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Abstract

Purinergic P2X7 receptor (P2X7R), an ATP-gated cation channahigsie among all other
family members because of its ability to respond to variomsugitiand to modulate pro-
inflammatory signaling. The activation of P2X7R in immune callabsolutely required for
mature interleukin -1beta (IL-1beta) and IL-18 production and releasg. &lueoli are line
by the structural alveolar epithelial type | (AEC 1) and alae epithelial type 1l cells (AE
II). AEC | plays important roles in alveolar barrier protectiowl #luid homeostasis whereas
AEC Il synthesizes and secrete surfactant and prevents alk@ulicbllapse. Earlier studi¢s
indicated that purinergic P2X7 receptors were specifically espcein AEC |. Howevey,
their implication in alveolar functions has not been explored. Thperpaeviews tw
important signaling pathways of P2X7 receptors in surfactant hoatsissand Acute Lung
Injury (ALI). Thus, P2X7R resides at the critical nexus of alveolar pathopbgsiol

Review

Over the last two decades, a total of 19 different purinesgieptor subtypes (including 7
P2X receptors, 8 P2Y receptors, and 4 adenosine receptors) that agmzeextracellular
ATP and adenosine have been cloned and characterized [1]. In addiieral $amilies of
ectonucleotidases that hydrolyse ATP to ADP, AMP and adenosinebeawvefound [2].
These distinct sets of purinergic receptors and ectonucleotidesesxpressed on the cell
surface of the different mammalian cells and regulate celadtvities through cell-type
specific purinergic signaling systems [3,4].

Controlled ATP release from intact cells was first idesdifin neurons [5]. ATP is also
released from non-neuronal cells through vesicular transport [6]. Aulaitmechanisms for
ATP release has been reported including release through strét@teatchannels, voltage-
dependent and multi-channel anion transporter or permeases [7], distisis
transmembrane conductance regulator (CFTR) [8], and P2X7 receptmiadsd connexin
and pannexin hemichannels [9]. ATP release from mouse neutrophil odworsgh
connexin-43 hemi channels [10].

Extracellular ATP has two fates before being degraded by the eaotidakes. The released
ATP either acts on the purinoceptors of the same cell (autpaimtne neighboring cells
(paracrine). Autocrine signaling through the purinergic receptegsilates the neutrophil
chemotaxis via ATP release from polarized neutrophil in respanskemotactic mediators
[11]. The activated T cells also induce the release of ATP thrgagnexin 1 channels.



These hemichannels translocate with P2X receptors to the imnynapse, where they
promote C& influx and cell activation through autocrine purinergic signaling [12;I8%
activation of purinergic receptors in immune cells can eliditeei positive or negative
feedback mechanisms and thus tightly regulate immune responses.

Paracrine purinergic signaling regulates a wide range ofigdbggal process, including
immune cell functions [14,15]. ATP released from damaged or stressed hostrveltsas an
important function in the recognition of ‘danger signals’ and guighagocytes to
inflammatory sites. Thus promotes clearance of damaged and apopeétis [16]. In
response to damage-associated molecular patterns (DAMPSs) ahdg@n-associated
molecular patterns (PAMPSs), activation of inflammasome and thesequbnt release of
interleukin-B (IL-1B) require purinergic singnalling. In the cytoplasm nucleotides a
concentrated in the micomolar or even millimolar level, while tteaeellular concentration
is extremely low, usually in the nanomolar range [17]. ATP is rapaleased upon damage
of plasma membrane and diffuses throughout the pericellular spatdind to specific
receptors expressed by virtually all immune cells [18]fu3ibn of nucleotides is drastically
controlled via degradation by ecto-nucleotidases expressed on thia presmbranes of most
cells. Rapid metabolism of extracellular ATP generates thieindlaimmatory metabolite
adenosine and terminates the alert-signal to a checkpoint [19].

P2X7 receptor and inflammation

P2X7 receptors are expressed primarily on the cells of hemaiopdiitage. The
distribution of P2X7 receptor has been studied by permeability an®@ER analysis in
cultured monocytes/macrophages [20], phagocytes [21], dendritic cellsT[2AZhphocytes
[23], B lymphocytes [24], mast cells [25] and eosinophils [26]. P2X7ptecdas also been
identified in fibroblasts, endothelial cells and epithelial c§¥g,28]. Our laboratory has
reported previously specific expression of P2X7 receptors in alviglarl epithelial cells
(AEC 1) [29]

IL-18 and IL-18 are pro-inflammatory cytokines that requires processingtierieukin
converting enzyme (ICE, also known as caspase-1) at spesjigcti@ residues for mature
molecule production. Activation of P2X7 receptor on human macrophages dritdger
release of these two cytokines [30-32]. P2X7 receptor is alsoredgtar inflammasome
assembly and caspase activation [33]. Studies on P2X7 receptor knavkceutave shown
that absence of P2X7 receptor leads to an inability to releadf b response to ATP
stimulation from peritoneal macrophages [34]. P2X7 null mice therefiave impaired
cytokine signaling cascad@ vivo. This suggests that P2X7 receptor activation provides
signals for maturation and release of Ik-dnd initiation of a cytokine cascade.

The unprocessed and mature form of fLvtas found in the shed microvesicles [35]. P2X7—
mediated microvesicle formation and shedding might be a crudiblvag for secretory
protein release from cytoplasm. L-selectin (CD62L; a C-tgpen) and CD23 (low affinity
IgE receptor) are involved in the adhesive interaction and rolling behaiviymphocytes on
endothelial cells [36]. P2X7 receptor contributes to the regulafiamercellular interactions
and to the generation of soluble markers. Elevated levels of CD62CR24d in sera have
been reported from B-cell chronic lymphocytic leukaemia (B-CLLjiep#s [37]. ATP-
induced L-selectins and CD23 shedding have also been shown to decrédX&@ receptor
knock-out mice, indicating the pathophysiological role of P2X7 receptor [38]. Invohtevhe
P2X7 receptor in ATP-induced apoptosis is well documented in lymphocytmsocytes,



macrophages, murine thymocytes, and dendritic cells [39,40]. P2X7 reeefit@tion has

been shown to stimulate the activity of intracellular caspagesto ATP-induced apoptosis.
K* efflux through the P2X7 receptor ion channel leads to cell shrinkadeactivation of

caspase cascades [41].

P2X7 receptor and regulation of lung surfactant seetion

Lung surfactant is a lipid-enriched substance comprising of 8§eemiphospholipids, 10%
cholestrol and about 5-10% proteins. Di-palmitoylphosphatidyl cholin®@Rs the major
glycerophospholipid present in surfactant. The major function of sumfaidato reduce
surface tension in the lung. There are 4 major surfactant protdtB &d SP-C are
synthesized in endoplasmic reticulumn and further processed by &updgratus. These
proteins are stored in lamellar bodies preceeding exocytosis [42ugowSP-A and SP-D
secretes constitutively independent of lamellar bodies [43]. Alvegdhelial type Il cells
(AEC 1I) stores and secrete surfactant. Physiologically, haw@cal stretch, labor, and
ventilation induce surfactant secretion from AEC Il. However, meegperiments suggests
that lung distensions rather than systemic changes accompagperydntilation (Pcy Po,
and pH) increases surfactant secretion [44]. The mechanicahstfethe AEC Il during an
enhanced inspiration (‘sigh’) is a direct stimulus for surfactant secretion.

The commonly held view of regulated surfactant secretion from AE@@volves cell
membrane receptors includirfg-adrenergic, adenosine A2B, and purinergic P2Y2. ATP,
UTP, adenosine, platelet activating factor, LPS, and plLate the known agonists to
stimulate surfactant secretion [45]. Stimulation of these receptltimately leads to
activation of protein kinase A (PKA), protein kinase C (PKC) aaltium and calmodulin
kinase (CaMK) and their downstream partners. The purinergic meiplwoteceptor, P2Y2,

is coupled to the G protein Gqg, which stimulates phospholipase C (@&w€Chydrolyzes
phosphotidylinositol biphosphate into diacylglycerol (DAG) and inositphtisphate (I§)
[46]. The increase in intracellular €aconcentration results in enhanced surfactant secretion
[47,48]. Surfactant exocytosis in AEC Il is extremely sensitivperturbations of Ca In
vitro, secretagogues includingp-adrenergic agonists (terbutaline)ygAreceptor agonists
(adenosine), P2Xreceptor agonists (ATP and UTP), PKC activators (phorbol ¢siads
calcium ionophores (A23187) have been shown to stimulate surfactant tasiscy
Terbutaline and adenosine activate adenyl cyclase which figtineulates PKA-mediated
signaling. Moreover, ATP and phorbol esters activate PKC and deanstsignaling
molecules. The ionophores increase the intracellular calcium coatoensr which further
activates PKC and CAMK IlI. Activation of various kinases leadghosphorylation of
various proteins resulting in surfactant exocytosis. However, theghanesm of how the
phosphorylation induces secretion is incompletely understood.

Contribution of AEC | and P2X7 receptor signaling n surfactant secretion

The alveolar epithelium has two specialized epithelialtgpks: the terminally differentiated
squamous AEC | and the surfactant producing cuboidal AEC II. ThelAlBGer 95% of the
alveolar surface and form a tight epithelial barrier withAlReC 11 to facilitate gas and water
exchange. Alveolar epithelial cells are closely associateld wiitdothelial cells, stromal
fibroblasts, inflammatory cells, and the accompanying extrdaelmatrix. The function of
AEC | has been relatively unexplored because it has beemrmetyréifficult to isolate and
culture viable AEC | [49]. Our lab and other labs have developed methasslate AEC |
[50].



AEC | respond to the forces generated by mechanical ventiliatioronversion of physical
forces on the cell membranes and/or receptors into activationtmaicellular signaling
pathway leading to G& wave generation. The intracellular aontributes to integrate
signaling in lung epithelium. The mechanisms underlying the coomimaft intracellular
C&* changes in AEC | to neighboring AEC Il involve diffusion of ions/secomssenger
molecules through gap junctions and release of ATP or UTP in thecebiitar spaces. This
subsequently activates €asignaling pathways in AEC Il through purinergic receptors and
induces surfactant release. Recent studies usingntsiéu technique confirm that calcium
waves passed from AEC | to AEC Il result in the releaseudhstant from AEC Il [51].
Mechanical stimulation of AEC I-like cells in heterocellulatare propagated calcium to
neighboring AEC lI-like cells mainly via an apyrase-sensitivechanism, suggesting that
ATP is an extracellular mediator of alveolar cell communicesti[52]. ATP is produced by
AEC | in response to mechanical stimulation and in turn triggefactant secretion from
AEC 1l [53]. However, the mechanism of ATP release from AEC | has not beensstdbl

P2X7 receptors are specifically expressed in AEC | [29]. Tipeession of P2X7 receptor
couples caveolin-1 as Cav-1 knock-out mice shows reduced P2X7 recepionoreactivity
in lung [54]. Previously, we have shown that the stimulation of P2X7tecéen AEC I
releases soluble mediator, ATP, which acts in a paracrineofashi AEC Il. Activation of
P2Y2 receptors by extracellular ATP increases surfactanetgen from AEC Il via a PKC—
dependent signaling pathway. Moreover, the paracrine regulatianfatt®nt exocytosis by
P2X7 receptor is a physiologically relevant phenomenon as the P2¥@toe knock-out
mice are less responsive to hyperventilation-induced surfactaaseg/55]. Therefore, P2X7
receptors in AEC | are an important regulator of surfactasre8en and AEC | and AEC I
communications.

Acute lung injury

Acute Respiratory Disease Syndrome (ARDS) is acute lung yinjédll) of the
alveolar/capillary membrane. ARDS is characterized by permeaghilitponary edema (fluid
in the alveolar space) and acute respiratory failure. It in@bbias acute respiratory distress
with diffuse alveolar infiltrates on chest X-ray, severe hypoaefRaQ/F O, <200). The
etiology of ARDS includes aspiration of gastric contents, pneumeni@ke inhalation,
sepsis, trauma, and drug overdose, multiple transfusions, pancreatiisyenous air
embolism. Sepsis is an important predisposing factor, present in @RS patients.
Multiple risk factors increase the chance of developing ARD&I B a common
complication of mechanical ventilated patients and often synergieedpshots with sepsis
background. Mechanical ventilation augments the acute lung injury caysédckerial
products.

Alveolar cells produce a range of proinflammatory cytokines wiagmosed to bacterial
products. Importantly, ATP is a potent candidate to activate the inmatene response.
There is a significant degree of purinergic interplay in the praogno$ the ALI
pathogenecity. The pathogenesis of the disease can be inferreddeytering on the factors
that are responsible for the accumulation of protein-rich and neutrogsulinonary edema
in the lung and, the mechanisms that impair the removal of pulpn@tma fluid [56].
Inflammatory cells from the lung are the inciting factorsthe pathogenesis of ALI. The
protein —rich edema fluid in ALI is associated with large numbénseutrophils, denuded
alveolar epithelial cells and proinflammatory markers includingokines, oxidants
procoagulant factors and proteases [57], .



The initial cause of ALl is the lung vascular injury. An incremskeing vascular permeability
occurs primarily at the level of lung microcirculation, which wurnt results in the
accumulation of protein-rich pulmonary edema fluid, even in the presencermofl lung

vascular pressur [58]. A sustained loss of normal endothelial barrier functicst telseribed
in neutrophil-dependent lung injury [59]. Neutrophil sequestration and activiatthe lung

microvasculature leads to degranulation and release of severalnmexiiators, including
ROS, proinflammatory cytokines and procoagulant molecules, resuhinigcrease of
vascular permeability.

Alveolar epithelial injury is another cardinal characteristi@Ll. Although the mechanisms
responsible for epithelial injury in ALI are poorly understood, it app#aat neutrophil and
their products are primarily responsible for the increaseacpHular alveolar permeability in
ALl. However, neutrophil can cross the alveolar epithelium withdtecing the lung
epithelial permeability [57,60]. In pathological states the migmabf a large number of
neutrophils results in increased epithelial injury [56]. Furthermbeedegree of neutrophil
activation (priming) by exposure to chemokines and other proinflaompneaytokines seems
to play a crucial role in the alveolar epithelial injury as repltils crawl into the distal
airspaces. Transepithelial migration of neutrophils into the datapaces involves three
distinct and sequential steps of adhesion, migration and post-migragiotrophils adhere to
the basolateral epithelial surface f3-integrins [61,62]The initial adhesion of neutrophils
to the basolateral surface is primarily mediated by CD11b/CDdl@aules [63]. However,
CD18-independent transmigration of neutrophils has also been documented. aldedlydar
route of neutrophil migration to the distal airspaces is also asedcwith CD47, a cell-
surface molecule expressed on epithelial cells and neutrophils [d¢ they traverse the
epithelium and enter the airspaces, neutrophils adhere to the apitate, where they
phagocytize and kill bacteria. The release of toxic inthalee molecules from activated
neutrophils induces dissolution of tight junction and necrosis of AEC I. Finally, @pspind
phagocytosis of inflammatory cells are critical for theohegson of inflammation and
mitigation of lung tissue damage.

P2X7 receptor signaling in acute lung injury

P2X7 receptor knock-out mice are less susceptible to smoke-inducenhflangmation and
emphysema. P2X7 receptor expressions increased rapidly in alvewearophages,
circulating neutrophils and in whole lung tissue following smoke-indluegl inflammation
and are blocked by selective intra-pulmonary P2X7 receptor inhibi&bh Furthermore,
P2X7 receptor knock-out mice shows reduced inflammation and lung fikmsigway-
administered bleomycin. In the presence of ASPa stable P2X7 receptor agonist, lung cell
recruitment and matrix remodeling proteins such as matrixroptateinase-9 (MMP-9) and
tissue-inhibitor of metalloproteinase (TIMP-1) were increaseudia Therefore, P2X7
receptor plays an important pro-inflammatory function in injuredcdge Delving into the
mechanism mediated by P2X7 receptor in injury, we found that P2Xfjtoesare involved
in soluble Vascular Cell Adhesion Molecule-1 (sVCAM-1) releassmfAEC | (Unpublished
data). sVCAM-1 resembles an important regulatory component of fhenmitory response
and is detectable in serum and other body fluids. sSVCAM-1 leveleisated in alveolar
lining fluid from pneumonia and asthma patients [66,67]. Moreover, our datesiutg
metalloprotease, ADAM17 are responsible for VCAM-1 shedding from AB@face in a
P2X7 receptor-dependent manner. This P2X7 receptor mediated sheddind\dfY€om
AEC lis crucial for the recruitment of neutrophils in the alveolar space.



Conclusions

P2X7 receptor plays important roles in immunity, inflammation, bone bstasis,

neurological function and neoplasia. There is increase body déree implicating P2X7
receptor in various pathological conditions of pulmonary, cardiac, rekelktal muscle and
central nervous system (CNS) disorders, where inflammation isahmeer stone of these
disorders.

The involvement of P2X7 receptor in the pathogenesis of pulmonary em@y88mand
COPD [69] has been well documented. Pulmonary fibrosis is charactdry inflammation
and fibrosis of the interstitium and destruction of alveolar hishi@ature. Recent animal
studies have identified the importance of P2X7 receptor and pannexmglex in IL-B
maturation, inflammation and evolution to pulmonary fibrosis [70].

AEC | play important roles in alveolar barrier protection and flna@meostasis. Earlier
studies indicated that purinergic P2X7 receptors were spélgifieapressed in AEC I.

Although P2X7 receptor-mediated critical signaling pathways imume cells have been
identified, less is known about their functions in alveolar pathophygiolSeveral line of

evidence suggests that the pro-inflammatory P2X7 receptor sigraak druggable targets in
lung inflammatory diseases. However, the mechanism of P2X7 recepthated signaling

pathways in alveolus in particular AEC | are not well understood.

Finally, we propose the following models for P2X7 receptor siggah alveolus (Figure 1).
(A) In the normal alveolus, activation of P2X7 receptor in AEC | aeflase leads to ATP
release. ATP in the extracellular space activates neighboringllAde@d stimulates surfactant
secretion through P2Y2 receptor signaling pathwd). In the injured lung, there is
sloughing of both bronchial and alveolar epithelial cells, denudedolatvdbasement
membrane. Alveolar macrophages secrete cytokinesp,IlL16, and TNFe, that act locally

on AEC I. This increases the VCAM-1 expression in AEC | membr&2X7 receptor

stimulation on AEC | modulate ADAM17 activity through MAPK actiean. ADAM17 shed

VCAM-1 from the AEC | surface. sSVCAM-1 in the alveolar spatemulate neutrophil

chemotaxis and sequestrations. Thus, P2X7R resides at the anddas of surfactant
regulation, cytokine modulation, neutrophil recruitment and inflammation in lung.

Figure 1 Proposed pathophysiological role of P2X7 receptor signaling in the normal and
injured alveolus.
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