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Adenosine A2A receptor is a tumor suppressor of
NASH-associated hepatocellular carcinoma
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o A2AR deficiency triggers spontaneous obesity, inflammation,

and NASH-HCC in mice

e Myeloid- and hepatocyte-derived A2AR signaling restrains
HCC development

e Steatohepatitis impairs the anti-HCC activity of A2AR
pharmacological blockade

e Low ADORA2A gene expression predicts poor survival in
HCC patients
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In brief

Allard et al. uncover a previously
unknown role for A2AR in restraining
NASH-associated HCC in mice. Myeloid-
and hepatocyte-derived A2AR signaling
protects liver against HCC development
by limiting hepatic inflammation, diet-
induced obesity, and steatosis. In
patients with HCC, low ADORA2A gene
expression predicts poor prognosis.
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SUMMARY

Inhibition of adenosine A2A receptor (A2AR) is a promising approach for cancer immunotherapy currently
evaluated in several clinical trials. We here report that anti-obesogenic and anti-inflammatory functions of
A2AR, however, significantly restrain hepatocellular carcinoma (HCC) development. Adora2a deletion in
mice triggers obesity, non-alcoholic steatohepatitis (NASH), and systemic inflammation, leading to sponta-
neous HCC and promoting dimethylbenzyl-anthracene (DMBA)- or diethylnitrosamine (DEN)-induced HCC.
Conditional Adora2a deletion reveals critical roles of myeloid and hepatocyte-derived A2AR signaling in re-
straining HCC by limiting hepatic inflammation and steatosis. Remarkably, the impact of A2AR pharmacolog-
ical blockade on HCC development is dependent on pre-existing NASH. In support of our animal studies, low
ADORA2A gene expression in human HCC is associated with cirrhosis, hepatic inflammation, and poor
survival. Together, our study uncovers a previously unappreciated tumor-suppressive function for A2AR in
the liver and suggests caution in the use of A2AR antagonists in patients with NASH and NASH-

associated HCC.

INTRODUCTION

Extracellular adenosine (€ADOQ) is a multifunctional metabolite
involved in various pathophysiological conditions.’*> eADO ac-
cumulates from the breakdown of eATP by membrane-bound
ecto-nucleotidases, predominantly CD39 and CD73. Once
released in the interstitial space, eADO exerts its biological func-
tions through the local stimulation of P1 purinergic G protein-
coupled receptors (GPCRs), namely A1, A2A, A2B, and A3
receptors. Signaling through A2A receptors (A2ARs) notably
inhibits local and systemic inflammation and promotes tissue
repair.’

In the inflamed and hypoxic tumor microenvironment (TME),
A2AR-driven immunosuppression promotes tumor develop-
ment.*”" Accordingly, inhibition of A2AR has been shown
to delay tumor growth and to promote anti-tumor immu-
nity. 681313716 |n preclinical cancer models, A2AR blockade
enhances the efficacy of various immunotherapies, including im-
mune checkpoint inhibitors, cancer vaccines, and adoptive T cell
therapy.”®®' In phase 1 clinical trials, A2AR antagonists have
been associated with encouraging results, and confirmed clin-
ical responses were reported in various cancer indications.'’"'®

Gheck for
Updates

Recent studies highlighted the importance of A2AR signaling
in protection against liver damage and inflammation.’®2° In
particular, A2AR expression on immune cells was shown to be
critical to protect the liver against various type of injuries
involving excessive inflammatory reactions, as encountered dur-
ing ischemia-reperfusion,”***> sepsis, and non-alcoholic steato-
hepatitis (NASH).'22 For this later, hepatocyte-derived A2AR
signaling was also evidenced to play a protective role by limiting
fatty-acid-induced toxicity, fat deposition, and pro-inflammatory
cytokine secretion.'®~22 Accordingly, pharmacological activation
of A2AR suppresses,”"?*> while A2AR gene deletion promotes,
non-alcoholic fatty liver disease (NAFLD) and NASH in
murine models.’®?° Whether A2AR signaling further impacts
the development of NAFLD-/NASH-associated liver cancer
remains unknown.

In this study, we demonstrate that silencing of the A2AR gene
(Adora2a) induces a systemic metabolic dysregulation in mice
that triggers the spontaneous development of hepatocellular car-
cinoma (HCC) and accelerates carcinogen-induced HCC. Bone
marrow transplantation and conditional Adora2a deletion high-
light a prominent role for myeloid- and hepatocyte-derived
A2ARs in the suppression of liver carcinogenesis by restraining
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Figure 1. Development of spontaneous and carcinogen-induced HCC is enhanced in A2AR-deficient mice
(A) Experimental setting: WT and A2AR-deficient males were aged to 80 weeks old. Representative pictures of spontaneous HCC observed in WT and A2AR-

deficient males are shown. Scale bar represents 2 cm.

(B) HCC incidence (observation of macroscopic lesions) in 80-week-old WT and A2AKO males.

(C) Hematoxylin and eosin staining of cancerous livers collected from A2AKO mice depicting the different stages of HCC: top panel, stages 1 and 2, and bottom
panel, stages 3 and 4; scale bar represents 50 um. An asterisk (*) indicates trabeculae that are present in stage II-IV mouse liver tumors.
(D) Experimental setting: WT and A2AR-deficient pups were treated with DMBA, 3 to 4 days after birth, and aged until 40 weeks old.
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hepatic inflammation and lipogenesis, respectively. Pharmaco-
logical experiments reveal that pre-existing NASH impairs the
anti-HCC activity of A2AR blockade and that A2AR signaling inhi-
bition in NASH mice exacerbates obesity and myeloid-derived
liver inflammation. In human HCC, ADORA2A expression levels
are inversely correlated with patients’ overall survival and with
the presence of hepatic inflammation and cirrhosis. Overall, our
study uncovers a previously unknown tumor suppressive role of
A2AR signaling in liver cancer with potential implications for the
clinical use of A2AR antagonists in patients with NASH-HCC.

RESULTS

Global A2AR deletion promotes the development of
spontaneous and carcinogen-induced HCC in mice
Necropsy of aged 80-week-old male mice with global
A2AR deficiency revealed that 60% of mice (22/36) had
spontaneously developed liver cancer. In contrast, only 10%
(3/30) of age-matched control mice displayed macroscopic
liver lesions (Figures 1A-1C and S1A-C). Pathological analysis
confirmed HCC histology, mainly of stages I/ll, with few cases
of stages Ill and IV HCC characterized by larger trabeculae
and the presence of hemorrhagic and necrotic areas
(Figure 1C). Most tumors presented steatosis, hepatocyte
degeneration, and inflammatory cell foci, as well as substantial
fibrosis, indicating that liver carcinogenesis occurring in A2AR-
deficient mice shares many characteristics of NASH-driven
HCC in humans (Figures S1D and S1E).

To further evaluate the role of A2AR in liver carcinogenesis, we
next used established experimental models of carcinogen-
induced HCC involving the administration of dimethylbenzyl-
anthracene (DMBA) or diethylnitrosamine (DEN), including in
combination with choline-deficient high-fat diet (CD-HFD) or
carbon tetrachloride (CCly). As shown in Figures 1D-1L, global
A2AR deficiency was associated with a significant increase in
HCC tumor burden after DMBA or DEN administration. When
DEN was administered with CCl,; to stimulate chronic liver
inflammation, however, the increased susceptibility of A2AR-
deficient mice was less pronounced (Figure S2A-S2C). In wild-
type (WT) cancerous livers, immunofluorescent staining
revealed that A2AR was mainly expressed on hepatocytes and
on macrophages (Figures S2F and S2G). In addition, A2AR
expression was reduced in tumor nodules as compared to
adjacent tissue.

Loss of A2AR signaling triggers spontaneous obesity,
NASH, and systemic inflammation

We observed that spontaneous HCC development in aged
A2AR-deficient mice was preceded by a significant weight gain
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and fat tissue accumulation (Figures 2A-2C). Notably, obesity
was more pronounced in A2AR-deficient males compared with
females and was mitigated in heterozygous (A2AR*'7) animals
(Figures 2A, S3A, and S3B). At 32 weeks of age, A2AR-deficient
mice displayed a significantly greater accumulation of subcu-
taneous and visceral fat compared with WT controls
(Figures 2B and 2C). Fat pads of A2AR-deficient mice
showed adipocyte hypertrophy but similar adipocyte density
(Figures S3C-S3F), thus excluding an impact of A2AR signaling
on adipocyte accumulation. Moreover, food intake was un-
changed between WT and A2AR-deficient mice (Figures S3G
and S3H), thus ruling out an impact of A2AR signaling on
appetite.

Several reports indicate a central role of A2AR signaling in en-
ergy homeostasis, notably through the regulation of brown adi-
pose tissue thermogenesis.”’ To better understand what triggers
spontaneous obesity in A2AR-deficient mice, we used metabolic
cages to compare energy expenditure of young WT and A2AR-
deficient mice with similar weights and body compositions. We
observed that energy expenditure (EE) was reduced in A2AR-
deficient mice as compared with WT mice (Figure S4A-S4C).
We also observed a sharp decrease in locomotory activity in
A2AR-deficient mice (Figures S4D and S4F), suggesting that
impaired locomotion might be responsible for a reduced EE,
which, in the long term, could promote the development of
obesity.

Obesity is frequently associated with the development
of NAFLD and NASH, which constitute strong risk factors
for the development of HCC.?® Livers of A2AR-deficient
mice displayed severe steatosis (Figures 2D and 2E), and
histopathological analysis revealed typical features of NAFLD
and NASH, such as the presence of ballooning hepatocytes,
macrovesicular steatosis, and lobular inflammation (Figure 2E).
Using a NASH severity score (i.e., NASH scale, or NAS,
ranging from 0 to 8), we observed that A2AR-deficient mice
displayed a significantly higher NAS compared with WT mice
(5.8 versus 1; p < 0.01; Figure 2F).

We next compared the mRNA expression levels of pro-inflam-
matory cytokines in the livers of WT and A2AR-deficient mice. As
shown in Figure 2G, the expression of several pro-inflammatory
cytokines was significantly increased in A2AR-deficient livers as
compared with WT livers. Notably, myeloid-attracting chemo-
kines (e.g., Ccl2, Ccl3, Ccl4, and Cxcl2) were particularly
augmented in A2AR-deficient livers, as were pro-inflammatory
cytokines with a major role in the development of HCC, such
as Il1b, 116, ll17a, and Tnfa. Consistent with this observation
and with the development of NASH in aged A2AR-deficient
mice, we detected an increased expression of macrophage
genes (e.g., Adgre, Mrc1, Vsig4), fibrosis genes (e.g., Col1al,

(
(
(
(

E and F) Liver tumor burden (total tumor area and nodule number) in 40-week-old mice.

G) Experimental setting: WT and A2AR-deficient males were treated with DEN (intraperitoneal [i.p.] 50 mg/kg) at 3 weeks old and aged until 52 weeks old.
H and I) Liver tumor burden (total tumor area and nodule number) in 52-week-old mice.

J) Experimental setting: WT and A2AR-deficient males were treated with DEN (i.p. 50 mg/kg) at 3 weeks old and fed with CD-HFD until 46 weeks old.

(K'and L) Liver tumor burden (total tumor area and nodule number) in 46-week-old mice.
For each experiment, representative pictures of cancerous livers observed in WT and A2AR-deficient males are shown. Results are representative of 1 biological
replicate for each HCC model, and sample size is indicated for each panel. Data are presented as means + SEM. Statistical tests: Mann-Whitney except for (B)

(chi-squared test).
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Figure 2. Loss of A2AR signaling triggers spontaneous obesity, NASH, and systemic inflammation
(A) Weight gain of WT, A2A~/~, and A2A*'~ mice (males) was monitored weekly starting from week 4 to 32 weeks old.

(B) Body composition of 24-week-old WT and A2AKO males.

(C) Representative picture of 32-week-old WT and A2AKO mice showing fat accumulation in A2AKO animals.
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Col1a2, Tgfb1), and lipogenesis markers (e.g., Acc1, Fas, Scd1)
in A2AR-deficient livers (Figures 2H-2J). While Acc1, Fas, and
Scd1 were also upregulated in the liver of young (not yet obese)
A2AR animals relative to WT animals, the mRNA levels of other
markers were similar in WT and A2AR-deficient livers collected
from young animals (Figures S5A-S5D).

Systemic low-grade inflammation and insulin resistance are
comorbidities frequently associated with obesity in humans.
Consistent with this observation, obese A2AR-deficient
mice showed elevated blood concentrations of various pro-in-
flammatory cytokines and adipokines (Figure 2K), including
tumor necrosis factor o (TNF-a), plasminogen activator
inhibitor-1 (PAI-1), C-reactive protein (CRP), and leptin, that are
commonly increased in humans presenting metabolic
syndrome.?® Interestingly, young A2AR-deficient animals, not
yet showing signs of obesity, did not present elevated blood
level of these pro-inflammatory markers (Figure S5E).
Increased weight gain in A2AR-deficient mice was also
associated with impaired blood glucose homeostasis despite
elevated blood insulin levels as compared with WT mice, thus
suggesting insulin resistance (Figures S5F-S5H).

Myeloid- and hepatocyte-specific deletion of A2AR
signaling promotes DMBA-induced HCC development
We next tested the hypothesis that a loss of immune cell-derived
A2AR signaling may promote the development of obesity and
liver carcinogenesis. In agreement with our hypothesis, trans-
plantation of WT bone marrow into A2AR-deficient mice (Fig-
ure S6) significantly reduced both weight gain and the develop-
ment of DMBA-induced liver cancer compared with mice with
complete A2AR deficiency (Figures S6A-S6E). Grafting A2AR-
deficient bone marrow into WT mice (A2A into WT), however,
was not sufficient to promote weight gain or to exacerbate liver
carcinogenesis. Interestingly, when mice were fed with HFD, he-
matopoietic-specific deficiency in A2AR was sufficient to pro-
mote weight gain and increase fat mass in chimeric mice
(Figures S6F and S6G).

A2AR signaling in macrophages and hepatocytes was shown
to act in concert to restrain HFD-induced liver inflammation and
steatosis-causing NAFLD.'® We thus generated mice with
myeloid-specific (A2AR" LysM-Cre*/~) or hepatocyte-specific
(A2AR™" AAV8-TBG-Cre) deletion of A2AR (Figures 3l and 3J)
and evaluated the impact on the development of HFD-
induced obesity and DMBA-induced liver cancer (Figure 3A).
While myeloid-specific deletion of A2AR had no impact on
weight gain, hepatocyte-specific A2AR deficiency accelerated
HFD-induced obesity relative to control mice (Figure 3C).
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Interestingly, both myeloid- and hepatocyte-specific A2AR
deficiency enhanced the development of DMBA-induced HCC
as compared with control mice (Figures 3B, 3D, and 3E).
Myeloid-specific deficiency, but not hepatocyte-specific
deficiency, in A2AR signaling enhanced the mRNA levels of
various pro-inflammatory and pro-tumorigenic cytokines in
the liver (Figure 3F). In contrast, mRNA levels of lipogenesis
markers remained globally unchanged upon myeloid- or
hepatocyte-specific A2AR silencing, except for Scd1, which
was significantly decreased in myeloid-specific A2AR-
deficient mice and upregulated in hepatocyte-specific A2AR-
deficient mice (Figure 3G). Finally, we observed an increased
number of CD11b+ F4/80+ macrophages in the liver of mice
lacking A2AR expression in the myeloid compartment and,
to a lesser extent, in mice lacking A2AR expression on
hepatocytes (Figure 3H).

Increased liver tumorigenesis in A2AR-deficient mice is
TNF-o, IL-18, and IL-17A dependent

We next tested the hypothesis that A2AR signaling was required
to restrain the secretion of pro-inflammatory cytokines known to
promote HCC development. Using the DMBA-induced liver can-
cer model, we indeed demonstrated that exacerbated HCC
development in A2AR-deficient mice can be reversed by neutral-
izing TNF-a,, interleukin 18 (IL-1p), or IL-17A (Figure 4A). Blocking
one of these cytokines significantly reduced liver tumor develop-
ment in A2AR-deficient mice (Figures 4B and 4D-4F). Of note,
neutralizing IL-6 activity showed a trend toward reduced HCC
development in A2AR-deficient mice, but this was not
statistically significant. Interestingly, none of these cytokines
were involved in A2AR-deficiency-induced obesity (Figure 4C).

Pharmacological blockade of A2AR promotes HFD-
induced obesity and liver inflammation

To consolidate our observations in A2AR-deficient mice and pro-
vide translational relevance to our findings, we tested the impact
of pharmacological inhibition of A2AR signaling on the develop-
ment of HFD-induced obesity, liver inflammation, and liver stea-
tosis. We observed that A2AR blockade with the specific antag-
onist KW6002 significantly exacerbated HFD-induced obesity,
while stimulation of A2AR using the specific agonist CGS28160
prevented weight gain (Figures 5A and 5B). Similar results
were obtained using another A2AR antagonist, namely NIR178,
currently in clinical trial (Figures S8C and S8D). Using multicolor
flow cytometry, we compared the liver immune infiltrate of
HFD-fed mice treated with KW6002, CGS28160, or vehicle.
Chronic KW6002 administration increased the accumulation of

(D) Liver weights of 32-week-old WT and A2AKO males.

(E) Hematoxylin and eosin (H&E) staining of livers collected from 32-week-old WT and A2AKO males. Scale bars represent 1 mm (left panels) and 100 um (right

panels).
(F) NASH scores of WT and A2AKO livers.

(G, H, J, and K) Real-time PCR showing comparative expression of pro-inflammatory cytokines (G), macrophage markers (H), fibrosis markers (J), and lipogenesis

markers (K) in WT and A2AKO livers collected from 32-week-old males.

() WT and A2AKO liver sections were stained with anti-F4/80 antibody to evaluate macrophage density. Representative pictures are shown with F4/80 staining in

yellow and DAPI counterstain in blue. Scale bar represents 50 um.

(L) Blood concentration of inflammatory markers in WT and A2AKO mice at 30 weeks of age.
Results are representative of 1 biological replicate, and sample size is indicated for each panel. Data are presented as means + SEM. Statistical tests: Student’s t

test or multiple t tests with Benjamin-Hochberg multiple comparison correction.
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CD11b+ Ly6C™" inflammatory monocytes, while CGS28160
showed profound anti-inflammatory activity on various
myeloid cell subsets including macrophages, monocytes, and
neutrophils (Figures 5E-5L). KW6002 or CGS28160 treatments
did not display any significant impact on lymphoid cell
infiltrate, except for CD4" T cells, which were significantly
diminished upon KW6002 administration (Figure 5J). In line
with these observations, KW6002 upregulated the expression
of myeloid-attracting chemokines (Cc/2, Ccl3, Ccl4, and Cxcl2)
in the liver (Figure 5M). In addition, chronic administration of
KW6002 significantly upregulated mRNA levels of liver-derived
Tnf-a, which is a primary HCC-promoting cytokine. In contrast,
CGS28160 reduced the mRNA expression of all the pro-
inflammatory cytokines/chemokines tested (Figure 5M). mRNA
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Figure 3. Myeloid- and hepatocyte-specific
deletions of A2AR signaling promotes
DMBA-induced HCC development

(A) Experimental setting: lyzM-Cre*/~ A2ARMo/flox
pups (myeloid-specific deficiency) or LyzM-
Cre™’~ A2AR™™°* pyps were treated with
DMBA and switched to CD-HFD from 8 to
45 weeks old. Some LyzM-Cre™’~ A2ARfo¥/flox
pups were injected with AAV8-TBG-Cre viruses
to generate hepatocyte-specific A2AR-deficient
mice.

(B) Representative pictures comparing livers of
42-week-old mice with myeloid-specific or
hepatocyte-specific deficiency in A2AR signaling.
(C-E) Growth curve (C), total liver tumor burden
(D), and average number of liver nodules (E) of
CD-HFD-fed mice with or without myeloid- or
hepatocyte-specific deficiency in A2AR signaling.
(F and G) Real-time PCR showing comparative
expression of pro-inflammatory cytokines genes
(F) or lipogenesis markers (G) in the liver of mice
with or without myeloid- or hepatocyte-specific
deficiency in A2AR signaling.

(H) Abundance of liver-derived CD11b+ F4/80+
macrophages in mice with myeloid- or
hepatocyte-specific deficiency in A2AR signaling
was analyzed by flow cytometry.

(I) Formalin-fixed, paraffin-embedded (FFPE) liver
sections from A2AR-proficient (control) mice or
mice bearing specific A2AR deficiency on
hepatocytes (Hep. deficient) or on hepatocyte
and macrophage (macro + hep. deficient) were
stained for A2AR (top panels) and F4/80 (middle
panels). Bottom panels display merged pictures
showing A2AR and F4/80 co-staining. Scale bar
represents 50 pm.

(J) Measurement of liver A2AR mRNA expression
by real-time quantitative PCR (1 biological
replicate, n = 5).

Results are representative of 1 biological
replicate, and sample size is indicated for
each panel. Data are presented as means =+
SEM. Statistical tests: Student’s t test (C),
multiple t tests with Benjamin-Hochberg multiple
comparison correction (F-H), or Kruskal-Wallis
with Dunn’s correction (D and E).

levels of various lipogenic markers were unaffected by the
KW6002 or CGS28160 treatment (Figure 5N).

Diet-induced steatohepatitis impairs the anti-HCC
activity of A2AR blockade

To evaluate the impact of A2AR signaling blockade on the devel-
opment of HCC, we used a short-term, transposon-based hy-
drodynamic tail-vein (HTV) HCC model. HCC development was
triggered by the overexpression of a constitutively active
form of Akt (myr-Akt) coupled to CRISPR-Cas9-mediated
knockdown of TP53 expression in hepatocytes using HTV
injections (Figure 6A). Using this model, we observed that the
specific A2AR antagonist KW6002 potently delayed HCC
development as compared to mice receiving vehicle
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(Figures 6B-6E). Most mice treated with KW6002 had no visible
macroscopic liver lesions as compared with vehicle-treated
animals (10/13 versus 4/13, respectively, p < 0.05), and HCC
nodules were smaller in KW6002-treated animals. To test
the impact of A2AR inhibition on the development of NASH-
HCC, mice were fed with a CD-HFD before triggering the
development of HCC through HTV injections. In these
conditions, A2AR blockade failed to delay liver tumor
development as opposed to the results obtained under regular
diet feeding (Figures 6C-6E). Similar results were obtained
when evaluating the impact of chronic KW6002 treatment on
mice exposed to DMBA and fed with a CD-HFD (Figures 6F-
6l). Together, our results indicate that steatohepatitis impairs
the anti-tumor activity of A2AR blockade against liver tumors.

Reduced ADORA2A expression predicts poor prognosis
in patients with HCC

We next investigated the prognostic impact of ADORA2A gene
expression in human patients with HCC. Using the UCSC Xena
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Figure 4. Exacerbated development of HCC
in A2AR-deficient mice is TNF-a, IL-1, and
IL-17A dependent

(A) Experimental setting: WT and A2AKO pups
were treated with DMBA. At week 20, A2AKO mice
were split into 5 groups receiving isotype control
antibody or neutralizing monoclonal antibody
(mADb) against TNF-«, IL-1B, IL-17A, and IL-6. Mice
were sacrificed at 40 weeks old to evaluate tumor
burden.

(B) Representative pictures showing livers of
40-week-old A2AR-deficient mice treated with
isotype control or anti-cytokine neutralizing mAbs.
(C) Mice weights at 40 weeks old.

(D) Total liver tumor burden.

(E) Tumor incidence.

(F) Number of macroscopic nodules.

Results are representative of 1 biological replicate,
and sample size is indicated for each panel. Data
are presented as means + SEM. Statistical tests:
multiple t tests with Benjamin-Hochberg multiple
comparison correction (C), Kruskal-Wallis with
Dunn’s correction (D and F), or chi-squared test (E).

alL17A
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alL6
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functional genomic explorer, we first
compared ADORA2A expression in tu-
moral versus healthy liver tissues. We
observed a significant reduction of
ADORA2A expression level in HCC
compared with healthy liver bio-
specimens (Figure 7A). We then corre-
lated ADORA2A expression with overall
survival (OS) in HCC patient cohorts. In
a meta-analysis incorporating 4 different
cohorts (which totals nearly 900 patients
with HCC), reduced ADORA2A expres-
sion was significantly associated with a
worse OS (Figures 7B, 7C, and S7). After
correction for potentially confounding
factors relevant for prognosis, such as tu-
mor stage, tumor grade, or ethnicity, reduced ADORA2A expres-
sion remained independently associated with shorter OS in the
TCGA HCC cohort (hazard ratio [HR] 0.59; 95% confidence inter-
val [Cl] 0.38-0.91; p = 0.016; Table S1). We also observed that
reduced ADORA2A expression was predictive of worse OS in
both viral and alcohol-related HCC but not in patients with
HCC with no history of primary risk factors (Figures 7D-7F).
The paucity of patients with NAFLD-/NASH-related HCC
prevented the analysis of ADORA2A prognostic value for this
subgroup. Using the publicly available diagnosis slides of the
TCGA LIHC cohort, we then explored the association of
ADORA2A expression with histological hallmarks of NASH
(Figure 7K). We found that the proportion of patients with HCC
presenting cirrhotic lesions was significantly increased in
ADORA2A-low versus -high subgroups (Figure 7G; 48%
versus 29%, p < 0.05). Interestingly, we also found that the
predictive value of reduced ADORA2A expression was
restricted to patients with HCC with moderate to severe
fibrosis (Figures 7H and 7I). Finally, in support of our

10 - 50 mm2
<10 mm?
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Figure 5. Pharmacological blockade of A2AR signaling promotes HFD-induced obesity and myeloid-derived liver inflammation

(A) Growth curve. WT male mice were fed with a CD-HFD and treated daily with KW6002 (10 mg/kg p.o.), CGS21680 (0.5 mg/kg i.p.), or vehicle for a total of
8 weeks. Mice weight was monitored every week.

(B) After 8 weeks of treatment, fat mass was measured using an EchoMRI.

(C) Growth curve of male C57BL/6 mice fed with a CD-HFD and treated daily with NIR178 (10 mg/kg p.o.) or vehicle.

(D) Fat mass measurement after 8 weeks of treatment with NIR178 using an EchoMRI.

(legend continued on next page)
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observations in A2AR-deficient mice, we observed a higher
incidence of grade 2 hepatic inflammation in patients with
ADORA2A-low versus -high HCC (Figure 7J; 16.1% versus
3%, p < 0.05). Together, these results are consistent with our
observations in A2AR-deficient mice and with the notion
that disruption of A2AR signaling can accelerate liver
carcinogenesis by promoting inflammation and fibrosis.

DISCUSSION

Incidence of HCC has substantially increased over the past two
decades, making it the fourth leading cause of cancer-related
deaths worldwide.***" While a significant proportion of HCC
can be linked to chronic viral infections and/or exposure to envi-
ronmental toxins (i.e., alcohol or aflatoxin), western diet, and a
sedentary lifestyle promoting obesity, NAFLD and NASH is
becoming a primary cause of HCC.°’ In this study, we
uncovered a critical protective role for A2AR adenosine
signaling in NASH-associated HCC in mice. As numerous
A2AR antagonists are currently being tested in patients with
cancer, our findings have important implications in future study
design and patient selection.

The impact of eADO and A2AR signaling in the TME has
been extensively studied.’ The current dogma proposes that
eADO production and A2AR stimulation is a broadly immuno-
suppressive mechanism that favors tumor progression.
Several groups, including ours, have shown that targeting
A2AR or upstream ecto-nucleotidases can delay tumor growth
and metastasis in multiple preclinical models and can poten-
tiate the efficacy of other cancer immunotherapies, including
PD-1/L1 checkpoint inhibitors.*:% 11141633 |n murine models
of liver cancer, reduced tumor growth was observed upon
targeted blockade of A2AR, CD73, CD39, or A2BR. Co-
blockade of A2AR and CD73 displayed superior anti-tumor
activity compared to single agents alone in orthotopic HCC
xenograft®*; CD39 inhibition restored sensitivity to anti-PD1
therapy in a syngeneic orthotopic HCC model*® and reduced
experimental hepatic metastases®®; and A2BR blockade
improved the anti-tumor efficacy of the VEGFR inhibitor
sorafenib in the Hepal-6 model.®” Collectively, while all
these studies support the usage of adenosine pathway
inhibitors for the treatment of HCC, it remains unknown
whether A2AR antagonists or other adenosine-blocking
agents are also effective in the context of NASH-HCC.

A recent study by Pfister et al. supports the notion that sys-
temic immune-stimulating therapies, including immune check-
point blockade, can be detrimental in NASH-HCC by
exacerbating CD8" T cell-mediated liver inflammation and
damage instead of promoting tumor immunosurveillance.*®
Blocking A2AR signaling has also been shown to exacerbate
inflammation, steatosis, and liver damage in mice fed with
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NASH-inducing diets.’®® Moreover, perturbation of liver-
derived purinergic signaling in CD39 knockout mice, Entpd5
null mice, or hepatocyte-specific CD73-deficient mice led to
spontaneous development of HCC**“® and NASH"' in older
animals. Loss of CD39 in the liver was associated with the
accumulation of extracellular ATP and overactivation of the
MAPK/Akt/mTOR pathway in hepatocytes leading to
malignant transformation.®® In contrast, it was proposed that
lack of eADO and adenosine receptor signaling in CD73-
deficient hepatocytes induces hypoactivation of the AMP-
activated protein kinase (AMPK) signaling pathway leading
to hepatocellular injury.*’

In line with these findings, our study uncovered that genetic
disruption of A2AR signaling spontaneously triggers systemic
metabolic perturbations and promotes the development of
liver steatosis, NASH, and HCC. One of the most striking ob-
servations of our study is the spontaneous development of
obesity, NASH, and ultimately HCC in male A2AR-deficient
mice on C57BL/6 background. Several strains of A2A
knockout (A2AKO) mice have been used and studied in
various laboratories®”*%*3; however, spontaneous develop-
ment of obesity upon regular chow diet feeding was not
systematically reported or investigated.'®:292742:44.45  For
instance, Ledent et al., who initially described the phenotype
of A2AR-deficient mice, mentioned an increased body mass
in A2AKO animals (generated on a CD1 background) affecting
both males and females.*? Similarly, Sitkovsky and colleagues
observed an increased accumulation of epididymal fat in
C57BL/6 A2AR-deficient mice compared with WT animals
fed with a regular chow diet (patent #W02012027695A1).
Contrasting with our results, the group of Wu and colleagues
did not observe spontaneous weight gain in mice with a global
deficiency in A2AR on a C57BL/6 background.'®?%“¢ Exacer-
bated weight gain and increased severity of NAFLD and NASH
in A2AR-deficient animals was, however, observed upon
HFD feeding,'® which supports our observations. To our
knowledge, spontaneous development or increased
susceptibility to carcinogen-induced HCC in A2AR-deficient
mice has not been documented.

Exacerbated development of HCC in A2AR-deficient mice
was abrogated by neutralizing key pro-inflammatory cytokines,
highlighting the critical role of A2AR-mediated anti-inflammatory
functions to restrain liver carcinogenesis. Importantly, we
demonstrated a pivotal tumor-suppressive role for myeloid-
derived A2AR in NASH-HCC development. Given that
macrophage-derived TNF-a is critical for the development of
NASH-associated HCC,*” it is likely that A2AR restrains HCC
progression, at least in part, by suppressing TNF-o secretion
by macrophages.*® Anti-inflammatory A2AR signaling on other
immune cells also involved in NASH-HCC, such as T cells®®
and natural killer T (NKT) cells,*® may further contribute to its

(E-L) Livers of CD-HFD-fed mice treated with KW6002, CGS21608, or vehicle were collected, and immune infiltrate was analyzed by flow cytometry: (E) CD11b+
myeloid cells, (F) CD11b+ F4/80+ macrophages, (G) CD11b+ Ly6G-Ly6C'*" monocytes, (H) CD11b+ Ly6G- Ly6C™" inflammatory monocytes, (I) CD11b+ Ly6G+
neutrophils, (J) TCRb+ CD4+ T cells, (K) TCRb+ CD8+ T cells, and (L) TCRb+ CD11b+ NKT cells.

(M and N) Real-time PCR showing mRNA level of liver-derived cytokines and lipogenesis markers from treated mice.

Results are representative of 1 biological replicate, and sample size is indicated for each panel. Data are presented as means + SEM. Statistical tests: Student’s t
test (C and D) or multiple t tests with Benjamin-Hochberg correction (A, B, and E-N).

Cell Reports Medicine 4, 101188, September 19, 2023 9
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Figure 6. Diet-induced steatohepatitis im-
pairs the anti-HCC activity of A2AR inhibi-
tion

(A) Experimental design of the hydrodynamic tail-
vein HCC model.

(B) Representative pictures of livers collected on
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tumor-suppressive function. We document a tumor-suppressor
function of hepatocyte-derived A2AR signaling in a model of
DMBA/CD-HFD-induced HCC. Hepatocyte-specific A2AR
deficiency also promoted CD-HFD-induced obesity and the
upregulation of liver-derived stearoyl-CoA desaturase-1 (Scd1)
mRNA levels, a key enzyme involved in de novo lipogenesis
that has been associated with obesity, insulin resistance, and
HCC development in mice and humans.*°’

We demonstrated that pharmacological blockade of A2AR
similarly exacerbated HFD-induced obesity and myeloid-derived
liver inflammation. Indeed, treatment of HFD-fed mice with
KW6002 significantly increased the number of liver-derived in-
flammatory monocytes and cognate pro-inflammatory/tumori-
genic cytokines while simultaneously reducing the number of
CD4* T cells, known to have a prominent role in NASH-HCC
immunosurveillance.>*® In the absence of pre-existing
NASH, however, KW6002 significantly suppressed HCC
tumor development. This suggested that liver steatosis may

10 Cell Reports Medicine 4, 101188, September 19, 2023

A2AR inhibition that were observed in
HCC models not involving hepatic
steatohepatitis. While A2AR inhibition with KW6002 did not
accelerate NASH-HCC development, other compounds with
more potent and unsurmountable antagonistic activity may
promote NASH-HCC, as observed with gene-targeted mice.
Several small-molecule antagonists targeting A2AR signaling
are now being evaluated in clinical trials in patients with cancer.
In light of our findings, particular attention should be given to the
toxicity profile of A2AR inhibitors when used in patients with pre-
existing metabolic conditions, such as obesity, NAFLD, NASH,
or diabetes. Notably, NASH has been shown to limit anti-tumor
surveillance in immunotherapy-treated HCC.**°° In certain
microenvironments (i.e., the fatty liver), cancer immunotherapy
might even aggravate tumor progression.®® In this context, our
study may have implications for patients with cancer with
NASH-HCC that receive an A2AR antagonist.
In conclusion, while targeted blockade of A2AR is intended to
relieve anti-tumor immunity from adenosine-mediated immune
suppression and to limit tumor development, our findings
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Figure 7. Reduced ADORA2A expression is associated with poor prognosis in patients with HCC

(A) Comparative expression of ADORA2A (RNA sequencing [RNA-seq] data: UCSC Xena platform) in healthy liver (GTEX) and HCC (TCGA LIHC cohort). The blue
box shows the bottom 20% of patients with HCC that have low expression of ADORA2A.

(B) Forest plot displaying log hazard ratios (logHRs) for ADORA2A association with OS, using a univariate cox proportional hazards regression model. Patients
were stratified into “high” and “low” subgroups using the bottom quintile of ADORA2A expression. Statistical significance was set at a false discovery rate (FDR)

(legend continued on next page)
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highlight that this concept may not be applicable to every cancer
type. In the liver, the immunosuppressive, anti-steatotic, and cy-
toprotective functions of A2AR signaling restrain NASH-associ-
ated HCC, which advocates caution in the clinical use of A2AR
antagonists in patients with NAFLD, NASH, or NASH-HCC.

Limitations of the study

In this study, we demonstrate that A2AR signaling on immune
cells and hepatocytes maintains liver immune and metabolic
homeostasis to protect hepatic tissue against the development
of NAFLD and its progression toward NASH and HCC. While our
results clearly demonstrate the involvement of A2AR-mediated
pro-inflammatory cytokine suppression and of macrophage-
derived A2AR signaling to restrain liver inflammation and
carcinogen-induced HCC, it remains unclear whether other
A2AR-expressing immune cells may also contribute to the
tumor-suppressive function of A2AR in the liver. Of note, in
lyzM-Cre*’~ A2ARM™19* mice, while A2AR expression is
efficiently silenced on macrophages, it is also most likely
downregulated in other myeloid subsets such as monocytes,
neutrophils, or dendritic cells,®® which may have contributed
to the phenotypes observed in our experiments. In addition,
given the pivotal immunosuppressive role A2AR signaling on
T cells, NK cells, or NKT cells, further experiments should be
performed to clarify the involvement of those cells in the
tumor-suppressive function of A2AR in the liver.

The potential mechanisms by which hepatocyte-derived
A2AR signaling protects against HFD-induced obesity and re-
strains carcinogen-induced HCC remains to be fully character-
ized. We observed that hepatocyte-specific deficiency in A2AR
signaling upregulates liver-derived Scd7 mRNA levels. Whether
A2AR signaling directly regulates Scd7 expression in hepato-
cytes and whether this enzyme is critically involved in the devel-
opment of obesity, NASH, and HCC in A2AR-deficient mice war-
rants further investigation.

In contrast to A2AR gene-targeted mice, we did not observe
exacerbated HCC progression by blocking A2AR with chronic is-
tradefylline treatment. Instead, we observed that blocking A2AR
restrains liver tumor growth in a transposon-based, Akt/p53-
driven HCC model and that this anti-HCC activity is abrogated
by pre-existing NASH. Whether similar results can be obtained
with other A2AR antagonists and in other types of HCC models
remains to be determined. In addition, given the observations
of Pfister et al.,*® it would be of interest to test whether the com-
bined inhibition of A2AR and PD1 further aggravates NASH-HCC
as compared to anti-PD1 monotherapy. Such results, as well as
a better understanding of the mechanisms by which NASH

Cell Reports Medicine

impairs the anti-tumor activity of A2AR antagonists, could help
with selecting patients with HCC most susceptible to respond
to anti-A2AR therapy.

Finally, the translational relevance of our finding needs to be
consolidated in additional human HCC and NASH-HCC
cohorts and validated at the protein level.
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of 0.05 (dotted horizontal line). Horizontal bars represent the 95% confidence intervals of logHRs. The blue diamond represents the overall effect of ADORA2A
expression in patients with HCC. The Z score of the overall effect corresponds to the logHR/standard error of the meta-analysis.

(C-F, H, and I) Kaplan-Meier curves showing the prognostic impact of ADORA2A expression in the TCGA HCC cohort, incorporating all patients (C) or patients
with alcohol-related HCC (D), virus-related HCC (E), or HCC with no history of primary risk factors (F). In (H) and (1), the prognostic impact of ADORA2A expression
was evaluated according to fibrosis severity. Patients were split into ADORA2A-low and -high groups using the bottom quintile of its expression.

(G and J) Bar graph comparing fibrosis (G) or inflammation (J) severity in patients with HCC from the TCGA cohort when stratified according to ADORA2A
expression; ADORA2A-low and -high patients correspond to the 100 lowest and highest expressors, respectively.

(K) Diagnosis slide from an ADORA2A-low HCC patient (TCGA-LIHC) showing bridging fibrosis with the formation of cirrhotic liver nodule. At higher magnification,
the picture shows macrovesicular steatosis (*), ballooned hepatocytes (yellow arrowheads), inflammatory cell foci (red arrowheads), and fibrosis (blue
arrowheads). Scale bar represents 100 um.

Statistical tests: Student’s t test (A), log-rank rank (C-F, H, and I), or chi-squared test (G and J).
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rat anti-mouse cKit (clone ACK2) BioXcell Cat# BE0293, RRID:AB_2687818
Rat anti-mouse CD4 (clone GK1.5) BioXcell Cat# BE0003-1, RRID:AB_1107636
Rat anti-mouse CD8 (clone 53-3-8) BioXcell Cat# BE0223, RRID:AB_2687706
Rat anti-mouse IL-6 (clone MP5-20F3) BioXcell Cat# BE0046, RRID:AB_1107709
Rat anti-mouse TNF-a (clone XT3.11) BioXcell Cat# BE0058, RRID:AB_1107764
Mouse anti-mouse IL-17A (clone 17F3) BioXcell Cat# BE0173, RRID:AB_10950102
Hamster anti-mouse/rat IL-1b (clone B122) BioXcell Cat# BE0246, RRID:AB_2687727

Anti human/mouse A2AR (clone 7F6-G5-A2)

Rat anti-mouse F4/80 Alexa 594 (clone BM8)

Goat Anti-mouse IgG Alexa Fluor 647

Rat anti-mouse CD45.2 BUV 395 (clone 104)

Rat anti-mouse CD45.1 FITC (clone A20)

Rat anti-mouse CD11 BUV 395 (clone M1/70)

Rat anti-mouse F4/80 PE (clone BM8)

Rat anti-mouse anti-TCRb FITC (clone QA18A18)
Rat anti-mouse anti-CD4 BUV737 (clone RM4.5)
Rat anti-mouse anti-CD8 BV650 (clone 53-6.7)

Rat anti-mouse anti-NK1.1 Alexa 700 (clone PK136)
Rat anti-mouse anti-Ly6C PerCP Cy5.5 (clone Al-21)
Rat anti-mouse anti-Ly6G APC-Cy7 (clone 1A8)

Novus Biologicals
Biolegend
Thermo Fisher
BD Bioscience
BD Bioscience
BD Bioscience
Biolegend
Biolegend

BD Bioscience
BD Bioscience
BD Bioscience
BD Bioscience
BD Bioscience

Cat# NBP1-39474, RRID:AB_2226520
Cat# 123140, RRID:AB_2563241
Cat# A-21241, RRID:AB_2535810
Cat# 564616, RRID:AB_2738867
Cat# 561871, RRID:AB_10926208
Cat# 563553, RRID:AB_2738276
Cat# 123110, RRID:AB_893486
Cat# 159705, RRID:AB_2888830
Cat# 612844, RRID:AB_2870166
Cat# 563234, RRID:AB_2738084
Cat# 560515, RRID:AB_10612564
Cat# 560525, RRID:AB_1727558
Cat# 560600, RRID:AB_1727561

Bacterial and virus strains

AAV.TBG.PI.Cre.rBG

pAAV.TBG.Pl.eGFP.WPRE.bGH

University of Pennsylvania
Vector Core
University of Pennsylvania
Vector Core

RRID:Addgene_107787

RRID:Addgene_105535

Biological samples

Mouse liver paraffin blocks This paper N/A

Chemicals, peptides, and recombinant proteins

Dimethylbenzyl anthracene (DMBA) Sigma Cat# D3254-1G
Acetone Fisher chemical Cat# A16P-4
Diethylnitrosamine (DEN) Sigma Cat# N0258-1G
Carbon tetrachloride (CCl4) Sigma Cat# 270652-100ML
Corn Ol Sigma Cat# C8267-500ML
Mirus TransIT QR solution Mirus Bio Cat# MIR 5240

Istradefylline/KW6002

NIR178/Taminadenant

CGS21680

Glucose solution

Percoll solution

Target retrieval solution

Protein block solution

(4’,6-Diamidino-2-Phenylindole, Dihydrochloride) DAPI
RNA later

Toronto Research Chemicals
MedChem Express

Tocris

Wisent

Sigma

Dako

Dako

Thermofisher

Thermofisher
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Cat# 1927000
Cat# HY-109139
Cat# 1063

Cat# 609-035-EL
Cat# P1644-1L
Cat# S1699

Cat# X0909

Cat# D1306
Cat# AM7021
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Superscript Vilo master mix Thermofisher Cat# 11755050
Critical commercial assays

Qiagen Endofree plasmid maxi kit Qiagen Cat# 12362
RNAeasy plus kit Qiagen Cat# 74034
Picrosirius red staining kit Polysciences Cat# 24901-250
AlphaLISA insulin kit Perkin Elmer Cat# AL3184C
AlphaLISA leptin kit Perkin Elmer Cat# AL521C
AlphaLISA TNFa kit Perkin Elmer Cat# L505C

U-PLEX Mouse IL-17A Assay

U-PLEX Mouse TNF-o Assay

U-PLEX Mouse IL-6 Assay

U-PLEX Mouse KC/GRO Assay

U-PLEX Mouse IL-1B Assay

Mouse resisitin ELISA kit

Mouse C-reactive protein ELISA kit

Mouse Plaminogen activatot inhibitor ELISA kit
Mouse adiponectin ELISA kit

Meso Scale Diagnostics
Meso Scale Diagnostics
Meso Scale Diagnostics
Meso Scale Diagnostics
Meso Scale Diagnostics
R&D systems
R&D systems
R&D systems
R&D systems

Cat# K152UTK
Cat# K152UCK
Cat# K152TXK
Cat# K152VWK
Cat# K152TUK
Cat# DY1069
Cat# DY1829
Cat# DY3828-05
Cat# DY1119

Deposited data

TCGA LIHC transcriptomic data

UCSC Xena Browser

https://xenabrowser.net/datapages/

TCGA LIHC diagnostic slides GDC portal https://portal.gdc.cancer.gov/projects/
TCGA-LIHC

Human HCC transcriptomic data GEO portal; Roessler et al.>® GSE14520

Human HCC transcriptomic data GEO portal; Hoshida et al.>® GSE10143

Human HCC transcriptomic data ICGC data portal LIRI-JP

Experimental models: Organisms/strains

C57BL/6 Adora2a -/- Chen et al.** N/A

B6; 129-Adora2atm1Dyj/J
B6.129P2-Lyz2tm1(cre)lfo/J
B6.SJL-Ptprca Pepcb/BoyJ
C57BL/6J

Jackson laboratories
Jackson laboratories
Jackson laboratories
Jackson laboratories

RRID:IMSR_JAX:010687
RRID:IMSR_JAX:004781
RRID:IMSR_JAX:002014
RRID:IMSR_JAX:000664

Oligonucleotides

qPCR Primers, see Table S2 This paper N/A

Recombinant DNA

pT3-myr-AKT-HA Calvisi et al.”” RRID:Addgene_31789
pX330 p53 Xue et al.”® RRID:Addgene_59910

pCMV(CAT)T7-SB100

Mates et al.>®

RRID:Addgene_34879

Software and algorithms

Visiomorph

ZEN Digital Imaging for Light Microscopy
R-4.3.1

Graphpad Prism

Visiopharm

Zeiss

The R project
Graphpad software

https://visiopharm.com/
RRID:SCR_013672
RRID:SCR_001905
RRID:SCR_002798

Other

Choline-deficient high fat diet (CD-HFD)
Body composition analyzer

Glucometer

Metabolic Cages

Microscope slide scanner

Mesoscale instrument

Real time PCR plate reader and analyzer

Research Diets
Echo MRI
Aviva

Columbus Instruments International

Olympus
Mesoscale diagnostics
Applied Biosystems

Cat# D05010403i

Echo MRI-500

Accucheck

CLAMS system

BX61VS. scanner

MESO QuickPlex SQ 120MM
StepOne Plus
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RESOURCE AVAILABILITY

Lead contact
Requests for resources, reagents and further information should be directed to and will be addressed by the lead contact, Dr. John
Stagg (john.stagg@umontreal.ca).

Materials availability
All materials generated in this study will be provided upon request to the lead contact.

Data and code availability
® This paper analyzes existing, publicly available data. These accession numbers for the datasets are listed in the key resources
table. All data reported in this paper will be shared by the lead contact upon request.
® This paper does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines
This study did not use cell line.

Mice strains and breeding

All mice were maintained 5 per cages in a specific pathogen-free facility with free access to food and water, nesting material and
housed at a temperature of 21°C unless otherwise stated. Most mice used for the experiments were males unless otherwise
stated. A2AR-deficient mice on a C57BL/6N background were obtained from Dr. JF Chen*® (Boston, MA) and bred at the CHUM
research center. A2AR floxed mice®® and Cre recombinase expressing mice under the control of the Lyz2 promoter, on C57BL/6J
background, were obtained from Jackson laboratory. Homozygous A2A floxed mice were crossed with LysM-Cre mice to
generate myeloid cell-specific (LysMCre*/ ~ A2AR" A2AR-deficient mice and littermate controls. To generate hepatocyte-
specific A2AR-deficient mice, 3-4 weeks old homozygous A2A floxed mice were injected intravenously (retroorbital) with 1 x
10"" genome copies of AAV8-TBG-Cre adenoviruses (addgene # 107787-AAV8) driving Cre recombinase expression under the
thyroglobulin promoter; control mice were injected with AAV8-TBG-eGFP adenoviruses (addgene # 105535-AAV8). All
experiments were conducted with at least 5 mice per group and were reviewed and approved by the CHUM research center
Animal Ethics Committee.

Human subjects
Results related to human HCC were generated using publicly available transcriptomic datasets and digital pathology images (see
details in the section dedicated to bioinformatic methods below).

METHOD DETAILS

Carcinogen-induced liver cancer models

Spontaneous HCC model

WT and A2AR-deficient males were breeded under regular housing conditions and sacrificed at 80 weeks of age. Livers were
collected and visually inspected for macroscopic lesions. Livers were fixed in formalin and embedded in paraffin to perform histo-
logical sections (hematoxylin/Eosin staining, picrosirius red staining) and stage tumors as described.*®

DMBA model

DMBA (dimethylbenzyl anthracene) was used to induce the formation of liver HCC, as described by Yoshimoto et al.°° DMBA was
dissolved in acetone at a concentration of 5 mg/mL and applied topically, on the dorsal skin of 3-4 days old pups. DMBA treated mice
developed macroscopic liver tumors within 40 weeks following DMBA treatment.

DEN models

A single dose of DEN (diethylnitrosamine, 50 mg/kg) was injected i.p in 3 weeks old males. Mice were sacrificed at 52 weeks of age
and macroscopic liver nodules were enumerated and measured. In some experiments DEN injection was coupled to repetitive car-
bon tetrachloride injections (CCly, 15 injections from week 6-21) at a dose of 0.15 pL/gram. CCl, was dissolved 1:3 (volume: volume)
in corn oil before injection as previously described.*® In the DEN +CCl, model, mice were euthanized at 30 weeks of age to evaluate
macroscopic liver nodules. In another experiment, DEN treatment was associated with feeding mice with a choline-deficient high-fat
diet (CD-HFD, 65% Kcal fat, Research Diets, D050104083i). Under these experimental conditions, mice were sacrificed at 46 weeks of
age to evaluate tumor burden in the liver.

e3 Cell Reports Medicine 4, 101188, September 19, 2023


mailto:john.stagg@umontreal.ca

Cell Reports Medicine ¢ CelPress

OPEN ACCESS

Hydrodynamic tail-vein HCC model

8-10 weeks old C57BL/6J males (Jackson Lab) received 12 ng of pT3-myr-Akt-HA (Addgene #31789), 14 ng of px330-sg-p53 (Addg-
ene #59910) and 2 pg of pPCMV-SB100 (Addgene #34879) (4:1 ratio of transposon to SB100 transposase encoding plasmid) dissolved
1.8-2 mL of Mirus TransIT QR solution. Mice were injected with the solution containing the plasmid mix into the lateral tail vein with a
total volume corresponding to 8% of body weight in 5-7 s. Plasmidic vectors for hydrodynamic delivery were produced using the
QIAGEN Endofree plasmid Maxi kit.

Bone marrow transplantation

To minimize the impact of lethal whole-body irradiation on weight gain, a low dose irradiation protocol adapted from Xue et al.”" was
used. 3 to 4 weeks old WT and A2AKO males were treated with anti-cKit monoclonal antibody (Clone ACK2), administered i.p at a
dose of 25 pg/gram, to deplete hematopoietic stem cells. 4 days after anti-cKit treatment, mice received a low dose irradiation (300
Rads) coupled to the administration of anti-CD4 (clone GK1.5) and anti-CD8 (clone 53-5-8) depleting antibodies, both at 10 mg/kg,
i.p. 3 days after irradiation, mice were transplanted with 5 million bone marrow cells collected from WT CD45.1 congenic mice or
A2AKO mice; at the same time, mice received a second i.p injection of anti-CD4 and anti-CD8 depleting antibodies. Engraftment
rate was measured 8 weeks after transplantation.

|.61

Cytokine neutralization in vivo

DMBA-treated A2AKO males were treated with neutralizing monoclonal antibodies targeting IL6 (clone MP5-20F3), TNFa (clone
XT3.11), IL17A (clone 17F3) or IL1B (clone B122). All antibodies were from BioXcell. Treatments started on week 20 after DMBA
application and lasted until week 40. In each treatment group, mice received 250 ng of one neutralizing mAb, twice per week until
the end of the experiment.

Chronic treatment with A2AR antagonists and agonist in vivo

8-10 weeks old C57BL/6J males (Jackson Lab) received daily administrations of KW6002 (Istradefylline, Toronto Research Chem-
icals), NIR178 (Taminadenant, Selleckchem) or CGS21680 (Selleckchem). KW6002 and NIR178 were administered per os at a dose
of 10 mg/kg. KW6002 and NIR178 powders were resuspended in a solution containing 0.5% methylcellulose and 0.2% Tween 80.
CGS21680 was injected i.p at a dose of 0.5 mg/kg in PBS.

Metabolic studies

Growth curves

Growth of mice (males and females) was monitored weekly by measuring weight until 32 weeks of age. In some experiments, mice
were fed with a choline deficient high-fat-diet (65% Kcal fat, Research Diets, D05010403i) as detailed in figure legends. At 24 weeks
of age, body composition of WT and A2AKO males was analyzed using an EchoMRI body composition analyzer. Growth monitoring
of tissue-specific A2AR deficient mice and A2AR floxed mice were done only for males. At 32 weeks old, WT and A2AKO mice were
sacrificed and the different subcutaneous and visceral fat deposits were collected and weighed.

Glucose tolerance test

24 weeks old WT and A2AKO males were subjected to an oral glucose tolerance test (OGTT). Mice were challenged with an oral dose
of dextrose of 2 g/kg of lean mass. Blood concentrations of insulin and glucose were monitored several times over 120 min after the
oral glucose challenge. Blood glucose concentrations were measured using a glucometer (Accucheck, Aviva) and insulin concentra-
tions were determined by an AlphaLISA (PerkinElmer) following the manufacturer’s protocol.

Energy expenditure measurement

Respiratory exchange ratio (RER), energy expenditure and locomotor activity were measured by indirect calorimetry in a Compre-
hensive Lab Animal Monitoring System metabolic cages (CLAMS, Columbus Instruments International, Columbus, OH, USA).
Animals were single housed in CLAMS apparatus at 21 + 0.2°C in a dark-light cycle during 24 h to acclimate before any
measurements. Following acclimation, energy balance parameters were measured during 48h. Energy expenditure was
normalized by lean mass.

Histology

Adipose tissue

Gonadal white adipose tissue (QWAT) and brown adipose tissue (BAT) deposits were embedded in paraffin to make histological
slides. gWAT and BAT sections were imaged on a scanner in the Cy5 channel to take advantage of adipocyte autofluorescence.
Slides of fat tissues were analyzed using the visiomorph software to determine the average adipocyte size in gWAT and BAT samples.
Liver

Livers from 32-weeks old WT and A2AKO mice were collected, fixed and embedded in paraffin to prepare histological sections.
Hematoxylin and eosin staining of liver slides were analyzed and scored by a pathologist to determine a non-alcoholic
steatohepatitis score (NAS) ranging from 0 to 8 as described by Kleiner et al.°” In some experiments, liver FFPE histological
slides were stained with picrosirius red staining kit (Polysciences) to reveal collagen deposits and evaluate fibrosis severity. The
percentage of Sirius red positive area on each sample was quantified using the visiomorph software. Diagnostic slides from
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human HCC patients were accessed from the Genomic Data Commons (GDC) data portal and reviewed by a pathologist to score
inflammation, steatosis, hepatocyte ballooning and fibrosis.

Immunofluorescence of liver samples

Livers were collected, fixed and embedded in paraffin to prepare histological sections. For AAV injected mice, livers were collected
2 weeks after AAV inoculation. 5 um sections were deparaffinized and rehydrated with xylene and alcohol, followed by antigen
retrieval in citrate buffer (target retrieval solution; Dako, S1699). Protein block solution (Dako, 100%) was added for 30 min prior
to an overnight incubation at 4°C with primary antibodies: anti-human/mouse A2AR mAb (clone 7F6-G5-A2, Novus biologicals)
and efluor 550-coupled anti-F4/80 mAb (clone BM8, Biolegend). The following day, anti-mouse 1gG2a 647 (Life technologies) was
incubated for 2 h at room temperature, followed by 4’,6-diamidino-2-phenylindole (DAPI; Sigma) DNA staining and slides were
mounted using ProLong Gold (ThermoFisher). Slides were then imaged using an Olympus BX61VS. slide scanner. A2AR positive
areas were determined using Zen blue software (Zeiss) and normalized with the total sample area to get the percentage of A2AR
positive area in each sample.

Measurement of cytokine levels in blood

Blood levels of IL17-A, Gro-a, TNF-o and IL-6 were measured using a Mesoscale multiplex assay (MSD). Blood levels of resistin,
adiponectin, C-reactive protein (CRP) and plasminogen activator inhibitor 1 (PAI1) where measured using standard ELISA kits
(R&D Systems). Blood levels of leptin were measured using an AlphaLISA immunoassay (PerkinElmer). All the assays were
performed according to manufacturers’ protocols.

Real-time PCR

Tissues were collected and placed in RNA later. RNA was extracted using RNAeasy plus kit (Qiagen) according to manufacturers’
recommendations. Reverse transcription was performed using the Superscript Vilo reverse transcriptase (Life technologies). Abso-
lute quantities of MRNA were determined with specific Tagman probes (Table S2) using a StepOne Plus real-time PCR system
(Applied Biosystems).

Flow cytometry

Livers of KW6002, CGS21680 or vehicle treated mice were perfused in situ with 10mL of PBS, collected and manually disaggregated
on a 100 um cell strainer. Liver-infiltrating immune cells were isolated by centrifugation using a 37% Percoll gradient. Samples were
then stained with a cocktail of fluorescently labeled antibodies to detect immune cell subsets. Fluorochrome labeled antibodies used
in this study are listed in the key resources table. Immune cell subsets were identified as follow: Macrophages (CD45.2+/CD11b+/
Ly6G-/F4/80+); Monocytes (CD45.2+/CD11b+/Ly6G-/Ly6C+/F4/80-); Neutrophils (CD45.2+/CD11b+/Ly6G+); CD4 and CD8 T cells
(CD45.2+/TCRb+/CD4" or CD8*); NKT cells (CD45.2+/TCRb+/CD11bdim).

Bioinformatic analyses

Clinical data and ADORA2A gene expression in different cohorts of HCC was collected from the UCSC Xena genomic browser (TCGA
LIHC cohort), the GEO plateform (GSE14520, GSE10143) and the International Cancer Genome Consortium data portal (LIRI cohort).
Comparative expression of ADORA2A in normal liver (GTEX) and HCC (TCGA LIHC cohort) was evaluated using the UCSC Xena
TCGA-TARGET-GTEX dataset in which TCGA and GTEX mRNA have been normalized to allow comparison. In the 4 different
cohorts, patients were stratified in “high” and “low” populations according to ADORA2A expression level: the “low” subgroup
corresponds to the bottom 20% of ADORA2A expression while the “high” subgroup include patients with the top 80% of
ADORA2A expression. Impact of ADORA2A expression on HCC patient survival was evaluated using a log rank test. For meta-
analysis, forest plot displaying log hazard ratios (logHR) and 95% confidence intervals (Cl) for ADORA2A association with OS,
using a univariate cox proportional hazards regression model. ADORA2A expression was stratified into “High” and “Low”
subgroup using the bottom 20 percent of its expression. The results of individual studies were pooled using random-effects
meta-analysis with inverse variance weighting in DerSimonian and Laird random-effects models. Heterogeneity across studies
was evaluated by using the Q statistic (X2) along with |12 index. All statistical analyses were performed as two-sided and p values
were corrected for multiple testing using the Benjamini-Hochberg (False Discovery Rate, FDR) method. Associations were
deemed statistically significant for FDR lower or equal to 0.05.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses

Unless otherwise stated, data are shown as means + SEM. All data were analyzed using GraphPad prism software or R for
bioinformatic analyses. Statistics are calculated using unpaired Student’s T test or Mann-Whitney test (2 groups) or multiple T
tests with Benjamin Hochberg multiple comparison correction (more than 2 groups). For some experiments, Chi2 or log-rank
tests were used to compare the experimental groups as specified in figure legends. *p < 0.05, **p < 0.01, **p < 0.001,
****p < 0.0001. Specific sample size are indicated in figures.
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