‘," frontiers
in Physiology

REVIEW
published: 14 March 2022
doi: 10.3389/fphys.2022.849258

OPEN ACCESS

Edited by:

Natalie Luhtala,

Salk Institute for Biological Studies,
United States

Reviewed by:
Francesco Di Virgilio,
University of Ferrara, Italy
Francisco Westermeier,
FH Joanneum, Austria

*Correspondence:
Jennifer M. Bailey-Lundberg
Jennifer.m.bailey@uth.tmc.edu

Specialty section:

This article was submitted to
Gastrointestinal Sciences,

a section of the journal
Frontiers in Physiology

Received: 05 January 2022
Accepted: 03 February 2022
Published: 14 March 2022

Citation:

Faraoni EY, Ju C, Robson SC,
Eltzschig HK and
Bailey-Lundberg JM (2022)
Purinergic and Adenosinergic
Signaling in Pancreatobiliary
Diseases.

Front. Physiol. 13:849258.

doi: 10.3389/fphys.2022.849258

Check for
updates

Purinergic and Adenosinergic
Signaling in Pancreatobiliary
Diseases

Erika Y. Faraoni', Cynthia Ju’', Simon C. Robson?, Holger K. Eltzschig’ and
Jennifer M. Bailey-Lundberg™

"Department of Anesthesiology, Center for Perioperative Medicine, McGovern Medical School, The University of Texas
Health Science Center at Houston, Houston, TX, United States, ?Departments of Internal Medicine and Anesthesiology,
Center for Inflammation Research, Beth Israel Deaconess Medlical Center and Harvard Medical School, Boston, MA,
United States

Adenosine 5'-triphosphate (ATP), other nucleotides, and the nucleoside analogue,
adenosine, all have the capacity to modulate cellular signaling pathways. The cellular
processes linked to extracellular purinergic signaling are crucial in the initiation, evolution,
and resolution of inflammation. Injured or dying cells in the pancreatobiliary tract secrete
or release ATP, which results in sustained purinergic signaling mediated through ATP
type-2 purinergic receptors (P2R). This process can result in chronic inflammation, fibrosis,
and tumor development. In contrast, signaling via the extracellular nucleoside derivative
adenosine via type-1 purinergic receptors (P1R) is largely anti-inflammatory, promoting
healing. Failure to resolve inflammation, as in the context of primary sclerosing cholangitis
or chronic pancreatitis, is a risk factor for parenchymal and end-organ scarring with the
associated risk of pancreatobiliary malignancies. Emerging immunotherapeutic strategies
suggest that targeting purinergic and adenosinergic signaling can impact the growth and
invasive properties of cancer cells, potentiate anti-tumor immunity, and also block
angiogenesis. In this review, we dissect out implications of disordered purinergic responses
in scar formation, end-organ injury, and in tumor development. We conclude by addressing
promising opportunities for modulation of purinergic/adenosinergic signaling in the
prevention and treatment of pancreatobiliary diseases, inclusive of cancer.

Keywords: biliary cancer, pancreatic cancer, immune suppression, hypoxia, CD73, CD39

INTRODUCTION

Relationships between inflammation, wound-healing, scarring, and cancer were first proposed
in the middle of the 19th century by Virchow (Dvorak, 1986). Currently, inflammation is
recognized as a canonical hallmark of cancer given roles linked to the various stages of
tumor development and in impacting responses to therapy (Greten and Grivennikov, 2019).
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Inflammation appears tightly regulated by the release of
inflammatory mediators inclusive of extracellular purines,
heterocyclic aromatic organic compounds, and fundamental
biochemical constituents of purinergic signaling (Miller and
Urey, 1959). ATP is the vital purine nucleotide generated
by glycolysis and oxidative phosphorylation and provides
the intracellular energy currency fundamental for biological
processes. Typical intracellular stores of ATP are in the range
of 5-8 mM; however, several stimuli trigger heightened levels
of ATP release by various cell types. This process increases
local extracellular ATP concentrations to tens or even hundreds
of micromoles per liter in inflamed or hypoxic tissues, such
as in the tumor microenvironment (Di Virgilio et al., 2018a).
Elevated extracellular ATP levels during pathophysiological
conditions, such as tissue stress, necrosis, hypoxia, platelet
activation, and vascular thrombosis, directly modulate
recruitment and function of innate immune cells by exerting
signals through purinergic receptors (Di Virgilio et al., 2018a).
In this review, we consider the implications of dysregulated
purinergic signaling in the evolution of pancreatobiliary
diseases and in cancer.

DELETERIOUS VS. BENEFICIAL
ELEMENTS OF PURINERGIC AND
ADENOSINE SIGNALING

Decades of research have indicated extracellular ATP is
pro-inflammatory, whereas the primary metabolite, adenosine,
is largely anti-inflammatory. Integrated ATP-directed purinergic
and adenosine-mediated signaling pathways appear imperative
for appropriate responses to injury, healing, and subsequent
tissue repair (Figure 1A).

Seminal work by Dr. Burnstock described novel ATP
receptors, which were denoted Purinergic-type 2 receptors
(P2R; Burnstock, 2006). In the extracellular environment,
ATP-mediated purinergic signaling is initiated when ATP binds
and activates P2R resulting in context and cell type-dependent
responses. To date, eight P2YR (P2Yyy611121314) and seven
P2XR (P2X1-7) members have been identified in this family
(Figure 1B).

P2YRs are metabotropic receptors that act as G protein-
coupled receptors (GPCR), while P2XRs are nucleotide-gated
ion channels and are more commonly known as ionotropic
receptors (Idzko et al., 2014). Unlike P2YR that can bind
several nucleoside tri- and di-phosphates, P2XR are
ATP-selective. P2XR affinity is generally in the low micromolar
range and highly sensitive to sudden changes in local ATP
concentrations. P2X7R is the exception and has a remarkably
high tetrabasic ATP activation threshold in the millimolar
range (North and Surprenant, 2000; Magistroni et al., 2019).
Active release of ATP to the extracellular compartment is
tightly mediated by connexins, pannexins, and exocytosis,
which are predominantly regulated by P2XR-dependent
feedback loops (Di Virgilio et al., 2020; Li et al., 2020).
Heightened ATP stimulation of P2X7 triggers opening of
a non-selective plasma membrane pore, known as a macropore,

which promotes the release of large hydrophilic molecules
(Di Virgilio et al., 2018b). Macropore activation and
conductance occur as a pathophysiological function of P2X7
(Pippel et al., 2017) and can result in membrane depolarization
and cell death (Harkat et al., 2017). Isoforms of P2X7R
have been described that impact macropore formation
including nfP2X7, an isoform with conformational changes
resulting in loss of the capacity for macropore formation
(Pegoraro et al, 2021). This isoform is localized to the
cytosol but can be translocated to the plasma membrane
after cellular exposure to high ATP concentrations (Barden
et al., 2003). Strategies to rescue macropore formation
are promising therapeutic avenues as these adaptations
are proposed to occur in tumor microenvironments
(Lara et al., 2020).

Adenosine, once available in the extracellular space, signals
through the Purinergic-type 1 receptor (P1R) family,
which consists of four GPCR: ADORA (AR, A,.R, AyR,
and A;R; Figure 1A; Borea et al, 2018). P1 receptor
activation on epithelial or immune cells modulates intracellular
cAMP levels and contributes to anti-inflammatory and
immunosuppressive responses, dampening ATP-triggered
responses by P2 receptors and contributing to resolution of
injury (Figure 1B; Colgan, 2015).

Under homeostatic conditions, low levels of extracellular
ATP are rapidly converted through the catalytic actions of
ectonucleotidases. Tandem-linked enzymatic activities of
ectonucleoside triphosphate diphosphohydrolase 1 (ENTPD1/
CD39) decrease extracellular ATP and ADP levels through
conversion to AMP, followed by ecto-5"-nucleotidase (CD73)
catalyzed adenosine generation. Under hypoxic conditions,
adenosine signaling elicits tissue-protective effects and
coordinates reparative mechanisms through inhibition of
leukocyte cell recruitment and reduced production of
pro-inflammatory cytokines. Adenosine levels are in turn
regulated by cellular uptake by equilibrative nucleoside
transporters (ENTs; Eltzschig et al., 2005; Rose et al., 2011;
Wang et al., 2021a). In humans, nucleoside transporters are
encoded by SLC28 and SLC29. The SLC28 family includes
three human Concentrative Nucleoside Transporters (hCNT1,
hCNT2, and hCNT3) which have characteristic transporter
properties, whereas the SLC29 family comprises four human
Equilibrative Nucleoside Transporters (hENT1, hENT2,
hENT3, and hENT4) which are regulators of nucleoside
pools and purinergic signaling (Pastor-Anglada and Pérez-
Torras, 2018). In addition to cellular uptake, adenosine levels
are regulated by the catalytic activity of adenosine deaminase
(ADA) that terminates extracellular and intracellular adenosine
signaling by irreversibly degrading adenosine to inosine
(Wiginton et al., 1981; Idzko et al., 2014). However, when
these processes are overwhelmed, sustained adenosine-
mediated signaling exacerbates immunosuppressive states,
resulting in immune exhaustion. Tumors arising in the
pancreatobiliary tract have elevated CD39 and CD73, placing
CD39 or CD73 inhibitors as high priority candidates for
reversing immune suppression in these lethal malignancies
(Sciarra et al., 2019).

Frontiers in Physiology | www.frontiersin.org

March 2022 | Volume 13 | Article 849258


https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Faraoni et al. Adenosinergic Signaling in Pancreatobiliary Diseases

P |

P2X2  P2X3  P2X4 P2X5 P2X6  P2X7

P2Y, P2V Purinergic Type 2
Receptors (P2R)

uy

> A1 R A2AR A2BR A3R

J

P2Y, P2Y;;  P2Yy;

ADQ Purinergic Type 1

Receptors (P1R)

. -CH20H
Inosine

Chronic inflammation - Immunosuppression - Tumor Immune Escape - Fibrosis

Pro-Inflammatory Anti-Inflammatory

Exacerbated ATP release - Dysregulated nucleoside/nucleotide signaling
ATP release § P2R signaling § P1R signaling

Physiological environment . .% Pathological environment .@ ‘m
&= L o

ATP release [ P2R signaling

[ P1R signaling

) | j | P & @° )
Connexin-43 Pannexin-1 ﬁ: P2Xs mﬂﬂ P2Ys PIRs OENTPDUCDSQ NTSE/CD73 .ADA ATP wop @ avp @ 100 @ osine

FIGURE 1 | Purinergic signaling mechanisms—receptors and ecto-enzymes. (A) Extracellular nucleotides, nucleosides and specific receptors. Extracellular ATP
initiates vascular and immune cellular signaling through purinergic-type 2 receptors (classified as P2X ligand-gated channels and P2Y —G protein-coupled
receptors). Enzymatic conversion of extracellular ATP to ADP/AMP by ENTPD1/CD39 modulates nucleotide/nucleoside signaling via ADP generation with binding
and activation of selective P2Ys receptors and/or followed by AMP conversion to adenosine (ADO) by NT5E/CD73. ADO initiates adenosinergic/nucleoside-
mediated signaling through purinergic-type 1 receptors P1R or can be degraded by ADA to inosine, resulting in termination of adenosine signaling. (B) Beneficial vs.
Deleterious Purinergic Signaling Responses in Physiological and Pathological States. With physiological quiescent conditions, low-level nanomolar concentrations of
extracellular ATP in the microenvironment are essential to fine-tune and preserve cell functionality. Tightly controlled ATP conversion and purinergic signaling enable
co-ordination of signals in the extracellular compartment allowing tissue-specific homeostatic functions (Left). In the setting of inflammation and other pathological
states, injured cells increase ATP release, which then achieve millimolar concentrations in the extracellular compartment, promoting cellular activation and strong
pro-inflammatory responses. Sustained inflammation alters the nature of purinergic signaling through P2 and P1 receptors and may promote chronic injury. In this
context, ADO generation can at first exhibit beneficial cytoprotective and anti-inflammatory functions through P1 receptors to help mitigate ATP exacerbated
signaling; however, in the presence of high CD39/CD73 expression and high substrate levels of extracellular nucleotides, consequent ADO signaling triggers tumor
immune escape, angiogenesis, excessive fibrosis and detrimental immunosuppression (Right).
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HYPOXIA-DRIVEN ADENOSINERGIC
SIGNALING

Pancreatobiliary malignancies including cholangiocarcinoma
and pancreatic ductal adenocarcinoma have profoundly
hypoxic and immunosuppressive tumor microenvironments.
Hypoxia has been shown to enhance the invasive and
malignant properties of these malignant cells (Lee et al., 2016;
Yu et al, 2020). Their hypoxic microenvironments are
important in the context of nucleoside signaling as
hypoxia-mediated adenosine signaling is central for
immunosuppression and immune escape (Bastid et al., 2015;
Hayes et al., 2015). Under hypoxic conditions, P1-mediated
adenosine signaling is boosted by the concerted and
upregulated ecto-enzymatic activity of CD39 and CD73 on
epithelial cells. CD73 transcriptional activity is regulated by
a Hypoxia Response Element (HRE) located in the promoter
region of NT5E (CD73). This HRE element allows HIF-la
to directly regulate CD73 in epithelial cells under hypoxic
conditions (Synnestvedt et al, 2002). In addition, under
hypoxic conditions in epithelial cells, HIF-1a cooperates with
Spl to elevate expression of CD39 (Hart et al., 2010), which
is also regulated by HIF-1B/ARNT and AhR receptor responses
(Mascanfroni et al., 2015).

Hypoxia-dependent adenosine signaling also promotes
angiogenesis, which has implications for invasion and metastasis.
In human endothelial cells, hypoxic conditions enable HIF-2a
to directly regulate adenosine A,,R, and HIF-la to regulate
AR, ENTs, and associated receptors. This mechanism promotes
autonomous adenosine signaling and increased tissue
vascularization (Li et al., 2020). In addition, adenosine impacts
barrier-protective functions and RhoA activation in endothelial
cells (Hassanian et al, 2014). Hence, in pancreatobiliary
tumors, the adenosine rich stromal environment generated
by elevated CD39 and CD73 enables neoplastic cells to escape
CD8* T-cell and NK cell immune surveillance (Ohta et al.,
2006) and may facilitate cell invasion and metastatic
dissemination by transiently increasing tumor vascularity
(Ohta et al, 2006; Sun et al., 2010; Chiu et al., 2017;
Kjaergaard et al., 2018).

Controversial roles of tumor-derived extracellular adenosine
are emphasized at the interface of inflammation and cancer
where transient or chronic hypoxic events play key roles in
both inflamed areas of normal tissue and solid tumors. In
this regard, the A,,R has been shown to protect normal
tissues by promoting termination of inflammation but also
support tumor promotion by protecting cancerous tissues
from anti-tumor T cells. Tissue-protective mechanisms involve
the hypoxia-driven accumulation of adenosine which, via
cAMP, enhances A,,R expression downregulating the
inflammatory response and preventing exacerbated tissue
damage after injury. An important characteristic of this
beneficial hypoxia-adenosinergic downregulation of activated
immune cells is that it acts in a delayed-negative feedback
manner, which is crucial for avoiding damaging ischemic
events and for the protection of normal tissues from overactive
immune cells (Ohta and Sitkovsky, 2001; Sitkovsky, 2009).

Conversely, deleterious effects of AR signaling have been
described that rely on diminished TCR signaling and
IFN-gamma production (Ohta et al., 2006). Both events are
triggered by hypoxic-driven elevated intracellular levels of
cAMP which ends up misguiding anti-tumor T cells (Ohta
et al., 2006).

Hypoxic conditions haves remarkable influences in the
purinergic system by regulating CD39, CD73, and both the
P1 and P2 receptors; thus, it is important to highlight potential
therapeutic implications of weakening the hypoxia-A2-
adenosinergic immunosuppressive pathway in the TME
(Hatfield and Sitkovsky, 2020). Studies have shown that
modulating hypoxic conditions improves anti-tumor effects
in a metastatic model of orthotopically grown breast tumors
(Hatfield et al, 2015). Moreover, increased oxygenation
decreases levels of tumor-protecting extracellular adenosine
and reduces expression of HIF-1a dependent tumor-protecting
proteins (Hatfield et al., 2014).

INFLAMMATORY BILE DUCT DISEASES

Primary Sclerosing Cholangitis (PSC) is a cholestatic form of
liver disease, characterized by inflammation, thickening, and
abnormal fibrosis of the intrahepatic and extrahepatic bile
ducts. Risk factors for PSC include gut dysbiosis and inflammatory
bowel disease. PSC has the potential to evolve into biliary
cirrhosis and is a preneoplastic condition, predisposing to
cholangiocarcinoma, and colorectal cancer (Razumilava
et al., 2011).

The role of CD39 in PSC was recently highlighted in a
murine model of biliary injury and sclerosing cholangitis
induced by multidrug resistance protein 2 (Mdr2) deficiency
(Peng et al., 2017). Here, genetic deletion of CD39 resulted
in higher levels of hepatic CD8" T cells, liver injury, ductular
reaction, and scarring. Loss of CD39 resulted in elevated
ATP release in the gut, which activated DC and CD8" T
cells. Activated DC and CD8" T cells then trafficked to the
liver to target biliary epithelia, resulting in cholangitis and
periductular fibrosis (Figure 2; Peng et al., 2017). These
data are consistent with the complex mechanisms linking
intestinal inflammation and PSC. Notably, the role of CD39 in
limiting inflammation in this model is complicated by
discordant impacts on ATP- and adenosine-mediated
effects. As an example, subsets of bacterial species in
dysbiosis activate immune cells, which upregulate CD39
and traffic to the liver. This mechanism increases
intrahepatic levels of adenosine, perhaps resulting in
aberrant immunosuppression, predisposing to cancers in
cholestatic liver disease (Longhi et al., 2017; Tripathi et al.,
2018; Vuerich et al., 2020).

To address this in the myeloid lineage, the role of CD39 in
liver fibrosis has been studied in myeloid-specific CD39-
deficient mice. After exposure to 3,5-diethoxycarbonyl-1.4-
dihydrocollidine (DDC), myeloid-specific CD397'~ mice
manifested worse liver fibrosis compared to wild-type mice,
indicating CD39 myeloid expression is protective in sclerosing
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FIGURE 2 | Purinergic signaling in cholestatic liver disease, biliary cirrhosis, and development of cholangiocarcinoma. Ectonucleotidase-expressing
immune cells, pancreatic acinar cells, and cholangiocytes help balance gut-derived ATP levels arising within the hepatopancreatobiliary tract. During
Inflammatory Bowel Disease (IBD) with associated gut dysbiosis, increased levels of ATP are secreted impacting physiological bile duct function and
provoking further cholestasis. Decreased intestinal ENTPDase8 promotes enhanced P2Y, activation and exacerbates the inflammatory phenotype. Immune
cells may lose CD39 expression, allowing systemic ATP accumulation with activation of dendritic cells, macrophages, and NK cells. This effect is pronounced
when in presence of CD39-deprived macrophages. The activated immune cells secrete pro-inflammatory signals when these cells arrive within the
pancreatobiliary tract promoting cholangiocyte inflammation. Primary Sclerosing Cholangitis (PSC) and Primary Biliary Cholangitis (PBC) are associated with
chronic ductular injury, impairing intestinal bile liver delivery, promoting backpressure to the liver, and exacerbating intestinal inflammation. Chronic
inflammation and intra bile duct fibrosis trigger duct obstruction, thickening, and scarring which leads to biliary cirrhosis. Decreased AR and elevated CD73

Cholangiocarcinoma initiation and development.

and AR expression amplify adenosine signaling which reduces CD8+ T-cell tumor infiltration and enhances immune suppression, priming

cholangitis (Rothweiler et al., 2019). These data indicate at
early stages of biliary fibrosis, CD39 may be important for
scavenging nucleotides and decreasing extracellular ATP
levels to protect from sustained or chronic inflammatory
signaling, but the consequences of sustained elevated CD39 in
mediating long-term aberrant adenosinergic effects are to
be still determined.

Primary Biliary Cholangitis (PBC) is an autoimmune
cholestatic liver disease, which is characterized by damage
to the intrahepatic bile ducts resulting in cirrhosis in some
patients. PBC is slow progressing and associated with a
number of malignancies including pancreatic, breast, and
hepatocellular carcinoma. PBC is manifested by accumulation
of bile in the liver, portal inflammation, and antimitochondrial
antibodies (Ide et al., 2017). PBC can be managed with
ursodeoxycholic acid (UDCA), a hydrophilic bile salt
metabolized by the microbiome (Guarino et al., 2013).

The proportions of CD4*CD39* and CD8" T regulatory cells,
important for preventing autoimmune disease, are decreased
in these patients (Lan et al, 2006; Bernuzzi et al., 2010)
and CD4+CD39+ cells are significantly reduced in the
PBMCs of these patients compared to healthy controls. A
mouse model for PBC has been described using 16-week
chronic exposure to polyinosinic-polycytidylic acid (poly
I:C). In these mice, similar to observed findings in
human patients, CD39*CD4" and CD39* T regulatory cells
are decreased in spleens and livers and CD39" cells were
decreased in PBMC. However, CD73* cell numbers were not
altered. In addition to loss of CD39, the A,,R, but not any
other adenosine receptor, was decreased in the livers of
poly I:C treated mice, indicating loss of hepatic A,,R and
reduced anti-inflammatory adenosine signaling may
be associated with early progression of PBC (Figure 2;
Gong et al, 2021).
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BILE DUCT CANCER

Tumors arising in the bile ducts are considered rare, yet
highly lethal. Cholangiocarcinoma is considered aggressive
and highly invasive with poor prognosis. This malignancy
arises in the biliary tract and consists of two major subtypes:
intra- vs. extrahepatic cholangiocarcinoma. HIF-1a levels are
significantly elevated in cholangiocarcinoma cell lines compared
to normal biliary cells and HIF-la is important for
cholangiocarcinoma cell line proliferation, migration, and
invasion (Yu et al, 2020). ATP and adenosine have been
shown to have anti-proliferative and anti-motility effects
(Lertsuwan and Ruchirawat, 2017) in experiments conducted
using cholangiocarcinoma cell (CCA) lines. Purinergic receptor
expression levels in CCA cell lines were analyzed using qPCR
and P2 receptors were expressed in CCA cell lines and in
immortalized cholangiocytes, but in this study, adenosine
receptors were not identified. Further elucidation of these
mechanisms is needed, especially in the context of hypoxia,
to evaluate the mechanistic consequences of elevated purinergic
receptors in cholangiocarcinoma.

In contrast to in vitro studies, correlative immunohistochemical
analysis of patients with cholangiocarcinoma in two separate
cohorts has shown CD73 is elevated in cholangiocarcinoma
and has prognostic implications. Immunohistochemistry in the
first cohort showed CD73 staining in the majority of intra-
and extrahepatic cholangiocarcinoma tissues. Notably, in normal
hepatobiliary tissue, CD73 was expressed in the apical region
of cholangiocytes and pancreatic ducts, and in the canalicular
of hepatocytes (Sciarra et al, 2019). In the second cohort of
140 patients, elevated CD73 was highly correlated to lymphatic
metastasis, tumor size and negatively associated with tumor-
infiltrating CD8" T cells. These data suggest that inhibition of
CD73 is a promising modality for immunotherapy in patients
diagnosed with intra- or extrahepatic cholangiocarcinoma (Xu
et al.,, 2021).

In homeostatic biliary epithelia, the expression of hCNT3
is well represented and appears to be the major player in the
extracellular regulation of adenosine levels. Moreover, as this
receptor is regulated by A, R, it contributes to complete
purinergic control of bile flow which was started by ATP
secretion into the bile (Godoy et al, 2014). On the other
hand, in a subgroup of patients with biliary tract cancer, hENT1
expression correlated with overall survival, suggesting its
participation in the intracellular transport of gemcitabine may
play a role in predicting the subpopulation of patients who
could benefit from this therapy (Santini et al, 2011).

INFLAMMATORY PANCREATIC
DISEASES

Under normal physiologic conditions, pancreatic acinar cells
express P2X1, P2X4, P2Y,, and P2Y,. The role of these P2R
is thought to be related to signaling responses driven by
secretion of ATP at the luminal side. In addition, intercalated
pancreatic ducts expressing functional P2Rs, such as P2Y,,

P2Y,, P2Y, P2Y,,, P2X4, and P2X7, respond and mediate
ductal secretion of bicarbonate-rich fluid (Hayashi et al.,
2016; Sciarra et al., 2019). ATP released by acini is hydrolyzed
to ADP/AMP and adenosine by ectonucleotidase expression
on ducts and both ADP and adenosine regulate ion
channels on pancreatic ducts (Burnstock and Novak, 2012;
Novak et al., 2020).

In acute pancreatitis, injured acinar cells undergo autophagy
or uncontrolled cellular death promoting the release of
trypsinogen, cytokines, and ATP to the extracellular space
allowing the activation and infiltration of several immune cells
to the injured site (Sendler et al, 2018; Mayerle et al., 2019;
Saluja et al., 2019). Heightened trypsinogen and ATP release
elevates induction of acinar cell p38 MAPK and NF-«B pathways,
which further contribute to pancreatic inflammation (Dixit
et al, 2019). Elevated purinergic or adenosine signaling in
pancreatic ducts results in dysregulation of bicarbonate secretion
which alters the pH of pancreatic secretions provoking pancreatitis
(Figure 3). In addition, purinergic receptors expressed on
infiltrating neutrophils exacerbate pancreatitis. In a mouse
model of acute pancreatitis, P2X1 expressed on neutrophils
contributes to the inflammatory response and severity of
pancreatitis (Wang et al, 2020). Expression of purinergic
receptors and ectonucleotidases play an important role in
mediating the physiological and pathological function of the
pancreas, given their broad expression in epithelial, immune,
and stromal cells (Novak et al., 2020).

Chronic pancreatitis is an important risk factor for
development of pancreatic ductal adenocarcinoma and is
characterized by acinar injury, damage of the gland, sustained
inflammation, fibrosis, and loss of islet cells. Chronic pancreatitis
manifests in unrelenting abdominal pain, malnutrition,
pancreatogenic diabetes (type 3c diabetes), and exocrine and
endocrine insufficiency (Bhattamisra et al, 2019; Singh et al.,
2019; Illés et al., 2020; Wei et al., 2020; Cruz-Monserrate et al.,
2021). Risk factors include heavy alcohol abuse, tobacco smoking,
and genetic predispositions (Majumder and Chari, 2016; Singh
et al.,, 2019). Events that promote sustained pancreatic injury,
like chronic pancreatitis, result in excessive accumulation of
ATP which dysregulates the physiological state of the gland
and may be a key driver of neoplasia.

In vitro cultures of ethanol-induced toxicity on pancreatic
ductal epithelial cells exposed to micromolar concentrations
of ATP/ADP resulted in a protective effect via the P2Y, receptor.
ATP/ADP activation of the P2Y, receptor increased intracellular
levels of cAMP which is an important mechanism for maintenance
of ductal epithelial integrity in the presence of ethanol (Seo
et al, 2016). While a protective mechanism through P2R
purinergic signaling has been studied in pancreatic ducts, the
role of adenosine signaling in alcohol-associated pancreatitis
has not been described.

In addition, the role of purinergic signaling in the development
of pancreatogenic or secondary type 3C diabetes has not been
established (Hart et al, 2016). Experiments evaluating the
function of islets in models of insulin resistance, diabetes, and
obesity have shown increased production of ATP in diabetic
and obese mice. This has been shown to reduce anti-inflammatory
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FIGURE 3 | Purinergic signaling mechanisms in chronic pancreatitis and development of pancreatic cancer. Purinergic signaling mediates normal pancreatic
function by regulating ductal P2Rs-dependent bicarbonate fluid release and acinar CFTR-dependent exocrine pancreatic secretion. After acinar cell injury, increased
levels of ATP are secreted into the extracellular compartment primarily from acinar cells, increasing pancreatic trypsinogen levels and affecting normal pancreatic
function. In time, sustained ATP-derived inflammation and adenosine generation stabilizes pancreatic chronic injury and/or ongoing pancreatitis. Increased
expression of ductal CD73 elevates adenosinergic signaling triggering collagen deposition and further fibrotic development. Altered ductal cells undergo aberrant
purinergic signaling though P2Rs affecting glycolytic metabolism and cumulative pancreatic ADO signaling promotes CD8* T cell and Y$ T-cell depletion. These
factors promote an immunosuppressive environment ultimately priming the organ to malignant transformation, PDAC initiation, and progression.

secretion of IL-10 from islet-associated macrophages indicating
increased ATP may have a pathogenic role in development of
type 3C diabetes (Weitz et al., 2020). Adenosine signaling also
regulates {3-cell survival and regeneration in inflammatory
microenvironments as well as regulates insulin secretion and
lipid homeostasis through P1 receptors (Antonioli et al., 2015).

Global deletion of CD39L (Entpd3™") and islet-specific
deletion of CD39L using Entpd3iofiesincre mice have been
studied as this ENTPD is the dominant islet and f cell
ectonucleotidase. Entpd3™~ mice are resistant to high fat
diet-induced obesity and have elevated basal metabolic rates,
when fed a high fat diet associated with improved glucose
tolerance. This phenotype was associated with higher
uncoupling protein 1 (UCP-1) in brown adipose tissue. Studies
on Entpd3ioxiosincre mice show a similar phenotype indicating
Entpd3 in p cells is not protective against diet-induced obesity
and insulin resistance (Sandhu et al., 2021). The potential
role of purinergic and adenosine signaling in pancreatogenic
diabetes has a number of therapeutic implications and should
be further explored.

DUCTAL ADENOCARCINOMA OF THE
PANCREAS

Pancreatic ductal adenocarcinoma (PDAC) is one of the world’s
most lethal malignancies. Risk factors include age, smoking,
inherited predisposition due to a germline mutation, obesity,
long-standing diabetes, chronic pancreatitis, and type 3 C
diabetes (Xiao et al., 2016; Saluja and Maitra, 2019; Hart and
Conwell, 2020).

Several purinergic P2Rs are widely expressed in pancreatic
cancer cell lines (Hansen et al, 2008). Among these, P2X5,
was found elevated in human PDAC and associated with
malignant behavior of cancer cells; however, the role of P2X5 in
pancreatitis and tumor development is not yet well stablished
(Zaccagnino et al., 2016) and there remains uncertainty regarding
the role of P2X7 in pancreatitis and PDAC initiation.

An in vivo study using P2X7 inhibitors revealed a tumor-
promoting function for this receptor and highlighted its
participation in stellate cell fibrosis and collagen deposition
(Giannuzzo et al., 2016). Other P2 receptors including P2Y,,
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P2Y,, and P2Y,, were identified as increased in PDAC cell
lines and exerted tumor-promoting functions in the presence
of ATP (Qadir et al.,, 2018; Novak et al., 2020). Studies show
that P2Y, is associated with poor prognosis and its activation
promotes PDAC cancer progression by reprogramming cancer
cell metabolism and glycolysis (Hu et al.,, 2019). P2Y, effects
were prevented when genetically or pharmacologically inhibited,
providing enhanced evidence regarding mechanisms of
ATP-mediated PDAC progression through P2Y, receptor on
malignant epithelium (Choi et al., 2013; Hu et al, 2019).

Adenosine signaling is emerging as a critical mediator of
PDAC. Evaluation of adenosine P1 receptors from gene expression
analysis of PDAC tissues based on The Cancer Genome Atlas
(TCGA) show that both ADORA2A and ADORA2B expression
are increased in PDAC compared to normal tissues. Of interest,
ADORAZ2B is a marker of poor prognosis and ADORA2A has
better overall survival prognostic impact (Hayashi, 2019). Another
well-studied receptor in this disease is A;R, which promotes
the tumorigenic phenotype via ERK1/2 signaling pathway
(Gorzalczany et al., 2017).

In addition to P1 receptors, CD73 is elevated in pancreatic
cancer (Chen et al., 2020; Zhao et al, 2021). In pancreatic
cancer, adenosine generation mediated by the concerted activity
of CD39 and CD73 is correlated with lower infiltration of
CD8" T cells and y8* T cells, as well as stellate cell proliferation
and collagen production (Kiinzli et al., 2008; Chen et al., 2020;
Shevchenko et al., 2020). While correlative, these data indicate
that adenosine signaling promotes pancreas fibrotic development
by modulating ECM remodeling and immunosuppression
(Blocking CD73 Can Shrink Pancreatic Tumors, 2021).

High expression of CD73 has been described in tumor cells
in two independent cohorts of PDAC patients (Chen et al,
2020; Zhao et al.,, 2021). Elevated CD73 is associated with a
decrease in CD4', CD8', and CD21' tumor-infiltrating
lymphocytes and is associated with aggressive clinical behavior
(Zhao et al,, 2021). Histologic evaluation of CD73 in pancreatic
and PDAC tissues has shown CD73 is expressed in pancreatic
ducts and in PDAC tissue, but not acinar cell carcinoma (Sciarra
et al,, 2019). In genetically engineered mouse models of PDAC,
CD73 is highly expressed on neoplastic and invasive lesions
arising in pancreatic ducts and high CD73 is associated with
high adenosine levels in pancreata from these mice. Inhibition
of adenosine generation decreased tumor growth in spontaneous
and established models and is correlated with increased activated
CD8*, CD4" T cells and macrophages, implicating anti-CD73
immunotherapy in PDAC patients with high CD73 expression
(Singh et al., 2021). Further studies are needed to fully
comprehend the molecular mechanisms underlying CD73
function and adenosine generation in pancreatitis and PDAC
microenvironment modulation. CD39 and CD39L transcripts
are both increased in chronic pancreatitis and pancreatic cancer.
Pathologic analysis reveals both are localized in vascular and
stromal elements. In contrast to CD73, high expression of
CD39 is significantly associated with better long-term survival
in PDAC (Kiinzli et al., 2007).

Nucleoside transporter expression was found altered during
the progression from normal pancreatic epithelia to a malignant

state. Evidence suggests that functional hENTs may result in
increased gemcitabine uptake by pancreatic cells. Hence, reduced
expression of hENT1 implicates a link between protein expression
levels and chemoresistance (Nakano et al., 2007; Carter et al,,
2021). Moreover, in PDAC patients, its low expression correlates
with a significant reduction in progression-free survival and
disease-free survival when compared to patients with medium
to high levels of hENT1 expression (Farrell et al., 2009). Aberrant
expression of hENT2 was also observed in pancreatic cancer
cells and suggested to contribute to chemoresistance; however,
its participation is not yet fully elucidated (Alvarellos et al.,
2014). On the contrary, hCNT3 expression in pancreatic tumors
correlates with overall patient survival, with an increased
expression of the transporter usually associated with a longer
overall patient survival. The aberrant expression of hCNT3
was observed in pancreatic tumors and pancreatic cancer cell
lines and is of high relevance for pancreatic cancer patients
given its ability to transport a large variety of nucleoside-
derived drugs and, more importantly, gemcitabine for solid
tumors (Stecula et al., 2017).

THERAPEUTIC CONSIDERATIONS IN
PANCREATOBILIARY CANCERS

Therapeutic intervention has been proposed to correct the
pathophysiological levels of extracellular nucleotides and
nucleosides to restore CD39 or P2 receptor functionality in
chronic inflammatory states. Given space constraints and the
important recent developments in purinergic immunotherapy
and check point inhibition in cancer, may we refer the interested
reader to several reviews that cover the topics of augmenting
adenosinergic pathways and blocking ATP-mediated pathways
in the liver, pancreas, and GI tract in several inflammatory
disease states in order to limit cancer development (Eltzschig
et al., 2012; Burnstock et al, 2014; Longhi et al., 2017, 2021;
Vuerich et al., 2020).

Given the complex expression of purinergic mediators in
epithelial, stromal, and immune compartments, receptor blockade
may not only impair the specific signaling pathway but also
modulate the tumor microenvironment impacting other
purinergic receptors. Preclinical studies targeting the purinergic
system suggest that combined inhibition of more than one
member of the pathway may enhance anti-tumor immune
responses (Young et al., 2016; Moesta et al., 2020).

Firstly, metastatic dissemination and colonization are complex
processes linked to spread of tumor cells. In vivo lineage tracing
experiments indicate circulating pancreatic neoplastic epithelial
cells disseminate prior to establishment of a primary tumor.
In these in vivo experiments, inflammation appears as a potent
driver of epithelial dissemination or delamination (Rhim et al.,
2012, 2014; Hendley et al., 2016). Defining the role of purinergic
signaling coordinated between neoplastic epithelial cells, innate
or adaptive immune cells and the foreign parenchymal
microenvironment will be crucial to determining whether
immune mechanisms prevail and eliminate tumor cells before
these cells spread.
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Secondly, ectonucleotidases, P2 and P1 receptors are predicted
to play central roles in shaping the foreign microenvironment
by boosting ATP/AMP/adenosine conversion, favoring an
immunosuppressive niche. P2X1 negative neutrophils are key
players in the invasion of foreign liver tissues. After being
mobilized and recruited to metastatic sites, P2X1 negative
neutrophils exert immunosuppressive activities via Nrf2-supported
mitochondrial metabolism and predispose the foreign tissue as
a suitable site to successful metastatic colonization (Wang et al.,
2021b). In addition, purinergic signaling impacts T-cell memory
and exhaustion. These prior findings indicate that targeting CD39
has merit for augmenting checkpoint therapies for treating cancer
and chronic infections (Sun et al., 2010; Deaglio and Robson,
2011). These observations suggest that specific mechanisms
operate to modulate purinergic responses in memory T cells.
The response of memory T cells to adenosine and specific
receptor agonists might be modulated at the level of intracellular
cyclic-AMP and the signaling pathways it controls (Peter et al.,
2007). Furthermore, given the recent discovery of CD39*CD8*
T cells in regulating metastatic dormancy, understanding the
mechanisms of purinergic signaling in metastasis is critical
especially given the predicted duration of time from primary
tumor to metastatic disease in pancreatic cancer (Yachida et al.,
2010). These experiments also infer major implications for CD39
inhibitors, which may block metastatic spread of cancer cells
in experimental models (Sun et al, 2010).

In the context of checkpoint inhibitors, targeting CD39 is
likely to be more effective than single agents targeting CD73
(Beavis et al, 2012), due to reduced generation of
immunosuppressive adenosine, and also promoting the
accumulation of immunostimulatory ATP (Martins et al., 2009;
Vieira et al., 2014). ATP in the tumor microenvironment amplifies
TCR signaling in lymphocytes triggering anti-tumor CD8*
infiltration and activation (Boison and Yegutkin, 2019). In addition,
sustained ATP promotes long-term memory CD8" T cells critical
for adaptive immunity. CD39 blockade has been shown to reduce
tumor growth not only because of the diminished generation
of downstream adenosine (see below) but also by enhanced
P2X7-mediated NRLP3 inflammasome due to extracellular
accumulation of ATP (Li et al, 2019; Baeza-Raja et al., 2020).
In models of melanoma metastasis, tumor growth in the liver
is substantively inhibited in mice with CD39 null vasculature
or CD39 null bone marrow-derived cells. CD4'FoxP3* Tregs
expressing CD39 repressed anti-tumor immunity by NK cells
and pharmacologic inhibition of CD39 significantly limited
melanoma tumor growth. Thus, CD39 expression on Tregs
promotes metastatic growth and targeting this may provide a
strategy for secondary hepatic malignancies (Sun et al., 2010).

In contrast, adenosine is generated by CD39-CD73 expression
on Treg and memory T cells and inhibits effector T-cell
immunity, which opposes effects of ATP. Adenosine receptor
stimulation (A,,R or A,zR) on macrophages restrains production
of nitric oxide and pro-inflammatory cytokines. Thus, adenosine
receptors resolve inflammation and promote tissue repair, yet
in chronic inflammation and neoplasia, cumulative adenosine
signaling promotes transformation and immunosuppression
(Boison and Yegutkin, 2019).

When targeting adenosine receptors, it is important to
consider that AR and A,R have the capacity to form heteromers,
which implies a cross-communication between Gi and Gs
proteins (Navarro et al, 2018). These structures were shown
to act as sensors of adenosine concentration and modulate
adenosine signaling in such a way that there is either AR or
A,R-mediated effects. Similar properties were described for
heteromers formed between A,,R and A,;R (Franco et al,
2021). Thus, these recent findings highlight the need to elucidate
whether heteromer formation is found in pancreatobiliary
cancers, as studying its peculiar signaling dynamic will
be essential to understand adenosine-mediated effects and
potentially propose them as targetable structures.

A challenging aspect when targeting purinergic or
adenosinergic receptors is most physiological and preclinical
studies to unravel receptor function and therapeutic effects
have been carried out in rodents, which, do not necessarily
represent the affinity and functioning of human receptors.
Hence, several compounds in preclinical platforms were selected
based on their affinity to human receptors, which do not
necessarily represent similar rodent receptor interaction. Indeed,
this aspect was analyzed for adenosine receptors and determined
that for some ligands the potency and selectivity are species-
dependent and proposed that a comprehensive characterization
of compounds and species-specific affinities are key to understand
whether they may be suitable ligands to pursue drug therapy
in the clinic (Alnouri et al.,, 2015).

Beneficial effects were observed when targeting CD73 and
A,sR alone or in combination with PD-1/PD-L1 inhibitors
(Allard et al., 2013; Mittal et al., 2014; Beavis et al., 2015;
Hay et al, 2016). Moreover, preliminary results of the first
phase 1/2a study of a CD73 inhibitor in combination with
the PD-1 inhibitor nivolumab induced partial responses or
stable disease in 28% of patients with various malignancies
(NCT02754141). Another phase 1 clinical trial recently evaluated
simultaneously inhibiting CD73 and PD-L1 in subjects with
select advanced solid tumors (NCT02503774), however, results
remain to be published.

Currently, several phase I/II studies are evaluating CD39
(NCT04336098) and A,,R blockade in combination with PD-1
(NCT03884556, NCT03207867), PD-L1 (NCT02655822)
inhibitors, or with standard chemo- or immunotherapy
(NCT04306900). Besides, in locally advanced or recurrent/
metastatic PDAC, several phase I clinical trials are being
conducted by targeting CD73 alone (NCT04148937) or in
combination with PD-1 (NCT04104672) and A,,AR inhibitors
(NCT03549000, NCT03454451; Table 1).

Lastly, the role of microbiome in regulating systemic ATP
or adenosine signaling in metastasis warrants further
analysis. Inosine derived from the microbiome was recently
described as a key mediator of immunosuppression and
response to checkpoint inhibitor immunotherapy (Mager et al.,
2020) and analysis of human PDAC microbiome has revealed
certain bacterial species are correlated with overall survival
(Riquelme et al., 2019). However, the role of gut bacteria in
altering local and systemic purinergic and adenosine signaling
in pancreatic diseases has not been well defined.
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TABLE 1 | Clinical trials evaluating the potential use of purinergic mediators as targets for hepatopancreatobiliary tumors.

Target Drug +/— combination therapy or Outcome Tumor Identifier Study phase Sponsor company
A2AAR NIR178 (A2AAR antagonist) in combination with  Patients with solid tumors NCT03207867  Phase I Novartis Pharmaceuticals
PDRO001 (anti-PD-1 Ab) (including pancreatic cancer)
and Non-Hodgkin Lymphoma
A2AAR Ciforadenant (A2AAR inhibitor) in combination Patients with selected incurable NCT02655822  Phase I/lb Corvus Pharmaceuticals
with Atezolizumab (PD-L1 inhibitor) tumors
CD39 TTX-030 (anti-CD39 Ab) in combination with Patients with advanced tumors  NCT04306900  Phase I/lb Trishula Therapeutics
standard chemo- or immunotherapy
CD39 SRF617(anti-CD39 Ab) Patients with advanced solid NCT04336098 Phase | Surface Oncology
tumors
CD39 TTX-030 (anti-CD39 Ab) +/— anti-PD-1 Patients with Lymphoma or NCT03884556  Phase | Trishula Therapeutics
immunotherapy solid tumors
CD39 Monotherapy Patients with advanced solid NCT05234853  Phase | Purinomia Biotech, Inc
tumors
CD73 LYB3475070 (CD73 inhibitor) +/— Pembrolizumab  Patients with advanced solid NCT04148937  Phase | Eli Lilly and Company
tumors including PDAC
CD73 +/— A2AAR  NZV930 (anti-CD73 Ab) +/— PDRO01 (anti-PD-1  Patients with advanced solid NCT03549000  Phase I/lb Novartis Pharmaceuticals
Ab) +/— NIR178 (A2A antagonist) tumors including PDAC
CD73 +/— A2AAR  CPI-006 (anti-CD73 Ab) +/— ciforadenant (oral Patients with selected NCT03454451  Phase l/lb Corvus Pharmaceuticals
A2A inhibitor) +/— pembrolizumab (anti-PD1 Ab)  advanced solid tumors
including PDAC
CD73 +/— PD-1 ABB80 in combination with Zimberelimab Patients with advanced PDAC ~ NCT04104672  Phase | Arcus Biosciences
(AB122), nab-paclitaxel and gemcitabine
CONCLUSION limiting scar formation and cell transformation, decreasing the

Purinergic signaling pathways have important roles in initiation,
progression and resolution of inflammation, yet sustained
activation appears to disrupt normal tissue homeostasis and
promote chronic inflammatory conditions and scar formation.
These factors elevate the risk of end-organ failure and
development of pancreatobiliary cancer. Beneficial ATP
inflammatory P2R-mediated effects might be overshadowed
in chronically inflamed tissues or neoplastic environments,
where enzymatic conversion of nucleotides through elevated
CD39 and CD73 may lead to excessive adenosine accumulation.
Instead of promoting resolution of inflammation and tissue
repair, this rather promotes A,;R-mediated or other aberrant
pathways important for cellular transformation and immune
suppression. In this context, it should be kept in mind that
outcomes are not only determined by extracellular bioavailability
of ATP and its nucleoside derivatives, but also by the expression
of other purinergic mediators and Pl or P2
receptor functionality.

Therapeutic strategies targeting CD39 or CD73 as well as
AR antagonism have the potential to reverse adenosine-
mediated immunosuppression, albeit only CD39 blockade will
boost ATP-mediated anti-tumor immunity. However, the
widespread expression of CD39, CD73, and purinergic receptors
on immune cells, myofibroblasts, and epithelial cells complicates
understanding of the mechanistic basis for purinergic and
adenosine signaling during chronic inflammation, fibrosis, and
tumor formation.

We propose that modulation of purinergic signaling represents
novel avenues for reversing inflammation, and by virtue of

risk of cancer. Once cancer has developed, then immunotherapy
strategies for treatment of pancreatobiliary malignancies show
great promise. Dissecting out the implications of these
propositions and determining the clinical timing of these
divergent approaches will require further study, attention to
personalized medicine, and innovative clinical trials.

AUTHOR CONTRIBUTIONS

EF and JMB-L wrote the main manuscript file. CJ, SCR, and
HKE edited the manuscript file. All authors contributed to
the article and approved the submitted version.

FUNDING

NIH R21CA249924 and DK056338-18 (Pilot) to JMB-L. NIH
grants RO1HL154720, R01DK122796, RO1HL133900 and
Department of Defense WI18XWH2110032 to HKE. NIH
R01DK122708, R01DK121330 and R01DK122796 to CJ. NIH
RO1DK108894; R21CA221702, Emerson Collective Cancer
Research Fund Award and Department of Defense Award
W81XWH-16-0464 to SCR.

ACKNOWLEDGMENTS

The figures for this review were created using BioRender Software.

Frontiers in Physiology | www.frontiersin.org

March 2022 | Volume 13 | Article 849258


https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Faraoni et al.

Adenosinergic Signaling in Pancreatobiliary Diseases

REFERENCES

Allard, B., Pommey, S., Smyth, M. J., and Stagg, J. (2013). Targeting CD73
enhances the antitumor activity of anti-PD-1 and anti-CTLA-4 mAbs. Clin.
Cancer Res. 19, 5626-5635. doi: 10.1158/1078-0432.CCR-13-0545

Alnouri, M. W,, Jepards, S., Casari, A., Schiedel, A. C., Hinz, S., and Miiller, C. E.
(2015). Selectivity is species-dependent: characterization of standard agonists
and antagonists at human, rat, and mouse adenosine receptors. Purinergic
Signal 11, 389-407. doi: 10.1007/s11302-015-9460-9

Alvarellos, M. L., Lamba, J., Sangkuhl, K., Thorn, C. E, Wang, L., Klein, D. J.,
et al. (2014). PharmGKB summary: gemcitabine pathway. Pharmacogenet.
Genomics 24, 564-574. doi: 10.1097/FPC.0000000000000086

Antonioli, L., Blandizzi, C., Csoka, B., Pacher, P, and Hasko, G. (2015).
Adenosine  signalling in diabetes mellitus--pathophysiology —and
therapeutic considerations. Nat. Rev. Endocrinol. 11, 228-241. doi: 10.1038/
nrendo.2015.10

Baeza-Raja, B., Goodyear, A., Liu, X,, Lam, K., Yamamoto, L., Li, Y., et al.
(2020). Pharmacological inhibition of P2RX7 ameliorates liver injury by
reducing inflammation and fibrosis. PLoS One 15:¢0234038. doi: 10.1371/
journal.pone.0234038

Barden, J. A., Sluyter, R., Gu, B. J., and Wiley, J. S. (2003). Specific detection
of non-functional human P2X(7) receptors in HEK293 cells and B-lymphocytes.
FEBS Lett. 538, 159-162. doi: 10.1016/S0014-5793(03)00172-8

Bastid, J., Regairaz, A., Bonnefoy, N., Déjou, C., Giustiniani, J., Laheurte, C.,
et al. (2015). Inhibition of CD39 enzymatic function at the surface of tumor
cells alleviates their immunosuppressive activity. Cancer Immunol. Res. 3,
254-265. doi: 10.1158/2326-6066.CIR-14-0018

Beavis, P. A., Milenkovski, N., Henderson, M. A., John, L. B., Allard, B., Loi, S.,
et al. (2015). Adenosine receptor 2A blockade increases the efficacy of
anti-PD-1 through enhanced antitumor T-cell responses. Cancer Immunol.
Res. 3, 506-517. doi: 10.1158/2326-6066.CIR-14-0211

Beavis, P. A,, Stagg, J., Darcy, P. K., and Smyth, M. J. (2012). CD73: a potent
suppressor of antitumor immune responses. Trends Immunol. 33, 231-237.
doi: 10.1016/j.it.2012.02.009

Bernuzzi, E, Fenoglio, D., Battaglia, E, Fravega, M., Gershwin, M. E., Indiveri, E,
et al. (2010). Phenotypical and functional alterations of CD8 regulatory T
cells in primary biliary cirrhosis. J. Autoimmun. 35, 176-180. doi: 10.1016/j.
jaut.2010.06.004

Bhattamisra, S. K., Siang, T. C., Rong, C. Y., Annan, N. C,, Sean, E. H. Y,
Xi, L. W, et al. (2019). Type-3c diabetes mellitus, diabetes of exocrine
pancreas - an update. Curr. Diabetes Rev. 15, 382-394. doi: 10.217
4/1573399815666190115145702

Blocking CD73 Can Shrink Pancreatic Tumors (2021). American Association
for Cancer Research.

Boison, D., and Yegutkin, G. G. (2019). Adenosine metabolism: emerging
concepts for cancer therapy. Cancer Cell 36, 582-596. doi: 10.1016/j.
ccell.2019.10.007

Borea, P. A., Gessi, S., Merighi, S., Vincenzi, F, and Varani, K. (2018).
Pharmacology of adenosine receptors: the state of the art. Physiol. Rev. 98,
1591-1625. doi: 10.1152/physrev.00049.2017

Burnstock, G. (2006). Pathophysiology and therapeutic potential of purinergic
signaling. Pharmacol. Rev. 58, 58-86. doi: 10.1124/pr.58.1.5

Burnstock, G., and Novak, I. (2012). Purinergic signalling in the pancreas in
health and disease. J. Endocrinol. 213, 123-141. doi: 10.1530/JOE-11-0434

Burnstock, G., Vaughn, B., and Robson, S. C. (2014). Purinergic signalling in
the liver in health and disease. Purinergic Signal 10, 51-70. doi: 10.1007/
§11302-013-9398-8

Carter, C. ], Mekkawy, A. H., and Morris, D. L. (2021). Role of human
nucleoside transporters in pancreatic cancer and chemoresistance. World J.
Gastroenterol. 27, 6844-6860. doi: 10.3748/wjg.v27.i40.6844

Chen, Q, Pu, N, Yin, H., Zhang, J., Zhao, G., Lou, W,, et al. (2020). CD73
acts as a prognostic biomarker and promotes progression and immune
escape in pancreatic cancer. J. Cell. Mol. Med. 24, 8674-8686. doi: 10.1111/
jemm. 15500

Chiu, D. K., Tse, A. P, Xu, I. M., Di Cui, J., Lai, R. K, Li, L. L., et al. (2017).
Hypoxia inducible factor HIF-1 promotes myeloid-derived suppressor cells
accumulation through ENTPD2/CD39L1 in hepatocellular carcinoma. Nat.
Commun. 8:517. doi: 10.1038/541467-017-00530-7

Choi, J. H, Ji, Y. G, and Lee, D. H. (2013). Uridine triphosphate increases
proliferation of human cancerous pancreatic duct epithelial cells by activating
P2Y2 receptor. Pancreas 42, 680-686. doi: 10.1097/MPA.0b013e318271bb4b

Colgan, S. P. (2015). Neutrophils and inflammatory resolution in the mucosa.
Semin. Immunol. 27, 177-183. doi: 10.1016/j.smim.2015.03.007

Cruz-Monserrate, Z., Gumpper, K., Pita, V., Hart, P. A., Forsmark, C.,
Whitcomb, D. C,, et al. (2021). Biomarkers of chronic pancreatitis: a systematic
literature review. Pancreatology 21, 323-333. doi: 10.1016/j.pan.2021.01.006

Deaglio, S., and Robson, S. C. (2011). Ectonucleotidases as regulators of purinergic
signaling in thrombosis, inflammation, and immunity. Adv. Pharmacol. 61,
301-332. doi: 10.1016/B978-0-12-385526-8.00010-2

Di Virgilio, E, Sarti, A. C., and Coutinho-Silva, R. (2020). Purinergic signaling,
DAMPs, and inflammation. Am. J. Phys. Cell Physiol. 318, C832-C835. doi:
10.1152/ajpcell.00053.2020

Di Virgilio, E, Sarti, A. C., Falzoni, S., De Marchi, E., and Adinolfi, E. (2018a).
Extracellular ATP and P2 purinergic signalling in the
microenvironment. Nat. Rev. Cancer 18, 601-618. doi:
541568-018-0037-0

Di Virgilio, E, Schmalzing, G., and Markwardt, E (2018b). The elusive P2X7
macropore. Trends Cell Biol. 28, 392-404. doi: 10.1016/j.tcb.2018.01.005

Dixit, A., Cheema, H., George, J., Iyer, S., Dudeja, V., Dawra, R, et al. (2019).
Extracellular release of ATP promotes systemic inflammation during acute
pancreatitis. Am. J. Physiol. Gastrointest. Liver Physiol. 317, G463-G475. doi:
10.1152/ajpgi.00395.2018

Dvorak, H. E (1986). Tumors: wounds that do not heal. Similarities between
tumor stroma generation and wound healing. N. Engl. J. Med. 315, 1650-1659.
doi: 10.1056/NEJM198612253152606

Eltzschig, H. K., Abdulla, P, Hoffman, E., Hamilton, K. E., Daniels, D.,
Schonfeld, C., et al. (2005). HIF-1-dependent repression of equilibrative
nucleoside transporter (ENT) in hypoxia. J. Exp. Med. 202, 1493-1505. doi:
10.1084/jem.20050177

Eltzschig, H. K., Sitkovsky, M. V., and Robson, S. C. (2012). Purinergic signaling
during inflammation. N. Engl. . Med. 367, 2322-2333. doi: 10.1056/
NEJMral205750

Farrell, J. J., Elsaleh, H., Garcia, M., Lai, R., Ammar, A., Regine, W. E, et al.
(2009). Human equilibrative nucleoside transporter 1 levels predict response
to gemcitabine in patients with pancreatic cancer. Gastroenterology 136,
187-195. doi: 10.1053/j.gastro.2008.09.067

Franco, R., Cordomi, A., Llinas Del Torrent, C., Lillo, A., Serrano-Marin, J.,
Navarro, G., et al. (2021). Structure and function of adenosine receptor
heteromers. Cell. Mol. Life Sci. 78, 3957-3968. doi: 10.1007/s00018-021-03761-6

Giannuzzo, A., Saccomano, M., Napp, J., Ellegaard, M., Alves, E, and Novak, 1.
(2016). Targeting of the P2X7 receptor in pancreatic cancer and stellate
cells. Int. J. Cancer 139, 2540-2552. doi: 10.1002/ijc.30380

Godoy, V., Banales, ]. M., Medina, J. E, and Pastor-Anglada, M. (2014).
Functional crosstalk between the adenosine transporter CN'T3 and purinergic
receptors in the biliary epithelia. J. Hepatol. 61, 1337-1343. doi: 10.1016/j.
jhep.2014.06.036

Gong, Y., Xue, ], Yang, Z., Zhu, W, Lu, E, Yan, C,, et al. (2021). Reduced
proportion of CD39+ treg cells correlates with the development of primary
biliary cholangitis in patients and a murine model. J. Alter. Complement.
Integr. Med. 7. doi: 10.24966/ACIM-7562/100180

Gorzalczany, Y., Akiva, E., Klein, O., Merimsky, O., and Sagi-Eisenberg, R.
(2017). Mast cells are directly activated by contact with cancer cells by a
mechanism involving autocrine formation of adenosine and autocrine/paracrine
signaling of the adenosine A3 receptor. Cancer Lett. 397, 23-32. doi: 10.1016/j.
canlet.2017.03.026

Greten, E R., and Grivennikov, S. I. (2019). Inflammation and cancer: triggers,
mechanisms, and consequences. Immunity 51, 27-41. doi: 10.1016/j.
immuni.2019.06.025

Guarino, M. P, Cocca, S., Altomare, A., Emerenziani, S., and Cicala, M. (2013).
Ursodeoxycholic acid therapy in gallbladder disease, a story not yet completed.
World ]. Gastroenterol. 19, 5029-5034. doi: 10.3748/wjg.v19.i31.5029

Hansen, M. R., Krabbe, S., and Novak, 1. (2008). Purinergic receptors and
calcium signalling in human pancreatic duct cell lines. Cell. Physiol. Biochem.
22, 157-168. doi: 10.1159/000149793

Harkat, M., Peverini, L., Cerdan, A. H., Dunning, K., Beudez, J., Martz, A,
et al. (2017). On the permeation of large organic cations through the pore

tumour
10.1038/

Frontiers in Physiology | www.frontiersin.org

11

March 2022 | Volume 13 | Article 849258


https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.1158/1078-0432.CCR-13-0545
https://doi.org/10.1007/s11302-015-9460-9
https://doi.org/10.1097/FPC.0000000000000086
https://doi.org/10.1038/nrendo.2015.10
https://doi.org/10.1038/nrendo.2015.10
https://doi.org/10.1371/journal.pone.0234038
https://doi.org/10.1371/journal.pone.0234038
https://doi.org/10.1016/S0014-5793(03)00172-8
https://doi.org/10.1158/2326-6066.CIR-14-0018
https://doi.org/10.1158/2326-6066.CIR-14-0211
https://doi.org/10.1016/j.it.2012.02.009
https://doi.org/10.1016/j.jaut.2010.06.004
https://doi.org/10.1016/j.jaut.2010.06.004
https://doi.org/10.2174/1573399815666190115145702
https://doi.org/10.2174/1573399815666190115145702
https://doi.org/10.1016/j.ccell.2019.10.007
https://doi.org/10.1016/j.ccell.2019.10.007
https://doi.org/10.1152/physrev.00049.2017
https://doi.org/10.1124/pr.58.1.5
https://doi.org/10.1530/JOE-11-0434
https://doi.org/10.1007/s11302-013-9398-8
https://doi.org/10.1007/s11302-013-9398-8
https://doi.org/10.3748/wjg.v27.i40.6844
https://doi.org/10.1111/jcmm.15500
https://doi.org/10.1111/jcmm.15500
https://doi.org/10.1038/s41467-017-00530-7
https://doi.org/10.1097/MPA.0b013e318271bb4b
https://doi.org/10.1016/j.smim.2015.03.007
https://doi.org/10.1016/j.pan.2021.01.006
https://doi.org/10.1016/B978-0-12-385526-8.00010-2
https://doi.org/10.1152/ajpcell.00053.2020
https://doi.org/10.1038/s41568-018-0037-0
https://doi.org/10.1038/s41568-018-0037-0
https://doi.org/10.1016/j.tcb.2018.01.005
https://doi.org/10.1152/ajpgi.00395.2018
https://doi.org/10.1056/NEJM198612253152606
https://doi.org/10.1084/jem.20050177
https://doi.org/10.1056/NEJMra1205750
https://doi.org/10.1056/NEJMra1205750
https://doi.org/10.1053/j.gastro.2008.09.067
https://doi.org/10.1007/s00018-021-03761-6
https://doi.org/10.1002/ijc.30380
https://doi.org/10.1016/j.jhep.2014.06.036
https://doi.org/10.1016/j.jhep.2014.06.036
https://doi.org/10.24966/ACIM-7562/100180
https://doi.org/10.1016/j.canlet.2017.03.026
https://doi.org/10.1016/j.canlet.2017.03.026
https://doi.org/10.1016/j.immuni.2019.06.025
https://doi.org/10.1016/j.immuni.2019.06.025
https://doi.org/10.3748/wjg.v19.i31.5029
https://doi.org/10.1159/000149793

Faraoni et al.

Adenosinergic Signaling in Pancreatobiliary Diseases

of ATP-gated P2X receptors. Proc. Natl. Acad. Sci. U. S. A. 114, E3786-E3795.
doi: 10.1073/pnas.1701379114

Hart, P. A,, Bellin, M. D., Andersen, D. K., Bradley, D., Cruz-Monserrate, Z.,
Forsmark, C. E., et al. (2016). Type 3c (pancreatogenic) diabetes mellitus
secondary to chronic pancreatitis and pancreatic cancer. Lancet Gastroenterol.
Hepatol. 1, 226-237. doi: 10.1016/S2468-1253(16)30106-6

Hart, P. A., and Conwell, D. L. (2020). Chronic pancreatitis: managing a difficult
disease. Am. J. Gastroenterol. 115, 49-55. doi: 10.14309/ajg.0000000000000421

Hart, M. L., Gorzolla, I. C., Schittenhelm, J., Robson, S. C., and Eltzschig, H. K.
(2010). SP1-dependent induction of CD39 facilitates hepatic ischemic
preconditioning. J. Immunol. 184, 4017-4024. doi: 10.4049/jimmunol.0901851

Hassanian, S. M., Dinarvand, P, and Rezaie, A. R. (2014). Adenosine regulates
the proinflammatory signaling function of thrombin in endothelial cells. J.
Cell. Physiol. 229, 1292-1300. doi: 10.1002/jcp.24568

Hatfield, S. M., Kjaergaard, J., Lukashev, D., Belikoff, B., Schreiber, T. H.,,
Sethumadhavan, S., et al. (2014). Systemic oxygenation weakens the hypoxia
and hypoxia inducible factor la-dependent and extracellular adenosine-
mediated tumor protection. J. Mol. Med. 92, 1283-1292. doi: 10.1007/
500109-014-1189-3

Hatfield, S. M., Kjaergaard, J., Lukashev, D., Schreiber, T. H., Belikoff, B.,
Abbott, R., et al. (2015). Immunological mechanisms of the antitumor effects
of supplemental oxygenation. Sci. Transl. Med. 7:277ra30. doi: 10.1126/
scitranslmed.aaal260

Hatfield, S. M., and Sitkovsky, M. V. (2020). Antihypoxic oxygenation agents
with respiratory hyperoxia to improve cancer immunotherapy. J. Clin. Invest.
130, 5629-5637. doi: 10.1172/JCI137554

Hay, C. M., Sult, E., Huang, Q., Mulgrew, K., Fuhrmann, S. R., McGlinchey, K. A,,
etal. (2016). Targeting CD73 in the tumor microenvironment with MEDI9447.
Oncoimmunology 5:¢1208875. doi: 10.1080/2162402X.2016.1208875

Hayashi, M. (2019). Expression of adenosine receptors in rodent pancreas. Int.
J. Mol. Sci. 20:5329. doi: 10.3390/ijms20215329

Hayashi, M., Inagaki, A., Novak, I, and Matsuda, H. (2016). The adenosine
A2B receptor is involved in anion secretion in human pancreatic duct
Capan-1 epithelial cells. Pflugers Arch. 468, 1171-1181. doi: 10.1007/
500424-016-1806-9

Hayes, G. M., Cairns, B., Levashova, Z., Chinn, L., Perez, M., Theunissen, J. W,,
et al. (2015). CD39 is a promising therapeutic antibody target for the
treatment of soft tissue sarcoma. Am. J. Transl. Res. 7, 1181-1188.

Hendley, A. M., Wang, Y. ], Polireddy, K., Alsina, J., Ahmed, I., Lafaro, K. J.,
et al. (2016). p120 catenin suppresses basal epithelial cell extrusion in invasive
pancreatic neoplasia. Cancer Res. 76, 3351-3363. doi: 10.1158/0008-5472.
CAN-15-2268

Hu, L. P, Zhang, X. X, Jiang, S. H., Tao, L. Y,, Li, Q, Zhu, L. L, et al.
(2019). Targeting purinergic receptor P2Y2 prevents the growth of pancreatic
ductal adenocarcinoma by inhibiting cancer cell glycolysis. Clin. Cancer Res.
25, 1318-1330. doi: 10.1158/1078-0432.CCR-18-2297

Ide, R., Oshita, A., Nishisaka, T., Nakahara, H., Aimitsu, S., and Itamoto, T.
(2017). Primary biliary cholangitis metachronously complicated with
combined hepatocellular  carcinoma-cholangiocellular ~ carcinoma and
hepatocellular carcinoma. World J. Hepatol. 9, 1378-1384. doi: 10.4254/wijh.
v9.i36.1378

Idzko, M., Ferrari, D., and Eltzschig, H. K. (2014). Nucleotide signalling during
inflammation. Nature 509, 310-317. doi: 10.1038/nature13085

Illés, D., Ivany, E., Holzinger, G., Kosar, K., Adam, M. G., Kamlage, B., et al.
(2020). New onset of DiabetEs in aSsociation with pancreatic ductal
adenocarcinoma (NODES trial): protocol of a prospective, multicentre
observational trial. BMJ Open 10:¢037267. doi: 10.1136/bmjopen-2020-037267

Kjaergaard, J., Hatfield, S., Jones, G., Ohta, A., and Sitkovsky, M. (2018). A.
J. Immunol. 201, 782-791. doi: 10.4049/jimmunol.1700850

Kiinzli, B. M., Berberat, P. O., Giese, T., Csizmadia, E., Kaczmarek, E., Baker, C.,
et al. (2007). Upregulation of CD39/NTPDases and P2 receptors in human
pancreatic disease. Am. J. Physiol. Gastrointest. Liver Physiol. 292, G223-G230.
doi: 10.1152/ajpgi.00259.2006

Kiinzli, B. M., Nuhn, P, Enjyoji, K., Banz, Y,, Smith, R. N., Csizmadia, E.,
et al. (2008). Disordered pancreatic inflammatory responses and inhibition
of fibrosis in CD39-null mice. Gastroenterology 134, 292-305. doi: 10.1053/j.
gastro.2007.10.030

Lan, R. Y., Cheng, C., Lian, Z. X,, Tsuneyama, K., Yang, G. X., Moritoki, Y.,
et al. (2006). Liver-targeted and peripheral blood alterations of regulatory

T cells in primary biliary cirrhosis. Hepatology 43, 729-737. doi: 10.1002/
hep.21123

Lara, R., Adinolfi, E., Harwood, C. A., Philpott, M., Barden, J. A., Di Virgilio, F,
et al. (2020). P2X7 in cancer: from molecular mechanisms to therapeutics.
Front. Pharmacol. 11:793. doi: 10.3389/fphar.2020.00793

Lee, K. E., Spata, M., Bayne, L. J., Buza, E. L, Durham, A. C., Allman, D,
et al. (2016). Hifla deletion reveals pro-neoplastic function of B cells in
pancreatic neoplasia. Cancer Discov. 6, 256-269. doi: 10.1158/2159-8290.
CD-15-0822

Lertsuwan, J., and Ruchirawat, M. (2017). Inhibitory effects of ATP and adenosine
on cholangiocarcinoma cell proliferation and motility. Anticancer Res. 37,
3553-3561. doi: 10.21873/anticanres.11725

Li, X,, Berg, N. K, Mills, T., Zhang, K., Eltzschig, H. K., and Yuan, X. (2020).
Adenosine at the interphase of hypoxia and inflammation in lung injury.
Front. Immunol. 11:604944. doi: 10.3389/fimmu.2020.604944

Li, X. Y., Moesta, A. K., Xiao, C., Nakamura, K., Casey, M., Zhang, H., et al.
(2019). Targeting CD39 in cancer reveals an extracellular ATP- and
inflammasome-driven tumor immunity. Cancer Discov. 9, 1754-1773. doi:
10.1158/2159-8290.CD-19-0541

Longhi, M. S., Feng, L., and Robson, S. C. (2021). Targeting ectonucleotidases
to treat inflammation and halt cancer development in the gut. Biochem.
Pharmacol. 187:114417. doi: 10.1016/j.bcp.2021.114417

Longhi, M. S., Moss, A., Jiang, Z. G., and Robson, S. C. (2017). Purinergic
signaling during intestinal inflammation. J. Mol. Med. 95, 915-925. doi:
10.1007/500109-017-1545-1

Mager, L. E, Burkhard, R., Pett, N., Cooke, N. C. A., Brown, K., Ramay, H,,
et al. (2020). Microbiome-derived inosine modulates response to checkpoint
inhibitor immunotherapy. Science 369, 1481-1489. doi: 10.1126/science.
abc3421

Magistroni, R., Mangolini, A., Guzzo, S., Testa, F, Rapana, M. R., Mignani, R.,
et al. (2019). TRPP2 dysfunction decreases ATP-evoked calcium, induces
cell aggregation and stimulates proliferation in T lymphocytes. BMC Nephrol.
20:355. doi: 10.1186/s12882-019-1540-6

Majumder, S., and Chari, S. T. (2016). Chronic pancreatitis. Lancet 387, 1957-1966.
doi: 10.1016/S0140-6736(16)00097-0

Martins, I., Tesniere, A., Kepp, O., Michaud, M., Schlemmer, E, Senovilla, L.,
et al. (2009). Chemotherapy induces ATP release from tumor cells. Cell
Cycle 8, 3723-3728. doi: 10.4161/cc.8.22.10026

Mascanfroni, I D., Takenaka, M. C., Yeste, A. Patel, B, Wu, Y,
Kenison, J. E., et al. (2015). Metabolic control of type 1 regulatory T cell
differentiation by AHR and HIF1-a. Nat. Med. 21, 638-646. doi: 10.1038/
nm.3868

Mayerle, J., Sendler, M., Hegyi, E., Beyer, G., Lerch, M. M., and Sahin-Téth, M.
(2019). Genetics, cell biology, and pathophysiology of pancreatitis.
Gastroenterology 156, 1951.e1-1968.el. doi: 10.1053/j.gastro.2018.11.081

Miller, S. L., and Urey, H. C. (1959). Organic compound synthesis on the
primitive earth. Science 130, 245-251.

Mittal, D., Young, A., Stannard, K., Yong, M., Teng, M. W.,, Allard, B,
et al. (2014). Antimetastatic effects of blocking PD-1 and the adenosine
A2A receptor. Cancer Res. 74, 3652-3658. doi: 10.1158/0008-5472.
CAN-14-0957

Moesta, A. K., Li, X. Y,, and Smyth, M. J. (2020). Targeting CD39 in cancer.
Nat. Rev. Immunol. 20, 739-755. doi: 10.1038/s41577-020-0376-4

Nakano, Y., Tanno, S., Koizumi, K., Nishikawa, T., Nakamura, K., Minoguchi, M.,
et al. (2007). Gemcitabine chemoresistance and molecular markers associated
with gemcitabine transport and metabolism in human pancreatic cancer
cells. Br. J. Cancer 96, 457-463. doi: 10.1038/sj.bjc.6603559

Navarro, G., Cordomi, A., Brugarolas, M., Moreno, E. Aguinaga, D,
Pérez-Benito, L., et al. (2018). Cross-communication between G i and G s
in a G-protein-coupled receptor heterotetramer guided by a receptor C-terminal
domain. BMC Biol. 16:24. doi: 10.1186/s12915-018-0491-x

North, R. A, and Surprenant, A. (2000). Pharmacology of cloned P2X receptors.
Annu. Rev. Pharmacol. Toxicol. 40, 563-580. doi: 10.1146/annurev.
pharmtox.40.1.563

Novak, I, Yu, H., Magni, L., and Deshar, G. (2020). Purinergic signaling in
pancreas-from physiology to therapeutic strategies in pancreatic cancer. Int.
J. Mol. Sci. 21:8781. doi: 10.3390/ijms21228781

Ohta, A., Gorelik, E., Prasad, S. J., Ronchese, E, Lukashev, D., Wong, M. K,
et al. (2006). A2A adenosine receptor protects tumors from antitumor T

Frontiers in Physiology | www.frontiersin.org

March 2022 | Volume 13 | Article 849258


https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.1073/pnas.1701379114
https://doi.org/10.1016/S2468-1253(16)30106-6
https://doi.org/10.14309/ajg.0000000000000421
https://doi.org/10.4049/jimmunol.0901851
https://doi.org/10.1002/jcp.24568
https://doi.org/10.1007/s00109-014-1189-3
https://doi.org/10.1007/s00109-014-1189-3
https://doi.org/10.1126/scitranslmed.aaa1260
https://doi.org/10.1126/scitranslmed.aaa1260
https://doi.org/10.1172/JCI137554
https://doi.org/10.1080/2162402X.2016.1208875
https://doi.org/10.3390/ijms20215329
https://doi.org/10.1007/s00424-016-1806-9
https://doi.org/10.1007/s00424-016-1806-9
https://doi.org/10.1158/0008-5472.CAN-15-2268
https://doi.org/10.1158/0008-5472.CAN-15-2268
https://doi.org/10.1158/1078-0432.CCR-18-2297
https://doi.org/10.4254/wjh.v9.i36.1378
https://doi.org/10.4254/wjh.v9.i36.1378
https://doi.org/10.1038/nature13085
https://doi.org/10.1136/bmjopen-2020-037267
https://doi.org/10.4049/jimmunol.1700850
https://doi.org/10.1152/ajpgi.00259.2006
https://doi.org/10.1053/j.gastro.2007.10.030
https://doi.org/10.1053/j.gastro.2007.10.030
https://doi.org/10.1002/hep.21123
https://doi.org/10.1002/hep.21123
https://doi.org/10.3389/fphar.2020.00793
https://doi.org/10.1158/2159-8290.CD-15-0822
https://doi.org/10.1158/2159-8290.CD-15-0822
https://doi.org/10.21873/anticanres.11725
https://doi.org/10.3389/fimmu.2020.604944
https://doi.org/10.1158/2159-8290.CD-19-0541
https://doi.org/10.1016/j.bcp.2021.114417
https://doi.org/10.1007/s00109-017-1545-1
https://doi.org/10.1126/science.abc3421
https://doi.org/10.1126/science.abc3421
https://doi.org/10.1186/s12882-019-1540-6
https://doi.org/10.1016/S0140-6736(16)00097-0
https://doi.org/10.4161/cc.8.22.10026
https://doi.org/10.1038/nm.3868
https://doi.org/10.1038/nm.3868
https://doi.org/10.1053/j.gastro.2018.11.081
https://doi.org/10.1158/0008-5472.CAN-14-0957
https://doi.org/10.1158/0008-5472.CAN-14-0957
https://doi.org/10.1038/s41577-020-0376-4
https://doi.org/10.1038/sj.bjc.6603559
https://doi.org/10.1186/s12915-018-0491-x
https://doi.org/10.1146/annurev.pharmtox.40.1.563
https://doi.org/10.1146/annurev.pharmtox.40.1.563
https://doi.org/10.3390/ijms21228781

Faraoni et al.

Adenosinergic Signaling in Pancreatobiliary Diseases

cells. Proc. Natl. Acad. Sci. U. S. A. 103, 13132-13137. doi: 10.1073/
pnas.0605251103

Ohta, A., and Sitkovsky, M. (2001). Role of G-protein-coupled adenosine receptors
in downregulation of inflammation and protection from tissue damage.
Nature 414, 916-920. doi: 10.1038/414916a

Pastor-Anglada, M., and Pérez-Torras, S. (2018). Emerging roles of nucleoside
transporters. Front. Pharmacol. 9:606. doi: 10.3389/fphar.2018.00606

Pegoraro, A., De Marchi, E., and Adinolfi, E. (2021). P2X7 variants in Oncogenesis.
Cell 10:189. doi: 10.3390/cells10010189

Peng, Z. W, Rothweiler, S., Wei, G., Ikenaga, N., Liu, S. B., Sverdlov, D. Y,
et al. (2017). The ectonucleotidase ENTPD1/CD39 limits biliary injury and
fibrosis in mouse models of sclerosing cholangitis. Hepatol. Commun. 1,
957-972. doi: 10.1002/hep4.1084

Peter, D,, Jin, S. L., Conti, M., Hatzelmann, A., and Zitt, C. (2007). Differential
expression and function of phosphodiesterase 4 (PDE4) subtypes in human
primary CD4+ T cells: predominant role of PDE4D. J. Immunol. 178,
4820-4831. doi: 10.4049/jimmunol.178.8.4820

Pippel, A., Stolz, M., Woltersdorf, R., Kless, A., Schmalzing, G., and Markwardt, F.
(2017). Localization of the gate and selectivity filter of the full-length P2X7
receptor. Proc. Natl. Acad. Sci. U. S. A. 114, E2156-E2165. doi: 10.1073/
pnas.1610414114

Qadir, M. M. E, Alvarez-Cubela, S., Klein, D., Lanzoni, G., Garcia-Santana, C.,
Montalvo, A., et al. (2018). P2RY1/ALK3-expressing cells within the adult
human exocrine pancreas are BMP-7 expandable and exhibit progenitor-like
characteristics. Cell Rep. 22, 2408-2420. doi: 10.1016/j.celrep.2018.02.006

Razumilava, N., Gores, G. J., and Lindor, K. D. (2011). Cancer surveillance
in patients with primary sclerosing cholangitis. Hepatology 54, 1842-1852.
doi: 10.1002/hep.24570

Rhim, A. D., Mirek, E. T,, Aiello, N. M., Maitra, A., Bailey, ]. M., McAllister, F,
et al. (2012). EMT and dissemination precede pancreatic tumor formation.
Cell 148, 349-361. doi: 10.1016/j.cell.2011.11.025

Rhim, A. D., Thege, E 1., Santana, S. M., Lannin, T. B., Saha, T. N., Tsai, S.,
et al. (2014). Detection of circulating pancreas epithelial cells in patients
with pancreatic cystic lesions. Gastroenterology 146, 647-651. doi: 10.1053/j.
gastro.2013.12.007

Riquelme, E., Zhang, Y., Zhang, L., Montiel, M., Zoltan, M., Dong, W,
et al. (2019). Tumor microbiome diversity and composition influence
pancreatic cancer outcomes. Cell 178, 795.12-806.e12. doi: 10.1016/j.
cell.2019.07.008

Rose, J. B., Naydenova, Z., Bang, A., Ramadan, A., Klawitter, J., Schram, K.,
et al. (2011). Absence of equilibrative nucleoside transporter 1 in ENT1
knockout mice leads to altered nucleoside levels following hypoxic challenge.
Life Sci. 89, 621-630. doi: 10.1016/j.1f5.2011.08.007

Rothweiler, S., Feldbriigge, L., Jiang, Z. G., Csizmadia, E., Longhi, M. S., Vaid, K.,
et al. (2019). Selective deletion of ENTPD1/CD39 in macrophages exacerbates
biliary fibrosis in a mouse model of sclerosing cholangitis. Purinergic Signal
15, 375-385. doi: 10.1007/s11302-019-09664-3

Saluja, A., Dudeja, V., Dawra, R., and Sah, R. P. (2019). Early intra-acinar
events in pathogenesis of pancreatitis. Gastroenterology 156, 1979-1993. doi:
10.1053/j.gastro.2019.01.268

Saluja, A., and Maitra, A. (2019). Pancreatitis and pancreatic cancer.
Gastroenterology 156, 1937-1940. doi: 10.1053/j.gastro.2019.03.050

Sandhu, B., Perez-Matos, M. C., Tran, S., Singhal, G., Syed, I., Feldbriigge, L.,
et al. (2021). Global deletion of NTPDase3 protects against diet-induced
obesity by increasing basal energy metabolism. Metabolism 118:154731. doi:
10.1016/j.metabol.2021.154731

Santini, D., Schiavon, G., Vincenzi, B., Cass, C. E., Vasile, E., Manazza, A. D,
et al. (2011). Human equilibrative nucleoside transporter 1 (hENT1)
levels predict response to gemcitabine in patients with biliary tract
cancer (BTC). Curr. Cancer Drug Targets 11, 123-129. doi:
10.2174/156800911793743600

Sciarra, A., Monteiro, L., Ménétrier-Caux, C., Caux, C., Gilbert, B., Halkic, N.,
et al. (2019). CD73 expression in normal and pathological human
hepatobiliopancreatic tissues. Cancer Immunol. Immunother. 68, 467-478.
doi: 10.1007/s00262-018-2290-1

Sendler, M., Weiss, E U, Golchert, J., Homuth, G., van den Brandt, C,
Mabhajan, U. M,, et al. (2018). Cathepsin B-mediated activation of trypsinogen
in endocytosing macrophages increases severity of pancreatitis in mice.
Gastroenterology 154, 704.e10-718.e10. doi: 10.1053/j.gastro.2017.10.018

Seo, J. B, Jung, S. R., Hille, B,, and Koh, D. S. (2016). Extracellular ATP
protects pancreatic duct epithelial cells from alcohol-induced damage through
P2Y1 receptor-cAMP signal pathway. Cell Biol. Toxicol. 32, 229-247. doi:
10.1007/510565-016-9331-3

Shevchenko, I., Mathes, A., Groth, C., Karakhanova, S., Miiller, V., Utikal, J.,
et al. (2020). Enhanced expression of CD39 and CD73 on T cells in the
regulation of anti-tumor immune responses. Oncoimmunology 9:1744946.
doi: 10.1080/2162402X.2020.1744946

Singh, K., Faraoni, E. Y,, Dai, Y., Vidhi, C., Vucic, E.,, Mills, T., et al. (2021).
Pancreatic cancer ductal cell of origin CD73-dependent
generation of immunosuppressive adenosine. bioRxiv [preprint]. doi:
10.1101/2021.11.29.470415

Singh, V. K., Yadav, D., and Garg, P. K. (2019). Diagnosis and management
of chronic pancreatitis: a review. JAMA 322, 2422-2434. doi: 10.1001/
jama.2019.19411

Sitkovsky, M. V. (2009). T regulatory cells: hypoxia-adenosinergic suppression
and re-direction of the immune response. Trends Immunol. 30, 102-108.
doi: 10.1016/j.it.2008.12.002

Stecula, A., Schlessinger, A., Giacomini, K. M., and Sali, A. (2017). Human
concentrative nucleoside transporter 3 (hCNT3, SLC28A3) forms a cyclic
homotrimer. Biochemistry 56, 3475-3483. doi: 10.1021/acs.biochem.7b00339

Sun, X.,, Wu, Y, Gao, W, Enjyoji, K., Csizmadia, E., Miiller, C. E., et al.
(2010). CD39/ENTPD1 expression by CD4+Foxp3+ regulatory T cells promotes
hepatic metastatic tumor growth in mice. Gastroenterology 139, 1030-1040.
doi: 10.1053/j.gastro.2010.05.007

Synnestvedt, K., Furuta, G. T., Comerford, K. M., Louis, N., Karhausen, J.,
Eltzschig, H. K., et al. (2002). Ecto-5"-nucleotidase (CD73) regulation by
hypoxia-inducible factor-1 mediates permeability changes in intestinal epithelia.
J. Clin. Invest. 110, 993-1002. doi: 10.1172/JCI10215337

Tripathi, A., Debelius, J., Brenner, D. A., Karin, M., Loomba, R., Schnabl, B.,
et al. (2018). The gut-liver axis and the intersection with the microbiome.
Nat.  Rev. Gastroenterol. ~Hepatol. 15, 397-411. doi: 10.1038/
s41575-018-0011-z

Vieira, C., Magalhaes-Cardoso, M. T., Ferreirinha, F, Silva, I, Dias, A. S,
Pelletier, J., et al. (2014). Feed-forward inhibition of CD73 and upregulation
of adenosine deaminase contribute to the loss of adenosine neuromodulation
in postinflammatory ileitis. Mediat. Inflamm. 2014:254640. doi:
10.1155/2014/254640

Vuerich, M., Mukherjee, S., Robson, S. C., and Longhi, M. S. (2020). Control
of gut inflammation by modulation of purinergic signaling. Front. Immunol.
11:1882. doi: 10.3389/fimmu.2020.01882

Wang, W., Chen, N. Y., Ren, D., Davies, ., Philip, K., Eltzschig, H. K., et al.
(2021a). Enhancing extracellular adenosine levels restores barrier function
in acute lung injury through expression of focal adhesion proteins. Front.
Mol. Biosci. 8:636678. doi: 10.3389/fmolb.2021.636678

Wang, X., Hu, L. P, Qin, W. T, Yang, Q,, Chen, D. Y,, Li, Q, et al. (2021b).
Identification of a subset of immunosuppressive P2RX1-negative neutrophils
in pancreatic cancer liver metastasis. Nat. Commun. 12:174. doi: 10.1038/
$41467-020-20447-y

Wang, X., Liu, D.,, Qin, W, Liu, Y., Yuan, X., Zhang, X, et al. (2020).
P2RX1-involved glycolytic metabolism supports neutrophil activation in
acute  pancreatitis.  Front.  Immunol.  11:549179. doi:  10.3389/
fimmu.2020.549179

Wei, Q., Qi, L., Lin, H,, Liu, D., Zhu, X,, Dai, Y,, et al. (2020). Pathological
mechanisms in diabetes of the exocrine pancreas: what's known and what's
to know. Front. Physiol. 11:570276. doi: 10.3389/fphys.2020.570276

Weitz, J. R., Jacques-Silva, C., Qadir, M. M. E, Umland, O, Pereira, E., Qureshi, E,
et al. (2020). Secretory functions of macrophages in the human pancreatic
islet are regulated by endogenous purinergic signaling. Diabetes 69, 1206-1218.
doi: 10.2337/db19-0687

Wiginton, D. A., Coleman, M. S., and Hutton, J. J. (1981). Purification,
characterization and radioimmunoassay of adenosine deaminase from
human leukaemic granulocytes. Biochem. ]. 195, 389-397. doi: 10.1042/
bj1950389

Xiao, A. Y., Tan, M. L, Wu, L. M., Asrani, V. M., Windsor, J. A., Yadav, D.,
et al. (2016). Global incidence and mortality of pancreatic diseases: a
systematic review, meta-analysis, and meta-regression of population-based
cohort studies. Lancet Gastroenterol. Hepatol. 1, 45-55. doi: 10.1016/
$2468-1253(16)30004-8

drives

Frontiers in Physiology | www.frontiersin.org

March 2022 | Volume 13 | Article 849258


https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.1073/pnas.0605251103
https://doi.org/10.1073/pnas.0605251103
https://doi.org/10.1038/414916a
https://doi.org/10.3389/fphar.2018.00606
https://doi.org/10.3390/cells10010189
https://doi.org/10.1002/hep4.1084
https://doi.org/10.4049/jimmunol.178.8.4820
https://doi.org/10.1073/pnas.1610414114
https://doi.org/10.1073/pnas.1610414114
https://doi.org/10.1016/j.celrep.2018.02.006
https://doi.org/10.1002/hep.24570
https://doi.org/10.1016/j.cell.2011.11.025
https://doi.org/10.1053/j.gastro.2013.12.007
https://doi.org/10.1053/j.gastro.2013.12.007
https://doi.org/10.1016/j.cell.2019.07.008
https://doi.org/10.1016/j.cell.2019.07.008
https://doi.org/10.1016/j.lfs.2011.08.007
https://doi.org/10.1007/s11302-019-09664-3
https://doi.org/10.1053/j.gastro.2019.01.268
https://doi.org/10.1053/j.gastro.2019.03.050
https://doi.org/10.1016/j.metabol.2021.154731
https://doi.org/10.2174/156800911793743600
https://doi.org/10.1007/s00262-018-2290-1
https://doi.org/10.1053/j.gastro.2017.10.018
https://doi.org/10.1007/s10565-016-9331-3
https://doi.org/10.1080/2162402X.2020.1744946
https://doi.org/10.1101/2021.11.29.470415
https://doi.org/10.1001/jama.2019.19411
https://doi.org/10.1001/jama.2019.19411
https://doi.org/10.1016/j.it.2008.12.002
https://doi.org/10.1021/acs.biochem.7b00339
https://doi.org/10.1053/j.gastro.2010.05.007
https://doi.org/10.1172/JCI0215337
https://doi.org/10.1038/s41575-018-0011-z
https://doi.org/10.1038/s41575-018-0011-z
https://doi.org/10.1155/2014/254640
https://doi.org/10.3389/fimmu.2020.01882
https://doi.org/10.3389/fmolb.2021.636678
https://doi.org/10.1038/s41467-020-20447-y
https://doi.org/10.1038/s41467-020-20447-y
https://doi.org/10.3389/fimmu.2020.549179
https://doi.org/10.3389/fimmu.2020.549179
https://doi.org/10.3389/fphys.2020.570276
https://doi.org/10.2337/db19-0687
https://doi.org/10.1042/bj1950389
https://doi.org/10.1042/bj1950389
https://doi.org/10.1016/S2468-1253(16)30004-8
https://doi.org/10.1016/S2468-1253(16)30004-8

Faraoni et al.

Adenosinergic Signaling in Pancreatobiliary Diseases

Xu, Y. P, Zhou, Y. Q, Zhao, Y. ], Zhao, Y., Wang, E, Huang, X. Y, et al
(2021). High level of CD73 predicts poor prognosis of intrahepatic
cholangiocarcinoma. J. Cancer 12, 4655-4660. doi: 10.7150/jca.51038

Yachida, S., Jones, S., Bozic, I, Antal, T., Leary, R., Fu, B., et al. (2010). Distant
metastasis occurs late during the genetic evolution of pancreatic cancer.
Nature 467, 1114-1117. doi: 10.1038/nature09515

Young, A., Ngiow, S. E, Barkauskas, D. S., Sult, E., Hay, C., Blake, S. J., et al.
(2016). Co-inhibition of CD73 and A2AR adenosine signaling improves
anti-tumor immune responses. Cancer Cell 30, 391-403. doi: 10.1016/j.
ccell.2016.06.025

Yu, A., Zhao, L., Kang, Q., Li, ], Chen, K,, and Fu, H. (2020). Transcription
factor HIFla promotes proliferation,
cholangiocarcinoma via long noncoding RNA H19/microRNA-612/Bcl-2 axis.
Transl. Res. 224, 26-39. doi: 10.1016/j.trs.2020.05.010

Zaccagnino, A., Pilarsky, C., Tawfik, D., Sebens, S., Trauzold, A., Novak, L,
et al. (2016). In silico analysis of the transportome in human pancreatic
ductal adenocarcinoma. Eur. Biophys. J. 45, 749-763. doi: 10.1007/
500249-016-1171-9

Zhao, J., Soto, L. M. S., Wang, H., Katz, M. H., Prakash, L. R,, Kim, M., et al.
(2021). Overexpression of CD73 in pancreatic ductal adenocarcinoma is
associated with immunosuppressive tumor microenvironment and poor
survival. Pancreatology 21, 942-949. doi: 10.1016/j.pan.2021.03.018

migration, and invasion of

Conflict of Interest: SCR is a scientific founder of Purinomia Biotech Inc and
has consulted for eGenesis. AbbVie and SynLogic Ing; his interests are reviewed
and managed by HMFP and Beth Israel Deaconess Medical Center in accordance
with the conflict-of-interest policies.

The remaining authors declare that the research was conducted in the absence
of any commercial or financial relationships that could be construed as a potential
conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product that may
be evaluated in this article, or claim that may be made by its manufacturer, is
not guaranteed or endorsed by the publisher.

Copyright © 2022 Faraoni, Ju, Robson, Eltzschig and Bailey-Lundberg. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that
the original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Physiology | www.frontiersin.org

14

March 2022 | Volume 13 | Article 849258


https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.7150/jca.51038
https://doi.org/10.1038/nature09515
https://doi.org/10.1016/j.ccell.2016.06.025
https://doi.org/10.1016/j.ccell.2016.06.025
https://doi.org/10.1016/j.trsl.2020.05.010
https://doi.org/10.1007/s00249-016-1171-9
https://doi.org/10.1007/s00249-016-1171-9
https://doi.org/10.1016/j.pan.2021.03.018
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Purinergic and Adenosinergic Signaling in Pancreatobiliary Diseases
	Introduction
	Deleterious vs. Beneficial Elements of Purinergic and Adenosine Signaling
	Hypoxia-Driven Adenosinergic Signaling
	Inflammatory Bile Duct Diseases
	Bile Duct Cancer
	Inflammatory Pancreatic Diseases
	Ductal Adenocarcinoma of the Pancreas
	Therapeutic Considerations in Pancreatobiliary Cancers
	Conclusion
	Author Contributions

	References

