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Hypoxia-inducible factor orchestrates adenosine
metabolism to promote liver cancer development
Jacinth Wing-Sum Cheu1,2, David Kung-Chun Chiu1, Kenneth Kin-Leung Kwan1,2, Chunxue Yang1,
Vincent Wai-Hin Yuen1,2, Chi Ching Goh1, Noreen Nog-Qin Chui1, Wei Shen1,2, Cheuk-Ting Law1,
Qidong Li1, Misty Shuo Zhang1,2, Macus Hao-Ran Bao1,2, Bowie Po-Yee Wong1,
Cerise Yuen-Ki Chan1,2, Cindy Xinqi Liu1, Grace Fu-Wan Sit1, Zher Yee Ooi1, Haijing Deng1,
Aki Pui-Wah Tse1,2, Irene Oi-Lin Ng1,3, Carmen Chak-Lui Wong1,2,3,4,5*

Hypoxia-induced adenosine creates an immunosuppressive tumor microenvironment (TME) and dampens the
efficacy of immune checkpoint inhibitors (ICIs). We found that hypoxia-inducible factor 1 (HIF-1) orchestrates
adenosine efflux through two steps in hepatocellular carcinoma (HCC). First, HIF-1 activates transcriptional re-
pressor MXI1, which inhibits adenosine kinase (ADK), resulting in the failure of adenosine phosphorylation to
adenosine monophosphate. This leads to adenosine accumulation in hypoxic cancer cells. Second, HIF-1 tran-
scriptionally activates equilibrative nucleoside transporter 4, pumping adenosine into the interstitial space of
HCC, elevating extracellular adenosine levels. Multiple in vitro assays demonstrated the immunosuppressive
role of adenosine on T cells and myeloid cells. Knockout of ADK in vivo skewed intratumoral immune cells to
protumorigenic and promoted tumor progression. Therapeutically, combination treatment of adenosine recep-
tor antagonists and anti–PD-1 prolonged survival of HCC-bearingmice. We illustrated the dual role of hypoxia in
establishing an adenosine-mediated immunosuppressive TME and offered a potential therapeutic approach
that synergizes with ICIs in HCC.
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INTRODUCTION
Hepatocellular carcinoma (HCC), a major primary liver cancer
transformed from hepatocytes, ranks the third deadliest cancer
worldwide (1). High mortality of HCC is ascribable to late
symptom presentation and its resistance against conventional che-
motherapies. Most patients with HCC are deemed ineligible for sur-
gical treatment at the time of diagnosis. Currently, there are only
two types of U.S. Food and Drug Administration (FDA)–approved
drugs for patients with advanced HCC, namely, tyrosine kinase in-
hibitors (TKIs) and immune checkpoint inhibitors (ICIs). TKIs
such as sorafenib and lenvatinib extend patients’ survival for only
around 3 months (2, 3). Nivolumab, an anti–PD-1 (programmed
cell death protein 1) monoclonal antibody was recently approved
by FDA as second-line HCC treatment with a response rate of
20% in patients with HCC (4). Nivolumab has demonstrated an un-
precedented clinical benefit in a subset of patients with HCC; none-
theless, majority of patients with HCC remain unresponsive to
nivolumab. Therefore, the investigations on combinatorial thera-
pies to improve ICIs are actively underway. Recently, the combina-
tion treatment of bevacizumab, an anti–vascular endothelial growth
factor monoclonal antibody, and atezolizumab, an anti–PD-L1
(programmed cell death ligand 1) monoclonal antibody, has been
FDA-approved as a first-line treatment for patients with advanced
HCC, and it is the first treatment that achieves a better survival
outcome than the standard treatment sorafenib with a response

rate of around 27% (5). While immunotherapies have emerged to
be a major HCC therapy especially in a combination treatment ap-
proach, more thorough understanding of the resistance mecha-
nisms against ICIs in HCC is crucial to provide a mechanistic
rationale for combination treatment and to enhance therapeutic
efficacy.
Tumor microenvironment (TME) plays a key role in mediating

immune evasion and resistance to ICIs. TME is a complexed and
interactive network with multiple components including cancer
cells, immune cells, stromal cells, extracellular matrix, and vascula-
ture (6, 7). A diversity of immune cells is found in the HCC micro-
environment including antitumorigenic immune cells including
dendritic cells (DCs), natural killer (NK) cells, and T cells, and pro-
tumorigenic immune cells such as myeloid-derived suppressor cells
(MDSCs) and regulatory T cells (Tregs) (8, 9). HCC cells, taking ad-
vantage of this shared TME, favor the accumulation of protumori-
genic cells while suppressing antitumorigenic immune cells
through production of immunosuppressive chemokines and me-
tabolites. One of the key contributors to this immunosuppressive
TME is hypoxia, oxygen (O2) deprivation.
Hypoxia is a prominent feature in HCC due to abnormal tumor

vasculature resulting in uneven O2 delivery. The major molecular
mechanisms induced by hypoxia are mediated by the transcription
factor, hypoxia-inducible factor (HIF). HIF comprises an O2-re-
sponsive HIF-1/2α subunit and a constitutively expressed HIF-1β
subunit (10). In the presence of O2 (normoxia), HIF-1/2α is hydrox-
ylated by prolyl hydroxylase (11), permitting E3 ubiquitin ligase von
Hippel–Lindau protein (VHL) to bind to HIF-1/2α and mediate the
proteasomal degradation of HIF-1/2α (12). When O2 level declines,
stabilized HIF-1/2α protein translocates to the nucleus and forms
dimeric complex with HIF-1β. The HIF complex initiates transcrip-
tion by binding to genes enclosing consensus sequence –A/
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GCGTG-, hypoxia response elements (HREs) (13). HIF regulates a
wide repertoire of genes that benefit essentially all steps in tumor
development including angiogenesis, metabolic reprogramming,
metastasis, chemo- and radioresistance, and immune evasion.
HIF promotes immune escape through multiple ways. HIF pro-

motes immunosuppressive cell recruitment like MDSC and Treg by
inducing cancer cell–secreted chemokines C-C motif chemokine
ligand 26 (CCL26) and C-C motif chemokine ligand 28 (CCL28),
respectively (14, 15). In breast cancer stem cells, HIF induces integ-
rin CD47 which acts as a do-not-eat-me signal through interaction
with receptor signal regulatory protein alpha (SIRPα) expressed on
macrophages to prevent phagocytosis (16). HIF also induces the
production of immunosuppressive metabolites such as adenosine
through transcriptionally activating the ectoenzymes CD39/
CD39L1 and CD73 (17–19). CD39/CD39L1 hydrolyzes extracellu-
lar adenosine triphosphate (ATP)/adenosine diphosphate (ADP) to
ADP/adenosine monophosphate (AMP), while CD73 converts
AMP to adenosine eventually (Fig. 1A) (20).
Extracellular adenosine exerts its immunosuppressive effect via

interacting with four heterotrimeric guanine nucleotide-binding
protein–coupled receptors [adesonsine A1 receptor (A1R), adeno-
sine 2A receptor (A2AR), adenosine 2B receptor (A2BR), and A3R]
(21). Adenosine has been shown to enrich Tregs via A2AR (22). Treg
also expresses CD39, which, together with CD73 expressed on
cancer cells and other stromal cells, produces adenosine to inhibit
T cells and NK cells (23–25). It also promotes the expansion of
MDSCs andmaintains their immunosuppressive activities while in-
hibiting tumor antigen cross-presentation in DCs through A2BR
(26, 27). Given the strong immunosuppressive roles of adenosine,
blocking extracellular adenosine accumulation represents a tantaliz-
ing therapeutic strategy in cancer treatment for its potential effect to
reinstate immunity. CD39 and CD73 have been hotly pursued ther-
apeutic targets in treating cancers (28, 29). Although intracellular
adenosine is an indispensable source of adenosine that can be ex-
ported to the surroundings, how intracellular adenosine contributes
to extracellular adenosine accumulation and the establishment of
immunosuppressive TME is underappreciated. Therefore, under-
standing the underlying molecular mechanisms of intracellular
adenosine accumulation and its export sheds light on another im-
portant contributor to adenosine-rich TME.
Adenosine is transported out from cells through energy-inde-

pendent equilibrative nucleoside transporters (ENTs), while aden-
osine uptake is mediated by both ENTs and energy-dependent
concentrative nucleoside transporters (CNTs) (30). ENT family
comprises ENT1 to ENT4 family members. Although they all facil-
itate the transport of adenosine, they have distinct subcellular local-
ization. ENT1 and ENT2 are mainly expressed in plasmamembrane
and could be found in the nuclear membrane. ENT1 could also be
found in the mitochondrial membrane. ENT3 is exclusively ex-
pressed in endosomal/lysosomal and mitochondrial membranes.
ENT4 is exclusively found in the plasma membrane (31). ENT1
and ENT4 are the major studied transporters that could efflux aden-
osine. ENT4 is more divergent from ENT1 to ENT3, and it is only
specific to adenosine, while ENT1 to ENT3 members have affinities
for other nucleosides (30). ENT4 has been reported to regulate the
level of extracellular adenosine in heart under acidic condition (32).
Direction of ENT-mediated adenosine transport is solely deter-
mined by concentration gradient, and thus, intracellular adenosine
metabolism plays a key role in adenosine export. Intracellular

metabolism of adenosine can be principally controlled by three
major enzymes, S-adenosylhomocysteine hydrolase (SAHH), aden-
osine deaminase (ADA), and adenosine kinase (ADK). SAHH re-
versibly hydrolyzes S-adenosylhomocysteine to adenosine and
homocysteine. ADA hydrolyzes adenosine to inosine. ADK phos-
phorylates intracellular adenosine to AMP (Fig. 1A). ADK has a
high affinity for adenosine and is the major enzyme that clears in-
tracellular adenosine rapidly to maintain low intracellular adeno-
sine (33). Although it is demonstrated in endothelial cells that
ADK was shown to be repressed by hypoxia in a HIF-1–dependent
manner, how HIF mediated ADK suppression requires further de-
lineation (34).
We found that ADK was repressed, while ENT4 was induced by

hypoxia in HCC. At the regulatory level, we found that HIF-1
induced a transcriptional repressor MAX interacting protein 1
(MXI1) to inhibit ADK transcription, while HIF-1 directly activated
ENT4 transcriptionally. We hypothesize that the reduction of ADK
impaired the clearance of intracellular adenosine leading to its ac-
cumulation intracellularly. By concentration gradient, hypoxia-
induced ENT4 facilitated the export of adenosine to the extracellu-
lar space, leading to substantial accumulation of extracellular aden-
osine. We demonstrated that ADK repression and ENT4
overexpression (OE) drove extracellular adenosine accumulation.
Extracellular adenosine drove Treg differentiation andMDSC induc-
tion and suppressed T cell proliferation. We further showed that
ADK knockout (KO) in HCC tumors skewed intratumoral
immune cells to protumorigenic and promoted tumor progression.
Blocking adenosine receptors on immune cells could work synerg-
istically with anti–PD-1. We illustrated the significance of the dual
role of hypoxia/HIF in establishing an adenosine-mediated immu-
nosuppressive TME and offered a potential therapeutic approach
that might synergize with ICIs in HCC.

RESULTS
ADK was down-regulated and ENT4 was up-regulated in
human HCC
To understand the clinical relevance of adenosine metabolism in
HCC, we investigated the expression levels in patients with HCC.
We found thatADKwas down-regulated in HCC tissues when com-
pared to paired nontumorous (NT) liver tissues in both the Univer-
sity of Hong Kong-Queen Mary Hospital (HKU-QMH) cohort and
The Cancer Genome Atlas (TCGA) database (Fig. 1B). TCGA data
showed that lower expression of ADK was significantly correlated
with poorer overall and disease-free survival (Fig. 1C). On the
other hand, ENT4 was overexpressed in HCC tissues when com-
pared to paired NT liver tissues in both HKU-QMH and TCGA
cohort (Fig. 1D). Higher expression of ENT4 was remarkably cor-
related with shorter overall and disease-free survival (Fig. 1E).
Among all the ENT family members, ENT4 was the only family
member associated with poor prognosis in both overall and
disease-free survival in TCGA cohort (fig. S1, A and B). Moreover,
HCC samples from HKU-QMH with higher ENT4 expression were
significantly associated with larger tumor size (>5 cm; table S1).
Given the important role of these two genes in adenosine metabo-
lism and transport, the unique clinical expression patterns of these
two genes prompted us to further investigate the regulation of these
two genes in HCC.
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Hypoxia repressed ADK and induced ENT4 through HIF-1
in HCC
Next, we investigated how these two important genes in adenosine
metabolism were being regulated in HCC. Hypoxia was previously
reported to promote extracellular adenosine accumulation in TME
via up-regulation of the ectoenzymes CD39 and CD73 to enhance
ATP/AMP/adenosine conversion. Therefore, we explored whether
hypoxia also regulated ADK and ENT4, orchestrating extracellular
adenosine accumulation via regulating intracellular adenosine. We
found that ADK was suppressed under hypoxia in multiple human
HCC cell lines (Fig. 2A) and the effect could be abrogated byHIF-1β

knockdown (Fig. 2B and fig. S2, A and B). As the direct binding of
HIF to gene promoter regions usually enhances gene transcription,
the suppression of ADK under hypoxia may be regulated in an in-
direct manner. MXI1 is a transcription repressor that has been re-
ported to be induced by hypoxia and inhibited C-MYC activities
(35). Under hypoxia, MXI1 is up-regulated and functions as a tran-
scription repressor by competing with MYC to dimerize with MAX
and bind to E-box element (5′-CACGTG-3′) at gene promoter
region (36), thereby preventing the transcriptional activation medi-
ated by MYC binding. We showed thatMXI1 was induced in HCC
cells and the effect was reversed by knockdown of HIF-1β (Fig. 2C

Fig. 1. ENT4 is overexpressed, while ADK is suppressed in human HCC. (A) Schematic representation of pathways involved in adenosine metabolism. (B) ADKmRNA
expression in paired HCC and NT (nontumorous) tissues from (left) University of Hong Kong-Queen Mary Hospital (HKU-QMH) patients and (right) The Cancer Genome
Atlas (TCGA) database. (C) Kaplan-Meier curves showing the association of ADKmRNA expression with (left) overall and (right) disease-free survival in patients with HCC
from TCGA database. (D) ENT4mRNA expression in paired HCC and NT tissues from (left) HKU-QMH patients and (right) TCGA database. (E) Kaplan-Meier curves showing
the association of ENT4mRNA expression with (left) overall and (right) disease-free survival in patients with HCC from TCGA database. *P < 0.05, ***P < 0.001, and ****P <
0.0001 versus NT. (B) and (D) Student’s t test. (C) and (E) Kaplan-Meier followed by log-rank test. RSEM, RNA sequencing expression estimation by expectation
maximization.
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and fig. S2C). In silico analysis revealed putative E-box element at
ADK promoter region (Fig. 2D). Chromatin immunoprecipitation
(ChIP) assay demonstrated that there was a significant enrichment
of MXI1 binding to ADK promoter region under hypoxia, which
was accompanied by the lack of MYC enrichment at the site
(Fig. 2D). Meanwhile, ENT4 was up-regulated under hypoxia in
multiple HCC cell lines (Fig. 2E), and the effect could be abrogated

by HIF-1β knockdown (Fig. 2F and fig. S2, D and E). In silico anal-
ysis identified putative HRE at ENT4 promoter region (Fig. 2G).
ChIP assay demonstrated that there was a significant enrichment
of HIF-1β binding to ENT4 promoter region under hypoxia
(Fig. 2G). Luciferase reporter assay further confirmed this putative
HRE to be functional, as more prominent induction of luciferase
activity by hypoxia was observed in HCC cells expressing wild-

Fig. 2. ADK and ENT4 are regulated
by hypoxia via HIF. (A) ADK mRNA
expression in human HCC cell lines
including MHCC97L, Hep3B, CLC6,
and CLC11 exposed to 20 and 1% O2
for 24 hours. (B) ADK mRNA expres-
sion in MHCC97L-shHIF1β cells com-
pared to NTC (nontargeting control)
exposed to 20 and 1%O2 for 24 hours.
(C) MXI1 mRNA expression in
MHCC97L-shHIF-1β cells compared to
NTC exposed to 20 and 1% O2 for 24
hours. (D) Left: Schematic represen-
tation of competition of MYC and
MXI1 for E-box element binding
under hypoxia and the binding site at
ADK promoter region. Right: ChIP
assay onMHCC97L cells exposed to 20
and 1% O2 using MXI1, MYC, and im-
munoglobulin G (IgG) antibodies. (E)
ENT4mRNA expression in human HCC
cell lines including MHCC97L, Hep3B,
CLC6, and CLC11 exposed to 20 and
1% O2 for 24 hours. (F) ENT4 mRNA
expression in MHCC97L-shHIF-1β cells
compared to NTC exposed to 20 and
1% O2 for 24 hours. (G) Left: Putative
HRE at the promoter region of ENT4.
Right: ChIP assay in MHCC97L cells
exposed to 20 and 1%O2 using HIF-1β
and IgG antibodies. (H) Relative lucif-
erase activity in MHCC97L cells trans-
fected with luciferase plasmids
containing WT HRE or MUT HRE. (A) to
(C), (E), and (F) mRNA expression was
determined by quantitative real-time
polymerase chain reaction (qRT-PCR),
and values were normalized to 20%
O2 or 20% O2 NTC. (D) and (G) Fold of
enrichment was normalized to the
corresponding IgG controls. (H) Rela-
tive luciferase activity was normalized
to 20% O2 WT or 20% O2 MUT, re-
spectively. Error bars indicate means ±
SD. *P < 0.05, **P < 0.01, ***P < 0.001,
and ****P < 0.0001 versus 20% O2,
20% O2 NTC, IgG, 20% O2 WT, or 20%
O2 MUT as indicated. Student’s t test.
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type (WT) HRE than those expressing a mutated (MUT) one (Fig
2H). Together, ADKwas suppressed by hypoxia via HIF/MXI1 axis,
while ENT4 was a direct transcriptional target of HIF.

Adenosine is an immunosuppressive metabolite in HCC
We demonstrated that hypoxia suppresses ADK, and we proposed
that this promotes intracellular adenosine accumulation that creates
a concentration gradient of adenosine favoring its efflux. Mean-
while, hypoxia elevates ENT4 that may facilitate the export of aden-
osine down the concentration gradient, leading to extracellular
adenosine accumulation in TME. Therefore, we then explored
how extracellular adenosine influences immune cells. As extracellu-
lar adenosine is degraded rapidly, we used a stable analog of aden-
osine, 5′-N-ethylcarboxamide adenosine (NECA) to study the
immunomodulatory effect of adenosine. We cultured splenic T
cells in the presence of CD3/CD28 Dynabeads and interleukin-2
(IL-2) for 3 days at indicated conditions. T cells were then harvested
for flow cytometry analysis or bulk RNA sequencing. We showed
that NECA suppressed both CD8+ and CD4+ T cell proliferation
in a dose-dependent manner (Fig. 3A). We also observed a dose-de-
pendent decrease of interferon-γ (IFN-γ) and granzyme B–express-
ing CD8+ T cells but an increase of cell death in both CD8+ and
CD4+ T cells upon NECA treatment (Fig. 3, B and C). Moreover,
NECA increased the percentage of Tregs (CD4+CD25+FOXP3+)
after culturing for 3 days, and this could be abrogated by the addi-
tion of A2AR antagonist (ZM241385) but not A2BR antagonist
(CVT6883; Fig. 3D). Gene set enrichment analysis (GSEA) on
our RNA sequencing result showed that NECA-treated T cells
were enriched with genes associated with Treg gene signature
(Fig. 3, E and F) and negative regulation of T cell proliferation
(Fig. 3G), echoing our observation in flow cytometry analysis. We
also observed the up-regulation of genes commonly observed in
Treg, such as Csf2, Foxp3, Tnfrsf18, Ccr4, Ccl22, and Ctla4, and a
down-regulation of multiple cytotoxic genes, including Gzmb,
Gzmm, Prf1, Gzma, and Gzmk (Fig. 3H), suggesting that NECA
promotes the differentiation to Treg and dampens the cytotoxicity
of T cells.
To look at how NECA influences the differentiation of myeloid

cells, we cultured bone marrow progenitor cells in the presence of
granulocyte-macrophage colony-stimulating factor (GM-CSF) and
IL-4 for 5 days. Cells were harvested for flow cytometry analysis or
bulk RNA sequencing. We demonstrated that NECA promoted
MDSCs (CD11b+Gr-1+) accumulation, which could only be abro-
gated by A2BR blockade but not A2AR blockade (Fig. 4A). Mean-
while, NECA suppressed differentiation to DCs and could be
rescued by both A2AR and A2BR blockade (Fig. 4B). Gene Ontol-
ogy (GO) enrichment analysis showed that the top two GO terms
were related to leukocyte migration and cell chemotaxis (Fig. 4C).
Therefore, we further investigated the gene expression change of a
panel of chemokines and cytokines. We observed that multiple che-
mokines that are well known to be recruiting immunosuppressive
immune cells were up-regulated (Fig. 4D). Ccl2, Ccl7, Ccl8, and
Ccl12 recruit MDSCs via CCR2 receptors (37). Cxcl1, Cxcl2,
Cxcl3, and Cxcl5 recruit CXCR2+ cells, such as neutrophils and
MDSCs (38). S100a8 and S100a9 promote MDSC accumulation
(39, 40). On the other hand, there was a decrease in T cell chemo-
attractants including Cxcl9, Ccl4, and Ccl5 (Fig. 4D). We also
studied the effect of NECA on macrophages. NECA treatment sup-
pressed major histocompatibility complex II (MHCII) expression,

which is important for antigen presentation by antitumorigenic
macrophages, while inducing CD206 expression, an immunosup-
pressive marker on macrophages (Fig. 4E).
Upon confirming the immunosuppressive role of adenosine, we

investigated how manipulation of ADK and ENT4 influence extra-
cellular adenosine level.We first established stableAdkKO clones in
mouse HCC cell line using the CRISPR-Cas9 system with two inde-
pendent single-guide RNA (sgRNA) sequences (AdkKO-43 and
AdkKO-101; fig. S3A). We harvested conditioned medium from
these clones and performed liquid chromatography–mass spec-
trometry (LC-MS) to detect extracellular adenosine. We showed
that extracellular adenosine level increased upon Adk ablation
with a more obvious effect observed under hypoxia (Fig. 5A). As
the endogenous expression level of Ent4 in mouse HCC cell line
is low, we used an OE system to explore its function. We overex-
pressed the coding DNA sequence (CDS) of Ent4 in mouse HCC
Hepa1–6 cells (fig. S3B). Gas chromatography–MS (GC-MS) re-
vealed that extracellular adenosine level increased upon Ent4 OE,
and this effect was more prominent under hypoxia, when the aden-
osine gradient was created (Fig. 5B). We further performed a cocul-
ture experiment to explore how ADK and ENT4 manipulation
affects immune cells. Using the culturing conditions as above, we
activated splenic T cells for 24 hours and cocultured T cells and
mouse HCC cells in 1-to-1 ratio for 48 hours. Coculturing with
HCC cells suppressed T cell proliferation, and we showed that KO
of Adk or OE of Ent4 in HCC cells further suppressed T cell prolif-
eration (Fig. 5, C and D).

KO of Adk promoted HCC development and suppressed
antitumor immunity
We then investigated how altering intracellular adenosine level
changes the TME in vivo. Using hydrodynamic tail vein injection
(HDTVi) model, we simultaneously knocked out Trp53 and Adk
while overexpressing c-Myc in liver to induce HCC tumors in im-
munocompetent mice. KO of Adk markedly promoted tumor
growth (Fig. 6A). We further studied the tumor-infiltrating
immune cells to understand how ADK deficiency influenced the
tumor immune landscape. We observed a reduction of CD8+ T
cells, cytotoxic T cells that are responsible for cancer cell killing
(Fig. 6, B and E, and fig. S4A), but there was no difference in the
proportion of memory T and naïve T cell subsets (fig. S4B).
These T cells were more exhausted with higher expression of mul-
tiple inhibitory receptors (Fig. 6C). There was also a decrease in
CD4+ T cells (Fig. 6, D and E, and fig. S4C) and DCs (Fig. 6F), sug-
gesting that ADK ablation suppressed multiple types of immune
cells via creating an adenosine-rich TME.

Blockade of extracellular adenosine sensing enhanced the
efficacy of anti–PD-1 in HCC
We previously showed that adenosine acts on A2AR and A2BR on
immune cells to mediate their suppressive effect and the addition of
adenosine receptor antagonists can reverse the suppressive effect of
adenosine on immune cells in vitro. Therefore, we explored the
therapeutic potential of the use of adenosine receptor antagonists
to reverse the immunosuppressive effect caused by adenosine. We
induced Trp53KO/c-MycOE HCC tumors by HDTVi and treated the
mice using adenosine receptor antagonists in combination with
anti–PD-1 monoclonal antibody, a current second line treatment
for patients with HCC. The A2AR antagonist used in our in vivo
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Fig. 3. Adenosine promotes Treg differentiation and cell death while suppressing T cell proliferation and functions. (A) CellTrace Violet (CTV) T cell proliferation
assay on (left) CD8+ and (right) CD4+ T cells treated with indicated doses of NECA (adenosine stable analog) for 3 days with IL-2. (B) Percentages of (left) IFN-γ+ and (right)
granzyme B+ CD8+ T cells treatedwith indicated doses of NECA for 3 days with IL-2. (C) Percentage of cell death of (left) CD8+ and (right) CD4+ T cells treatedwith indicated
doses of NECA for 3 days with IL-2. (D) Splenic T cells were cultured with 100 μM NECA in the presence of vehicle [dimethyl sulfoxide (DMSO)], 100 nM A2AR antagonist
(ZM241385), or 100 nM A2BR antagonist (CVT6883) for 3 days with IL-2. The percentage of Tregs (CD4

+ CD25+FOXP3+) was determined by flow cytometry. (E to H) Bulk
RNA sequencing was performed on NECA-treated T cells compared to vehicle (DMSO). (E) to (G) GSEA showed the enrichment of selected gene sets in NECA-treated T
cells. (H) Fold change of selected genes as compared to vehicle. Error bars indicatemeans ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 versus 0 μMor DMSO
as indicated. Student’s t test. ns, not significant.
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Fig. 4. Adenosine skewsmyeloid cells to immunosuppressive phenotypes. (A and B) Bonemarrow progenitor cells were cultured with 10 μMNECA in the presence of
vehicle (DMSO), 100 nM A2AR antagonist (ZM241385), or 100 nM A2BR antagonist (CVT6883) for 5 days with IL-4 and GM-CSF. The percentages of (A) MDSC and (B) DC
were determined by flow cytometry. (C and D) Bulk RNA sequencing was performed on NECA-treated bone marrow progenitor cells. (C) GO term enrichment analysis
revealed the top five GO terms most enriched in NECA-treated bone marrow cells as compared to vehicle control. (D) Dot plot showed the fold change of a panel of
chemokines as compared to vehicle. (E) Percentages of (left) MHCII+ and (right) CD206+ bone marrow–derived macrophages treated with indicated doses of NECA for 2
days with M-CSF. Error bars indicate means ± SD. *P < 0.05, **P < 0.01, and ****P < 0.0001 versus 0 μM or DMSO as indicated. Student’s t test.
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Fig. 5. ADK deficiency and ENT4 overexpression (OE) elevate extracellular adenosine level and suppress T cell proliferation. (A and B) Conditioned media of (A)
Hepa1–6 Cas9–AdkKO cells and (B) Hepa1–6–Ent4OE cells exposed to 20 and 1%O2 for 48 hours were harvested, and extracellular adenosine levels were determined byMS.
(C andD) CTV T cell proliferation assay on (left) CD8+ and (right) CD4+ T cells cocultured with (C) Hepa1–6 Cas9–AdkKO cells or (D) Hepa1–6–Ent4OE cells for 3 days with IL-
2. (A) and (B) Relative adenosine level was normalized to 20%O2 empty vector (EV). Error bars indicate means ± SD. *P < 0.05, **P < 0.01, and ***P < 0.001 versus EV or 20%
O2 EV. Student’s t test.
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Fig. 6. ADK deficiency promotes HCC progression and creates an immunosuppressive TME. (A) In vivo HCC tumors were induced via HDTVi of plasmids carrying
Trp53KO/c-MycOE (EV) or Trp53KOAdkKO/c-MycOE (-43 and -101) in C57BL/6Nmice. (Left) Liver mass and (right) representative picture of harvested livers with tumors. (B to F)
Flow cytometry analysis was performed to determine tumor infiltration of immune cells. (B) Left: Quantification of CD8+ T cells. Right: Representative contour plots. (C)
Percentage of effector T cells (CD8+CD44+CD62L−) expressingmultiple exhaustionmarkers. (D) Left: Quantification of CD4+ T cells. Right: Representative contour plots. (E)
Quantification of (top) CD8+ and (bottom) CD4+ T cells in tumor by immunohistochemistry staining. (F) Left: Quantification of DCs. Right: Representative contour plots.
Error bars indicate means ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 versus empty vector (EV). Student’s t test. Scale bar, 1 cm.
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study is CPI-444, which is currently used in clinical trials in other
cancer types (NCT04280328 and NCT02655822). The A2BR antag-
onist used PSB1115, delayed tumor growth, and reduced MDSC ac-
cumulation in a melanoma mice model (41). We observed that
single treatment of anti–PD-1 or the cotreatment of adenosine re-
ceptor antagonists did not bring significant survival benefit to
HCC-bearing mice. We showed that combination treatment of
anti–PD-1 and cotreatment of A2AR and A2BR antagonists signifi-
cantly prolonged the survival of HCC-bearing mice (Fig. 7A). These
treatments were well tolerated, as there were no significant changes
in body weight between vehicle group and treatment groups. Ac-
companying the improvement in survival rate, we observed elevated
tumor infiltration of CD8+ T cells with increased IFN-γ secretion in
combination treatment group (Fig. 7, B and C). There was also a
trend of increase in DC population in combination treatment
group (Fig. 7D).

DISCUSSION
In our study, we identified the dual role of hypoxia in establishing
an adenosine-rich immunosuppressive TME that favors HCC pro-
gression. Hypoxia suppressed ADK, which is important for intracel-
lular adenosine clearance. Hypoxia also up-regulated ENT4, which
is a passive transporter of adenosine. Together, this promotes extra-
cellular adenosine accumulation. The contributions of ADK and
ENT4 in cancers are not clearly understood. The role of ADK in
cancers varies in different cancer types. Although previous studies
showed that ADK was overexpressed in tumor tissues in patients
with breast cancer and glioma (42, 43), it was shown in patients
with HCC that ADK was down-regulated, consistent with what
we have observed (44). ENT4 was reported to be up-regulated in
desmoplastic small round cell tumor (DSRCT) (45). Here, we re-
vealed a key mechanism by which hypoxia contributes to extracel-
lular adenosine accumulation via regulation of ADK and ENT4,
creating an immunosuppressive TME. Given that hypoxia is a
common phenomenon in solid tumors, it would be meaningful to
study whether the HIF/ADK/ENT4 axis in extracellular adenosine
accumulation is also involved in other cancer types.
Hypoxia in cancers is evident, and it promotes cancer progres-

sion mediated by HIF-1. Hypoxia induces transcriptional activation
of multiple genes involved in tumor development including cancer
cell proliferation, angiogenesis, and migration (46). While most of
the studies focused on the hypoxia-induced gene activation, a sig-
nificant number of genes are suppressed by hypoxia, which is HIF-1
dependent in an indirect manner (47, 48). Hypoxia induced multi-
ple transcription repressors to suppress gene expression indirectly.
For example, hypoxia induced transcription factor 3 (TCF3), zinc
finger homeobox protein 1A (ZFHX1A), and ZFHX1B, resulting
in the down-regulation of E-cadherin in hypoxic cells, reducing
cell-cell adhesion (49). We previously showed that hypoxia
induced hairy/enhancer-of-split related with YRPW motif protein
1 (HEY1), another transcription suppressor that repressed PINK1
to reduce reactive oxygen species production, benefiting HCC cell
survival (50). In our study, we showed that ADK, a key enzyme con-
verting adenosine to AMP, was suppressed under hypoxia.We dem-
onstrated that this was mediated by hypoxia-induced MXI1, which
competed with MYC for the binding at ADK promoter region,
thereby suppressing its expression. This is consistent with a previ-
ous study demonstrating thatMXI1 was induced under hypoxia and

suppressed MYC activities (35). A study showed that there were en-
riched binding sites of multiple components of the SIN3 transcrip-
tion regulator family member A (SIN3A) histone deacetylase
(HDAC) co-repressor complex together with MXI1 at hypoxia-sup-
pressed genes and suggested that MXI1 interacted with SIN3A/
HDAC co-repressor complex to mediate gene suppression under
hypoxia (51). The down-regulation of ADK, together with the tran-
scriptional induction of ENT4, promoted extracellular adenosine
accumulation and suppressed antitumor immune responses in
HCC. Together, these illustrated that hypoxia promoted cancer
growth in a complexed and coordinated manner by inducing
global transcriptional changes to establish a protumorigenic niche.
Adenosine is a well-studied immunosuppressive metabolite in

promoting immune evasion. Multiple studies have demonstrated
that adenosine impairs DCs and cytotoxic functions of T cells
and NK cells while promoting Treg and MDSC development, estab-
lishing an immunosuppressive TME (52). We observed that ADK
mediated extracellular adenosine accumulation and reduced the
tumor infiltration of CD4+ T cells, CD8+ T cells, and DCs, which
all play a key role in suppressing tumor progression. While CD4+
T cells secrete proinflammatory cytokines and DCs present tumor
antigens to T cells, both mediate their tumor cell elimination indi-
rectly through CD8+ T cells; thus, we believe that CD8+ T cells,
being the major cell type that mediates direct cancer cell killing,
play the most important role among these cell types. The CD39/
CD73 axis has been identified as the key extracellular adenosine-
producing enzymes; therefore, blocking these enzymes becomes
an attractive therapeutic target. Ongoing clinical trials aim to
study the efficacy of monoclonal antibodies targeting CD39 and
CD73 in combination with ICIs (NCT02503774 and
NCT04261075). However, CD39/CD73 is not the sole pathway
that generates adenosine. Here, we showed that intracellular aden-
osine also contributes to the extracellular adenosine accumulation
in TME. We demonstrated that hypoxia suppressed ADK, leading
to intracellular adenosine accumulation, creating a concentration
gradient favoring adenosine efflux. Meanwhile, hypoxia up-regulat-
ed ENT4, an adenosine transporter that carries adenosine down the
concentration gradient. Together, they contributed to extracellular
adenosine accumulation in TME and suppressed T cell proliferation
and DC population while promoting Treg and MDSC population
accumulation in vitro. Furthermore, ADK deficiency promoted
tumor growth and impaired infiltration of T cell and DC in vivo.
ENT4 overexpression also supported tumor progression (fig. S5).
The adenosine transporter could be a potential therapeutic target
to block adenosine export to TME. Although, currently, there is
no commercially available inhibitor to ENT4, cotargeting adenosine
pumping and CD39/CD73 ectoenzymes might enhance efficacy
of ICIs.
The immunosuppressive effects of adenosine are mediated by

adenosine receptors. Among the four subtypes of adenosine recep-
tors, A2A receptors are the most well characterized for their role in
promoting cancer immune evasion. It has been shown that A2AR
deficiency in host mice led to complete tumor rejection, and aden-
osine suppressed both T cells and NK cells cytotoxicity via A2AR
(53–55). Therefore, A2AR blockade is being pursued as a therapeu-
tic target to reverse immunosuppressive effect mediated by adeno-
sine. CPI-444 used in this study is one of the most commonly
studied small-molecule inhibitors highly selective against A2AR.
It demonstrated antitumor efficacy and worked synergistically
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Fig. 7. Adenosine receptors blockade synergizes with anti–PD-1 treatment. (A) In vivo HCC tumors were induced via HDTVi of plasmids carrying Trp53KO/c-MycOE in
C57BL/6Nmice. (Left) Survival plot and (right) body weight of HCC-bearing mice treated with vehicle, adenosine receptor antagonists, anti–PD-1 monoclonal antibodies,
or the combination of both. (B) Representative pictures (left) and quantification (right) of CD8+ T cells in tumor by immunohistochemistry staining. (C) Percentage of
effector T cells (CD8+CD44+CD62L−) expressing IFN-γ. (D) Quantification of DCs in tumor by flow cytometry. (E) Schematic summary of the role of HIF in promoting
intracellular adenosine efflux and mediating immunosuppressive TME. Error bars indicate means ± SD. **P < 0.01 versus vehicle. (A) Kaplan-Meier followed by log-
rank test. (B) Student’s t test. Original, 20× magnification (scale bars, 100 μm); Inset, 40× magnification (scale bars, 50 μm).
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with ICIs in preclinical models (56). CPI-444 has been used in phase
1 clinical trials on patients with renal cell cancer or prostate cancer
as monotherapy or in combination with atezolizumab (anti–PD-L1)
in which signs of efficacy were observed in the combination group
(NCT02655822). In our study, we demonstrated that the immuno-
suppressive effects of adenosine on immune cell types were medi-
ated by different adenosine receptors.While the effect on T cells was
mediated by A2AR, the effect on myeloid cells was mediated by
A2BR, consistent with previous studies (26, 27). Therefore, to
further enhance the effect of blocking adenosine signaling, we
treated HCC-bearing mice with coadministration of A2AR and
A2BR receptor antagonists and showed that it worked synergisti-
cally with anti–PD-1 to prolong the survival of mice. Recently, a
dual adenosine receptor antagonist has been developed and tested
in an ongoing clinical trial to study its efficacy in combination with
chemotherapy or anti–PD-1 (NCT03719326). Our study highlights
the scientific basis for targeting both A2AR and A2BR to enhance
ICI efficacy.
We demonstrated that ADK repression and ENT4 OE promoted

extracellular adenosine accumulation. HIF-1 induced a transcrip-
tional repressor MXI1 to inhibit ADK transcription, while HIF-1
directly activated ENT4 transcriptionally. The reduction of ADK
impaired the removal of intracellular adenosine and established a
concentration gradient of adenosine. Meanwhile, hypoxia-
induced ENT4 mediated the export of adenosine, leading to sub-
stantial accumulation of extracellular adenosine that suppressed
multiple immune cells (Fig. 7E). We further showed that ADK de-
ficiency in HCC tumors skewed intratumoral immune cells to pro-
tumorigenic and promoted tumor growth. Blocking adenosine
receptors on immune cells could work synergistically with
anti–PD-1. We delineated the dual role of hypoxia/HIF in creating
an immunosuppressive TME and offered a potential therapeutic ap-
proach that might improve ICIs in HCC.

MATERIALS AND METHODS
Study approval
Approval was obtained for the use of clinical HCC tumor samples
and paired NT liver tissues from the Institutional Review Board of
The University of Hong Kong and the Hospital Authority of Hong
Kong. All animal procedures performed throughout this study were
approved by the Committee on the Use of Live Animals in Teaching
and Research of The University of Hong Kong and adhered to the
Animals (Control of Experiments) Ordinance of Hong Kong. All
animal procedures were performed under the U.K. National
Cancer Research Institute (NCRI) PMID: 20502460 Guidelines
for theWelfare and Use of Animals in Cancer Research to minimize
suffering on the animals throughout the experiments.

Statistical analysis
Datawere analyzed by Student’s t test unless otherwise specified and
were expressed as means ± SD. P value <0.05 were considered stat-
istically significant. GraphPad Prism 8.0 or above software (Graph-
Pad Software Inc., La Jolla, CA, USA) is used for data analysis.

The Cancer Genome Atlas
Transcriptome sequencing was performed on 49 pairs of human
HCC and the corresponding NT liver tissues, and the results were
retrieved from TCGA through cBioPortal (www.cbioportal.org/) to

examine the mRNA expression levels of ADK, ENT1, ENT2, ENT3,
and ENT4. Survival test was done by Kaplan-Meier curve and log-
rank test.

Clinical samples
Paired clinical HCC tumor and NT liver tissues were collected from
patients with HCC admitted to Queen Mary Hospital and used in
this study. Approval was obtained from the Institutional Review
Board of The University of Hong Kong and the Hospital Authority
of Hong Kong. Signed consent forms were obtained from patients
as acknowledgement before the collection and usage of resected
tissues for research purpose. The expression level of ENT4 in pa-
tients with HCC was correlated with multiple clinicopathological
parameters (tumor microsatellite formation, direction liver inva-
sion, tumor encapsulation, venous invasion, tumor stage, tumor
size, and Edmondson grading) using SPSS 20.0 software as de-
scribed (57).

Immunohistochemistry staining
Mouse liver tissues fixed in 4% formalin and 75% ethanol were em-
bedded in paraffin. Paraffin sections were first dewaxed with xylene
and rinsed with ethanol. Antigen retrieval was performed by boiling
in 1 mM EDTA buffer of pH 7.8 or 10 mM tris and 1 mM EDTA
buffer of pH 9.0. The samples were stained at 4°C overnight with
primary antibody (table S2). Samples were then incubated at
room temperature for 30 min with horseradish peroxidase–conju-
gated secondary antibody (Dako, Glostrup, Denmark) followed by
development with 3,3′-diaminobenzidine (Sigma-Aldrich,
St. Louis, MO, USA) and counterstaining with hematoxylin.

Chromatin immunoprecipitation
HCC cells were fixed in 3.7% formaldehyde for DNA cross-linking
and lysed with SDS buffer, followed by sonication. Sheared DNA
fragments were then incubated with antibodies against MYC,
MXI1, HIF-1β, or immunoglobulin G (IgG) control (table S2) to-
gether with Protein A Agarose/Salmon Sperm DNA Beads (Merck
Millipore, Burlington, MA, USA). After the incubation step, DNA-
protein-antibody complexes were washed with salt buffer with gra-
dient concentrations and then eluted in 1% SDS/NaHCO3. ChIP
DNA samples were analyzed by quantitative real-time polymerase
chain reaction (qRT-PCR) using primers flanking the putative E-
box element or HRE (table S3).

Cell culture and hypoxia
Human HCC cell MHCC97L was a gift from Z. Y. Tang of Fudan
University (Shanghai, China). CLC6 and CLC11 are gifts from
L. Hui of Chinese Academy of Sciences (Shanghai, China).
Human HCC cell Hep3B and mouse HCC cell Hepa1–6 were ob-
tained from the American Type Culture Collection (Manassas, VA,
USA). All cell lines within this study were authenticated with the
AuthentiFiler PCR Amplification Kit (Applied Biosystems, Foster
City, CA, USA). Cell cultures were routinely tested for mycoplasma
infection. MHCC97L, Hep3B, and Hepa1–6 were cultured in Dul-
becco’s modified Eagle’s medium (DMEM)–high glucose media
with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin
(PS) supplementations (all reagents are fromGibco by Life Technol-
ogies, Grand Island, NY, USA). CLC6 and CLC11 were cultured in
RPMI 1640 medium (Gibco) with 10% FBS and 1% PS supplement-
ed with epidermal growth factor (40 ng/ml; PeproTech, Cranbury,
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NJ, USA) and 1% Insulin-Transferrin-Selenium (Gibco). For in
vitro culture of immune cell assays, cells were cultured in RPMI
1640 media with 10% FBS and 1% PS supplemented with 25 mM
Hepes buffer (Gibco) and 50 μM 2-mercaptoethanol (Sigma-
Aldrich). Cells were cultured in a 37°C humidified incubator sup-
plied with 5% CO2. Hypoxic environment was created by culturing
HCC cells in 1% O2 in a hypoxia incubator chamber for 24 or 48
hours as indicated.

Establishment of stable cell lines with knockdown, KO,
or OE
All HCC cell lines were established with the lentiviral-mediated ap-
proach. ForHIF-1β knockdownHCC cell lines, short hairpin RNAs
(shRNAs) targeting HIF-1β, or nontargeting control was inserted
into pLKO.1-puro vectors and was stably transfected into
MHCC97L and CLC11 cells (58), followed by puromycin selection.
Mouse Adk stable KO cell lines were established by CRISPR gene
editing system (lentiCRISPR v2) obtained as a gift from Sanjana
and colleagues (59). Cas9 and sgRNAs targeting Adk were sequen-
tially transfected into Hepa1–6 cells. For mouse Ent4 OE cell lines,
plasmid containing the CDS of Ent4 (GenBank accession
NM_146257) was purchased from GenScript. CDS of Ent4 was am-
plified using Pfu DNA Polymerase (Promega, Madison, WI, USA)
and inserted into pLenti6-V5 vector using pGEM-T Easy Vector
Systems (Promega). The vector was then stably transfected into
Hepa1–6 cells and selected using blasticidin. Sequences of all
shRNAs and sgRNAs used are provided in table S4.

Luciferase reporter assay
Using pGL4 firefly luciferase promoter reporter vector as the back-
bone, oligonucleotides containing the WT or MUT HREs of ENT4
were inserted into this vector. These plasmids containing WT or
MUT HREs were transfected together with pRL-CMV into
MHCC97L cells. The cells were then exposed to 1% or 20% O2
for 24 hours. Cells were harvested, and luciferase activities were
measured using the Dual-Luciferase Reporter Assay System
(Promega) according to the manufacturer ’s protocol. Insert se-
quences were provided in table S4.

Animal studies
To study the effect of Adk KO on tumor immune landscape, we use
HDTVi model. Briefly, plasmids diluted in sterile saline with a total
volume of 10% of the mouse body weight were injected into the
lateral tail vein of 8- to 10-week-old male C57BL/6N mice in 6 to
8 s. A total of 20 μg of CRISPR-Cas9 vector system carrying
sgRNA targeting Trp53 and Adk simultaneously, together with
the transposon system carrying c-Myc vector, was injected into
the lateral tail vein of mice. The sgRNA sequences are provided in
table S3. HCC tumors were harvested 5 weeks after HDTVi for
tumor dissociation and study of immune landscape.
To study the therapeutic effect of A2AR andA2BR antagonists in

combination with anti–PD-1 in HCC, we also used HDTVi model.
For this experiment, 20 μg of CRISPR-Cas9 vector system carrying
sgRNA targeting Trp53 and the transposon system carrying c-Myc
were injected. Fourteen days after HDTVi, mice were treated with
CPI-444 (10 mg/kg; A2AR antagonist; MedChemExpress, Mon-
mouth Junction, NJ, USA) administered via daily oral gavage and
PSB1115 (1 mg/kg; A2BR antagonist; Tocris Bioscience, Bristol,
UK) administered via intraperitoneal injection every other day.

Treatment of anti–PD-1 monoclonal antibody (clone RMP1.14;
Bio X Cell, Lebanon, NH, USA) started 21 days after HDTVi.
Mice were treated with anti–PD-1 (10 mg/kg) twice weekly via in-
traperitoneal injection. Mice were euthanized upon reaching the
humane end point. For orthotopic implantation, 4 × 106 Hepa1–6
cells were resuspended in 100%Matrigel (BD Biosciences, San Jose,
CA, USA) and implanted into left lobes in 100% of livers of 5- to 7-
week-old, male C57BL/6N mice. Tumors were harvested 14 days
after operation.

RNA extraction, reverse transcription, and qRT-PCR
Total RNA was extracted from clinical samples (snap-frozen with
liquid nitrogen and stored in −80°C), HCC cell lines, or primary
immune cells with TRIzol reagent (Ambion by Life Technologies,
Austin, TX, USA). cDNA was prepared by reverse transcription
using the GeneAmp RNA PCR Core Kit (Applied Biosystems).
For clinical samples, qRT-PCR amplifications of ADK or ENT4
and internal control 18S were performed using the TaqMan Gene
Expression Assay (Applied Biosystems). For HCC cell lines, qRT-
PCR amplifications of ADK, ENT4, or MXI1 and internal control
18S were performed using SYBR Green PCR Master Mix
(Applied Biosystems) with the respective qRT-PCR primers (table
S3). All qRT-PCR amplifications were performed with StepOne
Real-Time PCR System (Applied Biosystems).

Immunofluorescent staining
HCC cells were seeded on glass coverslips and then exposed to 1 or
20% O2 for 48 hours. Cells were fixed with 4% formalin and fol-
lowed by washing with 0.5% Triton X-100 at room temperature
for 10 min. Cells were then blocked in 3% bovine serum albumin
(BSA) in 1× phosphate-buffered saline (PBS) at room temperature
for 20 min before overnight incubation with primary antibodies at
4°C. Cells were washed with 1× PBS and incubated with secondary
antibody [Donkey anti-Rabbit IgG (H+L), Alexa Fluor 488; Invitro-
gen, Carlsbad, CA, USA] at room temperature for 2 hours in dark.
Cells were then mounted with ProLong Diamond Antifade Mount-
ant with 4′,6-diamidino-2-phenylindole (Invitrogen). Images were
captured with an LSM 800 confocal microscope (Carl Zeiss).

Protein extraction and Western blotting
Radioimmunoprecipitation assay lysis buffer with cOmplete prote-
ase and PhosSTOP phosphatase inhibitors (Roche Diagnostics,
Mannheim, Germany) was used to extract total protein lysates
from HCC cell lines. Equal amounts of protein lysates were separat-
ed by SDS–polyacrylamide gel electrophoresis and transferred onto
polyvinylidene difluoride membrane (GE HealthCare, Little
Chalfont, UK). The membrane was incubated with corresponding
primary antibodies overnight at 4°C. The dilution of the antibodies
is listed in table S2. The membrane was then washed with 1× Tris
buffered saline with Tween 20 (TBST) and incubated with second-
ary antibody at room temperature for 2 hours. The protein expres-
sion was detected with the ECL detection system (GE HealthCare).

Adenosine quantification by MS
Sample preparation
Media were changed to phenol red–free media (Gibco) before ex-
posing HCC cells to 1 or 20% O2 for 48 hours. For the metabolite
extraction from cultured medium, 1 ml of sample was mixed with 4
ml of chilled 80%methanol and incubated at−80°C for 15min. The

Cheu et al., Sci. Adv. 9, eade5111 (2023) 5 May 2023 13 of 17

SC I ENCE ADVANCES | R E S EARCH ART I C L E



mixture was spun down at 4°C for 15 min with a speed of 13,500
rpm, and the supernatant were transferred to another tube and
dried with a vacuum centrifuge.
Liquid chromatography–mass spectrometry
The dried samples were resuspended in 50% methanol containing
13C5 Ribose Adenosine (Cambridge Isotope Laboratories, Tewks-
bury, MA, USA) [M + 5] as internal standard. For preparation of
standard solution, adenosine (Sigma-Aldrich) was dissolved in
methanol and diluted into a series of solutions for qualitative and
quantitative analysis. The standard mobile phase was prepared as
follows: A = water with 4 mM ammonium bicarbonate and B =
80% methanol with 4 mM ammonium bicarbonate. The flow rate
was 0.3 ml/min; the sample injection volume was 10 μl, and the
column temperature was 37°C. The analytes were separated by hy-
percarbon column (5-μm particles, 2.1 mm by 150 mm; Thermo
Fisher Scientific, Waltham, MA, USA). The LC solvent gradient
was as follows: From 0 to 10 min, B was linearly changed from 5
to 62.5%; from 10 to 11 min, B was linearly changed from 62.5 to
40%, and from 11 to 14 min, B was maintained at 5%. The electro-
spray ionization source was operated in positive mode. Its condi-
tions were set as follows: Ion source gas 1 was 40 psi. Ion source
gas 2 was 40 psi. Curtain gas was 30 psi. Temperature was 500°C.
IonSpray voltage floating was ±5500 V. Declustering potential was
80 V, and collision energy was 30 eV. Multiple reaction monitoring
experiment was selected toMS acquisition. The transition from pre-
cursor ion to product ions was referred to as an ion transition.
Analyst Software (AB SCIEX) was used for peak identification
and integration. Adenosine was identified by exact mass and reten-
tion time matched to adenosine standards. Adenosine level was
normalized with internal standard and cell number.
Gas chromatography–mass spectrometry
To increase the volatility of adenosine for GC-MS analysis, the cell
extracts were derivatized with a two-chemical reaction approach.
Briefly, the samples were initially mixed with 30 μl of methoxy-
amine in pyridine (201 mg/ml), which also contained an internal
standard (13C5-adenosine, 2 μg/ml). Samples were incubated at
37°C for 60 min and cooled to room temperature. Next, 35 μl of
BSTFA with 1% of TMCS (Sigma-Aldrich) was added to each
sample, followed by incubation at 65°C for 90 min and cooling to
room temperature. The adenosine was analyzed on an Agilent GC-
MS system, comprising of an Agilent 7890b GC connected to an
Agilent 5975C mass selective detector. The GC was set in splitless
mode, maintaining a constant helium gas velocity at 1 ml/min. The
derivatized samples were introduced into a DB-5MS column
(Agilent, Santa Clara, CA, USA), and the GC oven program was op-
timized as follows: Start at 80°C with a hold for 1 min; then, increase
by 10°C per 1 min to 320°C, followed by a final hold at 320°C for 5
min. Intensity of adenosine was extracted, and ion fragment of
136.06 mass/charge ratio was integrated by using MassHunter soft-
ware (Agilent).

Cell staining for flow cytometry
For analysis of cells from tumor tissues, cells were stained with
LIVE/DEAD Fixable Violet Dead Cell Stain Kit (Invitrogen) first.
For cell surface staining for both in vitro and in vivo studies, cells
were stained with primary antibodies conjugated with fluoro-
chromes at 4°C for 30 min in the dark after a 10-min blocking
step with anti-mouse CD16/32 antibody (BioLegend, San Diego,
CA, USA) at room temperature. Cells were then washed and

resuspended in 300 μl of cell staining buffer [0.5% (w/v) BSA and
2 mM EDTA in PBS] and analyzed by flow cytometry. For studying
Tregs or T cell cytokine production, after cell surface staining, T cells
were subjected to intracellular staining using the eBioscience
Foxp3/Transcription Factor Staining Buffer Set (Invitrogen) ac-
cording to the manufacturer’s instruction. Cells were resuspended
in 300 μl of cell staining buffer in the end and analyzed with the
analyzer BD LSRFortessa (BD Biosciences). Primary antibodies
used and the dilution were indicated in table S2. Software FlowJo
was used for data analysis.

T cell differentiation assay
Splenic T cells from 5- to 7-week-old C57BL/6N male mice were
obtained with Mouse T Cell Enrichment Columns (R&D Systems,
Minneapolis, MN, USA) according to the manufacturer’s instruc-
tion. Isolated T cells were activated with Dynabeads Mouse T-Acti-
vator CD3/CD28 (Gibco) and cultured in the presence IL-2 (R&D
Systems). NECA (Tocris Bioscience) was added at indicated con-
centrations for 3 days in the presence of vehicle [dimethyl sulfoxide
(DMSO)], ZM241385 (A2AR antagonist; Tocris Bioscience), or
CVT6883 (A2BR antagonist; Tocris Bioscience). T cells were har-
vested for transcriptome sequencing or subjected to steps for intra-
cellular staining as described above, followed by flow cytometry
analysis. Tregs were defined by CD4+ CD25+ FOXP3+.

T cell proliferation assay
Splenic T cells were obtained as above. Isolated T cells were labeled
with 5 μM CellTrace Violet (CTV; Invitrogen) for 15 min at 37°C
with mixing at regular interval. Labeled T cells were cultured in the
presence of NECA at indicated concentrations or cocultured with
Hepa1–6 Cas9 or Hepa1–6 cells [empty vector (EV) and AdkKO
or Ent4OE] in 1:1 ratio for 3 days in the presence of activation
beads and IL-2. The CTV signal would be halved after each cell di-
vision cycle. T cells were harvested and analyzed by flow cytometry.

T cell cytokine production
For in vitro study, splenic T cells were extracted as above. Isolated T
cells were cultured in the presence of NECA at indicated concentra-
tions for 3 days in the presence of activation beads and IL-2. For in
vivo study, single-cell suspensions were obtained from murine
tumor tissues. Cells were incubated for 4 hours in the presence of
cell activation cocktail (with Brefeldin A; BioLegend) according to
the manufacturer’s suggestion before harvesting for flow cytometry
analysis.

Myeloid cell differentiation assay
Bone marrow progenitor cells were isolated from the femur and
tibia of male C57BL/6N mice and cultured in the presence of
GM-CSF (R&D Systems) and IL-4 (R&D Systems) to drive
myeloid cell differentiation. To study the effect of adenosine on dif-
ferentiation of myeloid cells, 10 μM NECAwas added to the culture
in the presence of vehicle (DMSO), ZM241385, or CVT6883. The
immune cell populations were harvested for transcriptome se-
quencing or determined by flow cytometry after 5 days of culture.
DC population was defined by F4/80−CD11c+ MHCII+. MDSCs
were defined by CD11b+ Gr-1+ population.
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Macrophage polarization assay
Bone marrow progenitor cells were isolated as above and differen-
tiated into macrophages in the presence of M-CSF (R&D Systems)
for 6 days. Macrophages were then treated with NECA at indicated
concentrations for 2 days and harvested for analysis of the expres-
sion of CD206 (immunosuppressive macrophage marker) and
MHCII (stimulatory macrophage marker).

Preparation of single-cell suspension from tumor tissues
Single-cell suspensions were prepared frommouse tumors. Tumors
harvested from HCC-bearing mice were first diced into small
pieces. They were then put into gentleMACS C tubes (Miltenyi
Biotec, Bergisch Gladbach, Germany). These C tubes contained
10 ml of DMEM/F12 medium with 30 μl of Liberase (2.5 mg/ml;
Roche Diagnostics) and 60 μl of deoxyribonuclease I (10 mg/ml;
Roche Diagnostics). Using the gentleMACS Dissociator (Miltenyi
Biotec), the samples were further processed according to the man-
ufacturer ’s instructions. The cell suspensions were then passed
through MACS SmartStrainers (Miltenyi Biotec), followed by cen-
trifugation at 300g for 5 min. Red blood cells were removed from the
cell suspensions using 10 ml of ACK lysing buffer (155 mM ammo-
nium chloride, 10 mM potassium bicarbonate, and 0.1 mM EDTA
in water) with a 5-min incubation at room temperature. After
adding 20 ml of cell staining buffer to stop the lysis reaction, the
cell suspensions were filtered again and centrifuged at 300g for 5
min. The cell pellets were resuspended in suitable volume of cell
staining buffer and were ready for cell counting.

Transcriptome sequencing and data analysis
Transcriptome sequencing was performed on mouse splenic T cells
treated with 100 μMNECA or vehicle and bonemarrow cells treated
with 10 μM NECA or vehicle. The library preparation and sequenc-
ing were done by Novogene (Beijing, China). Raw RNA sequencing
data were trimmed and mapped to the reference mouse genome
(mm10) by “Trim Galore” and “HISAT2.” Fragments per kilobase
of transcript per million mapped reads (FPKM) and counts for
gene were calculated by “StringTie” and the Python script “htseq-
count,” respectively. To determine differential genes, “G-FOLD”
was applied to compare the expression of each gene, and genes
with absolute GFOLD value >1 were considered as differentially ex-
pressed genes. GO term enrichment analysis was performed by
clusterProfiler. P values were adjusted by Benjamini-Hochberg
method to control the false discovery rate (FDR), and threshold
of FDR was set to 0.05. GSEA was performed by R package “fgsea.”

Supplementary Materials
This PDF file includes:
Figs. S1 to S5
Tables S1 to S4

View/request a protocol for this paper from Bio-protocol.
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