
(Lowes et al., 2014). Activatedmyeloid DCs release IL-23
and IL-12, which stimulate Th17, Th22, and Th1 cells to
release copious amounts of psoriatic cytokines such as
IL-17, IL-22, TNF, and IFN-g, which promote keratino-
cyte hyperproliferation (Lowes et al., 2014).
Keratinocyte express all P2X and P2Y receptor sub-

types so far cloned, except for P2Y14 (Dixon et al., 1999;
Burrell et al., 2003; Inoue et al., 2005; Pastore et al.,
2007; Ishimaru et al., 2013). IFN-g upregulated the ex-
pression of P2X7 and P2Y1 receptors on human kerati-
nocytes, suggesting a possible involvement of these
receptor subtypes in the pathophysiology of psoriasis
(Pastore et al., 2007). In line with this view, P2X7 and
P2Y1 receptors were found to be upregulated in lesional
skin of patients with psoriasis (Pastore et al., 2007). An
increase in P2X7 receptor expression was also reported
in nonlesional skin of psoriatic patients in comparison
with healthy skin tissue, leading the authors to hypoth-
esize that P2X7 receptor dysregulation in psoriasis pre-
cedes the onset of inflammatory lesions (Killeen et al.,
2013). In healthy human skin explants, the pharmacolog-
ical stimulation of P2X7 with BzATP induced a significant
increase in vascular endothelial growth factor, IL-23, and
IL-6 expression, indicating that P2X7 receptor activation
may be an initiating factor in psoriasis development
(Killeen et al., 2013).
Although both P2Y6 (Uratsuji et al., 2012) and P2Y11

receptors (Ishimaru et al., 2013) can contribute to
proinflammatory responses of keratinocytes in vitro,
the relevance of these findings for psoriasis is still
incompletely understood.
Normal human keratinocytes and normal human

skin express mainly A2B receptors and detectable levels
of A2A receptors, whereas the levels of A1 and A3 receptor
mRNA are negligible (Andres et al., 2017). Psoriasis is
associated with an upregulation of A2A and downregula-
tion of A2B receptors in the psoriatic skin (Andres et al.,
2017). Since A2A receptors augment keratinocyte pro-
liferation and A2B receptors arrest it (Fig. 3) (Andres
et al., 2017), it is conceivable that the increase in A2A

and decrease in A2B receptor expression observed in
psoriatic patients contribute the hyperkeratosis process
(Fig. 3) (Lowes et al., 2014).
In contrast to keratinocytes, A2A receptors are down-

regulated on effector CD4+ T cells from patients with
psoriasis compared with healthy subjects (Han et al.,
2018), while A3 receptors are overexpressed in pe-
ripheral blood mononuclear cells of psoriatic patients
(Ochaion et al., 2009). A randomized, double-blind,
placebo-controlled trial demonstrated that IB-MECA
improved the clinical symptoms of psoriasis (David
et al., 2016). Although this study did not investigate
the mechanisms underlying the beneficial effects of
IB-MECA, a subsequent study found that A3 receptor
activation suppressed keratinocyte proliferation and
IL-17 and IL-23 production by keratinocytes (Cohen
et al., 2018).

In conclusion, novel therapies could be derived for
hyperproliferative skin diseases, such as psoriasis, based
on the intriguing dual roles played by A2A and A2B

adenosine receptors in modulating keratinocyte prolif-
eration. Future studies should inform us on whether
A2A agonists could be used to reduce inflammation.
In addition, it should be of interest to evaluate the
influence of existing therapeutic approaches for psori-
asis in regulating adenosine receptor expression to
determine whether adenosine receptor expression may
serve as a biomarker in the trajectory of psoriatic
pathology.

G. Systemic Lupus Erythematosus

Systemic lupus erythematosus (SLE) is a chronic,
relapsing/remitting, and multisystemic autoimmune
disease with heterogeneous clinical manifestations.
The disease can have dermatological, musculoskeletal,
renal, respiratory, cardiovascular, hematologic, and neu-
rologic consequences (Moulton et al., 2017). Major path-
ogenetic factors of SLE comprise immune responses
against endogenous nuclear antigens, increased au-
toantibody production, increased apoptosis, and de-
ficient clearance of apoptotic cells (Moulton et al., 2017).
As a result of these processes, immune cells secrete
aberrant amounts of cytokines and other soluble proin-
flammatory mediators, which cause inflammation and
the destruction of end-organs (Moulton et al., 2017). The
majority of SLE patients display elevated production

Fig. 3. Role of adenosine in modulating keratinocyte proliferation.
Psoriatic patients are characterized by an abnormal hyperprolifera-
tion and differentiation of keratinocytes. In this context, endogenous
adenosine participates in the hyperkeratosis process by increasing
the proliferation of keratinocytes via the engagement of A2A receptors,
which are overexpressed in psoriatic patients.
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of type I interferons and increased expression of type I
IFN-regulated genes (Ronnblom and Pascual, 2008).
There is an increasing appreciation of the notion that

alterations of the purinergic machinery can contribute
to the pathogenesis of SLE (Forchap et al., 2008; Portales-
Cervantes et al., 2010; Loza et al., 2011; Sipka, 2011;
Saghiri et al., 2012; Bortoluzzi et al., 2016). Portales-
Cervantes et al. (2010) and Forchap et al. (2008) both
studied the role of the most frequent, loss‐of‐function
1513 A→C single nucleotide polymorphism of P2X7

receptors in human SLE. Both studies failed to find
differences in allele frequencies of this polymorphism
when comparing sporadic cases of SLE and healthy
controls. Although ATP-induced IL-1b release was sig-
nificantly decreased in SLE patients with the 1513 A→C
genotype (Portales-Cervantes et al., 2010), the signifi-
cance of this finding is unclear. In murine studies,
pharmacological P2X7 receptor blockade attenuated
lupus nephritis, the mechanism of which appeared to
be related to decreased NLRP3 inflammasome acti-
vation and IL-1b release (Zhao et al., 2013). Le Gall et al.
(2012) reported that B220+ CD4–CD8– lymphocytes,
which accumulate in autoimmune MRL/lpr mice (a
murine model characterized by a similar autoanti-
body profile to SLE patients, with serum antibodies
directed against many nuclear antigens, such as DNA
and histones) (Mandik-Nayak et al., 1999), became
more resistant with age to P2X7 receptor-induced
shedding of CD62L, pore formation, phosphatidylser-
ine exposure, and cell death compared with non-B220+

CD4–CD8– lymphocytes (LeGall et al., 2012). The authors
proposed that the decreased P2X7 receptor-mediated cell
death of the pathogenetic B220+CD4–CD8– population
may contribute to disease progression in MRL/lprmice.
Apart from P2X7 receptors, not much is known about
the role of P2 receptors in the pathophysiology of SLE,
which should be explored in further studies.
An early report described that adenosine was less

efficacious in suppressing T lymphocyte function in
patients with SLE compared with healthy subjects
(Mandler et al., 1982). Since A2A receptors mediate most
of the immunosuppressive effects of adenosine on T cells
(Csóka et al., 2008; Himer et al., 2010), this would
suggest that A2A receptor expression or coupling is
altered in SLE T cells. Bortoluzzi et al. (2016), however,
found higher expression of A2A mRNA and protein in
lymphocytes from patients with SLE compared with
control subjects (Bortoluzzi et al., 2016). A2A receptor
density was inversely correlated with SLE disease
activity index (Bortoluzzi et al., 2016). In addition,
the A2A receptor agonist CGS21680 was more effica-
cious in suppressing T lymphocyte proinflammatory
cytokine production in SLE T lymphocytes than control
T lymphocytes. The authors proposed that the upregu-
lation of A2A receptors on lymphocytes in SLE patients
was a compensatory mechanism to counteract the proin-
flammatory milieu of SLE (Bortoluzzi et al., 2016).

Murine studies confirmed the protective function of A2A

receptors in SLE, as CGS21680 treatment of MRL/lpr
mice suppressed T cell activation, autoantibody produc-
tion, and renal injury (Zhang et al., 2011). The role of
A1, A2B, and A3 receptors in SLE is unknown.

CD39 expression was found to be defective on freshly
isolated Treg cells of lupus subjects with minimally
active disease compared with patients with active dis-
ease or healthy controls (Loza et al., 2011). In addition,
nonregulatory T cells were deficient in their capacity to
upregulate expression of CD39 upon CD3 stimulation
specifically in patients with minimally active disease.
Although the reason why patients with minimally active
diseasehaddefectiveCD39 remainedunclear, the authors
proposed that defective CD39 expression might be a
useful biomarker for early detection of the disease,
prior to the onset of symptoms (Loza et al., 2011). A
recent study employing CD39-deficient mice undergo-
ing pristine-induced lupus demonstrated that CD39
controlled autoimmunity and disease symptoms, shed-
ding some light on the role of CD39 in lupus (Knight
et al., 2018).

A defective activity was reported also for 59-nucleotidase
in lymphocytes isolated from lupus patients (Stolk et al.,
1999). Although this study did not provide more specific
evidence, it is likely that the 59-nucleotidase activity was
due to CD73, as this enzyme is the major cell-associated
59-nucleotidase (Yegutkin, 2008). Similar to CD39, CD73
protected against pristane-induced lupus (Knight et al.,
2018), suggesting that the CD39-CD73-adenosine axis
may be important for curbing inflammation in SLE.

H. Glomerulonephritis

Glomerulonephritis is a condition of glomerular in-
flammation, which manifests as hematuria and protein-
uria (Anders, 2013; Liu andChun, 2018). It encompasses a
spectrum of kidney diseases that collectively are the third
leading cause of end-stage renal disease. The incidence
of primary glomerulonephritis varies between 0.2 and
2.5 per 100,000 per year (Liu and Chun, 2018). The
pathogenesis of glomerulonephritis is complex. Several
factors can trigger and contribute to the progression of
glomerular injury. These include, but are not limited to,
genetic predisposition, autoimmunity, malignancy, in-
fections, diabetes, hypertension, and exposure to drugs
(Liu and Chun, 2018). Major pathophysiological factors
include glomerular infiltration of macrophages and neu-
trophils andmesangial cell activation (Scindia et al., 2010;
Kitching and Hutton, 2016).

Several P2 receptors are expressed in the healthy
kidney (Arulkumaran et al., 2013). Turner et al. (2007)
reported that P2X7 receptors were upregulated in the
kidney of both patients and mice with glomerulone-
phritis (Turner et al., 2007). In animal models of
antibody-mediated glomerulonephritis, P2X7 receptor
deficiency or pharmacological antagonism prevented
macrophage infiltration and protected against kidney
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injury (Taylor et al., 2009). Pharmacological blockade or
siRNA-mediated silencing also prevented kidney injury
in MRL/lprmice, a model of lupus-induced glomerulone-
phritis (Zhao et al., 2013). The protective effect of P2X7

blockade was associated with decreased NLRP3 inflam-
masome activation and IL-1b release (Zhao et al., 2013).
In a recent murine study, systemic injection of a nano-
body against the P2X7 receptors blocked the receptor
on T cells and macrophages and ameliorated antibody-
induced glomerulonephritis (Danquah et al., 2016).
Other than the P2X7 receptor, the only other receptor
whose role has been tested in glomerulonephritis is
the P2Y1 receptor, the deficiency of which was pro-
tective in mice with antibody-mediated glomerulone-
phritis (Hohenstein et al., 2007).
Of all the adenosine receptors, the A2A receptor is

the only one whose role has been investigated in regu-
lating glomerulonephritis. In the first study on this
topic, increased expression of A2A receptors on macro-
phages was found in the glomeruli of rats with antibody
injection-induced glomerulonephritis (Garcia et al.,
2008). Pharmacological activation of A2A receptors
with CGS21680 prevented the infiltration of leukocytes
into the kidney, counteracted glomerular inflammation,
and protected the kidney from inflammatory injury in
this model (Garcia et al., 2008). The protective effect
of A2A receptor stimulation was subsequently confirmed
in MRL/lpr mice, as CGS-21680 treatment caused re-
duced proteinuria, and blood urea and creatinine levels,
as well as an improvement in renal histology (Zhang
et al., 2011). Renal tissue had reduced macrophage and
T-cell infiltration, as well as attenuated MCP-1, IFN-g,
and MHC-II expression (Zhang et al., 2011). CGS21680
treatment also reduced serum anti-dsDNA levels and
renal immune complex deposition (Zhang et al., 2011). A
recent study using A2A receptor KO mice showed that
endogenous adenosine protected mice from glomerulone-
phritis through A2A receptors, as the deficient mice were
more prone to kidney injury and had increased renal
inflammatory cytokines and glomerular hyalinosis com-
pared with wild-type animals (Truong et al., 2016). Using
macrophage depletion and reconstitution with wild-type
or A2A receptor-deficientmacrophages during the estab-
lished phase of glomerulonephritis, the authors demon-
strated that macrophage A2A receptors were central to
the A2A receptor-mediated protection against glomeru-
lonephritis (Truong et al., 2016).

I. Chronic Obstructive Pulmonary Disease

COPD is a progressive inflammatory condition char-
acterized by a progressive and irreversible deterioration
of lung function due to airflow obstruction, destruction
of parenchyma, and emphysema (MacNee and Tuder,
2009; Rovina et al., 2013). Tobacco smoking is the most
common cause of COPD in the developed world, whereas
indoor air pollution due to poorly ventilated cooking fires
is amajor cause indeveloping countries (Rovinaetal., 2013).

The major pathophysiological factor leading to COPD is
airway inflammation caused by the inhaled irritants.
The primary target cells of the irritants are epithelial
cells and resident (alveolar) macrophages, which become
activated and release chemotactic mediators leading to
the recruitment of further inflammatory cells (CD8+

T cells, neutrophils, monocytes, and lymphocytes) into
the lung. The resultingmulticellular infiltrate is central
to the maintenance of the chronic inflammatory process,
which persists even after the exposure to irritants ceases
(Rovina et al., 2013).

There has been a steadily increasing interest in the
involvement of purinergic signaling in the pathophysi-
ology of COPD (Polosa and Blackburn, 2009; Mortaz
et al., 2010; Pelleg et al., 2016). Lommatzsch et al. (2010)
measuredATPconcentrations in alveolar bronchoalveolar
lavage (BAL) fluid and found that COPD patients had
elevatedATP levels comparedwith controls (Lommatzsch
et al., 2010). In patients with COPD, BAL fluid ATP
concentrations correlated inversely with lung function
and positively with BAL fluid neutrophil counts. BAL
fluid macrophages isolated from patients with COPD
upregulated their P2X7 receptor expression compared
with control subjects (Lommatzsch et al., 2010). In line
with the higher P2X7 receptor expression on macro-
phages from COPD patients, P2X7 stimulation trig-
gered higher production of proinflammatory cytokines
and matrix metalloproteinase 9 by macrophages of
patients with COPD compared with macrophages from
control subjects (Lommatzsch et al., 2010). In contrast,
P2X7 receptor stimulation on macrophages induced a
more pronounced suppression of tissue inhibitor of
matrix metalloproteinase-1 release in patients with
COPD (Lommatzsch et al., 2010). Since proinflamma-
tory cytokines andmatrix metalloproteinase-9 contrib-
ute to lung tissue destruction while tissue inhibitor
of matrix metalloproteinase-1 prevents it (Daheshia,
2005; Demedts et al., 2005; Churg et al., 2012), the P2X7

receptor modulation of proinflammatory cytokines and
extracellular matrix regulating enzymes appear to
be harmful in COPD. Blood neutrophils from COPD
patients had upregulated P2Y2 receptor expression
as well as a marked increase in P2Y2-mediated migra-
tion and elastase release compared with neutrophils
from healthy subjects (Lommatzsch et al., 2010). Since
elastase is important in extracellularmatrix degradation
(Churg et al., 2012; Bidan et al., 2015), this indicates that
P2Y2 receptors on neutrophils may contribute to lung
tissue breakdown.

Murine studies have corroborated the proinflamma-
tory and destructive role of ATP and P2 receptors in
COPD. Mice exposed to cigarette smoke had increased
P2X7 receptors primarily in airway macrophages and
neutrophils and in lung tissue (Lucattelli et al., 2011).
Both pharmacological blockade of P2X7 with KN62 and
experiments performed using P2X7 receptor KO mice
revealed a prominent role of this receptor subtype in
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mediating the pro-inflammatory effects of ATP on ciga-
rette smoke-induced lung inflammation and injury
(Lucattelli et al., 2011). Similar to observations in human
patients (Lommatzsch et al., 2010), P2Y2 receptors con-
tributed to neutrophil migration in mice (Cicko et al.,
2010). In addition, as P2Y2 receptor-deficient mice had
reduced pulmonary inflammation following cigarette
smoke exposure, the authors concluded that P2Y2 recep-
tors may be involved in the pathogenesis of cigarette
smoke-induced COPD (Cicko et al., 2010).
Elevated levels of adenosine were detected in the

airway lining fluid of patients with COPD compared
with normal controls (Polosa, 2002). Using mass spec-
trometric analysis of exhaled breath condensate, Esther
et al. (2011) evaluated AMP and adenosine concen-
trations on airway surfaces in COPD patients in com-
parison with healthy smokers and nonsmokers. The
results demonstrated elevated airway AMP and aden-
osine levels in subjects with COPD, which were corre-
lated with several markers of disease severity (Esther
et al., 2011).
Adenosine receptors were also found to be altered in

COPD patients. That is, in an early study, COPD subjects
had decreased affinity but increased density and mRNA
expression of A2A and A3 receptors in peripheral lung
tissue (Varani et al., 2006). To explain these alterations,
the authors speculated that increased adenosine in
COPD patients might desensitize A2A and A3 recep-
tors in the lung, which might result in the compensa-
tory upregulation of these receptors. A1 receptor affinity
decreased and density increased, but no changes in
mRNA expression levels were noted. The affinity of A2B

receptors was not altered, but A2B receptor density and
mRNA expression decreased in peripheral lung tissue of
patients with COPD compared with the control group.
These inconsistencies with regard to A1 and A2B re-
ceptor affinity, density, and mRNA expression in whole
lung can potentially be ascribed to the differential expres-
sion of A1 and A2B receptor expression on the various cell
types in the lung (Varani et al., 2006). For example, while
A2B receptors were found to be downregulated on macro-
phages (Varani et al., 2010), A2B receptor expression
was heightened on pulmonary artery smooth muscle
cells of COPD patients (Karmouty-Quintana et al.,
2013). The clinical significance of these changes in
adenosine receptor subtype expression and function
in patients with COPD is unclear at this point. Varani
et al. (2006) detected a significant correlation between
the density and affinity of A2A, A2B, and A3 and the
forced expiratory volume in one second/forced vital
capacity ratio, an established index of airflow obstruc-
tion. In a mouse model, A2A receptor stimulation with
CGS21680 was unable to suppress cigarette smoke-
induced inflammation (Bonneau et al., 2006; Mantell
et al., 2008). Although these findings hint that adenosine
receptors may modulate the course of COPD, further
studies will be necessary to precisely delineate the role

of the various adenosine receptors in regulating the
course of COPD in patients.

Aliagas et al. (2018) found decreased CD39 gene and
protein expression as well as activity in the lungs of
COPD patients in comparison with controls. This de-
crease in CD39 correlated with higher systemic inflam-
mation and intimal thickening of muscular pulmonary
arteries in the COPD group (Aliagas et al., 2018).
Immunohistochemical analysis showed that CD39 was
downregulated mainly in lung parenchyma, in epithelial
bronchial cells, and in the endothelial cells of pulmonary
muscular arteries (Aliagas et al., 2018). In contrast,
another study demonstrated that CD39 expression and
activity were higher in sputa and BAL cells of COPD
patients compared with controls (Lazar et al., 2016).
Experiments performed on mice chronically exposed
to cigarette smoke confirmed increased CD39 in lung
tissue (Lazar et al., 2016). In addition, the same study
showed that CD39-deficient mice displayed a worsen-
ing of lung inflammation induced by both acute and
chronic cigarette smoke exposure, which was partially
rescued by the administration of apyrase, aCD39 analog.
This indicates that CD39 is protective in COPD (Lazar
et al., 2016). Another recent study reported increased
CD39 expression on peripheral T cells in patients with
acute exacerbations of COPD compared with both COPD
patients without exacerbations and healthy controls.

CD73 expression was found to be upregulated and
ADA downregulated in lung tissue of patients with
COPD (Zhou et al., 2010), indicating that the lung en-
vironment in COPD may favor the accumulation of
adenosine.

Of note, it will be important to address the role of
the purinergic machinery in regulating COPD in more
detail. In particular, it would be of interest to investi-
gate how and to what extent the purinergic pathway is
involved in the extensive immune dysfunction observed
in COPD patients, with particular regard for the role of
purines in shaping CD4+PD-1+ exhausted effector T cells,
and myeloid-derived suppressor cells, which are involved
in COPD pathophysiology.

J. Asthma

Asthma is a chronic inflammatory disorder of the
airways (Colucci et al., 2007). Clinically, asthma is
characterized by recurrent episodes of wheezing, breath-
lessness, chest tightness, and cough. Reversible air-
way obstruction, mucus overproduction, and bronchial
hyperresponsiveness triggered by specific and nonspe-
cific stimuli, such as allergens, chemical irritants, cold
air, and exercise underlie the symptoms of asthma (Colucci
et al., 2007). Mast cells, eosinophils, Th2 lymphocytes,
group 2 innate lymphoid cell types, IgE-producing
B lymphocytes, DCs, macrophages, and eosinophils
are the key players of the type 2 immune response
driving inflammation in asthma (Barnes, 2018). The
type 2 immune response is driven primarily by the
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“classical” type 2 cytokines IL-4, IL-5, and IL-13, as
well as by the damage-associated cytokines thymic
stromal lymphopoietin, IL-25, and IL-33.
ATP accumulates in BAL fluid isolated from patients

with asthma (Idzko et al., 2007). P2X1 receptor-mediated
currents and CD11b expression are reduced in in eosino-
phils from asthma patients compared with healthy con-
trols (Wright et al., 2016). P2X7 receptors are expressed
at higher levels on BAL fluid cells of patients with
asthma compared with healthy control subjects (Muller
et al., 2011). Eosinophils isolated from asthmatic indi-
viduals express higher levels of P2Y2 receptor compared
with healthy controls. As a result, asthmatic eosinophils
have increased chemotactic responses and reactive oxygen
metabolite production in response to ATP compared with
healthy individuals (Muller et al., 2010). A recent genome-
wide association study identified P2Y13 and P2Y14 as
genes associated with asthma risk (Ferreira et al., 2017).
Bronchial provocation test with nebulized AMP is an
objective test for airway hyperresponsiveness that is
clinically useful to aid in the diagnosis of asthma. A
study by Basoglu et al. (2005) compared the effect of
ATP with that of AMP on airway hyperresponsiveness
in patients with asthma. The study demonstrated that
ATPwas amore potent and efficacious inducer of airway
hyperresponsiveness in asthmatic patients than AMP.
As ATP but not AMP activates P2 receptors, this find-
ing indicates that P2 receptors may contribute to the
symptoms of asthma in humans (Basoglu et al., 2005).
Preclinical studies also point to a pro-inflammatory

role of extracellular ATP and P2 receptors in asthma.
Neutralization of ATP using apyrase or pharmacologi-
cal P2 receptor antagonism with pyridoxalphosphate-
6-azophenyl-29,49-disulfonic acid (PPADS) or oxATP
decreased inflammation in an ovalbumin (OVA) model
of asthma (Idzko et al., 2007). In contrast, exogenously
added ATP promoted sensitization to inhaled OVA in
mice (Idzko et al., 2007). Zech et al. (2016) demonstrated
that the P2X4 receptor may be one of the mediators of
the proinflammatory effects of ATP in asthma. They
showed that both the P2X4 receptor antagonist 5-BDBD
(5-(3-bromophenyl)-1,3-dihydro-2H-benzofuro[3,2-e]-
1,4-diazepin-2-one) and P2X4 deficiency alleviated
BAL fluid eosinophilia, peribronchial inflammation,
Th2 cytokine production, and bronchial hyperrespon-
siveness in a murine OVA asthma model. P2X4 recep-
tors on DCs were implicated as having a central role in
promoting asthma, as adoptive transfer of P2X4 receptor-
deficient DCs attenuated the Th2 response and inflam-
mation in OVA-sensitized mice (Zech et al., 2016). P2X7

receptors also promote asthma inmice. Bothmice treated
with the AZ9056, a specific P2X7 receptor-antagonist and
P2X7-deficient mice had reduced features of lung inflam-
mation, such as airway eosinophilia, goblet cell hyperpla-
sia, and bronchial hyperresponsiveness to methacholine
in both the OVA model and a house dust mite model of
asthma (Muller et al., 2011). Adoptive transfer studies

incriminated P2X7 receptor signaling on DCs as amajor
proinflammatory factor in asthma (Muller et al., 2011).

P2Y1 receptors were recently shown to be involved in
regulating allergic inflammation. Treatment of OVA-
sensitized mice with the selective and competitive P2Y1

antagonist29-deoxy-N6-methyladenosine39,59-bisphosphate
(MRS2179) or (1R*,2S*)-4-[2-iodo-6-(methylamino)-9H-
purin-9-yl]-2-(phosphonooxy)bicyclo[3.1.0]hexane-1-
methanol dihydrogen phosphate ester (MRS2500) inhibited
leukocyte recruitment to the lung (Amison et al., 2015).
Since platelet depletion followed by reinfusion of platelets
preincubated with MRS2500 versus vehicle-preincubated
platelets resulted in decreased inflammation, the authors
concluded that P2Y1 receptors on platelets are important
for mediating the proinflammatory effects of P2Y1 recep-
tors. P2Y2 receptors are also proinflammatory in asthma.
In one study, P2Y2 receptor-deficient mice showed
decreased inflammation, decreased IgE levels, decreased
VCAM expression on endothelial cells, and defective eosin-
ophil infiltration in OVA-induced asthma (Vanderstocken
et al., 2010). In another study, P2Y2 receptor-deficient
mice exhibited reduced allergic inflammation, which
was explained by defective inflammatory cell migra-
tion into the lung and a reduced Th2 response in lymph
nodes (Muller et al., 2010). One study showed that P2Y12

receptors may also contribute to asthma by serving as
receptors for LTE4, a major proinflammatory mediator of
asthma (Paruchuri et al., 2009). However, a subsequent
study questioned the P2Y12 agonistic role of LTE4 (Foster
et al., 2013).

Adenosine receptors have long been implicated in
asthma (Polosa and Blackburn, 2009). Theophylline,
a competitive nonselective phosphodiesterase inhibitor
and also a nonselective adenosine receptor antagonist,
has beenused to treat asthma for a century (Barnes, 2013).
Adenosine concentrations are increased in exhaled breath
condensate (Huszar et al., 2002) or BAL fluid (Driver et al.,
1993) of patients with asthma compared with healthy
subjects. Inhaled adenosine is a potent bronchocon-
strictor in human asthma patients but not in healthy
subjects (Cushley et al., 1983). These results indicate
that adenosine receptors contribute to asthma develop-
ment and symptoms.

A1 receptor expression is increased in bronchial biopsies
frompatients with asthma versus healthy subjects (Brown
et al., 2008b). A2A receptors are expressed at higher levels
on peripheral blood mononuclear cells of patients with
mild-to-moderate asthma than healthy patients or pa-
tientswith severe asthma (Wang et al., 2018a). In sputum,
asthma patients had a lower percentage of neutrophils
expressing A2B receptors than healthy subjects (Versluis
et al., 2008). A3 receptor transcript abundancewas greater
in lung tissue of asthmatic than in healthy patients
(Walker et al., 1997).

Preclinical evidence supports the notion that adenosine
signaling participates in the regulation of pulmonary
inflammation and damage in asthma (Sun et al., 2006;
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Mohsenin et al., 2007). Mice lacking ADA and therefore
having elevated extracellular adenosine levels develop
pulmonary inflammation with features typically ob-
served in patients suffering from asthma, such as an
increase in alveolar macrophages, airway remodeling,
increased mucin production, angiogenesis, and alveolar
airway enlargement (Blackburn et al., 2000). Lung-specific
IL-13 overexpression in mice produced eosinophil-,
lymphocyte-, andmacrophage-rich inflammation, alveolar
enlargement, mucus metaplasia, and airway hyper-
responsiveness on methacholine challenge (Zhu et al.,
1999). Blackburn et al. (2003) demonstrated that extra-
cellular adenosine was elevated in these mice and ADA
therapy prevented the asthmatic phenotype, indicating
that adenosine mediated the proinflammatory effects
of IL-13. By crossbreeding adenosine receptor-deficient
mice onto the ADA-deficient background, Blackburn
and coworkers demonstrated that A1, A2A, and A2B

receptors protected against lung inflammation, whereas
A3 receptors contributed to it (Young et al., 2004; Sun
et al., 2005; Mohsenin et al., 2007; Zhou et al., 2009).
The protective role of A2B receptors, however, was not
confirmed using a pharmacological approach in ADA-
deficient mice, as pharmacological blockade of A2B recep-
tors with CVT-6883 starting on postnatal day 24 reduced
the number of immune cells in the BAL fluid, decreased
the production of pro-inflammatory cytokines and che-
mokines, and attenuated pulmonary fibrosis (Sun et al.,
2006). The reason for the discrepant results of the
knockout and pharmacological studies is unclear at
this point. One possible explanation is that A2B recep-
tors affect asthma in a stage dependent manner,
where A2B receptor inactivation from birth may be
pro-inflammatory, whereas A2B receptor blockade initi-
ated after birth may be protective.
Allergen sensitization models have also been helpful

in delineating the role of adenosine receptors in asthma.
In a ragweedmodel, A1 receptor-deficient mice exhibited
decreased IL-5 and ICAM-1 expression and decreased
airway hyperresponsiveness, indicating that A1 recep-
tors are proinflammatory in this model (Ponnoth et al.,
2010). Pharmacological studies using a selective A1

antagonist also pointed to a proinflammatory role of
A1 receptors in a house dust mite asthma model in
rabbits (Obiefuna et al., 2005). A2A receptor-deficient
mice challenged with ragweed had increased inflamma-
tion, NF-kB activation, and airway reactivity to meth-
acholine, indicating that A2A receptors are protective
in this model of asthma (Nadeem et al., 2007). Phar-
macological stimulation of A2A receptors is in general
anti-inflammatory, although the protective effects are
variable. After repeated ovalbumin challenges in mice,
intranasally administered CGS21680 inhibited BAL
fluid inflammatory cell influx but had no effect on OVA-
induced bronchoconstriction and airway hyperreac-
tivity (Bonneau et al., 2006). In another murine OVA
model, CGS21680 upregulated the Treg transcription

factor FoxP3 and the Treg-derived cytokine TGF-b, de-
creased the Th-17-related transcription factor ROR-gT
and IL-17, and improved lung function (Wang et al.,
2018a). The anti-inflammatory effects of A2A agonism in
mice were not borne out in a human clinical trial, as
the selective A2A agonist GW328267X failed to affect
the inflammatory response and airway hyperrespon-
siveness in patients with asthma (Luijk et al., 2008).

Genetic ablation of A2B receptors in mice attenuated
OVA-induced chronic pulmonary inflammation, IL-4 and
TGF-b production, and pulmonary inflammation and
injury (Zaynagetdinov et al., 2010), indicating that
A2B receptors contribute to the pathophysiology of asthma.
Similarly, both global and myeloid A2B receptor defi-
ciency decreased pulmonary inflammation, Th2 cytokine
production, and chemokine level in a cockroach-allergen
murine model (Belikoff et al., 2012). Pharmacological
studies with a selective A2B receptor antagonist con-
firmed the proinflammatory role of A2B receptors in
murine asthma (Basu et al., 2017a,b). Using both A3

receptor-deficient mice and treatment with IB-MECA,
Young et al. (2006) demonstrated that A3 receptors
contribute to airway mucin secretion after OVA chal-
lenge of mice. However, pulmonary inflammation and
function were not determined in this study.

The purinergic enzymemachinery also influences the
course of asthma. Asthma patients have decreased pro-
portions of CD39+ Tregs among all Tregs compared with
healthy individuals (Wang et al., 2013). CD39 mRNA
levels in both CD4+ T cells (Wang et al., 2013) and
peripheral blood mononuclear cells are decreased in
asthma patients versus healthy subjects (Wang et al.,
2014a). This suggests that insufficient CD39-mediated
immune suppression may contribute to the progression
of asthma. Surprisingly, mice lacking CD39 displayed
a milder asthma phenotype than wild-type mice when
tested in both the OVA and house dust mite models
(Idzko et al., 2013). This decrease in asthma severity in
the CD39-deficient mice was due to aberrant migration
of DCs with a consequent limitation of the capacity of
these cells to prime Th2 responses (Idzko et al., 2013).

Similar to CD39, the proportions of CD73+ Tregs

among all Tregs, as well as CD73 mRNA expression in
CD4+ T cells was lower in asthmatic patients than in
healthy subjects (Wang et al., 2013). The role of CD73
in regulating asthma remains to be determined.

K. Inflammatory Bowel Diseases

IBDs, such as Crohn’s disease and ulcerative colitis,
are chronic relapsing disorders of the gastrointestinal
tract. They are characterized by intestinal inflamma-
tion and epithelial injury (Neurath, 2014). Major
symptoms include abdominal pain, diarrhea, bloody
stool, malabsorption, and weight loss (Huang and Chen,
2016). Patients with IBD often suffer from other
autoimmune diseases as well, such as primary scleros-
ing cholangitis, psoriasis, and ankylosing spondylitis
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(Huang and Chen, 2016). Deregulated immune responses
in the intestinal mucosa are critical factors that pre-
cipitate the onset of IBDs (Neurath, 2014). IBD patients
have both altered T cell homeostasis and antigen-
presenting cell dysfunction (Neurath, 2014). Th1 and
Th17 cells and other IL-17 and IFN-g-producing cells
are major pathogenic contributors to the intestinal
inflammatory manifestations of IBD (Neurath, 2014).
IL-12 and IL-23, produced predominantly by DCs and
macrophages, are major drivers of the development and
activation of Th1 and Th17 cells, respectively (Neurath,
2014). The intestinal mucosal epithelium is also in-
volved in the pathophysiology of IBD. Its barrier func-
tion is compromised, leading to increased permeability
to noxious intraluminal agents, such as bacteria.
Bacteria crossing the intestinal barrier activate the
mucosal immune systemand drive inflammation (Turner,
2009; Cahenzli et al., 2013; Martini et al., 2017).
Purinergic pathways are important for the mainte-

nance of intestinal homeostasis by shaping the commu-
nication among luminal bacteria, epithelial cells, and
the enteric immune system. High levels of extracellular
ATP are commonly observed in the presence of intestinal
inflammation (Wan et al., 2016; Lanis et al., 2017). ATP
is released from damaged intestinal epithelial cells
(Kurashima et al., 2015) as well as from immune/
inflammatory cells, including neutrophils (Dosch et al.,
2018) and macrophages (Sakaki et al., 2013). Another
source of extracellular ATP is the intestinal commensal
flora (Atarashi et al., 2008; Inami et al., 2018). ATP
released from intestinal commensal bacteria partici-
pates in enteric homeostatic regulatory mechanisms
by inducing the differentiation of naturally occurring
Th17 cells, which control bacterial and fungal infec-
tions at the mucosal surface (Atarashi et al., 2008).
ATP released from commensal bacteria is also impor-
tant for the maintenance of host-microbiota mutual-
ism. That is, ATP, through P2X7 receptor activation on
T follicular helper cells, limits the secretory IgA re-
sponse to commensal bacteria in the small intestine,
thereby leading to the selection of a beneficial commensal
microbial community for the host (Proietti et al., 2014;
Perruzza et al., 2017).
P2X7 receptors are upregulated in both the intestinal

epithelial layer and the lamina propria of patients with
both Crohn’s disease and ulcerative colitis (Neves et al.,
2014). In the inflamed lamina propria of patients with
IBD, P2X7 receptors colocalizemainly with DCs and to a
lesser extentwithmacrophages and T cells (Neves et al.,
2014).
Studies performed in a T cell-mediated chronic colitis

mouse model highlighted the relevance of P2X7 recep-
tors in stimulating T-cell conversion into Th17 cells
(Schenk et al., 2008). That is, repeated administration
of oxATP, a P2X7 antagonist, mitigated the intestinal
inflammatory process, promoting the cell-autonomous
conversion of naive CD4+ T cells into Tregs after TCR

stimulation (Schenk et al., 2008, 2011). In addition,
adoptive transfer of P2X7 receptor-deficient Tregs but
not wild-type Tregs protected lymphopenic CD3e2/2 mice
from colitis induced by adoptive transfer of naive
CD45.1+CD4+ T cells (Schenk et al., 2011).

Ratswith trinitrobenzene sulfonic (TNBS) acid-induced
colitis treated with the P2X7 receptor antagonists A740003
[N-(1-{[(cyanoimino)(5-quinolinylamino) methyl] amino}-
2,2-dimethylpropyl)-2-(3,4-dimethoxyphenyl)acetamide]
before colitis induction had improved disease scores and
decreased inflammation compared with rats treated
with vehicle (Marques et al., 2014). P2X7 receptor-
deficient mice were less susceptible to TNBS- or dextran
sulfate-sodium (DSS)-induced colitis than wild-type ani-
mals (Neves et al., 2014; Hofman et al., 2015; Figliuolo
et al., 2017). The beneficial effect of P2X7 receptor
deficiency in these studies was associated with de-
creased production of inflammatory cytokines, decreased
NF-kB, activation and Treg accumulation (Neves et al.,
2014; Hofman et al., 2015; Figliuolo et al., 2017). A study
using mice with TNBS-induced colitis demonstrated
a critical role of P2X7 receptors on mast cells in the
development of colitis, as mast cell-deficient mice recon-
stituted with P2X7-knockout mast cells had decreased
intestinal inflammation compared with mice reconsti-
tuted with wild-type mast cells (Kurashima et al., 2012).
Clinically, a marked increase in P2X7

+ mast cell numbers
was observed at sites of inflammation in Crohn’s disease
patients (Kurashima et al., 2012). Interestingly, despite
decreased inflammation, P2X7 receptor-deficient mice
exhibited increased tumor incidence in a model of colitis-
associated cancer (Hofman et al., 2015). The increase in
tumor formation was secondary to increased intestinal
epithelial proliferation, decreased apoptosis, and in-
creased production of TGFb1. Although most of these
studies support a proinflammatory role for P2X7 recep-
tors in colitis, this was not borne out in a clinical study.
In a placebo-controlled, multicenter, double-blind phase
IIa study, Crohn’s patients treatedwith the P2X7 receptor
antagonist AZD9056 showed no amelioration in inflam-
mation although the Crohn’s Disease Activity Index was
decreased in drug versus placebo-treated patients (Eser
et al., 2015).

P2X3 receptors were upregulated in patients with IBD
(Yiangou et al., 2001). P2X3 receptors were only detected
in neurons of the myenteric and submucosal plexuses.
The authors hypothesized that P2X3 receptors may be
involved in pain and dysmotility in IBD.

P2Y2 receptors are increased in colonic tissues of IBD
patients (Grbic et al., 2012). In addition, both TNF-a
and IFN-g upregulated P2Y2 receptors in the intestinal
epithelium (Grbic et al., 2008). Stimulation of P2Y2
receptors with the agonist 2-thiouridine-59-triphosphate
promoted recovery from colitis in DSS-treated mice,
which was mostly due to increased regeneration of
the intestinal epithelium (Degagne et al., 2013). P2Y6

receptors were shown to be upregulated on T cells
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infiltrating the colon of patients with active IBD (Somers
et al., 1998). Both genetic and pharmacological blockade
of P2Y12 receptors ameliorated TNBS-induced colitis in
mice (Qin et al., 2017), indicating that P2Y12 receptors
may be targets for intervention in human IBD.
A2A receptor mRNA expression in colonic mucosa

obtained from Crohn’s patients with active disease was
found to be enhanced, while no changes were detected
in ulcerative colitis patients (Rybaczyk et al., 2009). In
contrast, in a recent study, Tian et al. (2016) demon-
strated reduced expression of A2A receptor mRNA and
protein in sigmoid colonic mucosa obtained from active
ulcerative colitis patients compared with normal con-
trols. Of note, A2A protein expression was inversely
correlated with the expression of miR-16 (Tian et al.,
2016). Results obtained using both in silico data as well
as functional studies showed that miR-16 targeted the
39-untranslated region of A2A receptor mRNA, resulting
in inhibition of A2A receptor transcription (Tian et al.,
2016). Preclinical studies revealed a critical role of A2A

receptors in controlling the function T cells that regu-
late colitis. In an early study using a colitis model in
which adoptive transfer of pathogenic CD45RBhigh Th
cells into severe combined immunodeficientmice causes
colitis, it was found that co-transfer of CD45RBlow or
CD25+ Th cells lacking A2A receptors failed to prevent
disease, whereas wild-type CD45RBlow or CD25+ Th
cells did prevent disease (Naganuma et al., 2006). In a
more recent pharmacological study, systemically adminis-
tered inosinewas protective against TNBS-induced colitis,
and the protective effects were shown to be mediated by
A2A receptors (Rahimian et al., 2010). Systemic admin-
istration of the selective A2A receptor agonist CGS21680
was, however, not protective in mice with DSS-induced
colitis (Selmeczy et al., 2007). In contrast, oral admin-
istration of the poorly absorbed A2A receptor agonist
PSB-0777 was anti-inflammatory and protective in a
rat model of oxazolone-induced colitis (Antonioli et al.,
2018). Thus, the systemic effects of A2A receptor stim-
ulation may offset its local protective effects. Of note,
A2A receptors have also been shown to control the neuro-
plastic changes occurring in the inflamed gut (Antonioli
et al., 2006). Thus, it was proposed that A2A agonists may
be useful to stem enteric motor dysfunctions, which are
typically observed in IBD patients (Antonioli et al.,
2006, 2011).
The gut expresses high levels of A2B receptors with

intestinal epithelial cells as major contributors (Hasko
et al., 2009; Colgan et al., 2013). Amarked upregulation
of A2B receptor expression was observed in the intesti-
nal mucosa during both human and murine colitis, and
A2B receptor expression was highest in intestinal epithe-
lial cells (Kolachala et al., 2005). In this context, A2B

receptors have been shown tomodulate several epithelial
cell functions, such as secretory activity, barrier function,
and interaction with bacteria, which are all important
factors in IBD (Kolachala et al., 2005). A2B receptors are

also expressed on endothelial cells and macrophages
(Yang et al., 2006). Early studies by one group using
both genetic knockoutmice and pharmacological blockade
indicated that A2B receptors contribute to the severity of
symptoms and inflammation of colitis in mice (Kolachala
et al., 2008a,b). Subsequently, another group found that
both general A2B receptor knockout and pharmacological
blockade augmented the course of colitis and suppressed
inflammation, indicating a protective role for A2B recep-
tors (Frick et al., 2009). Using intestinal epithelial cell-
specific A2B receptor deficient mice, the same group then
went on to show that A2B receptors on epithelial cells
are important for protection against colitis, suppression
of inflammation, and gut barrier function (Aherne et al.,
2015). Potential explanations for why the two groups
found opposing roles for A2B receptors include details in
the colitis protocols, differences in murine strains with
genetic deletion of the A2B receptors, and differences in
housing conditions, including potential differences in
the bacterial flora of the mice (Frick et al., 2009).

Decreased expression of A3 receptors was reported in
colorectal mucosa from patients with ulcerative colitis
(Rybaczyk et al., 2009; Wu et al., 2017) and in animal
models of intestinal inflammation (Rybaczyk et al., 2009;
Ren et al., 2011). In contrast, A3 receptor was overex-
pressed in peripheral blood mononuclear cells of Crohn’s
patients (Ochaion et al., 2009). IB-MECA treatment of
mice with DSS-induced colitis and IL-10 deficiency-
induced colitis (Mabley et al., 2003) or rats with TNBS-
induced colitis prevented the clinical symptoms and
histologic signs of inflammation and suppressed inflam-
mation (Guzman et al., 2006). Counterintuitively, A3

receptor-deficient mice were protected against DSS-
induced colitis (Ren et al., 2011). Such apparent discrep-
ancies can potentially be explained by the heterogeneous
experimental conditions used in the above-mentioned
studies. For example, genetic deletion of A3 adenosine
receptors may cause compensatory upregulation of other
receptor subtypes, i.e., the A2A, which would then exert
protective effects in intestinal inflammation (Naganuma
et al., 2006). Alternatively, it is possible that the differ-
ential results may be due to differences in the bacterial
flora among the various studies, as the bacterial flora is
an important factor in colitis (Guarner andMalagelada,
2003).

The CD39/CD73 axis has emerged as a potential
pharmacological target in IBD. In humans with IBD,
CD39 expression on Tregs was lower compared with
healthy patients (Gibson et al., 2015). CD39 expression
on Tregs increased after treatment with the anti-TNF-a
antibody infliximab (Gibson et al., 2015). Bai et al. (2014)
described a human Th17 subpopulation with suppressor
activity, which expresses high levels of CD39 and con-
sequently produces extracellular adenosine (Bai et al.,
2014). These uniquely suppressive CD39+ Th17 cells are
decreased in patients with IBD (Bai et al., 2014).
CD39+CD8+ T cells were significantly increased in
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peripheral blood and lamina propria of patients with
active Crohn’s disease compared with healthy donors
(Bai et al., 2015). Similar toCD39+Th17 cells, CD39+CD8+

T cells exert immunosuppressive effects through the
generation of extracellular adenosine (Bai et al., 2015).
A single nucleotide polymorphism tagging low levels
of CD39 expression was associated with increased
susceptibility to Crohn’s disease in a case-control cohort
comprising 1748 Crohn’s patients and 2936 controls
(Friedman et al., 2009). Overall, these results suggest
a protective role for CD39 in human patients with
IBD.
The role of CD39 in mouse models is controversial. In

an early study, CD39-deficient mice exhibited increased
susceptibility to DSS-induced colitis, which was rescued
by exogenously introduced apyrase (Friedman et al.,
2009). In addition, unconjugated bilirubin protected
against DSS-induced colitis through upregulating CD39
on Th17 cells (Longhi et al., 2017). In another study,
employing mice with TNBS-induced colitis CD39 de-
ficiency was protective (Kunzli et al., 2011). In the same
study, the severity of oxazolone-induced colitis was
similar in CD39 deficient and wild-type mice (Kunzli
et al., 2011). The authors posited that one explanation
for the different observations in the two models is that
while the TNBS model exhibits clinicopathological find-
ings that are more similar to Crohn’s disease, oxazolone-
induced colitis has features similar to ulcerative colitis
(Boirivant et al., 1998). Clearly, further studies using
mice with cell-specific and temporal targeting of CD39
will be necessary to resolve the role of CD39 in colitis.
In the intestinal mucosa, CD73 appears to have a

critical role in maintaining homeostasis (Synnestvedt
et al., 2002; Colgan et al., 2006; Louis et al., 2008;
Sotnikov and Louis, 2010). In patients with IBD, in-
creased numbers of CD73+CD4+ T cells in the periphery
and lamina propria were noted during active inflam-
mation, which returned to baseline levels following
anti-TNF treatment (Doherty et al., 2012). Similar to
observations with CD39 noted above (Bai et al., 2014),
the CD73+CD4+ T-cell population in patients with active
IBD were enriched with cells with a T-helper type
17 phenotype (Doherty et al., 2012).
There is a marked induction of colonic mucosal CD73

expression in response to TNBS-induced colitis in mice
(Louis et al., 2008). CD73-deficient mice with TNBS-
induced colitis showed a worsening of clinical course and
inflammation severity (Louis et al., 2008). In addition,
in mice with TNBS-induced colitis the selective CD73
inhibitor a,b-methylene ADP increased colitis severity
(Louis et al., 2008). Since IFN-aAwas downregulated in
colitis and exogenous IFN-aA reversed the deleterious
CD73 phenotype, the authors argued that CD73 protects
against colitis through inducing IFN-aA. Similar to results
with the TNBS model of colitis, CD73 was also protective
in the DSS model (Bynoe et al., 2012). When pathogenic
CD4+ CD45RBhigh cells were adoptively transferred to

Rag deficient mice, cotransfer of wild-type Tregs was as
protective as cotransfer of CD73-deficient Tregs (Bynoe
et al., 2012). Thus it was concluded that CD73 expres-
sion on Tregs was not needed for protection.

Several studies have been performed to evaluate the
role of ADA in the pathophysiology of IBDs (Antonioli
et al., 2012). Serumobtained fromCrohn’s patients during
active disease had increased total ADA and ADA2 levels
compared with both patients in remission and healthy
subjects (Maor et al., 2011). Increased expression of
ADA was also detected in murine models of intestinal
inflammation (Antonioli et al., 2010a, 2014). In addi-
tion, pharmacological blockade of ADA ameliorated IBD
in rodent models (Antonioli et al., 2007, 2010a; Brown
et al., 2008a; La Motta et al., 2009), Thus ADA may
serve as both a diseasemarker and therapeutic target in
IBD.

In colonic tissue obtained from IBD patients, ENT1,
ENT2, and CNT2 mRNA levels were higher in compar-
ison with control specimens (Wojtal et al., 2009) (Fig. 4).
A recent study by Aherne et al. (2018) demonstrated
that the administration of dipyridamole, a pharmaco-
logic blocker of ENT 1 and ENT2, protected mice against
DSS-induced colitis. Of note, the genetic loss of Ent1
failed to alter the outcome of DSS colitis in mice,
whereas animals with global or mucosal Ent2 deletion
were protected against intestinal inflammation, suggest-
ing a detrimental role for ENT2 during experimental
colitis (Aherne et al., 2018). Mechanistic studies demon-
strated that ENT2 inhibition or deficiency increased
extracellular adenosine levels, which were protective
through A2B receptor activation (Aherne et al., 2018).

At present, several lines of preclinical evidence support
the possibility of encouraging beneficial effects result-
ing from the pharmacological modulation of purinergic
pathways in bowel inflammation. In particular, A2A and
A3 receptor agonists were effective in curbing several
digestive dysfunctions typically associated with IBDs,
such as visceral pain, diarrhea, ischemia, and functional
disorders. However, despite these promising results,
several issues pertaining to the regulation of digestive
functions by the purinergic system remain unexplored
and deserve further investigations.

V. Future Directions

Based on evidence reviewed here, we propose that
IMIDs share molecular alterations of some of the key
elements of the purinergic machinery. Some of these
alterations are shared across a wide variety of IMIDs
and include downregulation of A2A receptors on effector
T cells, upregulation of A2A and A3 receptors on PBMCs,
upregulation of P2X7 receptors on effector T cells, in-
creased ADA levels, and reduced activity of the CD39/
CD73 enzyme axis on the surface of Tregs (Fig. 5). Thus
it is possible that targeting these key purinergic nodes
may be a worthy strategy for drug development to
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manage patients with various IMIDs. One caveat is
that in some cases, the available data regarding the
role of the purinergic system in some aspects of IMID
pathophysiology are based only on individual studies,
and in this case it is not possible to have consolidated
evidence or draw substantial conclusions. In addi-
tion, it is necessary to point out that there are also
competing and sometimes contradictory actions of the
role of the purinergic system in IMIDs. For example,
conflicting evidence has been observed regarding Teff

cells. In particular, increases in A2A receptor expression
were observed in Teff cells fromSLE and uveitis patients,
whereas A2A receptor expression appears reduced
in myasthenia gravis, psoriasis, and IBD (Fig. 5). In
addition, CD73 expression on Teff cells was increased
in IBD and reduced in uveitis and SLE (Fig. 5). In some
cases, increased CD73 and A2A receptor expressionmay
have compensatory anti-inflammatory functions, while
in other cases they may contribute to disease patho-
physiology and progression.
Although many next-generation ligands acting on

the purinergic system are both reasonably selective
in vitro and display encouraging beneficial effects in

in vivo preclinical models, once thrown into the clinical
arena their efficacy has turned out to be less than
optimal. P2X7 receptor antagonists are a prime example
of this. When novel and safe P2X7 receptor antagonists
that have been shown to be effective in experimental
models of inflammation, such as EAE, IBDs, and rheu-
matoid arthritis, were tested in humans, the results of
these clinical studies were disappointing [see (Keystone
et al., 2012; Stock et al., 2012; Eser et al., 2015)].
Although there is no definitive explanation for this lack
of pharmacological efficacy in humans, one possibility is
that the inefficient targeting of P2X7 receptors is caused
by the high variation of P2X7 function among individ-
uals, which is due to the numerous single nucleotide
polymorphisms resulting in either loss- or gain-of-function
(Sluyter and Stokes, 2011). For this reason, it will be of
importance to determine the relative effectiveness of
P2X7 therapeutics in relation to P2X7 isoforms and
polymorphic variants.

A novel theme in purinergic receptor research is recep-
tor heteromers and coexpression. Indeed, heteromeri-
zation (the direct interaction between at least two
different functional receptors forming a complex with

Fig. 4. Schematic representation showing the involvement of adenosine metabolism in regulating the level of A2B receptor activation, in normal
conditions (A) and in the presence of inflammatory bowel diseases (IBDs) (B). CD73 produces adenosine, but its levels are decreased in IBD by
increased uptake into epithelial cells through upregulated NTs. The stimulation of A2B receptors participates in maintaining the integrity of epithelial
barrier by sustaining the phosphorylation of VASP and thus strengthening the expression of tight junction protein, such as ZO-1, Clau, and Occl. This
process is impaired during IBD. AMP, adenosine monophosphate; Clau, claudin; NT, nucleoside transporter; Occl, occluding; VASP, vasodilator-
stimulated phosphoprotein; ZO-1, zonulin-1.
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specific biochemical and functional properties different
from those of its component receptor units) (Albizu et al.,
2010) is emerging as an important process involved in
the specialization of receptor function (Rozenfeld and
Devi, 2010). This may be due to conformational changes
in the heteromerized receptors within the receptor-
receptor interface at the plane of the membrane bilayer
or G-protein-mediated cooperativity in the plane of the
membrane (Franco et al., 2008). Of note, the presence of
receptor heteromers is reported in select tissues, and, in
some cases, the heteromerization has been described to
be involved in pathophysiological events (Franco et al.,
2008). In this regard, P2X7 and P2X4 are widely coex-
pressed, particularly in secretory epithelial cells and
immune and inflammatory cells, and together partici-
pate in the regulation of inflammation and nociception
(Schneider et al., 2017). There is also some evidence
that P2X4 and P2X7 can associate to form heteromeric
receptors in some cell types under certain conditions
(Guo et al., 2007). As these heteromers may have novel
pharmacological profiles that differ from those of the
constituting homomers, new drugs targeting the het-
eromers may have fewer side effects than drugs target-
ing the widely expressed homomers. The identification
of crystal structures of P2X3, P2Y2, or P2Y6 receptors

(emerging as interesting molecular targets involved in
shaping immune cell activity) may also help in better
understanding the receptor function, fundamental sig-
naling, thus paving the way toward the development
of novel drugs potentially useful to counteract the
inflammatory process. However, it is worth noting that
there is still a long way to go in this field, since there is
a paucity of studies on whether a given heteromer may
form and become functional in the course of IMIDs.

In addition, another relevant aspect of purinergic
pharmacology of IMIDs that deserves further study is
the evaluation of how and to what extent drugs acting
on purinergic signalingmay have synergistic effects when
administered together with other immunomodulatory
agents. One study by Ochaion et al. (2006) reported a
synergistic effect between methotrexate and CF101.
Mechanistically, in amurinemodel of adjuvant-induced
arthritis, methotrexate induced an increase in A3 re-
ceptor expression in inflamed tissues, thereby render-
ing the tissues more responsive to CF101 treatment
(Ochaion et al., 2006).

In summary, given the pressing unmet medical need
for novel pharmacological approaches for the manage-
ment of IMIDs and the compelling data supporting the
efficacy of targeting the purinergic system in preclinical

Fig. 5. Scheme illustrating the overlapping cellular alterations in components of the purinergic signaling complex in immune-mediated inflammatory
diseases.
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models, the authors of this reviewhope that thepurinergic
system will be effectively targeted to manage human
inflammatory diseases in the future.
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