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Abstract

Purpose of Review: Primary graft dysfunction (PGD) is the leading cause of early mortality
following lung transplantation and is typically caused by lung ischemia-reperfusion injury (IRI).
Current management of PGD is largely supportive and there are no approved therapies to prevent
lung IRI after transplantation. The purinergic signaling network plays an important role in this
sterile inflammatory process, and pharmacologic manipulation of said network is a promising
therapeutic strategy. This review will summarize recent findings in this area.

Recent Findings: In the past 18 months, our understanding of lung IRI has improved, and
it is becoming clear that the purinergic signaling network plays a vital role. Recent works
have identified critical components of the purinergic signaling network (Pannexin-1 channels,
ectonucleotidases, purinergic P1 and P2 receptors) involved in inflammation in a number of
pathologic states including lung IRI. In addition, a functionally-related calcium channel, the
transient receptor potential vanilloid type 4 (TRPV4) channel, has recently been linked to
purinergic signaling and has also been shown to mediate lung IRI.

Summary: Agents targeting components of the purinergic signaling network are promising
potential therapeutics to limit inflammation associated with lung IRI and thus decrease the risk of
developing PGD.
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1. Introduction:

Primary graft dysfunction (PGD) increases the risk of negative outcomes following

lung transplantation and is typically caused by ischemia-reperfusion injury (IRI) [1**].
Characterized by a robust inflammatory response, hallmarks and sequalae of lung IRI
include increased acute innate immunity responses and oxidative stress resulting in
inflammation, vascular permeability, pulmonary edema, alveolar damage and ultimate lung
dysfunction. The management of PGD is primarily supportive, and there are no approved
therapies to prevent the leading cause — lung IRI.

Following a period of cold ischemia and upon reperfusion, a rapid inflammatory

response ensues in the allograft. Reactive oxygen species (ROS) are promptly generated
causing activation of multiple cell types, with subsequent release of pro-inflammatory
cytokines and damage-associated molecular patterns (DAMPSs). Surrounding tissue damage
occurs resulting in dysfunction of, most notably, pulmonary epithelium and endothelium.
Additionally, activation of the innate immune system with stimulation of alveolar
macrophages and neutrophil recruitment cumulatively contributes to surrounding tissue
damage [1**, 2]. This deleterious series of rapid events culminates in lung IRI and
subsequent PGD, which is the leading cause of death in the first 30 days following transplant
as well as an independent risk factor for chronic allograft dysfunction [1**, 2]. Clearly, there
exists a need for therapies aimed at mitigating lung IRI.

2. Purinergic Signaling:

Recent discoveries have improved our understanding of IRI, a sterile inflammatory process,
and while there are a number of signaling pathways involved, it is clear that cellular release
of nucleotides and nucleosides and the purinergic signaling network plays an important
role [1**, 3]. Extracellular adenosine triphosphate (ATP) is a potent DAMP molecule that
rapidly accumulates at sites of inflammation such as IRI [3]. When activated by various
stress stimuli, cell surface pannexin 1 (Panx1) channels are known to release ATP into the
extracellular space [4*]. The pro-inflammatory actions of extracellular ATP are exerted by
members of the purinergic P2 receptor family such as P2X7 and P2Y2 receptors (Figure 1,
left) [3, 5**]. As extracellular ATP is hydrolyzed and adenosine levels rise, the balance tilts
as adenosine in the extracellular space promotes anti-inflammatory actions via stimulation of
purinergic P1 receptors such as adenosine 2A receptor (A2AR) and A2BR (Figure 1, right)
[3, 5**, 6]. A number of hopeful agents targeting various components of the purinergic
signaling pathway are under investigation with the aim of dampening inflammation in
various disease processes [3, 5**] — including lung IRI [7*].

2A. Pannexin 1 Channels

The pannexin channel family consists of three transmembrane proteins: Panx1, Panx2, and
Panx3. Panx1 is ubiquitously expressed in human tissues including pulmonary endothelium
and epithelium and has been the most thoroughly investigated of the group [4*]. Activation
of this channel can occur from a number of different mechanisms including but not

limited to TNF-a.,, mechanical stretch, membrane depolarization, rise in intracellular
calcium, temperature, and low oxygen tension [4*, 8]. Panx1 channels on the cell
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membrane primarily release ATP but can also release other small anions and metabolites
[9**]. Previous works have shown that the release of ATP via Panx1 channel increases
inflammation in lung microvascular endothelium and airway epithelium [9**] suggesting
that Panx1 may be an appropriate target to mitigate lung IRI.

Our laboratory recently demonstrated that endothelial Panx1 is implicated in the
development of pulmonary edema and vascular inflammation in a murine model of lung
IRI [10]. In this study, both genetic deletion (global Panx1 knockout and endothelial-
specific Panx1 knockout) and pharmacologic inhibition of Panx1 significantly improved
lung function and decreased endothelial permeability, pulmonary edema, and inflammation
following 1 hour of lung ischemia and 2 hours of reperfusion [10]. Not only is Panx1

an important channel for releasing ATP, but it has also been directly associated with
inflammasome activation, release of IL-1, and leukocyte recruitment [11*, 12**]. Although
there are a number of pharmacologic agents available that inhibit Panx1, their modest
selectivity for Panx1 has been a limitation for isolating the precise inhibitory effect of this
channel, and additional work in this area is needed [4*].

2B. Extracellular nucleotides and nucleosides

The accumulation of extracellular ATP at sites of inflammation (such as IRI) is well
described [1**, 3, 5**, 6], and as previously mentioned, one major source is the release

of intracellular ATP via activated Panx1 channels [9**]. Another mechanism by which ATP
is released is through the disruption of the cellular membrane during ferroptosis, pyroptosis,
and necroptosis — all forms of inflammatory programmed cell death that occur during lung
IRI [1**]. A growing body of literature suggests that a high concentration of extracellular
ATP acts as a pro-inflammatory danger signal (i.e. DAMP) [3, 6] — potentially exacerbating
detrimental inflammatory responses following lung IRI [1**, 5**]. ATP exerts this effect
largely via purinergic P2 receptors on pulmonary endothelium and epithelium, but has

also been shown to activate inflammatory cells including resident macrophages [13] and
neutrophils [14**].

While it was previously believed that extracellular ATP activation of macrophages inhibited
release of pro-inflammatory cytokines such as TNF-a, recent work by Soni and colleagues
suggests that this is not the complete story [13]. Using lipopolysaccharide as a stimulus

for ATP release and macrophage activation, the authors found that while release of

TNF-a via the classic secretory pathway was inhibited, extracellular ATP accumulation
caused dramatic increases in TNF-a packaging into microvesicles and subsequent release
via a non-classic secretory pathway [13]. We have previously demonstrated that alveolar
macrophage-derived TNF-a plays an important role in the activation of alveolar epithelial
cells [15], and, importantly, a recent study by Lohman et a/. demonstrated that Panx1
activation and ATP release lies downstream of endothelial cell activation by TNF-a [16].
Similarly, extracellular ATP is a stimulus for neutrophil activation with a number of down-
stream effects. One of these is the release of neutrophil extracellular traps (NETS), which
have been shown to contribute to lung IRI and PGD [17] (see Figure 1). Though not

yet demonstrated in the lung, a recent study by Sofoluwe and colleagues showed that a
Panx1 channel inhibitor decreased extracellular ATP and NETosis in activated, murine bone
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marrow-derived neutrophils following IRI [14**]. Additional work is needed to demonstrate
this effect in lung IRI.

Although extracellular ATP has been established to serve as a pro-inflammatory DAMP
signal, a product of ATP degradation, adenosine, can have an opposing role by providing
anti-inflammatory effect [3, 5**]. Thus, targeting ATP degradation pathways has been the
subject of recent therapeutic investigation [18, 19*, 20]. Ectonucleotidases are cell surface
enzymes that hydrolyze extracellular nucleotides. In physiologic states, ectonucleotidases
rapidly convert ATP to adenosine monophosphate (AMP) and adenosine, thus keeping levels
of ATP relatively low [3, 5**]. However, the excess extracellular ATP released during

IRI and other inflammatory conditions can overwhelm this process resulting in sustained
elevated ATP concentrations. These enzymes are often thought of as an “immunologic
switch” as they catalyze conversion of the pro-inflammatory damage signal ATP to
adenosine — a known immunosuppressant [21]. Thus, intense research efforts have focused
on the use of pharmacologic adenosine P1 receptor agonists as potential therapeutic agents
for IRI in various organs [22].

Two of the most important ectonucleotidases for ATP degradation are ectonucleoside
triphosphate diphosphohydrolase-1 (CD39) and ecto-5’-nucleotidase (CD73). CD39 is
primarily responsible for the breakdown of ATP to AMP, and CD73 catalyzes the conversion
of extracellular AMP to adenosine. Both CD39 and CD73 have been investigated as
anti-inflammatory agents in a number of different organ systems [18, 20, 23]. CD73

has a wide tissue distribution and is present in high quantities in endothelium [5**]. A
recent study by Mierzejewski and colleagues demonstrated that CD73 deletion leads to the
development of age-dependent endothelial dysfunction in mice, associated with impaired L-
arginine metabolism; results suggesting that CD73 activity protects the endothelium [19%*].
Similarly, it has been suggested that CD73 helps maintain the endothelial barrier during lung
inflammation, and previous studies have demonstrated an adenosine-dependent protective
effect of CD73 on the pulmonary endothelial barrier in models of hypoxic lung injury [20].
Thus, methods targeting ectonucleotidase agonism may be a promising strategy to mitigate
lung IRL.

2C. Purinergic P2 Receptors

The proinflammatory effects of ATP and anti-inflammatory actions of adenosine are largely
exerted via different families of cell surface purinergic receptors — P2 and P1 receptors,
respectively. These are widely expressed receptors present on pulmonary endothelium,
epithelium, and a variety of inflammatory cells [5**, 23, 24]. Eight different transmembrane
G protein coupled P2Y receptors (P2Y1 2 3 6,11-14) @and seven ligand gated ion P2X channels
(P2X1.7) make up the P2 family [3, 23]. Of the P2Y subgroup, the P2Y2 receptor (P2Y2R)
has been most commonly linked to inflammation and IRI [3, 23]. Upon binding of ATP,
P2Y2R activation stimulates inflammatory cell chemotaxis including, but not limited to, the
recruitment of macrophages and neutrophils [3, 23] (Figure 1). Deletion of P2Y2 in murine
models has demonstrated protection in several different models of acute inflammation, and
this action is believed to be mediated primarily through impaired myeloid cell chemotaxis
[23]. Additionally, a recent study by Jin et al. provided evidence that activation of human
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endothelial cell P2Y2R increases proinflammatory cytokine production [25]. While the
focus of this study was development of atherosclerosis, similar inflammatory processes may
be occurring in the pulmonary microvasculature during IRI. Though a promising potential
therapeutic target, additional study is needed to fully understand the role of P2Y2R in lung
IRI.

In general, P2X receptors have a lower affinity for ATP than P2Y receptors [3]. However,
the threshold of activation is reached when large quantities of extracellular ATP are present,
such as during IRI and other inflammatory processes. One of these receptors — P2X7
receptor (P2X7R) — plays a key role in the inflammatory process and has gained attention
as a potential therapeutic target [23, 26]. Though widely present, P2X7R is highly expressed
in inflammatory cells including macrophages, neutrophils, and mast cells [21, 26]. These
receptors are believed to contribute to a number of innate immune processes such as
activation of the nucleotide-binding domain and leucine-rich repeat protein 3 (NLRP3)
inflammasome — a complex effecting caspase activation and pro-inflammatory cytokine
release [21, 23]. Prolonged or highly concentrated exposure of P2X7R to ATP causes cell
membrane blebbing, macropore formation and ultimately results in cell death [21, 27].

P2X7R antagonists have been therapeutically employed in several preclinical inflammatory
disease models [23, 28]. In a recent study by Duan and colleagues, the P2X7R inhibitor
—Brilliant Blue G (BBG) — was found to ameliorate lung IRI in rats [29]. Here, the
authors demonstrated increased P2X7R expression in lung tissue following IRI and that
treatment with BBG resulted in less pro-inflammatory cytokine release (IL-1p, TNF-a),
decreased pulmonary edema, and improved lung function. Interestingly, this effect was
magnified in a rat pulmonary artery hypertension (PAH) model following lung IR1 [29].
These findings suggest that P2X7R inhibitors may provide lung protection during surgery
requiring cardiopulmonary bypass in patients with PAH. Similarly, we feel that this work
provides evidence that inhibition of the P2X7R may be a promising strategy to limit lung IRI
following transplant.

2D. Purinergic P1 Receptors

The anti-inflammatory signaling by adenosine primarily occurs through 1 of 4 purinergic
G-protein coupled P1 adenosine receptors (A1R, A2AR, A2BR, and A3R) [3, 5**, 30].

Of these, activation of A2AR and A2BR have been implicated in dampening pulmonary
inflammatory processes and improving tissue tolerance of ischemia [5**, 7*, 31*]. A2ARs
are widely present but strongly expressed on immune cells such as neutrophils and
lymphocytes, and studies have shown that A2AR activation decreases inflammatory cell
activation at multiple sites [5**, 23] (Figure 1). For example, in a recent study by Xu

and colleagues, an A2AR agonist (CSG21680) inhibited activation and NET production
by human neutrophils isolated from peripheral venous blood [31*]. Similarly, potentiation
of A2AR with the FDA-approved drug dipyridamole (known to increase extracellular
adenosine) has been shown to dampen neutrophil activation, ROS production, and NET
release in murine models of inflammation [32]. A2BRs have higher expression on vascular
endothelial cells and aid in the maintenance of the endothelial barrier, and a number of
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studies have demonstrated the lung protective effect of adenosine through A2BR stimulation
in models of acute pulmonary inflammation [5**, 23].

Our laboratory has established that A2AR agonists potently protect lungs from IRI after
transplantation via attenuation of oxidative stress and inflammation [33-35]. These efforts
have culminated in a recent phase 1 clinical trial assessing the safety of the A2AR agonist
regadenoson in mitigating lung IRI [7*]. Here, lung transplant recipients were administered
a 12-hour infusion of regadenoson initiated at the time of skin incision. The authors

found no dose-limiting toxicities, supporting pursuit of a phase Il randomized trial to
determine treatment efficacy [7*]. While this clinical trial evaluated recipient treatment,
advances in ex vivo lung perfusion (EVLP) allow for the possibility of targeted lung therapy
prior to transplantation [36]. EVLP would theoretically allow for higher treatment doses
while decreasing the risk of systemic side effects. Our laboratory has demonstrated the
feasibility of this approach via use of an A2AR agonist in a porcine model [37, 38]. While
additional study is needed, it is clear that manipulation of the P1 receptor signaling pathway,
specifically with A2AR agonists, is a promising strategy to combat lung IRI.

3. Transient Receptor Potential Vanilloid 4 Channel

Transient receptor potential channels are a superfamily of cell surface Ca2* permeable cation
channels that play a role in a variety of physiologic and pathophysiologic processes [39].
Our previous studies showed that transient receptor potential vanilloid 4 (TRPV4) channels
are a major Ca2* influx pathway in the intact pulmonary endothelium [40, 41*]. Moreover,
Ca?* influx through TRPV4 channels activated endothelial nitric oxide synthase (eNOS)
activity to induce NO release. Activation of TRPV4 channels has been linked to acute

lung injury development through inflammatory cell activation, disruption of the capillary
alveolar barrier, and progression of pulmonary edema [39, 42-46]. Interestingly, in addition
to its role in the alveolar capillary barrier, TRPV4 has been functionally linked to integral
components of the purinergic signaling network including Panx1 channels [47] and P2
receptors [48] (see Figure 2). TRPV4 activation has been shown to induce Panx1 activation
in human pulmonary fibroblasts [47]. Additionally, it has been suggested that extracellular
ATP can activate pulmonary endothelial TRPV4 channels via activation of P2 receptors [40,
48]. As such, targeting the TRPV4 channel may be an effective therapeutic approach, either
alone or in combination with Panx1 and/or P2 inhibitors, to mitigate lung IRI.

A number of stimuli can result in pulmonary endothelial TRPV4 channel activation
including, but not limited to, shear stress, pressure-induced mechanical stretch, heat,
hyperosmolarity, and increased extracellular ATP [48]. Activation of TRPV4 channels
allows for an influx of calcium that activates numerous intra- and inter-cellular signaling
pathways [39]. In pulmonary capillaries, the increased endothelial calcium activates
pathways disrupting cell-cell junctions, resulting in increased permeability and development
of pulmonary edema [39]. In addition, TRPV4 channels have been shown to activate
inflammatory cells including macrophages and neutrophils in lung injury, resulting in
secretion of pro-inflammatory cytokines and production of ROS [42, 44-46] (see Figure

2). Pharmacologic TRPV4 inhibitors are now being investigated in a number of preclinical
and clinical settings [49-51]. These inhibitors have been shown to decrease lung congestion
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in animal models of congestive heart failure. A recent randomized controlled pilot trial
evaluated the safety and utility of a TRPV4 inhibitor (GSK2798745) in patients with
chronic, compensated heart failure [52**]. The authors reported no adverse events and a
nonsignificant trend toward improved lung function. Previous studies in animal models
have demonstrated the ability of TRPV4 inhibitors to mitigate IRI in several organ

systems including lung, heart, kidney, and brain [51, 53*, 54, 55]. Interestingly, Weber and
colleagues reported that TRPV4 channel activation in alveolar epithelial cells is protective
against edema development [56]. As such, the role of the TRPV4 channel in alveolar
epithelial cells is less understood and may differ from that in the pulmonary endothelium.
Our laboratory recently examined the use of the TRPV4 inhibitor GSK2193874 in a murine
lung IRI model where we demonstrated that GSK2193874 treatment resulted in significantly
less pulmonary edema and improved lung function following one hour of ischemia and 2
hours of reperfusion [57*]. Thus, it appears that the TRPV4 channel, which is functionally
linked to the purinergic signaling network, is another promising potential target to mitigate
lung IRL.

4. Conclusion:

Lung IRI after transplant leads to PGD, which dramatically impacts patient outcome.
Therapies aimed at limiting IRI are needed to decrease the incidence of PGD. Recent
discoveries have improved our understanding of this sterile inflammatory process, and the
purinergic signaling network plays an important role. Targeting various components of this
network (Panx1, CD39, CD73, P2Y2R, P2X7R, A2AR) and those that are functionally
related (TRPV4) have shown promise in dampening lung IRI. One of these therapies — the
A2AR agonist regadenoson — has been studied in a phase | clinical trial to mitigate lung IRI,
but the vast majority are being investigated in pre-clinical models. Thus, while promising
potential therapies exist, continued study is paramount to determine whether these agents
can be translated into clinical practice.
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Key Points:

. PGD is the leading cause of early mortality following lung transplantation and
is typically caused by lung IRI.

. The purinergic signaling network plays an important role in lung IRI
development.

. Pharmacologic manipulation of various components of the purinergic
signaling network (Panx1 channels, ectonucleotidases, purinergic P1 and P2
receptors) and close associates (TRPV4 channel) is a promising strategy to
mitigate lung IRI.
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Figure 1.
Highlighted purinergic signaling pathways important in lung IRI. Left: Pro-inflammatory

pathways. After IR, endothelial pannexin-1 (Panx1) channels release ATP, which
accumulates in the extracellular space [10]. ATP exerts pro-inflammatory actions primarily
through activating P2Y2 and P2X7 purinergic receptors, among others not shown. P2Y2
activation leads to increased inflammatory cell chemotaxis as well as endothelial cell
dysfunction and barrier disruption. P2X7 activation leads to a) activation of alveolar
macrophages (AM) to produce reactive oxygen species (ROS) and pro-inflammatory
cytokines such as IL-1p and b) activation of neutrophils (PMN) that infiltrate into tissue
and airspaces due to endothelial barrier disruption and produce neutrophil extracellular
traps (NETS). These effects culminate in pulmonary edema, inflammation, and lung
dysfunction. Right: Anti-inflammatory pathways. Ectonucleotidases (CD39 and CD73)
catalyze conversion of extracellular ATP to adenosine (ADO), which dampens inflammation.
Anti-inflammatory effects of adenosine are largely exerted by activation of adenosine 2A
receptor (A2AR) on immune cells and adenosine 2B receptor (A2BR) on endothelium.
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Figure 2.
Proposed TRPV4 channel-dependent inflammatory signaling during lung IRI. IR-induced

activation of Panx1 increases local ATP levels in the extracellular space. Extracellular ATP
can activate TRPV4 channels through purinergic P2 receptors [40, 48] (P2Y2 is a leading
candidate), thereby increasing the calcium influx in the endothelium, epithelium, neutrophils
(PMN), and alveolar macrophages (AM). Elevated intracellular calcium leads to barrier
disruption, AM activation, PMN infiltration, and vascular inflammation, ultimately resulting
in acute lung injury following transplant.
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