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SUMMARY

Extracellular adenosine upregulates programmed death-
ligand 1 (PD-L1) in tumor-associated macrophages. A se-
lective CD73 inhibitor suppresses PD-L1 expression, and
represents anti-tumor effect in colorectal cancer (CRC)
models. The combination of AB680 and palbociclib may be
advantageous for treatment of CRC.

BACKGROUND & AIMS: Although cancer immunotherapies are
effective for advanced-stage cancers, there are no clinically
approved immunotherapies for colon cancers (CRCs). There-
fore, there is a high demand for the development of novel
therapies. Extracellular adenosine-mediated signaling is
considered a promising target for advanced-stage cancers that
are nonresponsive to programmed death 1 (PD-1)-/pro-
grammed death-ligand 1 (PD-L1)-targeted immunotherapies. In
this study, we aimed to elucidate novel tumorigenic mecha-
nisms of extracellular adenosine.
METHODS: To investigate the effects of extracellular adenosine
on tumor-associated macrophages, peripheral blood-derived
human macrophages were treated with adenosine and
analyzed using flow cytometry and Western blot. Changes in
adenosine-treated macrophages were further assessed using
multi-omics analysis, including total RNA sequencing and pro-
teomics. Colon cancer mouse models were used to measure the
therapeutic efficacy of AB680 and palbociclib. We also used
tissue microarrays of patients with CRC, to evaluate their
clinical relevance.

RESULTS: Extracellular adenosine-mediated reduction of cyclin
D1 (CCND1) was found to be critical for the regulation of im-
mune checkpoint molecules and PD-L1 levels in human mac-
rophages, indicating that post-translational modification of PD-
L1 is affected by adenosine. A potent CD73 selective inhibitor,
AB680, reversed the effects of adenosine on CCND1 and PD-L1.
This result strongly suggests that AB680 is a combinatory
therapeutic option to overcome the undesired side effects of the
cyclin-dependent kinase 4/6 inhibitor, palbociclib, which in-
creases PD-L1 expression in tumors. Because palbociclib is
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undergoing clinical trials for metastatic CRC in combination
with cetuximab (clinical trial number: NCT03446157), we
validated that the combination of AB680 and palbociclib
significantly improved anti-tumor efficacy in CRC animal
models, thereby highlighting it as a novel immunotherapeutic
strategy. We further assessed whether the level of CCND1 in
tumor-associated macrophages was indeed reduced in tumor
sections obtained from patients with CRC, for evaluating the
clinical relevance of this strategy.

CONCLUSIONS: In this study, we demonstrated that a novel
combination therapy of AB680 and palbociclib may be advan-
tageous for the treatment of CRC. (Cell Mol Gastroenterol Hepatol
2022;14:769–788; https://doi.org/10.1016/j.jcmgh.2022.07.005)

Keywords: CD73 Ecto-enzyme; Colorectal Cancer; Extracellular
Adenosine; Programmed Death-Ligand 1.
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Crable therapeutic efficacy in several cancers,
including melanoma, lung cancer, and lymphoma, and has
thus become a cornerstone of advanced-stage cancer ther-
apy.1 Nevertheless, cancer immunotherapy drugs, such as
pembrolizumab, nivolumab, and atezolizumab, which target
programmed cell death protein 1 (PD-1) and programmed
death-ligand 1 (PD-L1), have shown limited responses in
colorectal cancer (CRC).2-5 Moreover, CRC is a prominent
disease with high rates of morbidity and mortality,6 and is
characterized by complex immune responses and close in-
teractions between cancer cells and intratumoral immune
cells.2,7 Therefore, there is an urgent need for the develop-
ment of novel immunotherapies for CRCs.

Tumor-associated macrophages (TAMs) are critical
cellular components of the mucosal immune system in CRC,
which serve as a bridge between intestinal tumor-promoting
metabolites and the onset and progression of CRC through
inflammatory pathways.8,9 TAMs can influence resistance to
anti-cancer treatments, such as chemotherapy and anti-PD-1/
PD-L1 therapy, and abundance of TAMs is associated with
poor prognosis in various tumors.10,11 TAMs express PD-L1,
and PD-L1-expressing TAM levels in tumors may be used as
predictive markers for the efficacy of anti-PD-1/PD-L1 ther-
apies.12 TAMs also increase other immunosuppressive mole-
cules such as CD39 (also known as ectonucleoside
triphosphate diphosphohydrolase 1, ENTPD1), CD73 (also
known as ecto-5’-nucleotidase, NT5E), arginases, and indole-
amine 2,3-dioxygenases.12-14 Ectoenzymes CD39 and CD73
generate adenosine extracellularly from adenosine triphos-
phate (ATP) and adenosine monophosphate (AMP), respec-
tively.15-17 Recently, extracellular adenosine signaling has
emerged as a key metabolic pathway that regulates tumor
immunity and serves as a tumorigenic factor in CRC.16,18-20

Adenosine-associated molecules in the tumor microenviron-
ment (TME), such as adenosine receptors and the ectoen-
zymes CD73 and CD39, are thought to be novel immune
checkpoints that play key roles in tumor growth, metastasis,21

and TAM upregulation.14 A potent and selective CD73 inhib-
itor, AB680, and selective adenosine A2Areceptor antagonist,
CPI-444, are currently undergoing phase I clinical trials.22-24
Notably, a recent phase I clinical trial revealed higher effi-
cacy of the combination of CPI-444 and a PD-L1 inhibitor,
atezolizumab, in the treatment of renal cell cancer,24 sug-
gesting that blockade of the adenosine signaling pathway
could be beneficial for immunotherapy-resistant tumors. In
addition, CD73 inhibition has shown potential therapeutic
efficacy in CRC, upon single-cell RNA sequencing (scRNA-seq)
analysis of mouse models in our previous study.25

Although TAMs are known to express PD-L1, the exact
mechanism underlying the simultaneous upregulation of
PD-L1 in TAMs has not been elucidated. Importantly, it has
been reported that suppression of cyclin D1 (CCND1) may
be involved in PD-L1 protein accumulation, via regulation of
protein ubiquitination.26 Several studies have demonstrated
that CD73 expression is elevated in metastatic carcinomas
or tumors in the A2A adenosine receptor-deficient mouse
model.27,28 The adenosine receptor-mediated accumulation
of intracellular cyclic AMP (cAMP) can lead to TAM devel-
opment and an immunosuppressive TME.29 In this study, we
aimed to elucidate the novel tumorigenic mechanisms of
extracellular adenosine in CRC via the upregulation of PD-L1
in TAMs. We demonstrated that a potent and selective CD73
inhibitor, AB680, could limit extracellular adenosine
signaling-mediated increase in PD-L1 expression. Further-
more, a clinically approved cyclin-dependent kinase 4/6
(CDK4/6) inhibitor, palbociclib, showed synergistic effects
with AB680 in vivo, suggesting novel combinatorial immu-
notherapies for treating CRC. We believe that AB680 could
compensate for the shortcomings of a large portion of anti-
cancer therapies that trigger increased expression of PD-L1,
which is a major obstacle for cancer treatment.30,31

Results
Extracellular ATP/Adenosine Signaling Increases
PD-L1 Expression in Macrophages

To examine the effects of extracellular adenosine on the
expression of immune checkpoints or immune-related mol-
ecules in macrophages, human peripheral blood (PB)
monocyte-derived CD68þ macrophages were analyzed for 56
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Figure 1. Effects of extracellular adenosine on CCND1 levels and PD-L1 expression in human macrophages. (A)
Experimental scheme for human macrophage differentiation from PB and adenosine treatment (upper panel). Flow cytometric
analysis for 56 immune-related molecules (n ¼ 7). Relative amounts of immune-related molecules on macrophages treated
with or without 200 mM adenosine for 48 hours, as analyzed using shown through flow cytometry. (B) PD-L1 expression on
CD68þ human macrophages after treatment with 200 mM adenosine for 48 hours. Mean fluorescence intensity (MFI) of PD-L1
relative to an isotype control (n ¼ 11). (C) Relative amount of PD-L1 protein on macrophages treated with or without 200 mM
adenosine for 48 h (n ¼ 18) (D) Representative images of 3D-cultured macrophages treated with 200 mM ATP or 200 mM
adenosine for 48 hours; the results are from 4 independent experiments. Scale bars have been presented. Pooled data
indicating ATP- or adenosine-induced sphere-forming capability in macrophages, as measured using (E) sphere number and
(F) sphere diameter (the longest sphere diameters). Experiments were performed in triplicate. (G) Dose-dependent increase in
PD-L1 levels following ATP and adenosine treatment in the 3D-culture system (n ¼ 5). Data have been presented as mean ±
standard error of the mean. ns, not significant. *P < .05, **P < .01, ***P < .001, and þþP < .01 (Student t test).
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different immune-related molecules using flow cytometry
(Figure 1, A). Among the 56 immune-related molecules
(Table 1), a significant increase was observed in the expression
of the tumorigenic protein PD-L1 (Figure 1, A). We further
confirmed the results of flow cytometry and Western blot
(Figure 1, B‒C). To determine the actual ATP-to-adenosine
conversion in the TME, we evaluated the effects of extracel-
lular ATP on human macrophages in a 3-dimensional (3D)
environment using agarose-based 3D cultures. In 3D cultures,
we observed that the macrophages aggregated to form 3D
spheres (Figure 1, D). The number and diameter of macrophage
spheres significantly increased following exposure to extracel-
lular ATP and adenosine (Figure 1, E‒F). PD-L1 expression
levels were increased in a dose-dependent manner by both ATP
and adenosine in the 3D culture systems, thereby highlighting
that ATP was indeed converted to adenosine in the 3D
macrophage sphere environment (Figure 1, G).
Extracellular Adenosine Increases PD-L1
Through Transcriptional-downregulation of
Cyclin D1 in Macrophages

To understand the transcriptional changes induced in
macrophages by extracellular adenosine, we performed RNA
sequencing (RNA-seq) of untreated macrophages and those
treated with 200 mM adenosine. Differentially expressed genes



Table 1.List of Immune-related Molecules of Human Macrophages Analyzed by Flow Cytometry

Target protein Mean ± SEM Target protein Mean ± SEM

CD70 2.51 ± 1.84 CD39 1.01 ± 0.09

GITRL 1.13 ± 0.25 CD163 1.25 ± 1.48

CD40L 0.93 ± 0.29 CD206 1.15 ± 0.23

CD86 0.96 ± 0.15 CTLA-4 0.93 ± 0.20

MHC I 1.74 ± 1.82 CX3CR1 2.27 ± 2.46

IDO-1 1.36 ± 1.95 HLA-A, B, C 1.30 ± 0.42

Itg avb3 1.02 ± 0.25 HLA-DR 1.03 ± 0.17

Lag3 1.31 ± 0.68 PD-L1 2.92 ± 0.41

Galectin9 1.01 ± 0.11 CD155 0.93 ± 0.11

CD80 1.22 ± 0.17 CD38 1.26 ± 0.83

HVEM 1.04 ± 0.07 CD69 1.04 ± 0.07

4-1BB 1.11 ± 0.11 CD62L 1.05 ± 0.20

CD56 0.98 ± 0.61 CD161 1.02 ± 0.09

CD34 1.04 ± 0.09 CD40 1.07 ± 0.58

ICOS-L 0.92 ± 0.27 DDR1 1.02 ± 0.06

CD73 1.08 ± 0.07 CD44 1.16 ± 0.30

NKp46 1.05 ± 0.05 CCR6 1.03 ± 0.12

NKG2D 0.97 ± 0.89 CXCR6 1.06 ± 0.08

NKp80 1.46 ± 1.78 CCR2 1.05 ± 0.09

LAMP-1 0.94 ± 0.11 CCR1 0.90 ± 0.14

CD47 1.03 ± 0.20 I-CAM 1.03 ± 0.59

DR5 4.39 ± 3.57 CCR5 0.95 ± 0.08

DcR1 0.86 ± 0.51 MHC II 0.84 ± 0.31

CD94 0.95 ± 0.27 CCL2 1.10 ± 0.52

CD158 1.06 ± 0.16 CCR7 1.07 ± 0.06

DR4 1.05 ± 0.13 HLA-E 1.22 ± 0.17

Tyro3 1.08 ± 0.12 MICA&B 1.04 ± 0.33

CD58 0.94 ± 0.29 PD-L2 1.14 ± 0.19

SEM, Standard error of the mean.
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(DEGs) were found to be involved in cell cycle, cell division, cell
cycle phase transition, and DNA repair (Figure 2, A). The
expression of one of the most notable cell cycle-related genes
(DEG number 50), CCND1, which is a gene encoding cyclin D1,
was significantly lower in extracellular adenosine-treated
macrophages than that in untreated macrophages (Figure 2,
B). To verify our findings, we assessed the differences in the
expression levels of 3 cyclin D family genes using quantitative
real-time polymerase chain reaction and confirmed that only
CCND1 levels were significantly reduced upon adenosine
treatment (Figure 2, C). The protein level of CCND1 also
decreased, whereas the levels of CDK4 remained unchanged
(Figure 2, D‒E). To examine the relationship between alter-
ations in the expression of CCND1 and PD-L1 protein in human
macrophages, we introduced a short hairpin RNA (shRNA)
against CCND1, which resulted in a significant increase in PD-
L1 protein levels (Figure 2, F‒G). Adenosine slightly
enhanced PD-L1 levels in the presence of shRNAs, indicating
that reduction of CCND1 is the main mechanism of action in PD-
L1 elevation (Figure 2, G). Fifty-four DEGs were found to be
associated with CCND1, indicating that adenosine regulates the
CCND1 signaling pathway in human macrophages (Figure 3, A).
Notably, Gene Ontology (GO) enrichment analysis revealed that
cell cycle G1/S phase transition (GO:0044843) and negative
regulation of interleukin (IL)-12 production (GO:0032695)
were primarily affected by extracellular adenosine, suggesting
that adenosine could induce immunosuppressive effects on
macrophages (Figure 3, B). To determine whether adenosine
altered the immune function of macrophages, we analyzed 33
cytokine-related DEGs. Immune-suppressive genes, such as IL-
10, LILRA5, LILRB1, and THBS1 were also enriched in
adenosine-treated macrophages (Figure 4).
Extracellular Adenosine Leads to Critical
Changes for Protein Ubiquitination-related
Proteins Binding to PD-L1 Protein in
Macrophages

To understand the effect of extracellular adenosine on
the post-translational regulation of PD-L1, we compared
extracellular adenosine-treated macrophages with un-
treated macrophages using liquid chromatography-tandem
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mass spectrometry (LC-MS/MS) followed by immunopre-
cipitation (IP) with PD-L1, to identify the distinct proteins
interacting with PD-L1. Such an analysis resulted in the
A B

C

F G
identification of proteins that interacted with PD-L1, of
which 359 differentially expressed proteins (DEPs) were
significantly upregulated proteins, whereas 468 DEPs were
D E



A B

Figure 3. DEGs of
CCND1-related pathway
from extracellular aden-
osine treated macro-
phages. (A) Comparative
RNA-seq analysis of un-
treated and adenosine
(200 mM)-treated human
macrophages. Genes
most significantly influ-
enced by adenosine treat-
ment: CCND1-related (54
genes). (B) Results of the
GO enrichment analysis of
total DEGs from extracel-
lular adenosine-treated
human macrophages
compared with untreated
macrophages. Data have
been presented as mean ±
standard error of the
mean. ***P < .001 (Student
t test).
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significantly downregulated (Figure 5, A). The majority of
PD-L1-interacting proteins in adenosine-treated macro-
phages were related to ubiquitin-protein transferase
=

Figure 2. (See previous page). Adenosine-induced decrease
Comparative RNA-seq analysis of untreated and adenosine (200
represents a GO biological pathway, and the edges indicate th
values. (B) Genes most significantly influenced by adenosine tre
related (38 genes). Cyclin D1 (CCND1) was selectively decreas
protein levels (n ¼ 7) (D, E). (F) Representative histogram of 5 ind
PD-L1 expression following treatment with anti-CCND1 shRN
adenosine (200 mM) treatment, as analyzed using fluorescence
mean ± standard error of the mean. ns, not significant. ***P <
inhibitor activity (GO term: 0055105), mitotic cell cycle
phase transition (GO term: 0044772), and regulation of
protein ubiquitination (GO term: 0051444) (Figure 5, B).
in CCND1 levels drives PD-L1 protein upregulation. (A)
mM)-treated human macrophages. In the network, each node
e relationships among biological pathways, based on kappa
atment: cell cycle-related (50 genes) and DNA damage repair-
ed upon adenosine treatment, at the mRNA (n ¼ 4) (C) and
ependent experiments and (G) quantitative measurements of

A or negative control shRNA in the presence or absence of
-activated cell sorting analysis. Data have been presented as
.001 (Student t test).



Figure 4. Analysis of
altered cytokine-related
gene expressions. (A)
Heat map of cytokine and
immune related DEGs
from extracellular
adenosine-treated human
macrophages compared
with untreated macro-
phages. (B‒C) Upregu-
lated genes and
downregulated genes in
adenosine treated macro-
phages were respectively
compared to untreated
macrophages. Data have
been presented as mean ±
standard error of the
mean. ***P < .001 (paired t
test).
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Using enrichment analysis, cell cycle- and ubiquitination-
related terms were identified to be the most enriched in
biological processes (Figure 5, B). We also performed func-
tional network analysis of 65 DEPs associated with the GO
terms of cell cycle and ubiquitination, resulting in the identi-
fication of cullin-3 (CUL3) and cullin-4B (CUL4B) (Figure 5, C).
To confirm the post-regulation of PD-L1 expression, we
treated human macrophages with or without the proteasome
inhibitor MG132 (Figure 5, D). Notably, PD-L1 expression in
human macrophages was significantly upregulated after
treatment with the proteasome inhibitor, MG132 (Figure 5,
D‒E). Thus, we hypothesized that post-translational regula-
tion is a critical mechanism for increasing PD-L1 expression in
macrophages exposed to extracellular adenosine.
CUL3, CUL4B, and Speckle-type POZ Protein
(SPOP) Act as Post-translational Regulators of
PD-L1 in Human Macrophages

Notably, CUL3 and CUL4B were significantly enriched
among PD-L1-interacting DEPs, upon adenosine treatment
(Figure 5, C). These proteins are components of cullin-RING
E3 ubiquitin ligase complexes.32,33 In addition, CUL3 has
been suggested to mediate PD-L1 ubiquitination, followed
by protein degradation in cancer cells.27 Thus, we confirmed
the interaction between PD-L1 and CUL3 using co-
immunoprecipitation (co-IP) analysis (Figure 6, A). To
verify the role of CUL3 in human macrophages, we knocked
down CUL3 in cells and measured PD-L1 levels using flow
cytometry. A significant increase was observed in PD-L1
levels in human macrophages (Figure 6, B‒C). Interest-
ingly, CUL4B had the same effects on the regulation of PD-
L1, suggesting that CUL3- and CUL4B-mediated protein
degradation may play a critical role in PD-L1 expression in
human macrophages (Figure 6, D‒F). To confirm this, we
treated macrophages with MLN4924, a NEDD8 ubiquitina-
tion pathway inhibitor,34 and observed upregulation of PD-
L1 expression (Figure 6, G‒H). In contrast, treatment with
bafilomycin A1, an autophagy inhibitor, did not significantly
affect PD-L1 expression (Figure 6, G‒H).

SPOP is an adaptor protein for cullin-RING E3 ubiquitin
ligases, which have been reported to be modulated by
CCND1 and CDK4 during the cell cycle.26 Therefore, we
tested whether SPOP is affected by adenosine treatment,
and found that SPOP expression in human macrophages was
indeed reduced by extracellular adenosine (Figure 6, I‒J).
SPOP bound to PD-L1 (Figure 6, K), in agreement with a
previous report.26 To confirm the involvement of SPOP in
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Figure 5. Proteomics
analysis revealed that
PD-L1 binds to multiple
post-translational regu-
lators in macrophages
stimulated with extracel-
lular adenosine. (A) Venn
diagram of the numbers of
PD-L1-interacting pro-
teins, as identified using
LC-MS/MS analysis, in
adenosine (200 mM)-
treated and untreated hu-
man macrophages. (B)
Results of the GO enrich-
ment analysis of DEPs. (C)
Functional network anal-
ysis of 65 DEPs associated
with the GO terms of cell
cycle and ubiquitination,
using IP tools. (D) Repre-
sentative histogram of 5
independent experiments;
and (E) quantification of
PD-L1 expression after
treatment with 10 mM
MG132 for 48 hours. Data
have been presented as
mean ± standard error of
the mean. ***P < .001
(Student t test).
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the post-translational regulation of PD-L1, we knocked
down SPOP using an shRNA and found that SPOP levels
were crucial in regulating PD-L1 expression. SPOP knock-
down upregulated PD-L1 expression in macrophages
(Figure 6, L‒M), suggesting that cullin-mediated PD-L1
protein regulation may occur in macrophages, similar to
previous findings.26

The Potent and Selective CD73 Inhibitor, AB680,
Improved the Therapeutic Efficacy of a CDK4/6
Inhibitor, Palbociclib, Suggesting a Novel
Combinatory Immunotherapeutic Strategy for
CRC

To verify our findings, we treated human macrophages
with a selective CD73 inhibitor, AB680, and an adenosine
A2A receptor antagonist, CPI-444 (also known as cifor-
adenant), in the presence and absence of ATP (Figure 7, A).
PB-derived human macrophages expressed CD73 on their
surface, indicating their ability to convert extracellular ATP
to adenosine (Figure 7, A). Both AB680 and CPI-444 treat-
ments significantly reduced the amount of PD-L1 protein on
the surface of ATP-exposed macrophages, as compared with
that in the ATP-alone treatment group (Figure 7, A‒B). To
determine whether these effects are mediated by adenosine
receptors in human macrophages, we measured the levels of
intracellular cAMP. Treatment with ATP and AB680 sup-
pressed ATP-derived cAMP levels, suggesting the involve-
ment of the adenosine receptor (Figure 7, C). In
macrophages, upregulation of cAMP could lead to immu-
nosuppressive effects,29 and both the suppression of tumor
necrosis factor (TNF)-a and increase in IL-10 were reversed
upon AB680 or CPI-444 treatment (Figure 7, D). These re-
sults strongly suggest that AB680 may have anti-tumor ef-
ficacy via the regulation of cAMP, the immunosuppressive
functions of which include an increase in IL-10 and PD-L1
expression. Thus, it is an attractive therapeutic option to
use AB680 as a combination drug for PD-L1 suppression. In
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this study, we examined the synergistic effect of the CDK4
inhibitor, palbociclib, and AB680 in in vivo models (Figure 7,
E‒M). The scheme and representative images of azoxy-
methane (AOM)-dextran sulfate sodium (DSS) mice, a
colitis-associated cancer model, are shown (Figure 7, E‒F).
The number of tumors per AOM-DSS mouse was signifi-
cantly reduced upon treatment with AB680 and palbociclib,
which showed an additive effect compared with the mono-
therapies (Figure 7, G). We then isolated TAMs of CRCs from
the colitis-associated cancer model, after 21 days of drug
administration post the third cycle of DSS treatment, and
analyzed the expression of PD-L1. Interestingly, AB680
suppressed PD-L1 on TAMs as opposed to palbociclib, sug-
gesting that AB680 treatment is beneficial in reducing the
immunosuppressive effect of TAMs (Figure 7, H‒I).
Furthermore, tumor volume was significantly reduced upon
treatment with AB680 and palbociclib, and the additive ef-
fect was confirmed in the CT26 tumor-bearing mouse model
(Figure 7, J). The amount of PD-L1 on TAMs was signifi-
cantly reduced upon treatment with AB680, which is
consistent with the result in the colitis-associated cancer
model (Figure 7, K). Notably, the levels of TNF-a and IL-10
in TAMs were also affected by AB680 administration, sug-
gesting that immunosuppressive TAMs might be function-
ally reduced by CD73 blockade (Figure 7, L‒M).

Expression of cyclin D1 in Macrophages was
Reduced in Tumor Sections Obtained From
Patients With CRC as Compared With That in
Adjacent Normal Colon Sections, Thus
Highlighting its Clinical Relevance

To verify our findings, we performed immunohisto-
chemical (IHC) staining for cyclin D1 and the human
macrophage marker CD163 in a human colon tissue array
containing 50 specimens of colon adenocarcinoma and
matched adjacent normal colon tissues. Macrophages were
predominantly localized in the lamina propria but not in the
intestinal crypts or mucosa (Figure 8, A). Importantly, we
quantitatively analyzed the number of cyclin D1-expressing
CD163þ macrophages on each slide and found that cyclin
D1-expressing macrophages were significantly lower in the
lamina propria of colon cancer tissues than in normal colon
tissues (Figure 8, B). Notably, the mRNA expression of NT5E
was significantly negatively correlated with CCND1 in
=

Figure 6. (See previous page). Involvement of CUL3, CUL
adenosine-stimulated macrophages. (A) Representative imag
ments using 293T cells. (B) Representative histogram of 5 indepe
in human macrophages after knockdown of CUL3 with an shR
CUL4B from 3 independent experiments using 293T cells. (E) Re
quantification of PD-L1 expression in human macrophages aft
sentative histogram of 6 independent experiments and (H) quan
10 mMMLN4924 and 10 mM bafilomycin A1 for 48 hours. (I) Repr
after adenosine treatment of human macrophages. (K) Repres
pendent experiments using 293T cells. (L) Representative his
knockdown. (M) Relative PD-L1 expression on macrophages a
mean ± standard error of the mean. ns, not significant. **P < .0
colorectal adenocarcinoma, based on The Cancer Genome
Atlas (TCGA) data (Figure 8, C). We previously showed that
higher NT5E expression is associated with a lower survival
rate in patients with CRC.25 Thus, CCND1 reduction in TAMs
may be partially related to CRC progression.

Reclustering Analysis of Myeloid Cells Revealed
That Intratumoral Ccnd1low and Ccnd1high

Myeloid Cells Showed Distinct Transcriptional
Profiles Associated With an Immune-exhausted
Phenotype

To understand the changes in cellular composition,
lineage, and transcriptional characteristics of myeloid cells
from tumors of the CT26 tumor-bearing mouse model,
reclustering analysis of the myeloid cells was performed
using our previous reported scRNA-seq data of sorted and
profiled CD45þ TILs from each tumor of control (n ¼ 3) and
AB680-treated (n ¼ 3) mice25 (data accession number:
SUB8983993). After combining all data (n ¼ 6) and
reclustering for myeloid cells, we identified 16 myeloid cell
subclusters by combining the results of the singleR package
and the expression pattern of major myeloid cell lineage
markers, as described in our previous report:25 5 Ccnd1high

TAMs (C3, C7, C10, and C15), 4 Ccnd1low TAMs (C4, C8, C9,
and C13), 1 Ccnd1low monocyte (C11), 1 Ccnd1low dendritic
cell (C12), and 6 Ccnd1high myeloid-derived suppressor cells
(C0, C1, C2, C5, C6, and C14) (Figure 9, A). With respect to
proportional changes in myeloid clusters, one significant
proportional change (C13 cluster) was observed in Ccnd1low

TAMs (Figure 9, B). Importantly, we found that expression
of Ccnd1 was limited to Entpdlow myeloid cells (Figure 9, C).
The heat map results also showed distinct expression of
Entpd1 and Ccnd1 (Figure 9D). Moreover, we discovered
that transcriptional profiles associated with immune-
exhausted phenotypes and immune checkpoints, such as
Entpd1 and Arg2, were distinctly expressed between intra-
tumoral Ccnd1low and Ccnd1high myeloid cells that included
TAMs (Figure 9, E‒F). Based on comparative RNA-seq
analysis of Ccnd1low to Ccnd1high myeloid cells, we per-
formed network analysis using GO biological pathways and
found that most of the pathways of differences between
Ccnd1low and Ccnd1high myeloid cells were immune-related
pathways, such as inflammatory response and cytokine
signaling (Figure 9, G). Taken together, the extracellular
4B, and SPOP in regulation of PD-L1 protein levels in
es of co-IP of PD-L1 and CUL3 from 3 independent experi-
ndent experiments and (C) quantification of PD-L1 expression
NA (n ¼ 5). (D) Representative images of co-IP of PD-L1 and
presentative histogram of 5 independent experiments and (F)
er knockdown of CUL4B with an shRNA (n ¼ 5). (G) Repre-
tification of PD-L1 expression levels following treatment with
esentative Western blots; and (J) quantification of SPOP levels
entative images of co-IP of PD-L1 and SPOP from 3 inde-
togram of PD-L1 expression on macrophages after SPOP
fter SPOP knockdown (n ¼ 4). Data have been presented as
1 and ***P < .001 (Student t test).
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Figure 8. Negative corre-
lation between ecto-
enzymes and CCND1
expression in CRC. (A)
IHC staining of human
normal colon (n ¼ 40) and
colon adenocarcinoma
(n ¼ 64) specimens in a
tissue microarray for
CCND1 and CD163 (a
macrophage marker). (B)
Relative intensities of
CCND1 staining in the
lamina propria of a normal
and cancerous colon. **P
< .01 (unpaired t test). (C)
Correlation analysis of
NT5E and CCND1 expres-
sion in the TCGA colorectal
adenocarcinoma dataset.
***P < .001 (Student t test).
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adenosine produced by Entpd1 and Nt5e may enrich
Ccnd1low myeloid cells, which consist of TAMs and their
precursors.
=

Figure 7. (See previous page). A CD73 inhibitor, AB680, sh
efficacy of a CDK4 inhibitor, palbociclib for CRC. (A) Repres
mM ATP-induced PD-L1, CD39, and CD73 expression on macr
CPI-444 (ciforadenant, 2 mM) from 5 independent experiments
phages treated with or without ATP and AB680. (D) Quantitativ
phages treated with or without 2 mM AB680 and CPI-444 in the
experiments, using ELISA. (E) Outline of the AOM/DSS mouse m
large intestine and (G) graphical representation of number of tum
kg) or palbociclib (20 mg/kg) (n ¼ 8 mice per group). (H) Repre
TAMs in AOM-DSS mice administered with AB680 (20 mg/kg
courses of tumor volumes in CT26 tumor-bearing mice adminis
mice per group). Pooled data from in vivo experiments (n ¼ 9 mi
PD-L1 on intratumoral macrophages (K) percentage of TNFa-
centage of IL-10-producing TAMs from control, AB680-, pal
bearing mice (n ¼ 6 per group) (M). Data have been presented
treated vs vehicle-treated group; ##P < .01 palbociclib-treated
.001 AB680 plus palbociclib-treated vs vehicle-treated group (S
Discussion
An increased concentration of extracellular adenosine is

an important determinant of the survival rate of patients
owed a potent synergistic effect to improve therapeutic
entative histograms and (B) quantitative measurements of 50
ophages, and the effects of treatment with 2 mM AB680 and
. (C) Relative level of cAMP in human PBMC-derived macro-
e measurements of TNF-a and IL-10 expression on macro-
presence of 50 mM ATP and 100 nM LPS, from 5 independent
odel of CRC used in this study. (F) Representative images of
ors per AOM-DSS mouse administered with AB680 (20 mg/

sentative histograms; and (I) quantification for PD-L1 level of
) or palbociclib (20 mg/kg) (n ¼ 8 mice per group). (J) Time
tered with AB680 (20 mg/kg) or palbociclib (20 mg/kg) (n ¼ 9
ce per group) showing mean fluorescence intensities (MFIs) of
producing TAMs relative to intratumoral TAMs (L) and per-
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as mean ± standard error of the mean. þþP < .01 AB680-
vs vehicle-treated group; *P < .05, **P < .01, and ***P <
tudent t test).
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with CRC.35,36 Previous clinical studies have reported the
possibilities of increased CD73 expression in gastric, liver,
pancreatic, and colorectal cancers, as biomarkers for poor
prognosis and malignancy.15,20 In this study, we demon-
strated for the first time that extracellular adenosine can
directly upregulate PD-L1 expression in human macro-
phages. The immunosuppressive adenosine was potentially
produced by the ectoenzymes CD39 and CD73, and
accordingly, the CD73 inhibitor AB680 significantly reduced
PD-L1 levels in both human macrophages and TAMs ob-
tained from mouse models of CRC. More importantly, the
additive effect of AB680 and the CDK4/6 inhibitor palboci-
clib on tumor growth was observed in the animal models
(Figure 7, G and J), whereas only AB680 could control PD-L1
levels in TAMs (Figure 7, I and K). This demonstrates that
novel drug candidates targeting the adenosine signaling
pathway, specifically CD73 inhibitors, could benefit patients
who are resistant to anti-PD-1/PD-L1 immunotherapy, by
means of a combination strategy.23,37 In line with this, TCGA
analysis confirmed a trend for a lower overall survival rate
in patients with CRC who had high expression of NT5E
compared with those with a low expression of NT5E,
thereby suggesting that CD73 could play a critical role in
tumor progression.25

In a large proportion of cases, anti-cancer therapies, such
as pemetrexed, doxorubicin, and Palbociclib, trigger
increased expression of PD-L1, which is a major obstacle for
cancer treatment.30,31 Notably, CDK4/6 inhibitor mono-
therapy, which interferes with the G1/S phase checkpoint
during the cell cycle, has failed to control tumor growth
owing to the accumulation of PD-L1 protein after treat-
ment.38,39 Thus, the promising effects of CD73 inhibitors
might breathe new life for those old drugs and provide
potent therapeutic strategies. Given that the therapeutic
effects of PD-1/PD-L1 immunotherapy have not been
conclusively demonstrated in patients with CRC, our ob-
servations should support clinical trials of new combina-
tional therapies for CRC. Because palbociclib is undergoing
clinical trials for metastatic CRC in combination with
cetuximab (clinical trial number: NCT03446157), this study
could provide helpful information for future clinical trials on
refractory CRC.

Cyclin D1 plays a central role in tumorigenesis in cancer
cells and is an important regulator of the cell cycle.40 In
general, cyclin D1 is known for its role in the nucleus, in cell
cycle regulation, but it is also located in the cytoplasmic
membrane and plays important roles in the regulation of
specific miRNAs, tumor invasion, and metastasis. It has also
=

Figure 9. (See previous page). Network analysis of DEGs fro
Distinct transcriptional profiles of Ccnd1high and Ccnd1low intr
bearing mouse model. Uniform manifold approximation and pro
tion of myeloid cluster 13 between the control and AB680-trea
Entpd1 in myeloid cells. (D) Heat map representing cluster-sp
tumoral myeloid cells, compared to Ccnd1high intra-tumoral my
response- and leukocyte migration-related genes. (G) Compar
cells, as compared with Ccnd1high intratumoral myeloid cells. In
pathway, and the edges indicate the relationships among biolo
been reported that cyclin D1 is involved in post-
translational regulation of PD-L1 via CDK4-related SPOP
regulation.26 In this study, we discovered a similar mecha-
nism could occur in human macrophages or TAMs, upon
extracellular adenosine exposure in the TME, which is a
novel finding. We found that adenosine repressed CCND1
mRNA expression in macrophages, resulting in increased
PD-L1 expression (Figure 2). It seems that the adenosine
receptor-mediated intracellular cAMP increase may play a
role in the downregulation of cyclin D1 (Figure 7, C), as
previously reported.41-43 Furthermore, we showed that
Ccnd1high myeloid cells were Entpd1-negative or -low, as
compared with Ccnd1low myeloid cells, which were also
functionally distinguished (Figure 9). Taken together, cyclin
D1 may be one of the major orchestrators that trigger the
differentiation of pro-tumorigenic TAMs. Our findings sug-
gest a novel immune checkpoint regulatory mechanism of
extracellular adenosine signaling, which might be related to
the cell cycle of macrophages.

We showed that both CUL3 and CUL4B interact with PD-
L1, which is important for PD-L1 regulation after adenosine
treatment of human macrophages. MLN4924, an NEDD8
inhibitor, induced PD-L1 accumulation, suggesting that
cullin-RING ligases could indeed be involved in PD-L1
regulation in macrophages. Notably, CUL3 has been found
to be important for PD-L1 ubiquitination and proteasome
degradation, downstream of CCND1 and CDK4.26 Therefore,
we hypothesized that a similar mechanism of action occurs
in macrophages and, importantly, showed that SPOP
reduction could upregulate PD-L1 (Figure 6, L‒M). Inter-
estingly, CUL4B has been reported to play a crucial role in
the proliferation and function of myeloid-derived suppres-
sor cells, which is in support of our finding.44,45 Thus, it is
important to identify an appropriate adapter protein for
CUL4B in human macrophages and investigate the exact
mechanisms of CUL4B-mediated PD-L1 regulation in mac-
rophages in the future. Overall, our results demonstrated a
critical PD-L1-regulatory role of extracellular adenosine at
the post-translational level.

Taken together, this study highlights the benefits of
use of extracellular adenosine signaling inhibitors for
reducing PD-L1 expression on TAMs, thereby providing
novel and effective strategies for future clinical trials of
refractory CRCs. Thus, the association between TAMs and
the extracellular adenosine signaling-mediated strong
tumorigenic effects reported in this study will hopefully
aid the future development of TAM-targeting cancer
immunotherapies.
m Ccnd1high and Ccnd1low intra-tumoral myeloid cells. (A)
a-tumoral myeloid cells obtained from the CT26 tumor cell-
jection (UMAP) plot for myeloid cell subclusters. (B) Propor-
ted tumors. (C) UMAP plot for the expression of Ccnd1 and
ecific gene expressions. (E) Volcano blot for Ccnd1low intra-
eloid cells. (F) UMAP plot for the expression of inflammatory
ative scRNA-seq analysis of Ccnd1low intratumoral myeloid
the functional network, each node represents a GO biological
gical pathways, based on kappa values.
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Materials and Methods
Generation and Treatment of Monocyte-derived
Macrophages and 3D Culture of Macrophages

Primary monocytes were isolated from human PB as
previously described.46 PB from healthy individuals was
obtained from the Korean Red Cross Blood Center (Wonju,
Korea), and the study protocol was approved by the insti-
tutional review board of the Red Cross, in accordance with
the principles of the Declaration of Helsinki. To induce dif-
ferentiation into macrophages, isolated human monocytes
were cultured in the presence of recombinant human
macrophage colony-stimulating factor (M-CSF, 20 ng/mL;
PeproTech, Rocky Hill, NJ) in RPMI-1640 medium (Life
Technologies, Carlsbad, CA) containing 10% fetal bovine
serum (FBS; Life Technologies), L-glutamine (2 mM), and
1% penicillin-streptomycin (Life Technologies) at 37 �C, in
an incubator with 5% CO2. The medium was replenished
every 3 days. On day 6, the generated macrophages were
treated with various ATP concentrations (5, 10, 20, 50, 100,
200, and 400 mg/mL; CAS no: 34369-07-8; Sigma-Aldrich,
St. Louis, MO), adenosine (5, 10, 20, 50, 100, 200, and 400
mg/mL; CAS no: 58-61-7; Sigma-Aldrich) and AB680 (2 mg/
mL; CAS no. 2105904-82-1; MedChemExpress, Monmouth
Junction, NJ) or CPI-444 (2 mg/mL; CAS no. 1202402-40-1;
Selleckchem, Houston, TX) for 48 hours. For PD-L1 accu-
mulation, MG-132 (CAS. No. 1211877-36-9) and MLN4924
(CAS. No. 951950-33-7) were purchased from Sigma-
Aldrich.

For 3D culture of macrophages, differentiated macro-
phages from primary monocytes were washed with Dul-
becco’s phosphate-buffered saline (Gibco, Thermo Fisher
Scientific,Waltham, MA), dissociated with Accutase, and
seeded into 12-well plates (5 � 104 cells/well) coated with
a 1.5% agarose gel (Invitrogen, Carlsbad, CA) in a-MEM
supplemented with 10% heat-inactivated FBS and 1%
penicillin-streptomycin. Treatment with ATP or adenosine
(Sigma-Aldrich) in a 3D environment was initiated 48 hours
after seeding and continued for 3 days.

Antibodies and Flow Cytometry
For the fluorescence-activated cell sorting analysis, cells

were stained with APC,-anti human CD163 (clone: GHI/61),
PD-anti human CTLA4 (clone: L3D10), Alexa 647-anti hu-
man IDO1 (clone: 2E2/IDO1), PE-anti human DR4 (clone:
DJR1), FITC-anti human CD47 (clone: REA220, FITC-anti
human MICA&B (clone: 6D4), PE-anti human PD-L1
(clone: MIH2), PD-anti human CD69 (clone: FNM50), FITC-
anti human CD2 (clone: RPA-2.10), FITC-anti human CD20
(clone: 2H7), APC-anti mouse F4/80 (clone: BM8), Brilliant
Violet 421TM-anti mouse CD11b (clone: M1/70), Brilliant
Violet 570TM-anti mouse CD45 (clone: 104), PE-anti-human
CD45 (clone: HI30), monoclonal antibodies (Biolegend; San
Diego, CA, USA), FITC-anti-human CD40 (clone: REA733),
PE-anti human CD80 (clone: 2D10), PE/vio770-anti human
CD206 (clone: DCN228), PE-anti human CD62E (clone:
REA280), PE-anti human CD192 (clone: REA264), APC-anti
human I-CAM (clone: REA266), APC-anti human HLA-DR,
DP, DQ (clone: REA332), APC-anti human CCL2 (clone:
REA485), APC-anti human CD14 (clone: HI30), Vioblue-anti
human CD31 (clone: TUK4), FTIC-anti-human CD86 (clone:
FM95), PE-anti human CD73 (clone: AD2), PE-anti mouse
PD-L1 (clone: 60533), PE-anti mouse CD39, and PE-anti
human CD39 (clone: REA739) monoclonal antibodies (Mil-
tenyi Biotec; Bergisch Gladbach, Germany), and PE/CF594-
anti human CD3 (clone: UCHT1), PE-anti human CD44
(clone: G44-26), PE-anti human CD183 (clone: 150503), and
PD-1 (clone: REA739) monoclonal antibodies (BD Bio-
sciences; San Jose, CA, USA) following the manufacturer’s
protocol. Cells were incubated on ice for 20 minutes,
washed with chilled annexin V binding buffer, and analyzed.
Data were collected using a MACSQuant Analyzer VYB
(Miltenyi Biotec).
Lentiviral Vector Constructs
A full-length human CD274 (encoding PD-L1) cDNA

clone (SC115168; pCMV6-XL4-PDL1) was purchased from
OriGene Technologies (Rockville, MD). FLAG-tagged PD-L1
(NM_014143) was constructed using p3xFLAG-CMV10 and
amplified for cloning into a lentiviral vector, pLVX-EF1a-
IRES-puro. cDNA of SPOP (NM_003563) was purchased
from the Korea Human Gene Bank (Daejeon, Korea). The
SPOP gene was fused with an HA- or Myc-tag and combined
with pcDNA3.1 or pLVX-EF1a-IRES-puro, respectively.
Plasmids encoding HA-tagged ubiquitin (AB089617) and
Myc-tagged Cullin-3 (CUL3; NM_003590) were purchased
from Addgene (#18712 and #19893, respectively) and
assembled with pLVX-EF1a-IRES-puro. Myc-tagged CCND1
(NM_053056) was synthesized by Macrogen (Seoul, Korea)
and conjugated with pLVX-EF1a-IRES-puro. shRNAs against
CUL3, CUL4B, SPOP, and CCND1 were purchased from Mac-
rogen and inserted into a pLKO.1-puro vector to generate
lentiviruses, as previously described.
Quantitative Reverse Transcription Polymerase
Chain Reaction (qRT-PCR)

Total RNA was isolated from human macrophages using
the QIAzol RNA lysis reagent (Qiagen, Valencia, CA, USA).
cDNA was synthesized from RNA using a PrimeScript RT re-
agent kit (Takara Bio, Tokyo, Japan) according to the manu-
facturer’s instructions. qPCR was performed using Power
SYBR Green PCR master mix (Applied Biosystems, Foster City,
CA) and a QuantStudio 3 real-time PCR system (Applied
Biosystems) following manufacturer’s instruction. Glyceral-
dehyde 3-phosphate dehydrogenase (GAPDH) served as a
housekeeping gene for normalization. Experiments were
performed in triplicate. The primers used are listed here.
CCND1-1-F: 5’-AGCTGTGCATCTACACCGAC-3’, CCND1-1-R: 5’-
GAAATCGTGCGGGGTCATTG-3’, CCND1-2-F: 5’-CAACCTCCT-
CAACGACCGG-3’, CCND1-2-R: 5’-ACTTCTGTTCCTCGCAGACC-
3’, CCND2-1-F: 5’-CGACTCCGAAGTCCCATCTG-3’, CCND2-1-R:
GGCTTGATGGAGTTGTCGGT-3’, CCND2-2-F: 5’-TTGAAGTG-
GAACCTGGCAGC-3’, CCND2-2-R: AGCATGCTTGCGGATCAGAG-
3’, CCND3-1-F: CGAGTATGGAGCTGCTGTGT-3’, CCND3-1-R:
5’-CACGCACTGGAAGTAGGAGG-3’, CCND3-2-F: 5’-GTATG-
GAGCTGCTGTGTTGC-3’, CCND3-2-R: 5’-



784 Noh et al Cellular and Molecular Gastroenterology and Hepatology Vol. 14, No. 4
GCACGCACTGGAAGTAGGAG-3’, PD-L1-1-F: 5’-
GCTATGGTGGTGCCGACTACAA-3’, PD-L1-1-R: 5’-
GGTGGTGGTCTTACCACTCAGGA-3’

Western Blotting
Human macrophages were filtered through a cell

strainer (70 mm; Falcon) and pelleted for lysis. Protein
samples were boiled for 10 minutes, separated by electro-
phoresis in 12% sodium dodecyl sulfate polyacrylamide
gels, and transferred onto nitrocellulose membrane (Amer-
sham Biosciences, Buckinghamshire, UK). The membrane
were blocked with 5% skim milk and probed with a rabbit
anti-PD-L1 antibody (1:1,000; Cell Signaling Technology,
Danvers, MA), rabbit anti-CDK4 antibody (1:500; Cell
Signaling Technology), rabbit anti-SPOP antibody (1:1,000;
Proteintech, Tokyo, Japan), anti-cyclin D1 antibody (1:1,000,
Cell Signaling Technology), or mouse anti-b-actin antibody
(1:5,000, Cell Signaling Technology) at 4 �C overnight. The
membranes were then incubated with horseradish
peroxidase-conjugated anti-mouse or anti-rabbit IgG
(Sigma-Aldrich) for 1 hour. Protein bands were visualized
using enhanced chemiluminescence reagents (Amersham
Biosciences).
Immunoprecipitation (IP)
An IP lysis buffer (150 mM NaCl, 25 mM Tris-HCl, 10%

glycerol, and 1 mM EDTA) containing a protease inhibitor
cocktail (Roche, Basel, Switzerland) was used for cell lysis.
After centrifugation at 12,000 � g for 20 minutes at 4 �C,
equal amounts of protein were incubated overnight at 4 �C
with anti-HA, anti-Myc (Cell Signaling Technology), anti-
FLAG (Sigma-Aldrich) primary antibodies, and a rabbit
polyclonal IgG antibody (Cell Signaling Technology) as a
negative control. Subsequently, the samples were incubated
with protein A/G Sepharose beads (GE Healthcare, Wauke-
sha, WI) at 4 �C for 2 hours. The immunocomplexes were
washed 5 times with lysis buffer, boiled, and analyzed using
Western blot, with 1:500 dilutions of anti-HA, anti-Myc, and
anti-FLAG primary antibodies.

Immunohistochemical (IHC) Staining
Tissue microarrays for normal and cancerous human

colon tissues (sample ID: BC05118d) were purchased from
Biomax (Rockville, MD). The tissue microarray samples
were dried for 20 minutes at 60 �C, deparaffinized with
xylene, and rehydrated. Antigens were retrieved by heating
the sections at 95 �C in 0.01 M sodium citrate buffer, pH 6.0.
Endogenous peroxidase activity was blocked using 3%
hydrogen peroxide. The samples were stained with anti-
bodies against cyclin D1 (1:100, MA5-16356; Thermo Fisher
Scientific) and CD163 (1:100, MA5-11458; Thermo Fisher
Scientific). Incubation with a biotin-conjugated secondary
antibody and visualization were performed using the VEC-
TASTAIN Elite ABC-HRP kit (Vector Laboratories, Burlin-
game, CA), followed by counterstaining with hematoxylin.
The processed slides were analyzed under a light micro-
scope (IX53; Olympus, Tokyo, Japan) using the CellSens
Dimension program. Cyclin D1 immunostaining intensity in
macrophage-enriched areas of colon tissues was analyzed
using ImageJ software (National Institutes of Health, Rock-
ville, MD).
Enzyme-linked Immunosorbent Assay (ELISA)
Human PBMC derived macrophage supernatants were

collected, centrifuged at 1500 rpm for 10 minutes at 4 �C
and stored in �80 �C until further use. These samples were
used to measure the secretory levels of TNF-a and IL-10 by
ELISA using a LEGNEND MAX kit (Biorad Technologies, UK)
according to the manufacturer’s instructions (Biolegend, San
Diego, CA).

Intracellular cAMP Analysis
Macrophages were differentiated in a-MEM medium

supplemented with 10% (v/v) heat-inactivated FBS, 1% (v/
v) penicillin-streptomycin, and 20 ng/mL human M-CSF at
37 �C in 5% CO2 for 7 days. After then, differentiated
macrophages were incubated in a-MEM medium without
FBS at 37 �C incubator for 2 hours and stimulated with ATP
and/or AB680 in the presence of 200 uM 3-Isobutyl-1-
methylxanthine (IBMX, Sigma-Aldrich) for 1 hour. Intracel-
lular cAMP was measured using commercially available
cAMP-GloTM assay kit (Promega, Madison, WI) according to
the manufacturer’s protocol.

Liquid Chromatography–Tandem Mass
Spectrometry (LC-MS/MS)

Human macrophages were transduced with the PD-L1-
FLAG-expressing lentivirus and cultured in the presence
or absence of 200 mM adenosine. In-gel digestion of
immunoprecipitated proteins was performed for peptide
analysis. The gels were sliced into seven fractions according
to their molecular weight and destained with a solution
containing 10 mM ammonium bicarbonate and 50% aceto-
nitrile. Tryptic in-gel digestion of proteins was performed in
50 mM ammonium bicarbonate at 37 �C for 12 to 16 hours.
Tryptic peptides were analyzed using LC-MS/MS. All MS and
MS/MS spectra were acquired using an LTQ-Velos ESI ion
trap mass spectrometer (Thermo Fisher Scientific) in the
data-dependent mode. For protein identification, MS/MS
spectra were searched for using MASCOT (version 2.4;
Matrix Science, UK) in the mouse protein database down-
loaded from UniProt (www.uniprot.org). Each sample was
subjected to MS/MS analysis in triplicate. For protein
quantification, the mol% value was calculated from the
emPAI value using the MASCOT program.47,48 DEPs were
defined as abs (log ratio) �0.2. Gene set enrichment tests
for GO were performed using Enrichr.49 A protein-protein
interaction network was constructed using STRING v11.50

Illumina RNA-seq
Total RNA was isolated from macrophages, and an RNA-

seq library was generated using the TruSeq Stranded Total
RNA LT sample prep kit (Illumina, San Diego, CA), according
to the manufacturer’s instructions. Briefly, mRNA was

http://www.uniprot.org
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separated from the total RNA using oligo (dT) beads and
chemically fragmented. After double-stranded cDNA syn-
thesis from the fragmented mRNA, end repair, adenylation
of the 30 end, and sequencing adapter ligation were per-
formed, followed by DNA purification with magnetic beads
and PCR amplification. Finally, the amplified library was
purified, quantified, and used for template preparation. The
NovaSeq 6000 platform (Illumina) was used to generate
101-bp paired-end sequencing reads, which were mapped
to the reference genome sequence of Mus musculus (UCSC
mm10) using HISAT2 version 2.1.0.51 The mapped reads
were assembled using StringTie version 1.3.4d,52 merged
for each condition (untreated and adenosine treated
groups), and quantified using read counts and fragments
per kilobase of transcript per million mapped reads. Finally,
DEGs were identified using the criteria of a fold change of 2
and a nbinormWaldTest raw P-value of < .05. The expres-
sion volume of each gene was estimated using transcript
assembly.

Clustering Analysis
We reprocessed clustering scRNA-seq data downloaded

from the Sequence Read Archive under accession number
SUB8983993, to determine the transcriptional profiles of
Ccnd1low and Ccnd1high myeloaid cells in a tumor-bearing
mouse model.25 We used FindVariableFeatures in the
Seurat package to identify highly variable genes and then
performed principal component analysis with the top 2000
variable genes. Clusters were partitioned using FindClusters
in the Seurat package, and the cells were projected into a 2-
dimensional space with uniform manifold approximation
and projection (UMAP). The DEGs in each cluster were
identified using FindMarkers in the Seurat package. We also
used the SingleR53 method.

The Cancer Genome Atlas (TCGA) Data Analysis
NT5E and CCND1 mRNA expression and patient survival

data, grouped by colon cancer, were derived from TCGA
data portal (http://cancergenome.nih.gov/). The data in
TCGA included RNA-seq expression, whole-genome
sequencing, and clinical phenotype data for colon cancer.
Genomic and clinical data for colon cancer samples were
downloaded from TCGA data portal (https://www.
cbioportal.org/). RNA-seq data were analyzed using reads
per kilobase of transcripts per million mapped reads. All
analyses were performed using R package. The Kaplan-
Meier method was used to plot the survival curves. The
survival records of patients who were alive at the final
follow-up were censored.

Gene Set Enrichment Analysis
Representative DEG-related biological pathways were

analyzed using the Metascape web portal,54 including
GO.55 Pairwise similarities between any 2 enriched bio-
logical pathways were computed based on a kappa test
score.56 The most significant pathways (P-value 0.01) were
clustered based on pairwise similarities. The hypergeo-
metric test and Benjamini-Hochberg P-value correction
algorithm were used to identify all biological pathway
terms that contained a statistically greater number of
genes in common with an input list than that expected by
chance.

Animal Model
Male BALB/c mice (6‒8 weeks old) were purchased

from Orientbio, Inc. (Seongnam, Gyeonggi-do, Korea) and
housed in a pathogen-free animal facility. All animal ex-
periments were approved by the Institutional Animal Care
and Use Committee of the Korea Research Institute of
Chemical Technology in accordance with the Guide for the
Care and Use of Laboratory Animals published by the
United States National Institutes of Health. A tumor-
bearing model was established by subcutaneous injection
of 1 � 106 CT26 cells (ATCC CRL-2638TM; American Type
Culture Collection, Manassas, VA) into the right flanks of
mice. Four days after inoculation, the mice were randomly
divided into control, AB680-treated, and Palbociclib-
treated groups (n ¼ 9 mice per group). The CD73 inhibi-
tor AB680 (20 mg/kg) (MedChemExpress) and Palbociclib
(20 mg/kg) (MedChemExpress) were administered intra-
peritoneally from day 0 to day 18 after inoculation. Tu-
mors were measured every 2 days using calipers. Tumor
volumes were calculated as: volume (mm3) ¼ (d2 � D)/2,
where d and D represent the shortest and longest tumor
diameters, respectively. To analyze macrophages and T
cells from tumor tissues, a whole CT26 tumor (w3–4 mm)
was harvested from a sacrificed mouse and placed in 10
mL of ice-cold DPBS. The tumor tissue was thoroughly cut
and minced with a scalpel into fragments of �0.5 mm. A
cell suspension of the minced tumor was generated using a
tumor dissociation kit (Miltenyi Biotec) following the
manufacturer’s protocol. CD45-positive tumor-infiltrating
lymphocytes were analyzed using fluorescence-activated
cell sorting.

AOM-DSS Murine Model
All animal experiments were approved by the Institu-

tional Animal Use and Care Committee of the Korea
Research Institute of Chemical Technology and performed
in accordance with the Guide for the Care and Use of
Laboratory Animals published by the United States Na-
tional Institutes of Health. A colitis-associated cancer
model mouse was made by intraperitoneal injection of
10mg/kg AOM (Sigma-Aldrich, st. Louis, MO) and by oral
administration of 2.5% DSS with a molecular weight of
36,000–50,000 (MP Biomedicals, Santa Ana, OH). Five-
week-old male C57BL/6J mice (Orientbio, Inc., Seongnam,
Gyeonggi-do, Korea) a were acclimatized for the first week.
At 6 weeks of age, mice were randomly divided into a
control healthy group (n¼8), AOM/DSS group (n¼8), and
AOM/DSSþAB680 or Palbociclib treated group (n¼8).
Seven days after AOM injection, 2.5% DSS was given in the
drinking water over 7 days, followed by 14 days of regular
water. Three cycles of DSS treatment were repeated.
AB680 (10 mg/kg) (MedChemExpress) and Palbociclib (20
mg/kg) (MedChemExpress) were administered from day

http://cancergenome.nih.gov/
https://www.cbioportal.org/
https://www.cbioportal.org/


786 Noh et al Cellular and Molecular Gastroenterology and Hepatology Vol. 14, No. 4
0 to 21 after the end of the third cycle of DSS treatment via
the intraperitoneal (i.p.) route. All mice were sacrificed at
the end of the experiments (at day 21 after the third cycle
of DSS treatment), and the colons were obtained. Each
colon was cut open longitudinally, and the normal tissue of
the proximal colon, dysplasia tissue of the middle colon,
and cancer tissue of the distal colon were distinguished
and assessed using a stereoscopic microscope. For flow
cytometry analysis, we generated cell suspension of the
minced colon tissues using an Intestine Dissociation Kit
(Miltehyi Biotec, Bergisch Gladbach, Germany) following
the manufacturer’s protocol.

Statistical Analysis
All statistical tests were performed using directed pair-

wise comparisons. Unpaired t tests were performed to
analyze differences between two groups. Statistical signifi-
cance was defined as P < .05. Data are presented as the
mean ± standard error of the mean. Statistical analyses
were performed using the Prism software (GraphPad Soft-
ware, La Jolla, CA).
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