CRCHUM; Qu�ebec, Canada). BALB/c MMTV-NeuT mice were
maintained at QIMR Berghofer Medical Research Institute (Her-
ston, Queensland, Australia). Animal studies have been con-
ducted in accordance with an Institutional Animal Care and Use
Committee.

CD73 expression
Mouse CD73 cDNA was transduced into tumor cells using a

retroviral vector coexpressing GFP. Cells were sorted 5 days later
by flow cytometry based on GFP expression. CD73 protein
expression on transduced tumor cells was stable after in vivo
injection (i.e., <10% variation). CD73 expression on mouse cells
was assessed with eFluor 450-conjugated rat anti-mouse CD73
mAb (eBiosicence, 48-0731-82) or eFluor 450-conjugated IgG1k
isotype control (eBioscience, 48-4301-82). CD73 expression on

human cells was assessed with PE-conjugated mouse anti-human
CD73 mAb (BD Biosciences, 550257) or PE-conjugated IgG1k
isotype control (BDBiosciences, 555749). Sampleswere analyzed
on LSRII Fortessa flow cytometer (BD Biosciences) and data
analyzed with FlowJo software.

CD73 activity
H2N100-CD73 and TUBO-CD73 cells were plated in complete

media in a flat-bottom 96-well plate (104 cells/well) 24 hours
before the assay and washed twice with phosphate-free buffer
(2 mmol/L MgCl2, 25 mmol/L NaCl, 1 mmol/L KCl, 10 mmol/L
glucose, and 10 mmol/L HEPES pH 7.2). AMP (40 mmol/L in
phosphate-free buffer; Sigma) was then added, and cells were
incubated for 60 minutes at 37�C. Where indicated, the CD73
inhibitor APCP (50mmol/L; Sigma)was added. CD73 activitywas
quantified by measuring inorganic phosphate levels with the
Malachite Green Phosphate Detection Kit (R&D Systems,
#DY996) following the manufacturer's instructions.

Mouse studies
WT or CD73�/� mice were injected subcutaneously with H2N

cells (5 � 105) and treated with 25 mg of anti-ErbB2 mAb (clone
7.16.4) on day 12, 16, and 20 and/or 200 mg of anti-CD73 (clone
TY/23) on day 3, 8, 12, 16, and 20 injected intraperitoneally.
TUBO cells were injected subcutaneously at 105 cells and treated
with 100 mg of anti-ErbB2 and 200 mg of anti-CD73 following the
same schedule. Where indicated, Nod-rag1-gamma c (NRG)mice
were used. Where indicated, mice were depleted of NK cells by
injecting anti-asialo GM1 antibody (Wako) or 50 mg anti-CD8b
(clone 53-5.8; Bio X Cell) on day �1, 0, 7, and 14 posttumor cell
injection following the manufacturer's instructions. BALB/c-
MMTV-NeuT transgenic mice were treated at day 70 with 100 mg
of anti-CD73 and/or anti-ErbB2 twice weekly for 6 weeks. Tumor
multiplicity was assessed two times a week. For lung metastases
studies, H2N cells (2 � 105 cells) were injected intravenously to
WTmice and treated on day 8with 250mg of anti-CD73 and/or 10
mg of anti-ErbB2mAbs intraperitoneally. Lungswere harvested on
day 20, washed in PBS, and fixed in Bouin's solution for 24 hours
before counting tumor nodules using a dissection microscope.
Anti-ErbB2 mAb, anti-CD73 mAb, and control Ig (clone 2A3)
were purchased from Bio X Cell.

Flow-cytometry analysis of TILs
Tumors were harvested from a TUBO subcutaneous exper-

iment at the indicated time and exposed to a solution of
collagenase type IV (and DNAse type I; Sigma). Lymphocytes
were then purified using a Percoll solution of 40% to 80%.
Single-cell suspensions were then stained with a panel of
fluorochrome-conjugated antibodies consisting of CD4-APC
(BD Biosciences, 553051), CD8a-APC-H7 (BD Biosciences,
560182), TCRb-PE (BD Biosciences, 553172), CD49b-BV421
(BD Biosciences, 563063), CD45.2-Alexa700 (eBioscience, 56-
0454-82), and viability dye eF506 (eBioscience, 65-0866-14).
Where indicated, cells were stained for CD11b (BD Bio-
sciences, 561689), Gr1 (BD Biosciences, 553124), and CD73
(eBiosicence, 48-0731-82). Where indicated, cell suspensions
were fixed with a Foxp3 staining buffer set (eBioscience, 00-
5523-00) to be then stained for Foxp3-Alexa488 (eBioscience,
53-5773-82). Samples were analyzed on LSRII Fortessa, and
data were analyzed with FlowJo software.
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FinHER
FinHER is a phase III adjuvant clinical trial that enrolled

1,010 patients with early-stage breast cancer, 232 of whomwere
HER2/neu amplified and were randomly assigned to receive or
not, nine weekly trastuzumab infusions in addition to chemo-
therapy (17). Hormone receptor status was assessed locally by
IHC, and samples were considered positive if�10% cancer cells
expressed receptors. HER2/neu expression was evaluated local-
ly by IHC and confirmed centrally by in situ hybridization
(CISH). Intratumoral and stromal TIL scores assessed on
full-face hematoxylin and eosin (H&E)–stained sections were
obtained for 193 HER2þ patients from the analysis published
by Loi and colleagues (16).

Kmplot
Kmplot is a Web-based gene-expression database, including

more than 5,000 breast cancer patients associated with clinical
and survival data. This database includes 1,015 untreated
breast cancer patients. From those patients, 1,010 had avail-
able survival data for relapse-free survival (RFS), 543 for

distant-metastasis–free survival (DMFS), 382 for overall sur-
vival (OS), and 137 for postprogression survival (PPS).

METABRIC
The breast cancer dataset disclosed by the METABRIC study is

hosted by the European Bioinformatics Institute and deposited in
the European Genome-Phenome Archive at http://www.ebi.ac.uk/
ega/ under accession number EGAS00000000083. It contains
normalized RNA microarray profiling of about 2,000 fresh-frozen
breast cancer samples performed on the Illumina HT-12 v3. Hor-
mone receptor status for the ER, HER2, and progesterone receptor
(PR) were inferred based on the bimodality of their mRNA expres-
sion level using the R package genefu (version 2.6.0; ref. 22).
Patients were treated either with chemotherapy, hormone-therapy,
and/or radiotherapy.

Gene expression of FinHER samples
RNA was extracted from formalin-fixed, paraffin-embedded

primary breast tumor tissue. All samples were reevaluated to
ensure that tumor was present in the specimen. Of the 232

Figure 1.

High CD73 gene expression is associated with poor clinical benefit from trastuzumab in HER2þ breast cancer. RFS data of 202 cases of HER2 gene-amplified
breast cancer patients randomized to receive trastuzumab or not (FinHER clinical trial) were analyzed according to) CD73 gene expression (A and B); PD-L1 gene
expression (C andD); PD-1 gene expression (E andF). Significance (P values) of differences in survival betweengroups of patients definedbymedian gene expression
was estimated by the log-rank test.
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FinHER HER2þ cases, 202 (87%) samples had sufficient good
quality RNA for gene-expression analysis. Gene expression was
measured using Affymetrix U219 GeneChips as per Affymetrix
protocols on 96-well plates at AROS Applied Biotechnology A/S.
Affymetrix expression data were normalised using the RMA
approach followed by a batch effect correction [affy (v. 3.1.2)
and SVA (v. 3.10.0) packages of the R (v. 3.1.2)/Bioconductor
(v. 2.6) suite].Whenmultipleprobe setsmapped to the sameofficial
gene symbol, we computed the average value of their intensity.

Correlation analyses
Gene ontology (GO) enrichment was performed using bc-

GenExMiner v4.0, a publically available statistical mining tool
of published annotated genomic data (23). Using bc-GenEx-
Miner v4.0, a Robust Molecular Subtype Predictors Classifica-
tion (RMSPC) was used to identify 124 patients classified in the
HER2 molecular subtype, with six molecular subtype predic-
tors. GO enrichment identified overrepresented terms present

in the list of genes most positively correlated with CD73
(NT5E). For each term of each of the GO trees (biological
process), comparison is done between the number of occur-
rences of this term in the "target list," that is, the number of
times this term is directly linked to a gene, and the number of
occurrences of this term in the "gene universe" (all of the genes
that are expressed in the database) by means of the Fisher exact
test. Terms with associated P values less than 0.01 are kept. For
targeted correlation analyses, we used the breast cancer dataset
disclosed by the METABRIC study. A list of top CD73 positively
correlated genes was computed using cBioportal.org on 224
cases of the METABRIC study classified as HER2-enriched by
PAM50. For HIF-1 signature, a signature score was calculated as
a mean of the normalized expressions of its genes (i.e., P4HA1,
P4HA2, PLOD1, PLOD2, LOX, LOXL2, ANGPTL4, VEGF,
SLC2A1; ref. 24). The degree of association between CD73
expression and the expression of target genes (or signature)
was performed using Pearson correlation.

Figure 2.

CD73 interaction with trastuzumab
in the FinHER clinical trial. A,
Interaction test with trastuzumab for
DRFS. Significant associations (P <
0.05) are shown in red. Horizontal bars
represent the 95% confidence
intervals (CI) of hazard ratios (HR). B,
Interaction test for CD73, according to
hormonal status (HR), with
trastuzumab for DRFS, adjusted for
age, nodal status, and grade.
Significant associations (P < 0.05)
after correction formultiple testing are
shown in red. Horizontal bars
represent the 95% CI of HRs.
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In vitro studies
TUBO cells were treated with 10 ng/mL mouse recombinant

TGFb (R&D Systems, 7666-MB-005) and SKBR-3 cells were trea-
ted with recombinant 10 ng/mL human recombinant TGFb
(R&DSystems, 240-B-002). Cellmedia were changed every 2 days
with fresh TGFb. CD73 expression on TUBO and SKBR-3 cells
was measured by flow cytometry. SKBR-3 cells were treated
in vitro with 10 mg/mL of trastuzumab (obtained from
CRCHUM pharmacy) and CD73 expression measured by flow
cytometry.HMLE-TWIST-ER cellswere inducedwith 20nmol/L of
4-hydroxytamoxifen (OHT) for 12 days. CD24 (BD Biosciences,
555427) and CD44 (BD Biosciences, 559942) expression was
measured by flow cytometry at different time points. For CD73
gene editing, HMLE-TWIST-ER cells were transfected with a
CRISPR/Cas9 vector (px330, Addgene) expressing the 20- mer
target sequences GACGCCGGCGACCAGTACCA (exon1) and
GCAGCACGTTGGGTTCGGCG (exon1), provided by Michael
Hoelzel (University of Bonn, Bonn, Germany). CD73� cells
(approximately 10% of total transfected cells) were sorted by
flow cytometry for further studies.

Statistical analysis
The prognostic value of gene-expression levels from selected

genes and their possible interaction with trastuzumab treat-
ment were assessed using Cox proportional hazard models.
Median values of gene expression were used to divide high-
and low-expression groups of patients. Distant relapse-free
survival (DRFS) was compared using Kaplan–Meier analysis,
and statistical significance was examined using the log-rank

test. Multivariate logistic regression models (genefu R package)
were also performed to assess the robustness of our result
when accounting for covariates, including age (as continuous),
tumor size (as continuous), nodal status (positive vs. nega-
tive), and ER status (positive vs. negative). Possible interac-
tions with trastuzumab treatment were tested using a Wald test
after adding a trastuzumab main effect and a product inter-
action term in the Cox model. Interaction effects were dis-
played using forest plots. Associations between two parameters
were evaluated by a Pearson correlation. All P values were two-
sided, and a P value of less than 0.05 was considered statis-
tically significant. All statistical analyses of clinical data were
performed using R v.3.2.5. ("R: The R Project for Statistical
Computing," 2016; https://www.r-project.org).

Results
CD73 is associated with trastuzumab resistance

We first assessed the prognostic value of CD73 in untreated
breast cancer patients. CD73 expression was found to be
significantly associated with worse disease-free survival in all
untreated breast cancer as well as in untreated HER2þ breast
cancer (Supplementary Fig. S1). Higher CD73 expression was
also associated with a worse disease-specific survival in the
METABRIC cohort, but this association was not significant in
the HER2þ subtype (Supplementary Fig. S2). We then assessed
whether CD73 gene expression in the HER2þ subtype was
specifically associated with therapeutic benefit from trastuzu-
mab. Using gene expression profiles of 202 cases of the FinHER

Figure 3.

PD-1 and PD-L1, but not CD73, correlate with tumor-immune infiltrates in HER2þ breast cancer. Stromal and intratumoral TIL assessed on full-face H&E
sections of HER2 gene-amplified breast tumors from FinHER were correlated to CD73 gene expression (A and B); PD-L1 gene expression (C and D);
PD-1 gene expression (E and F). Correlation coefficients (Spearman rho) with P values are shown.
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clinical trial confirmed to have HER2 gene amplification and
randomly assigned to receive or not short-course adjuvant
trastuzumab (17), we compared DRFS according to CD73
expression levels. As shown in Fig. 1A and B, patients with
low levels of CD73 (below median) significantly benefited
from trastuzumab (Fig. 1A; P ¼ 0.048 by log rank), whereas
patients with high levels of CD73 (above median) showed no
significant benefit (Fig. 1B; P ¼ 0.72 by log rank). For com-
parison, we also assessed the prognostic value of PD-L1 and
PD-1 gene expression. In contrast with CD73, high levels of PD-
L1 (Fig. 1C and D) or PD-1 (Fig. 1E and F) were associated with
improved clinical benefit from trastuzumab (P ¼ 0.09 and P ¼
0.003 by log rank, respectively). Multivariate analysis sup-
ported these results (Supplementary Fig. S3). To confirm that
CD73 was associated with trastuzumab responses, we per-
formed interaction tests for DRFS. As shown in Fig. 2A, there
was a significant interaction between CD73 expression and
trastuzumab in hormonal receptor (HR)–negative patients
(P ¼ 0.0303), but not in HRþ patients (P ¼ 0.4949). This
interaction was still significant when adjusted for age, nodal
status, and grade (P ¼ 0.0242; Fig. 2B). We next evaluated
whether CD73 expression correlated with TILs, as previously

quantified on H&E-stained sections (16). We observed a weak
negative correlation between CD73 and stromal TIL (Fig. 3A)
and no correlation between CD73 and intratumoral TIL (Fig.
3B). In contrast, both PD-L1 and PD-1 gene expression posi-
tively correlated with intratumoral TIL (Fig. 3C–F).

CD73 on tumor cells confers resistance to anti-ErbB2 mAb
Using immunocompetent mouse models of HER2þ breast

cancer, we further investigated the impact of CD73 expression
on anti-ErbB2 mAb therapy. H2N100 and TUBO breast tumor
cells, derived from NeuT-transgenic mice and endogenously
negative for CD73, were gene modified to overexpress CD73 or
control vector (Supplementary Fig. S4), injected subcutaneous-
ly to syngeneic mice, and treated with anti-ErbB2 mAb (clone
7.16.4). As shown in Fig. 4A and B (and Supplementary
Fig. S5), CD73 overexpression on H2N100 tumors significantly
suppressed the activity of anti-ErbB2 mAb. Accordingly, while
anti-ErbB2 mAb induced complete responses (CR) in 100%
(20/20) of mice with CD73� H2N100 tumors, only 25% (5/
20) of mice bearing CD73þ tumors achieved CR (Supplemen-
tary Fig. S5; P < 0.0001 by log rank). CD73 overexpression on
TUBO cells was also associated with reduced anti-ErbB2 mAb

Figure 4.

CD73 expression by breast tumor cells
inhibits anti-ErbB2 mAb activity.
A and B, BALB/c mice were injected
subcutaneously with H2N100-GFP or
H2N100-CD73þ breast tumor cells and
treated with anti-ErbB2 mAb (25 mg
intraperitoneally of clone 7.16.4) on
day 12, 16, and 20, and/or anti-CD73
mAb (200 mg intraperitoneally of
clone TY/23) on day 3, 8, 12, 16, and 20.
Means � SE (n ¼ 10/group) of one
representative experiment are
shown. Number of mice achieving
complete response (CR) from
two independent experiments is
shown. C and D, BALB/c mice were
injected subcutaneously with TUBO-
GFP or TUBO-CD73þ breast tumor
cells and treated with anti-ErbB2 mAb
(100 mg intraperitoneally of clone
7.16.4) on day 12, 16, and 20, and/or
anti-CD73 mAb (200 mg
intraperitoneally of clone TY/23)
on day 3, 8, 12, 16, and 20.
Means � SE (n ¼ 10/group) of one
representative experiment are shown
(� , P < 0.05 by Mann–Whitney test).
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activity (Fig. 4C and D; Supplementary Fig. S5; P < 0.0001 by
log rank), although no CR was achieved in this model.

Targeting CD73 enhances the activity of anti-ErbB2 mAb
We next assessed whether targeting CD73 could enhance

trastuzumab-like therapy. As shown in Fig. 4 and Supplemen-
tary Fig. S5, combining anti-CD73 mAb with anti-ErbB2 mAb
was significantly more effective than either single agent. In
H2N100-CD73þ tumors, the combined therapy induced
CR in 75% of mice (15/20) compared with 25% CR (5/20)
for anti-ErbB2 mAb and 0% CR (0/20) for anti-CD73 mAb.
Anti-CD73 mAb also significantly enhanced the activity of anti-
ErbB2 mAb against TUBO-CD73þ tumors, although no CR
was achieved. In support of an immune-dependent mecha-
nism, the benefit of combining anti-ErbB2 mAb with anti-
CD73 mAb was lost in immunodeficient NOD-Rag1-gc mice

(Supplementary Fig. S6). Also, consistent with increased anti-
tumor immunity, combined treatment significantly enhanced
tumor-infiltrating CD8þ T cells and CD4þ Foxp3� T cells
(Fig. 5A). Interestingly, combining anti-ErbB2 with anti-CD73
mAb also significantly reduced tumor-infiltrating CD11bþ

Gr1þ myeloid cells, although no significant effect was observed
on CD4þ Foxp3þ regulatory T cells (Tregs; Fig. 5A).

We next evaluated the therapeutic activity of the combination
on autochthonous ErbB2-driven tumors spontaneously arising in
BALB/c-NeuT transgenic mice. Cohorts of transgenic female mice
were treated from day 70 twice a week with intraperitoneal
injections of anti-CD73 mAb, anti-ErbB2 mAb, or anti-CD73 þ
anti-ErbB2 mAbs, and tumor multiplicity (i.e., tumor occurrence
in the 10 mammary glands) monitored over time. As shown
in Fig. 5B, the combination therapy was significantly more
effective than either monotherapy. We also evaluated the anti-

Figure 5.

Anti-CD73 mAb enhances anti-ErbB2 mAb therapy. A, BALB/c mice were injected subcutaneously with TUBO-CD73þ cells and treated with anti-ErbB2 mAb
(100 mg intraperitoneally of clone 7.16.4) on day 12 and 16 and/or anti-CD73 mAb (200 mg intraperitoneally of clone TY/23) on day 3, 8, 12, and 16.
Tumors were harvested at day 20 for flow cytometry analysis. Frequencies of tumor-infiltrating CD8þ T cells, CD4þ Foxp3� T cells, CD4þ Foxp3þ T cells,
and CD11bþ Gr1þ cells in CD45.2þ cells are shown. Means � SE are shown (� , P < 0.05 by Mann-Whitney test). B, BALB/c-MMTV-NeuT transgenic
mice were treated from day 70 with anti-CD73 mAb (TY/23) and/or anti-ErbB2 mAb (7.16.4) for 6 weeks (100 mg each, intraperitoneally). Mean
tumor multiplicity � SE are shown (n ¼ 10/group; � , P < 0.05 by Mann–Whitney test at endpoint). C, H2N100 tumor cells (2 � 105 cells) were injected
intravenously into WT BALB/c mice and treated on day 8 with 250 mg of anti-CD73 mAb and/or 10 mg of anti-ErbB2 (intraperitoneally). Lungs were harvested
on day 20, fixed, and lung tumor nodules counted using a dissection microscope. Individual nodule counts with means � SE are shown (�� , P < 0.01
by Mann–Whitney test).
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metastatic activity of the combination therapy and observed that
anti-CD73 mAb significantly enhanced the activity of anti-ErbB2
mAb against experimental lung metastases (Fig. 5C). Taken
together, our data demonstrated that CD73 promotes resistance
to anti-ErbB2 mAb and that targeting CD73 can overcome this
resistance.

Host CD73 confers resistance to anti-ErbB2 mAb
Because CD73 is found expressed on both tumor cells and

non-transformed cells, we investigated the role of host-derived
CD73 using CD73-deficient mice. As shown in Fig. 6A, anti-
ErbB2 mAb therapy was significantly more effective in CD73-
deficient mice, inducing CR in 100% of mice (10/10) compared
with 0% in WT mice (0/10). Notably, this enhanced activity in
CD73�/� mice was lost upon NK cell depletion (Fig. 6A). Long-
term control in CD73�/� mice was also lost upon CD8þ T-cell
depletion (Fig. 6B). Flow cytometry analyses revealed a signif-
icant increase in NK cells, CD4þ Tconv cells, and CD8þ T cells in
response to anti-ErbB2 mAb in CD73�/� mice compared with
WT (Fig. 6C). When tumor-infiltrating host cells expressing
CD73 were analyzed, we found that the vast majority were
CD4þFoxp3þ Tregs, followed by CD11bþ Gr1þ myeloid cells
(Fig. 6D).

CD73 expression is associated with HIF-1, TGFb, and EMT
We next investigated underlying pathways associated with

CD73 expression in HER2þ breast cancer. Since CD73 is a tran-
scriptional target of HIF-1a (25), we first assessed the correlation
between CD73 and a HIF-1 gene signature derived in human
breast cancer (24).We observed a significant, albeit weak, positive
correlation between CD73 expression and HIF-1 responses
(Fig. 7A). We next performed GO enrichment analysis and found
a significant association between CD73 and extracellular matrix
organization (Table 1). Correlative analyses further revealed that
8 of the 10 most positively correlated genes in HER2-enriched
breast cancer were linked to TGFb (Table 1). We thus investigated
whether TGFb regulated CD73 expression inHER2þ breast tumor
cells. As shown in Fig. 7B and C, treatment with recombinant
TGFb significantly induced CD73 expression on both mouse and
human HER2þ breast tumor cells. Interestingly, CD73 upregula-
tion in SKBR-3 in response to TGFb was maximal approximately
20days after treatment initiation (Fig. 7B), suggesting that cellular
reprogramming, in contrast to direct signaling,might be involved.
CD73 upregulation in mouse TUBO cells reached a maximum
after 48 hours (Fig. 7B). TGFb is a potent inducer of epithelial-to-
mesenchymal transition (EMT; ref. 26). We hypothesized that
EMT regulated CD73 expression in mammary cells. Consistent

Figure 6.

Host CD73 inhibits anti-ErbB2 mAb activity. A, WT and CD73�/� BALB/c mice were injected subcutaneously with TUBO cells and treated with anti-ErbB2 mAb
(100 mg intraperitoneally of clone 7.16.4) on day 12, 16, and 20. Some mice were further depleted of NK cells (anti-asialo GM1 antibody), or depleted of
CD8þ T cells, on day �1, 0, 7, and 14 (B). Means � standard errors (n ¼ 10/group) are shown (�� , P < 0.01 by Mann-Whitney test). C, Same as A, except that TUBO
tumors were harvested at day 19 for flow cytometry analysis. Frequencies of CD4þ T cells, Foxp3þ Tregs, CD8þ T cells, and CD49bþ NK cells are shown.
Means � SE are shown (� , P < 0.05; �� , P < 0.01 by Mann–Whitney test). D,WT BALB/c mice were injected with TUBO cells and treated as in A, and frequencies of
indicated cells within CD73þ CD45þ tumor-infiltrating cells are shown. Means � SE are shown.
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with this, CD73 was significantly and positively correlated with
several EMT transcription factors in HER2þ breast tumors, with a
notable exception for SNAI1 (Supplementary Fig. S7). To assess
whether EMT promoted CD73 expression, we used humanmam-
mary epithelial cells (HMLE) expressing an inducible TWIST1 (i.

e., HMLE-TWIST-ER cells). As shown in Fig. 7D, activation of EMT
indeed significantly upregulated CD73 cell-surface expression on
HMLE cells. To determine whether CD73 was required for EMT,
we performed CRISPR-mediated editing of CD73 in HMLE cells
(Fig. 7E). As shown in Fig. 7F and G, lack of CD73 had no impact

Figure 7.

Association between CD73, HIF-1, TGFb, and EMT. A, The degree of association between CD73 gene expression and the expression of an HIF-1 gene signature
was performed in HER2þ cases in METABRIC. Pearson coefficient and P value are shown. Mouse TUBO (B) and human SKBR-3 (C) breast tumor cells were
treatedwith recombinant TGFb (10 ng/mL), and CD73 expressionwasmeasured by flow cytometry after 48 hours (B) or at indicated time points (C). Fold increase of
mean fluorescence intensity over PBS-treated cells is shown. D, HMLE-TWIST-ER cells were treated with 20 nmol/L 4-hydroxytamoxifen (OHT) for 12 days,
and CD73 expression was measured by flow cytometry. E, HMLE-TWIST-ER were transfected with two CRISPR/Cas9 vectors containing sgRNA against CD73 and
sorted into CD73þ and CD73� cells. F and G, CD73þ and CD73� HMLE cells were treated with 20 nmol/L 4-hydroxytamoxifen (OHT) for 12 days, and
CD24/CD44 expression was measured by flow cytometry.
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on the expression of EMT surrogate markers (CD44highCD24low).
Overall, our study highlights the importance of CD73 in trastu-
zumab resistance and suggests that targeting the CD73-adenosine
pathway, or upstream regulators such as TGFb or EMT, may
enhance immune-mediated responses induced by anti-ErbB2
mAb therapy.

Discussion
Immune infiltrates in HER2/ErbB2þ breast tumors are associ-

ated with improved survival and contribute to the therapeutic
activity of trastuzumab (16).With the general objective to identify
novel actionable immunosuppressive pathways, we here report
the role of CD73 on the activity of anti-ErbB2 antibody therapy.
Our study demonstrated that: (i) high levels CD73, but not PD-1
or PD-L1, are associated with increased resistance to trastuzumab;
(ii) CD73 expression by breast tumor cells and host cells sup-
presses immune-mediated antitumor responses induced by anti-
ErbB2 mAb therapy in mice; (iii) targeted blockade of CD73
enhances anti-ErbB2mAb therapy inmice; and (iv) CD73 expres-
sion in human mammary cells is induced by TGFb and EMT.

Several environmental factors have been shown to promote
activation of adenosine signaling in the TME, including tissue
hypoxia, HIF-1a, and inflammatory cytokines (27). CD73 pro-
moter methylation and ER signaling have also been shown to
regulate CD73 expression in melanoma and breast cancer (28–
30). Consistent with a role for tissue hypoxia in regulating
extracellular adenosine levels, we observed a positive correlation
between CD73 expression and HIF-1 responses in HER2þ breast
tumors. We further demonstrated that TGFb and EMT are impor-
tant inducers of CD73 expression in human mammary cells.
Interestingly, EMT has been shown to be associated with trastu-
zumab resistance (31, 32), and TGFb was recently identified as a
major pathway disabling antitumor immunity in human breast
cancer (33). We propose that CD73 and adenosine signaling may
contribute to EMT-mediated trastuzumab resistance and TGFb–
mediated tumor immune escape.

Using GO enrichment analysis, we found an association
between CD73 expression and extracellular matrix organization.
In particular, CD73 positively correlated with several genes
involved in collagen remodeling and previously associated with
increased tumor cell metastasis, including lysyl oxidase (LOX),
lysyl hydroxylase (PLOD2), cathepsinK (CTSK), collagen-binding
integrin (ITGA11),matrixmetallopeptidase-13 (MMP13), throm-
bospondin-1 (THBS1), and periostin (POSTN; refs. 34–39).

Because CD73 has been shown to promote fibrosis (40), it would
be of interest to evaluate whether adenosine signaling regulates
any of these genes.

Our current study provides an important proof of concept
that targeting CD73 significantly enhances the therapeutic
activity of anti-ErbB2 mAb in immunocompetent hosts. We
clearly demonstrated that tumor-derived CD73, as well as
host-derived CD73, suppressed antitumor immune responses
generated by anti-ErbB2 mAb. Notably, host CD73 was found
to significantly suppress NK cell–mediated as well as CD8þ

T-cell–mediated antitumor responses. NK cells have been
shown to be critical for trastuzumab activity (41), and our
previous work demonstrated that interferon responses and
CD8þ T-cell activation generate adaptive antitumor immunity
following anti-ErbB2 mAb therapy (13). We now provide
evidence that host CD73 contributes to suppress both
innate and adaptive antitumor immunity stimulated by
anti-ErbB2 mAb treatment. Interestingly, we observed that
targeting CD73 significantly reduced the level of tumor-
infiltrating CD11bþ Gr1þ myeloid cells when combined with
anti-ErbB2 mAb. Because CD4þ Foxp3þ Tregs can promote
immunosuppressive CD11bþ Gr1þ cells in response to ErbB2-
driven breast cancer (41), and considering that CD4þ Foxp3þ

Tregs are a major source of host CD73, Tregs may favor the
recruitment of CD11bþGr1þ myeloid cells in the TME.

Althoughour study suggests that targeting theCD73-adenosine
pathway can potentiate the antitumor activity of trastuzumab,
further studies investigating the impact of targeting the A2A
adenosine receptor would be valuable. We argue that CD73-
and/or A2A-targeting therapy would be most beneficial against
HER2þ breast tumors that express high levels of CD73, such as
mesenchymal tumors. Nevertheless, caution should be employed
in restricting adenosine-targeting therapies to CD73-expressing
tumors. Indeed, CD73 expression by tumor cells is not always a
prerequisite to activity, as can be observed in the CT26 colon
adenocarcinoma model (42).

Several anti-CD73mAbs and antagonists to the A2A adenosine
receptor are now entering clinical trials. A recent study suggested
that dual targeting of CD73 and A2A receptor could generate
synergistic therapeutic responses (43). Notably, it was observed
that tumor CD73 expression was significantly upregulated when
transplanted to A2A-deficient hosts. Although anti-CD73 mAbs
can decrease adenosine levels and block adenosine's suppressive
effects on immune effectors, Fc receptor engagement may also
play a role in therapeutic activity. In support of this, it was shown

Table 1. CD73 Gene Ontology enrichment and top genes correlated to CD73

GO term and associated genes P % target list % universe

Extracellular matrix organization:
COL27A1, CTSK, LOX, DCN, ITGA11, TIMP2,MFAP2,
ECM2, MMP13, THBS1, PLOD2, POSTN

7.37e�09 17.65 1.97

Gene Spearman rho KEGG pathway Other pathway
CLIC4 0.67 Adherens junction/Fc-gamma/Cell cycle/Tight junction TGFb
CTHRC1 0.66 n/a TGFb, EMT
GAS1 0.64 Hedgehog/NOD-like/Apoptosis/Ubiquitin WNT
DSE 0.64 n/a (TGFb)
THBS1 0.64 ECM/Adhesion/Actin/TGF/Cytokine TGFb
ACSL4 0.63 PPAR/Adipocytokine Ferroptosis
FNDC1 0.63 n/a TGFb
COL10A1 0.63 n/a TGFb
CD55 0.63 T cell/NK cell/Adherens junction TGFb
LUM 0.63 ECM/GnRH/Spliceosome TGFb
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in human mixed leukocyte reactions that Fc receptor binding
significantly increased production of proinflammatory cytokines
upon anti-CD73 mAb (43). Consideration of the Fc domain and
its interaction with immune cells may thus be important in the
development of optimal anti-CD73 mAbs.

In conclusion, our current study provided clinical and exper-
imental evidence that CD73 expression is associated with resis-
tance to trastuzumab therapy. Given the importance of antitumor
immune responses in HER2þ breast cancer and the paucity of
clinical responses to PD-1/PD-L1 inhibitors in this subtype, our
study provides a rationale to further investigate the impact of
combining adenosine-targeting agents with anti-ErbB2 mAbs for
patients refractory to standard-of-care treatments.
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