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Abstract

Background & Aims—The severity of sepsis can be linked to excessive inflammatory
responses resulting in hepatic injury. P2X7 receptor activation by extracellular ATP (eATP)
exacerbates inflammation by augmenting cytokine production; while CD39 (ENTPD1) scavenges
eATP to generate adenosine, thereby limiting P2X7 activation and resulting in Ay receptor
stimulation. We aim to determine the functional interaction of P2X7 and A,a receptors on
controlling macrophage response, consequently impacting the outcome of sepsis and liver injury.
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Methods—Sepsis was induced by cecal ligation and puncture in C57BL/6 wild-type (WT) and
CD397'~ mice. Several in vitro assays were performed using peritoneal or bone marrow derived
macrophages to determine CD39 ectonucleotidase activity and its role in sepsis-induced liver
injury.

Results—CD39 expression in macrophages limits ATP-P2X7 receptor pro-inflammatory
signaling. P2X7 receptor paradoxically boosts CD39 activity. Inhibition and/or deletion of P2X7
receptor in LPS-primed macrophages attenuates cytokine production and inflammatory signaling
as well as preventing ATP-induced increases in CD39 activity. Septic CD397/~ mice exhibit higher
levels of inflammatory cytokines and show more pronounced liver injury than WT mice.
Pharmacological P2X7 blockade largely prevents tissue damage, cell apoptosis, cytokine
production, and the activation of inflammatory signaling pathways in the liver from septic WT,
while only attenuating these outcomes in D397/~ mice. Furthermore, the combination of P2X7
blockade with adenosine Ay receptor stimulation completely inhibits cytokine production, the
activation of inflammatory signaling pathways, and protects septic CD397/~ mice against liver
injury.
Conclusions—CD39 attenuates sepsis-associated liver injury by scavenging eATP and
ultimately generating adenosine. We propose boosting of CD39 would suppress P2X7 responses
and trigger adenosinergic signaling to limit systemic inflammation and restore liver homeostasis
during the acute phase of sepsis.

Graphical abstract
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Introduction

Sepsis is a leading cause of death in intensive care units worldwide and represents a major
public health issue due to high numbers of deaths of economically productive people and
major morbidity in survivors. Aspects of the associated morbidity and mortality are related
to onset of shock and hemodynamic compromise with multiple organ system dysfunction
and failure due to the excessive, unfettered inflammation.12
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The liver plays a central role in metabolic homeostasis and in the host-defense against
pathogens; albeit liver function can be acutely compromised by shock as in severe sepsis.3
Sepsis causes acute liver damage because of hemodynamic compromise but direct
hepatocyte and canalicular injury is also feasible. The development of liver failure in sepsis
is recognized as a major complication, which contributes to severity of the sepsis and limits
positive outcomes.

The inflammatory response in sepsis is dependent upon activation of pathogen recognition
receptors (/.e. Toll-like receptors [TLRs]) in monocyte/macrophages (Kupffer cells in the
liver), which are crucial to the pathogenesis of sepsis and sepsis-associated liver injury.#:°
The TLR-mediated activation of the MyD88/NF-xB pathway in these cells induces a hyper-
inflammatory state mediated by the production of large amounts of tumor necrosis factor
alpha (TNF-a), interleukin 6 (IL-6), and 1L-1B.46 In turn, TNF-a and IL-1p stimulate
hepatocytes and Kupffer cells to produce IL-6, which induces acute-phase protein
production via STAT3 activation.3” Therefore, crosstalk between activated macrophages and
hepatocytes may be a central component of the pathogenesis of sepsis-associated liver
injury.4

Purinergic signaling modulates inflammation, coagulation and immune responses.8:?
Adenosine triphosphate (ATP) may be secreted into the extracellular space as a result of
cellular damage or TLR activation, as part of different pathogen-associated molecular
patterns (PAMPs) that induce leukocyte activation and migration to the site of infection.10:11
Through the activation of P2 receptors, extracellular ATP (eATP) can initiate inflammation
by acting as a ‘danger’ signal in the extracellular medium.®12 The P2 receptor family
comprises of P2Y G-protein coupled receptors and P2X (P2X1-7) ligand-gated ion channels.
13,14 The P2X7 receptor has been the most extensively studied, as activation of this receptor
induces maturation and release of pro-inflammatory cytokines, such as 1L-18,1° together
with activation of acid sphingomyelinasel® and the production of reactive nitrogen and
oxygen species.1” Furthermore, P2X7 receptor signaling is involved in host resistance
against a wide variety of microbial pathogens.91819

The ATP-dependent pro-inflammatory signaling mediated by the P2X7 receptor is
modulated by cell surface ectonucleotidases, such as CD39 also known as ecto-nucleoside
triphosphate diphosphohydrolase-1 (ENTPD1) and CD73/ecto-5"-nucleotidase, the major
ectonucleotidases expressed in immune and vascular cells.2? CD39 hydrolyzes extracellular
tri- and diphosphonucleo-sides to monophosphonucleosides, whereas the ubiquitously
expressed CD73 is responsible for AMP hydrolysis, and ultimately the generation of
adenosine, which has anti-inflammatory properties.?! Interestingly, Cohen et a/1 have
reported that ectonucleotidases exert important monocyte-macrophage autoregulatory
functions in limiting cellular activation by catalyzing the rapid conversion of ATP, ultimately
into adenosine. In addition, the CD39/CD73-axis has been found to decrease mortality and
organ damage in sepsis.21:22 However, the exact cellular mechanisms and signaling
pathways underling these observations remains unclear.

We note that: (i) the liver plays a central role in host-defense against pathogens and that
hepatic dysfunction contributes to severity and outcome of sepsis;3 (ii) monocyte-
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macrophage responses are crucial to the pathogenesis of abdominal inflammation and liver
failure;*® and (iii) P2X7 receptor activation, CD39/CD73-axis, as well as, adenosinergic
signaling modulate macrophage responses and plasticity, ! as eATP-P2X7 receptor mediated
immune responses in activated macrophages are counterbalanced by ectonucleotidases, such
as CD39, which scavenge ATP. We hypothesized that CD39 ectonucleotidase activity would
restore liver homeostasis during sepsis and could be hepatoprotective in such experimental
settings.

We found that CD39 expression in macrophages limits ATP-P2X7 mediated pro-
inflammatory responses. Moreover, CD39 deletion exacerbates sepsis-induced liver
dysfunction. The combination of P2X7 blockade with an adenosine A, receptor agonist
(ATL146e) completely protects the liver during sepsis, improving experimental outcomes.
Therefore, these data indicate that CD39 attenuates sepsis-associated liver injury by both
scavenging eATP and ultimately generating adenosine, suggesting innovative therapeutic
avenues to explore the possible benefits in clinical sepsis.

Material and methods

Mice and experimental procedures

Male, 8-10-week old wild-type (WT), P2X7 receptor deficient (P2X7") (originally from
the Jackson Laboratory, USA) or CD39 deficient mice (CD397~) C57BL/6 were used. All
experiments were approved by the Commission for the Ethical Use of Research Animals
(CEUA) from the Federal University of Rio de Janeiro (UFRJ) (approved protocol number:
IBCCF138) and by the Institutional Animal Care and Use Committees (IACUC) of Beth
Israel Deaconess Medical Center (approved protocol number: 019-2015). Sepsis was
induced by cecal ligation and puncture (CLP) as previously described.23

Statistical analysis

Results

Results are expressed as means * standard error of mean (SEM). Statistical analysis was
performed by one-way analysis of variance (ANOVA), followed by a Turkey multiple range
tests. Differences between groups were considered statistically significant when p <0.05.
The statistical significance of lethality was analyzed using the Kaplan-Meier method and
log-rank test.

For further details regarding the materials used, please refer to the Supplementary data and
CTAT table.

P2X7 receptor boosts CD39 activity and contributes to NF-xB and STAT3 activation in LPS-
primed macrophages

To investigate whether the sepsis-like stimulus (LPS) and P2X7 receptor are involved in the
modulation of CD39 activity and inflammatory signaling pathways (MyD88/NF-xB and
STAT3), we primed murine peritoneal resident macrophages and BMDM with LPS in vitro
and treated these cells with P2X7 agonists ATP (500 uM), BzATP (100 uM; a potent P2X7
agonist) or ATP-ys (100 uM; a non-hydrolysable ATP analog; data not shown) for 3 h, in the
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presence or absence of the specific P2X7 antagonist A740003 (Fig. 1A and B). We noted
that P2X7 agonists potentiated ATP hydrolysis in LPS-primed macrophages ("p <0.05),
albeit this effect was reversed by pharmacological blockade of the P2X7 receptor (p>0.05)
(Fig. 1A and B). A similar pattern of response was observed in THP-1 derived human
macrophages (data not shown). In agreement with the observed changes in biochemical
ecto-enzymatic activity, we also noted an associated increase in CD39 mRNA levels (Fig.
1C), suggesting transcriptional control of CD39 by TLR and P2X7 receptor activation.
Indeed, macrophages derived from £2X7/~ mice were less able to scavenge ATP after LPS
and ATP stimulation (Fig. 1D).

Regarding the possibility that P2X7 triggers intracellular inflammatory pathways, we next
observed significant increases in NF-xB and STAT3 activation when ATP stimulation of
LPS-primed macrophages was studied (Fig. 1E). Again, these ATP effects on NF-xB
activation were not observed in LPS-primed macrophages derived from P2X7/~ mice (Fig.
1E). Indeed, LPS-primed P2X7/~ macrophages exhibited significantly lower levels of
STAT3 activation, when compared to the WT counterparts (Fig. 1E). These data suggest
functional links between P2X7 activation and intracellular responses to LPS.

CD397/~ macrophages stimulated with LPS and ATP exhibit an increased NF-xB activation
and IL-1p production

In order to test whether CD39 enzyme activity is important to limit P2X7 receptor mediated
NF-xB activation in LPS-primed macrophages, we next compared MyD88 and p-NF-xB
expression in WT and CD397/~ macrophages. These cells were pretreated with P2X7
receptor antagonists or imipramine (operational as an acid sphingomyelinase inhibitor); and
then stimulated with LPS and P2X7 agonists. It is already known that P2X7 stimulates acid
sphingomyelinase to boost cytokine release;16 hence inhibition of acid sphingomyelinase
might inhibit, at least in part, inflammatory signaling post activation of P2X7 receptor.

The results confirmed that both BzZATP and ATP are able to enhance the NF-xB activation
induced by LPS per se. The pretreatment with P2X7 receptor antagonists (A740003 and
0ATP); or imipramine attenuate this effect (Fig. 2A). In comparison to the WT group,
CD397'~ macrophages show increased p-NF-xB activation, both at baseline and after
stimulation with LPS and/or with P2X7 agonists (Fig. 2B). Likewise, P2X7 receptor
antagonists or imipramine were able to attenuate NF-xB activation. These findings support
the notion that CD39 limits P2X7 receptor response. Moreover, CD39 expression is also
crucial for controlling P2X7 induced cytokine release. As shown in Fig. 2C and E, CD397/~
macrophages showed more IL-1f and generated less IL-10 expression after stimulation with
LPS and ATP; in comparison to WT macrophages. Furthermore, both P2X7 receptor
antagonists (A740003 and oATP) decreased the production of IL-1p (Fig. 2C), while 0ATP
alone induced a significant decrease in IL-6 and 1L-10 levels (Fig. 2D and E) in both groups.
Importantly, the same profile of cytokine production was observed after stimulation with
LPS + BzATP (data not shown).
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Extracellular ATP acting via P2X7 receptor contributes to inflammatory exacerbation in

sepsis

Extracellular ATP has been considered an immune adjuvant that can initiate inflammation at
sites of infection and/or damage. We studied the CLP model of polymicrobial sepsis in mice
to explore the role of ATP-P2X7 receptor signaling in the modulation of immune responses
during early phase of abdominal sepsis.

Since neutrophils are rapidly mobilized from the circulation to sites of inflammation during
acute infection, we first investigated whether engagement of P2X7 receptor modulates
neutrophil infiltration into the peritoneal cavity during sepsis. We observed a significant
increase in the number of neutrophils (CD11b*Ly6G™ cells) in the peritoneal cavity 3 h after
sepsis induction (Fig. 3A). P2X7 receptor pharmacological inhibition using the antagonist
brilliant blue G (BBG) (Fig. 3A) or with genetic deletion of P2X7 (Fig. 3A) significantly (p
<0.05) decreased CLP-induced neutrophil recruitment to the peritoneal cavity.

We further observed a significant increase in nitric oxide (NO) production in the peritoneal
cavity of septic mice (p<0.001). Genetic deletion or pharmacological inhibition of the P2X7
receptor was able to significantly decrease NO levels in the peritoneum in this setting (Fig.
3C; p<0.001). In accordance with these results, we also found an increased expression of
Nos2in peritoneal cells obtained from WT mice, but not in cells from the null P2X77/~ (Fig.
3D; p<0.001). Conversely, arginasel gene expression did not differ among the studied
groups at this time point (Fig. 3D; p>0.05). Collectively, these results suggest a role for the
ATP-P2X7 signaling in the activation and migration of inflammatory cells to the peritoneal
cavity during sepsis.

CD39 activity is increased and modulated by P2X7 receptor in peritoneal cells from septic

mice

Extracellular ATP metabolism was evaluated through the activity of CD39 and CD73
enzymes in peritoneal cells at 3 h after CLP-induced sepsis. We observed a significant
increase in ATP and ADP hydrolysis — suggestive of an increase in CD39 activity — by
peritoneal cells from septic mice (CLP, vehicle-treated or WT) when compared to sham-
operated mice (0 <0.05) (Fig. 3E, left and middle), whereas the AMP hydrolysis was
decreased — suggestive of diminished CD73 activity (Fig. 3E, right). Pharmacological
inhibition or genetic deletion of the P2X7 receptor abrogated these sepsis-induced effects (p
<0.05).

Moreover, a subpopulation of monocytes/macrophages expressing CD39 (CD11b*Ly6G
~CD39%), but not neutrophils (CD11b*Ly6G*CD39™") in the peritoneal cavity appeared
responsible for the enhanced extracellular nucleotide phosphohydrolysis, associated with
sepsis (Fig. 3B, p>0.05). Indeed, BBG pretreatment prevented sepsis-induced increase in a
number of these CD39* monocyte/macrophage (Fig. 3B), further supporting a role for P2X7
in controlling CD39 activity in this setting.
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CD39 deletion contributes to excessive cytokine production after CLP-induced sepsis

Levels of IL1-B, IL-6, and 1L-10 were significantly increased in both serum and peritoneal
fluid from WT and D397~ mice after 3 h of CLP model induction (p <0.05; Fig. 3F).
Notably, IL-10 levels in peritoneal lavage fluid obtained from CD397/~ mice did not change
despite sepsis induction (p>0.05; Fig. 3F). Moreover, septic CD397/~ mice had significantly
higher levels of IL-1pB, and lower levels of IL-10 when compared to septic WT mice (p
<0.05; Fig. 3F). Furthermore, the inhibition of P2X7 receptor with BBG attenuated cytokine
production in all septic mice samples (0 <0.05; Fig. 3F). Altogether, these results implicate a
role for CD39 in limiting the e ATP-P2X7 pro-inflammatory effects and immune responses
during sepsis and peritoneal inflammation. Of note, imipramine treatment (20 mg/kg) did
not show any significant protective effects in septic WT or CD397~ mice (data not shown).

Simultaneous P2X7 receptor blockade and adenosine Ay receptor activation completely
protects from liver injury during sepsis

While exploring the role of purinergic signaling in sepsis progression and acute liver injury,
histological analysis indicated foci of liver necrosis in tissues obtained from WT and
CD397'~ mice 24 h after sepsis induction (Fig. 4A and B). Moreover, CD39”~ animals had
enlarged pathological areas of cell death, in comparison to WT mice (Fig. 4A and B). Pre-
treating these animals with BBG completely protected the liver in WT mice, but only
attenuated the liver injury in CD397/~ animals (Fig. 4A and B).

Given these data, we therefore hypothesized that CD39 is important not only for the removal
of extracellular ATP, but also for providing substrate (AMP) for ultimately generating
adenosine by the enzyme CD73. We, therefore, tested this assumption by pre-treating
CD397~ mice with BBG, inducing the CLP model of polymicrobial sepsis and injecting an
A, adenosine receptor agonist right after the surgery.

The association of P2X7 receptor inhibition with adenosine A receptor activation was able
to completely protect CD397/~ animals from liver injury during sepsis. In agreement with
these findings, serum levels of alanine aminotransferase (ALT) were increased in septic WT
and CD397'~ mice, suggestive of liver injury, and these levels were significantly higher in
septic CD397/~ mice (Fig. 4C). Pretreatment with BBG could prevent ALT increases in WT
mice, but not in septic D397/~ mice (Fig. 4C). However, the combination of BBG (P2X7
blockade) and ATL146e (adenosine A receptor agonist) abrogated the serum ALT enzyme
increase in septic CD397/~ animals (Fig. 4C), suggesting that both P2X7 receptor blockade
and adenosine generation are pivotal to maintain liver integrity during sepsis. Of note, the
administration of A, agonist alone did not confer any protective effect in WT or CD397/~
animals (data not shown).

P2X7 receptor inhibition and adenosine Ay receptor activation decreased the number of
apoptotic cells in the liver from septic mice
Tissues from both WT and CD397/~ mice presented a significant increase in the number of
TUNEL-positive cells, with morphology indicative of sinusoidal cells, 24 h after sepsis
induction (Fig. 5A and B; p <0.05). Once more, pretreatment with BBG significantly
decreased the number of apoptotic cells in the liver of septic WT and CD397/~ mice (Fig. 5A
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and B; p<0.05), but a complete rescue was obtained only in the latter when animals were
treated with BBG + ATL146e.

P2X7 receptor blockade and adenosine A2A receptor activation reduces the cytokine
production and NF-xB and STAT3 activation in the liver of septic mice

Increased levels of IL-1B, IL-6, TNF-a, and IL-10 were found in liver samples from both
septic WT and CD397~ mice (Fig. 6A respectively; p<0.05). IL-1B production was
significantly higher in the liver from septic CD397~ mice when compared to the septic WT
mice (Fig. 6A, p<0.05). Pretreatment with BBG attenuated the production of all cytokines
in septic WT mice (Fig. 6A; p<0.05), while this effect was less pronounced in the CD397/~
group (note the elevated production of IL-1p and IL-6 in relation to the corresponding sham
group) (Fig. 6A). However, associating P2X7 receptor blockade with adenosine Aoa
receptor activation completely inhibited sepsis-induced cytokine production in the liver from
these CD397~ animals (Fig. 6A). Of note, the same cytokine pattern was observed in blood
and peritoneal lavage fluid from WT and CD397~ mice fluid 24 h after sepsis induction and
pharmacological treatments (Fig. S1).

Further, we also detected an increase in NF-xB and STAT3 activation in the liver from septic
WT and CD397~ mice. Indeed, the p-NF-xB increase was higher in D397/~ compared to
septic WT mice (Fig. 6B). Again, pretreatment with BBG attenuated the increase in the
levels of p-STAT3 in WT, but not in septic D397~ animals. Combined treatment with BBG
and adenosine A, receptor agonist significantly decreased NF-xB and STAT3 activation in
mouse liver from septic CD397/~ mice. The expression of MyD88 was increased in both
septic WT and CD397~ mice, but no level reversion was seen despite the pharmacological
treatments (Fig. 6B).

Finally, we observed that BBG and BBG + ATL146e treatments prolonged the survival time
of the septic WT mice by approximately 40% (p = 0.08), and 55% (p = 0.02), respectively

(Fig. 7).

Discussion

Severe sepsis induces hepatic dysfunction and acute liver injury and indicates a poor
prognosis with deleterious outcomes in clinically ill patients. Monocyte/macrophages are
key players in the pathogenesis of acute liver injury in sepsis as well as in other liver related
ilinesses.*® TLR-mediated NF-xB activation in monocyte-macrophages induces the
production of inflammatory cytokines, such as TNF-a. and IL-1B.%6 In turn, TNF-a and
IL-1p stimulate hepatocytes and Kupffer cells to produce IL-6, which induces acute-phase
protein production via STAT3 activation, further contributing to systemic activation of
immune responses.3” In addition, NF-xB and STAT3 activation may also increase CD39
expression.24

Here we show that NF-xB and STAT3 phosphorylation is potentiated by P2X7 receptor
activation in LPS primed-macrophages, suggesting a contribution for this receptor in a
model of sepsis related inflammation and liver injury. TLR4 and P2X7 receptor activation
both induce increases in the activity and gene expression of CD39 in macrophages, in a
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putative negative feed-back loop, to scavenge extracellular ATP and thereby limit
inflammation and sepsis-associated liver damage.1!

CD339 is the rate-limiting enzyme in the extracellular nucleotide to adenosine
phosphohydrolytic cascade, thereby modulating the activation of purinergic receptors and
inflammation in the liver.2925 CD39 per se is able to reduce cellular responses triggered by
P2X7, such as apoptosis and release of pro-inflammatory cytokines in macrophages.26 Our
data show that CD39 limits the P2X7-mediated increased p-NF-xB levels and controls
cytokines released by macrophages. Further, the lack of CD39 boosts IL-1p levels, probably
as a consequence of increased levels of extracellular ATP (second signal to the
inflammasome activation).1>

We also note that IL-10 production is decreased in CD397/~ macrophages, which can be
explained by the fact that absence of CD39 would compromise adenosine generation and
might limit A,g receptor activation, which otherwise would lead to IL-10 production.?’
Moreover, CD39"~ macrophages treated with P2X7 antagonists decrease 1L-1p release,
reinforcing a link between CD39 and P2X7 receptor in controlling cell signaling
transcription and translation of inflammatory cytokines. Considering monocyte-macrophage
responses dictate the severity of liver injury, it is feasible that CD39 could be a potential
therapeutic target to limit P2X7-dependent inflammatory responses, thereby protecting the
liver and improving outcomes in sepsis.

CD39-P2X7 receptor modulatory effects have also been demonstrated /n7 vivo during hepatic
ischemia reperfusion injury,28 acetaminophen acute liver failure,2° and in polymicrobial
sepsis.18:22 P2X7 receptor activation is important in providing a protective mechanism by
enhancing macrophage bacterial killing ability,1° and increasing secretion of IgM by B1
cells in sepsis.3 However, P2X7 receptor activation might contribute to the production of
NO, inflammatory cytokines and exacerbate inflammatory response in sepsis.18:31 Similarly,
CD39 genetic deletion increases the mortality rate and the production of cytokines in septic
mice, operational through purinergic mechanisms.2?

Here, we show that P2X7 receptor pharmacological inhibition with BBG decreases the
production of inflammatory cytokines (IL1-B, IL-6, and IL-10), the NO production, and the
neutrophil recruitment to peritoneal cavity 3 h after induction of sepsis. NO may enhance
bacterial killing by inducing neutrophil activation and migration to the sites of infection.32
On the other hand, NO induces vasodilatation, activation of inflammatory pathways, and
reduction of cardiac function, which is likely to increase sepsis severity.18:32 |n addition to
NO, excessive cytokine production is related to poor outcomes in sepsis.

Therefore, our data reinforce the idea that eATP acting through P2X7 receptor contributes to
inflammatory response in early phases of sepsis. In addition, the inhibition of this receptor
with BBG could be a therapeutic strategy to limit sepsis progression and treat established
inflammatory disease.

BBG has already been tested in clinical trials and no toxicity or adverse effects were
reported in humans.33:34 In addition, BBG treatment has protective effects in different
animal models of inflammatory and liver disease.31:35 The AZD9056 — a selective orally
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active inhibitor of the purinergic receptor P2X7 — has shown beneficial effects in patients
with moderate-to-severe Crohn’s Disease.3¢ We also show that pharmacological inhibition
of P2X7 has a protective effect, decreasing liver damage, the number of apoptotic cells, the
cytokine production, and the activation of inflammation signaling pathways (NF-xB and
STAT3) in the liver of septic WT mice, while minimally attenuated those effects in the
CD397!~ group. This result might be explained by the fact that septic CD397~ mice present
with exacerbated inflammatory processes, generated by the lack of ectonucleotidases. We
propose that this lack of CD39 results in ATP/adenosine imbalance and favors the pro-
inflammatory response over the anti-inflammatory one. This assumption was confirmed by
our data showing that a combination of P2X7 blockade with the specific Apa receptor
agonist ATL146e was able to completely protect CD397/~ mice from harmful effects of
sepsis, such as liver injury and progression of the inflammatory process. In addition, BBG +
ATL146e treatment was able to improve the survival of septic WT mice by approximately
55%. Our investigations support previous studies showing that stimulation of Ao receptor
by specific agonists (ALT146e or ATL313) significantly decreases animal mortality in
sepsis37:38 and attenuates hepatic ischemia reperfusion injury.3° Although animal models do
not completely reflect the complexity and heterogeneity of sepsis in humans, these data have
clinical relevance since they suggest that targeting this system by removing the extracellular
ATP and increasing adenosine levels may be a new strategy to prevent sepsis progression,
hepatotoxicity, and death.

In summary, we show that P2X7 receptor may modulate the functionality of CD39,
increasing the associated ecto-enzymatic activity. CD39 functions as an extracellular ATP
scavenger, thus limiting P2X7 activation and inhibiting pro-inflammatory macrophage
responses. Moreover, during the progression of sepsis, the functionality of CD39 is
simultaneously crucial for the generation of adenosine, which has anti-inflammatory,
immunosuppressive, and protective effects in sepsis-associated liver injury (Fig. 8). Thus,
these results support the involvement of the purinergic signaling in macrophage activation
and sepsis-induced liver injury. Furthermore, these data suggest possible therapeutic
approaches based on the administration of soluble apyrases or truncated forms of CD39,
which mimic ectonucleotidase activity. These approaches might be combined with the
administration of P2X7 receptor blockers to limit monocyte-macrophage responses and liver
injury during the acute phase of systemic and abdominal sepsis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Lay summary

CD39 expression in macrophages limits P2X7-mediated pro-inflammatory responses,
scavenging extracellular ATP and ultimately generating adenosine. CD39 genetic deletion
exacerbates sepsis-induced experimental liver injury. Combinations of a P2X7 antagonist
and adenosine A2A receptor agonist are hepatoprotective abdominal sepsis.

J Hepatol. Author manuscript; available in PMC 2018 March 29.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Savio et al.

Page 15

Highlights

CD39 expression by monocyte-macrophages limits P2X7-mediated
inflammatory responses.

CD39 genetic deletion exacerbates sepsis-induced liver injury and systemic
outcomes.

P2X7 blockade and concurrent adenosine Ao receptor activation in sepsis
provide substantive hepatoprotective effects.

Simultaneous P2X7 blockade and adenosine A, receptor activation improve
survival in sepsis.
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Fig. 1. P2X7 receptor boosts CD39 activity and contributes to NF-xB and STAT3 activation in
LPS-primed macrophages
(A) ATP hydrolysis by LPS-primed peritoneal macrophages and (B) BMDM stimulated with

P2X7 receptor agonists pretreated or not with A740003. (C) CD39gene expression in LPS-
primed BMDM. (D) ATP hydrolysis by P2X7 and CD39 deficient LPS-primed macrophages
stimulated with ATP. (E) Representative Western blot membranes with densitometric
analysis of (F) MyD88, (G) p-NF-xB, and (H) p-STAT3 protein expression in LPS-primed
macrophages derived from WT or A2X77~ mice stimulated with 500 pM ATP. Data are
expressed as mean + SEM of three independent experiments performed in triplicates
analyzed by one-way ANOVA, Turkey tests. Asterisks represent statistically significant
differences (p <0.05; *) compared to unstimulated control group. The number signs (#)
represent statistically significant difference (p <0.05) when comparing groups of animals
and WT vs. P2X77~,
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Fig. 2. P2X7 receptor blockade decreases LPS-mediated NF-xB activation and cytokine
production in WT and CD397/~ BMDM

(A) MyD88 and p-NF-xB protein expression (B) IL-1p, (C) IL-6, and (D) IL-10 production
in WT and CD397/~ LPS-primed BMDM stimulated with ATP (500 uM) or BzATP (100
uUM). For P2X7 receptor inhibition, samples were pretreated with the P2X7 receptor
antagonists oATP (300 pM, for 2 h) or A740003 (0.1 pM, for 30 min) or with imipramine
(IMI, 30 pM for 30 min) before priming. Data are expressed as mean £ SEM of three
independent experiments analyzed by one-way ANOVA, Turkey tests. Asterisks represent
statistically significant differences (p<0.05; *) when comparing WT to CD397~ or groups.
Number signs (#) represent statistically significant differences (v <0.05) when the group
pretreated with antagonists were compared to the same stimulated group non-pretreated.
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Fig. 3. P2X7 receptor blockade attenuates systemic inflammatory responses in septic WT and

CD397/~ mice

Peritoneal lavage fluid was collected 3 h after surgery and the (A) number of neutrophils
(CD11b*Ly6G*) and monocyte/macrophages (CD11b*Ly6G™) was quantified by flow
cytometry, as well as, (B) CD39 expression in these cells. (C) Nitric oxide production and
(D) Nos2expression in peritoneal cavity cells from WT or P2X7/~ or BBG-pretreated
septic mice. (E) ATP, ADP, and AMP hydrolysis by peritoneal cavity cells from WT or
P2X7!~ or BBG-pretreated septic mice. (F) Cytokine production in peritoneal lavage fluid
and blood from WT or CD397/~ mice. Data are expressed as mean = SEM of four
independent experiments (min. n = 3 mice/experiment) analyzed by one-way ANOVA,
Turkey tests. Statistically significant differences between Sham and CLP, and between CLP
groups (CLP vehicle vs. BBG, CLP WT vs. P2X77/~ or CD397/7) are indicated by asterisks
, £<0.001) and by the number sign (#, p <0.05), respectively.

*k*k

(*, p<0.05; ™, p<0.01;
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Fig. 4. P2X7 receptor pharmacological inhibition and adenosine Aoa receptor activation
completely protects the liver from WT and CD397~ mice du ring sepsis

The liver was harvested 24 h after surgery for the evaluation of histopathological changes.
Representative photomicrographs of hepatic parenchyma in (A) WT and CD397~ mice are
shown. Arrows show the necrotic areas. (B) Necrosis score; values represent mean + SEM of
four animals per group, considering 10 random fields per mice. (C) Alanine
aminotransferase (ALT) levels in septic mice. Data are expressed as mean + SEM of two
independent experiments (n = 6) analyzed by one-way ANOVA, Turkey tests. Statistically
significant differences between Sham and CLP, and between CLP groups (CLP vehicle vs.
CLP BBG, CLP vehicle vs. CLP BBG + ATL146e) are indicated by asterisks (*, p<0.05)

and by number sign (#, p <0.05), respectively.
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Fig. 5. P2X7 receptor inhibition decreases the number of apoptotic cells in the liver from septic
WT or CD397/~ mice

The liver was harvested 24 h after surgery. (A) Photomicrographs show the hepatic TUNEL-
positive cells (arrows) in septic WT and CD397~ mice. (B) Number of TUNEL-positive
cells per field. Values represent mean + SEM of four animals per group, considering five
random fields per mice. Data are expressed as mean + SEM of two independent experiments
(n = 6) analyzed by one-way ANOVA, Turkey tests. Statistically significant differences
between Sham and CLP, and between CLP groups (CLP vehicle vs. CLP BBG, CLP vehicle
vs. CLP BBG + ATL146e) are indicated by asterisks (*, p<0.05) and by the number sign (#,
p<0.05), respectively.
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Fig. 6. P2X7 receptor blockade and concurrent adenosine Ao receptor activation inhibit
inflammatory cytokine production and NF-xB/STAT3 activation in the liver from septic WT or
CD397/~ mice

The liver was harvested 24 h after surgery and (A) cytokine (IL-1pB, IL-6, TNF-a, and IL-10)
production were determined by ELISA. (B) MyD88, p-NF-xB and p-STAT3 protein levels
in the liver from septic mice treated or not treated with BBG or BBG + ATL146e. Data are
presented as mean + SEM from three independent experiments (n = 6) analyzed by one-way
ANOVA, Turkey tests. Statistically significant differences between Sham and CLP, and
between CLP groups (CLP vehicle vs. CLP BBG, CLP vehicle vs. CLP BBG + ATL146e)
are indicated by asterisks (*, p<0.05; **, p<0.01; ***, p<0.001) and by the number sign
(#, p<0.05), respectively.
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Fig. 7. P2X7 receptor blockade and adenosine Ao receptor activation prolong time to
euthanasia and death of septic mice

Survival curves of septic WT mice after pharmacological treatments (ATL146e, BBG or
BBG + ATL146e) showing time to euthanasia or death. The statistical significances were
analyzed using the Kaplan-Meier method and Log-rank test (n = 8-12).
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Fig. 8. Schematic representation of P2X7 receptor and CD39 interactions on monocyte-

macrophages that modulate liver injury during inflammation

The recognition of PAMPs — such as bacterial LPS — by PRRs can induce ATP release
activating the P2X7 receptor. P2X7 receptor activation induces large-scale ATP release that
can occur mainly via pannexin hemichannels boosting purinergic signaling. CD39 functions
to generate AMP from extracellular ATP to limit P2X7 activation and inhibit pro-
inflammatory responses. Then, CD73 hydrolyzes AMP to adenosine (ADO) providing for
anti-inflammatory effects and tissue protection. This purinergic regulatory mechanism is
functional in limiting liver injury and restoring homeostasis during sepsis.
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