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Abstract

Background—Ischemia-reperfusion injury is a major source of morbidity and mortality after
lung transplantation. We previously demonstrated a proinflammatory role of adenosine Asg
receptor (AogR) in lung ischemia-reperfusion injury. The current study tests the hypothesis that
A,gR antagonism is protective to ischemic lungs after /n vivo reperfusion or ex vivo lung
perfusion (EVLP).

Methods—Mice underwent lung ischemia-reperfusion with/without administration of
ATL802, a selective AygR antagonist. A murine model of EVLP was also utilized to evaluate
rehabilitation of donation after circulatory death (DCD) lungs. DCD lungs underwent ischemia,
cold preservation and EVLP with Steen solution with/without ATL802. A549 human type 2
alveolar epithelial cells were exposed to hypoxia-reoxygenation (3hr/1hr) with/without ATL802
treatment. Cytokines were measured in bronchoalveolar lavage fluid and culture media by ELISA.

Results—After ischemia-reperfusion, ATL802 treatment significantly improved lung function
(increased pulmonary compliance; reduced airway resistance and pulmonary artery pressure) and
significantly attenuated proinflammatory cytokine production, neutrophil infiltration, vascular
permeability and edema. ATL802 also significantly improved the function of DCD lungs after
EVLP (increased compliance and reduced pulmonary artery pressure). After hypoxia-
reoxygenation, A549 cells exhibited robust production of IL-8, a potent neutrophil chemokine,
which was significantly attenuated by ATL802.

Conclusions—These results demonstrate that AogR antagonism attenuates lung ischemia-
reperfusion injury and augments reconditioning of DCD lungs by EVLP. The protective effects of
ATL802 may involve targeting of A,gRs on alveolar epithelial cells to prevent IL-8 production.
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AogR may be a novel therapeutic target for mitigating ischemia-reperfusion injury to increase the
success of lung transplantation.
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Lung ischemia/reperfusion injury; lung transplantation; inflammatory mediators; inflammatory
cells; cell signaling

Ischemia-reperfusion injury (IRI) after lung transplantation remains a significant source of
morbidity and mortality [1]. Compared to other solid organs, outcomes for lung
transplantation are the worst with a five year mortality of 55% [2]. Severe IRI leads to
primary graft dysfunction (PGD), which results in acute graft failure and is a significant risk
factor for the development of bronchiolitis obliterans syndrome and chronic graft failure; the
major cause of mortality beyond one year of transplantation [3-5]. Advancements in
understanding the mechanisms involved in lung IRI have revealed a complex inflammatory
process involving activation and infiltration of innate immune cells, endothelial and
epithelial cell injury, oxidative stress, and cytokine responses [6-9]. To date no therapeutic
agent is available to prevent IRI after lung transplantation.

In addition to the existing challenges of IRI after transplantation, the number of patients
needing transplantation continues to far exceed donor supply. New advances in lung
preservation and utilization of marginal lungs, such as those from donation after circulatory
death (DCD), have the potential to reduce this disparity [10]. The development of
normothermic ex vivo lung perfusion (EVLP) has provided a unique platform for the
evaluation and rehabilitation of marginal (e.g. DCD) donor lungs [11], which could
potentially improve donor supply and transplant outcomes [12].

Adenosine is released during cellular stress and inflammation, such as IRI, and is generally
considered to mediate anti-inflammatory responses. However, it is now known that pro- or
anti-inflammatory actions of adenosine vary according to the tissue and cells involved, the
adenosine receptors expressed, and the injury type [13]. Adenosine mediates its effects via
four G-protein-coupled receptors (A1R, AxaR, AggR and AgR), each of which exhibits a
distinct pattern of tissue distribution, intracellular signaling and pharmacokinetics. All four
adenosine receptors are expressed in lungs of mice [14] and humans [15], and we have
demonstrated potent protective effects of A1R, A,aR and AgR agonists in models of lung
IRI [16-19].

The role of AygR is of particular interest given it has the lowest affinity for adenosine and
has elevated expression after physiologic stress [20]. AogR is highly expressed on alveolar
type 2 epithelial cells [21], and whether A,gR plays pro- or anti-inflammatory roles in lung
injury may depend on several factors such as specific injury conditions and relative
contributions of tissue- versus bone marrow-derived cells. A,gRs on bone marrow-derived
cells have been shown to evoke anti-inflammatory actions [22, 23], and A,gR activation has
been shown to dampen inflammation and enhance barrier function in some models of acute
lung injury [24, 25]. However, other studies have demonstrated a proinflammatory role for
AR [26-28].
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We have previously shown that A,gR deficient mice are protected from lung IRI, which
appears to be mediated through A,gRs on resident pulmonary cells rather than bone
marrow-derived cells [29]. These results suggest that AygR is proinflammatory in the setting
of lung IRI. Thus the current study tests the hypothesis that an A,gR antagonist will
attenuate lung IRI and will augment EVLP-mediated rehabilitation of DCD lungs.

Material and Methods

Animals and study design

C57BL/6 wild-type mice (Jackson Laboratory, Bar Harbor, ME) of 8-12 weeks of age were
utilized. Three groups of mice underwent sham surgery, left lung IR or left lung IR (n=4-9/
group). ATL802 (Lewis and Clark Pharmaceuticals, Charlottesville, VA) was injected
intraperitoneally (1mg/kg) five minutes prior to surgery. Using competition binding assays to
recombinant mouse A1R, AzaR, AzgR and A3R, ATL802 was previously shown to be a
highly potent (K; = 8.6nM) and selective (>900 fold over other adenosine receptors)
antagonist of murine AygR [21]. A separate study involved three groups of murine DCD
lungs that underwent warm ischemia, cold preservation and EVLP with or without 100 nM
ATL802 (n=9/group). Doses of ATL802 utilized were based on prior study [21] and
preliminary work. This study conformed to the Guide for the Care and Use of Laboratory
Animals as published by the National Institutes of Health and was approved by the
University of Virginia Institutional Animal Care and Use Committee.

Murine lung IRl model

An in vivo murine model of IRI was used as previously described [8]. Mice were
anesthetized with inhalational isoflurane, and orotracheal intubation was performed for
mechanical ventilation (Harvard Apparatus Co, South Natick, MA) at 120 strokes/min with
room air. Stroke volume was set at 0.5ml, and peak inspiratory pressure limited to <20
cmH»0. Heparin (20 U/kg) was administered via the right external jugular vein, and the left
pulmonary hilum was exposed with an anterolateral thoracotomy at the third intercostal
space. A 6-0 Prolene suture was passed around the hilum, and suture ends were threaded
through 5mm PE-60 tubing to permit hilar occlusion via tightening of the suture; securing it
with a surgical clip. Animals were extubated and returned to their cage after receiving
analgesia (0.2 mg/kg buprenorphine). After 1 hour of left lung ischemia, mice were
reanesthetized, intubated, and the hilar occlusion was released to allow reperfusion. Mice
were extubated and returned to their cage for a 2-hour reperfusion period after which
pulmonary function was assessed. Sham surgery entailed all of the above steps except hilar
occlusion.

Pulmonary function

Pulmonary function was assessed using an isolated, buffer-perfused lung system (Hugo
Sachs Elektronik, March-Huggstetten, Germany) as previously described [9]. Mice were
anesthetized with ketamine and xylazine. Animals were ventilated via tracheostomy with
room air, 100 strokes/min and tidal volume of 7pl/g with a positive end-expiratory pressure
of 2 cmH,0. Animals were exsanguinated with transection of the inferior vena cava. The
pulmonary artery was cannulated through the right ventricle, and the left ventricle was
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vented with a small ventriculotomy at the apex of the heart. Lungs were perfused at a
constant flow of 60 pl/g/min with KH buffer (335-340 mOsm/kg H,0) at 37°C. The isolated
lungs were maintained on the system for a 10-minute equilibration period, after which
hemodynamic and pulmonary parameters were recorded by the PULMODY N data
acquisition system (Hugo Sachs Elektronik).

Ex vivo lung perfusion (EVLP) model

A murine model of ex vivo lung perfusion (EVLP) was utilized as previously described [30].
Mice (n=9/group) were anesthetized with inhalational isoflurane and euthanized by cervical
dislocation followed by a 15-minute period of warm ischemia. The mediastinum was
incised, and the left atrium was vented with atriotomy. Lungs were perfused /n situ with 3ml
cold Perfadex solution (XVIVO Perfusion Inc., Englewood CO) supplemented with THAM
solution (XVIVO Perfusion Inc., Englewood CO). The chest was covered with ice, and lungs
underwent cold static preservation for 60 minutes. Lungs were then placed on an isolated
lung perfusion system (Hugo Sachs Elektronik, March-Huggstetten, Germany) and perfused
with either Krebs-Henseleit (KH) buffer or Steen solution (XVIVO Perfusion Inc.,
Englewood, CO) at a constant rate of 60ul/g body weight/minute. Steen solution was
supplemented with 10,000 IU heparin, 500mg cefazolin, and 500mg methylprednisolone per
1500ml to model clinical EVLP protocols. Perfusate was warmed in the circuit from 4°C to
37°C over approximately a 10 minute period. EVLP continued for 60 minutes. Lung
function was measured during EVLP as described above, and values obtained after 60
minutes of EVLP are reported.

Bronchoalveolar lavage (BAL)

After pulmonary function measurements, the right lung was occluded and the left lung
lavaged with 0.4ml normal saline. BAL fluid was centrifuged, and supernatant was stored at
—80°C until further analysis.

Myeloperoxidase and cytokine measurements

Myeloperoxidase levels in BAL fluid were measured using a mouse ELISA kit (Hycult
Biotech, Uden, Netherlands). Cytokine concentrations in BAL fluid were measured using a
mouse cytokine multiplex ELISA panel (Bio-Rad Laboratories, Hercules, CA) as previously
described [31].

Pulmonary vascular permeability

Using separate groups of animals (n=5/group), vascular permeability was estimated using
the Evans blue dye extravasation technique as previously described [8]. Evans blue
(20mg/kg, Sigma, St. Louis, MO) was injected retro-orbitally, and after 30 minutes
pulmonary vasculature was perfused for 10 minutes with PBS to remove intravascular dye.
Lungs were homogenized in PBS to extract the Evans blue and centrifuged. Absorption of
Evans blue was measured in supernatant at 620nm and corrected for the presence of heme
pigments: Agpg (corrected) = Agpg — (1.426 x Az4 + 0.030). The concentration of Evans
blue was determined according to a standard curve.
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Immunohistochemistry

Using separate groups of animals, lungs were fixed in 10% formalin for 24 hours, placed in
70% ethanol and paraffin embedded. Immunostaining of lung sections was performed using
rat anti-mouse neutrophil antibody (Ly-6B.2, AbD Serotec, Raleigh, NC) as described
previously [7]. Alkaline phosphatase-conjugated anti-rat 1gG (Sigma) was used as the
secondary antibody. Signals were detected using Fast-Red (Sigma), and sections were
counterstained with hematoxylin. A blinded investigator obtained counts of neutrophils per
high-powered field. Five semi-standardized fields per lung were counted at 20X
magnification, and the mean of these values established the final value per animal.

Cell culture and hypoxia-reoxygenation (HR) model

A549 cells (human alveolar type 2 epithelial cell line; ATCC, Manassas, VA) were grown in
Dulbecco's Modified Eagle's Medium with 4.5g/L glucose, 10% fetal bovine serum and 1%
penicillin/streptomycin (Invitrogen Corporation, Carlsbad, CA) in a humidified incubator
(37°C, 5% CO,). The A549 cell line, derived from a human alveolar cell carcinoma, has
many properties of ATII cells [32] and was utilized because they are the most widely used /n
vitro model for type 2 pulmonary alveolar epithelial cells. For exposure to HR, cultures were
placed in a hypoxic chamber (Billups-Rothenberg, Del Mar, CA) and purged with 95% N
and 5% CO,, for 25 min to establish hypoxia as described previously [33]. The chamber was
placed in a 37°C incubator for 3 hours. Reoxygenation was achieved by removing the
cultures from the hypoxic chamber and placing them in a normoxic, humidified incubator
(37°C, 5% COy) for 1 hour. The partial percentage of O, in the culture media immediately
after 3 hours hypoxia was consistently found to be 5% versus 21% in normoxic cultures.

Statistical analysis

Results

Statistical analyses were performed using GraphPad Prism 6.0, and data are presented as the
mean + SEM. Analyses were performed using one-way ANOVA with post-hoc Tukey's
multiple comparisons test. A p<0.05 was considered significant.

Lung function after IR is improved by ATL802

Mice displayed significant pulmonary dysfunction after IR as indicated by increased airway
resistance and pulmonary artery pressure as well as decreased pulmonary compliance
(Figure 1). Pulmonary compliance was significantly decreased after IR vs. Sham (3.41+0.10
vs. 9.57£0.83 pl/cm H,0, p<0.0001), which was significantly increased by ATL802
(5.39£0.57 pl/cm H,0, p=0.022). Airway resistance was significantly increased after IR vs.
Sham (2.04+0.17 vs. 1.23£0.08 cm H,O/pl/sec, p=0.009), which was significantly reduced
by ATL802 (1.43+0.12 cm H,O/ul/sec, p=0.015). Pulmonary artery pressure was
significantly increased after IR vs. Sham (11.24+0.65 vs. 5.55+0.15 cm H,0, p<0.0001),
which was significantly reduced by ATL802 (7.01+£0.54 cm H,0, p=0.0001).
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ATL802 attenuated expression of proinflammatory cytokines after IR

Expression of KC (CXCL1), IL-6, IL-18, MCP-1 (CCL2), MIP-1a (CCL3), and RANTES
(CCL5) in BAL fluid were significantly induced after IR, and all were significantly
attenuated by ATL802 treatment (Figure 2). KC expression increased after IR vs. Sham
(6347£1628 vs. 1442+518 pg/ml, p=0.013) and was reduced by ATL802 (1579+395,
p=0.011). IL-6 production increased after IR vs. Sham (30624655 vs. 356+70 pg/ml,
p=0.003) and was reduced by ATL802 (694+260, p=0.007). IL-1 expression increased after
IR vs. Sham (141.8+£11.8 vs. 71.0+18.4 pg/ml, p=0.0002) and was reduced by ATL802
(80.8+6.5, p=0.0003). MCP-1 increased after IR vs. Sham (608+246 vs. 32.4+8.3 pg/ml,
p=0.045) and was reduced by ATL802 (40.7+13.3, p=0.048). MIP-1a increased after IR vs.
Sham (358+39.4 vs. 155+42.0 pg/ml, p=0.013) and was reduced by ATL802 (152+36.8,
p=0.012). RANTES production increased after IR vs. Sham (88.3+23.3 vs. 22.0+£5.9 pg/ml,
p=0.0002) and was reduced by ATL802 (27.0£5.6, p=0.0003).

Neutrophil infiltration and activation after IR is attenuated by ATL802

Robust infiltration of neutrophils occurred after IR; accompanied by significantly elevated
myeloperoxidase levels (Figure 3). Neutrophils per high-powered field (HPF) increased after
IR vs. Sham (190.0+£38.1 vs. 64.7+10.1, p=0.001), which was significantly reduced by
ATL802 (69.5+5.5, p=0.012). Myeloperoxidase, an enzyme abundantly present in neutrophil
azurophilic granules, was measured as an indicator of neutrophil activation.
Myeloperoxidase increased after IR vs. Sham (74.8+15.0 vs. 17.8+£2.8 pg/ml, p=0.0008) and
was significantly reduced by ATL802 (18.5+1.4, p=0.0013) (Figure 3).

Pulmonary vascular permeability after IR is reduced by ATL802

Vascular permeability as assessed by Evans blue dye extravasation significantly increased
after IR vs. Sham (27.63+2.67 vs. 0.082+0.46 pg/gm tissue, p<0.0001), which was
significantly attenuated by ATL802 (6.83+1.42, p<0.0001) (Figure 4).

ATL802 augmented lung function after EVLP

Using a murine model of EVLP, DCD lungs underwent 1 hour of EVLP with either standard
KH buffer or Steen solution. EVLP with Steen solution significantly improved lung function
versus KH buffer as shown by significantly increased pulmonary compliance (3.79+0.05 vs.
2.29+0.14 pl/cm H,0, p<0.0001) and decreased pulmonary artery pressure (9.74+0.13 vs.
13.90+0.12 cm H,0, p<0.0001) (Figure 5). Pulmonary compliance (4.53+0.08 pl/cm H,0O,
p=0.0001) and pulmonary artery pressure (8.03+0.09 cm H,0, p<0.0001) were further and
significantly improved by EVLP with Steen solution supplemented with 100 nM ATL802
versus EVLP alone (Figure 5).

Activation of A549 cells by HR is attenuated by ATL802

Using an /n vitro surrogate model of lung IR in which cells are exposed to 3 hrs hypoxia and
1 hour reoxygenation (HR), exposure of A549 cells to HR induced significant I1L-8
expression versus normoxic controls (105.6+6.1 vs. 7.5£2.8 pg/ml) (Figure 6). The
activation of A549 cells (IL-8 production) by HR was significantly attenuated by treatment
with 100nM (47.6+6.5 pg/ml) and 200nM (49.8+2.8 pg/ml) ATL802.
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Comment

These results support our prior study that demonstrated a proinflammatory role for A,gRs
on resident, non-immune cells in lung IRI [29]. The current study demonstrated that
selective antagonism of AygR with ATL802 significantly attenuates lung dysfunction,
inflammation and vascular permeability after IR. In addition, ATL802 augmented EVLP-
mediated reconditioning of DCD lungs. Finally, ATL802 was shown to block IL-8
production by A549 cells after HR, suggesting that a mechanism of protection from IRI by
ATL802 may involve preventing the release of potent neutrophil chemokines such as IL-8
from alveolar epithelial cells. This is supported by the observation that ATL802 blocked KC
production and neutrophil infiltration after lung IR. These results suggest that A,gR
antagonists may be an effective therapeutic strategy for rehabilitating DCD lungs by EVLP
and mitigating lung IRI to increase the success of lung transplantation.

The A,gR has been implicated in both anti- and pro-inflammatory responses, highlighting
the complexity of adenosine receptor signaling in disease and injury. An anti-inflammatory
role for alveolar epithelial cell A,gR signaling was described by Hoegl and colleagues in a
two-hit model of acute lung injury [34], and work from Zhou and colleagues support an anti-
inflammatory role for A,gR in a bleomycin model of acute lung injury but a pro-fibrotic role
in chronic lung disease [35]. However, many studies suggest that ApgRs modulate
adenosine-dependent regulation of proinflammatory paracrine factors. For example,
activation of ApgRs was shown to evoke the production of proinflammatory cytokines by a
variety of cells: IL-1p and IL-8 by mast cells [36], MCP-1 and IL-6 by airway smooth
muscle cells [37], IL-19 by bronchial epithelial cells [28], IL-6 by lung fibroblasts [27] and
IL-8 by endothelial cells [38]. In addition, Kolachala ef a/. demonstrated that the AygR
antagonist ATL801 significantly reduced the extent and severity of murine colitis and
attenuated I1L-6 and KC levels in colonic organ cultures [26]. Similarly, we observed that
ATL802 attenuated the production of KC (murine homolog of IL-8), IL-1f, IL-6, MIP-1a,
RANTES and MCP-1 in murine lungs after IR.

Work by Wang et al. suggests that A,gR may exist as a multiprotein complex in intestinal
epithelia [39], which may result in varying downstream effects depending on interactions
with various stimuli. Inflammation typically entails activation of immune cells and induction
of cytokines, which has been reflected in the role of AygR in myeloid cells [22, 40].
Pulmonary AogRs appear to modulate a localized inflammatory response involving
enhanced secretion of chemokines and cytokines, which is consistent with our results in the
lung IRI model in which A,gR antagonism attenuated the induction of pro-inflammatory
cytokines after IR. Thus adenosine and A,gR responses to stress are complex and may be
dependent on relative extent of acute, systemic stress involving myeloid cells, or localized
responses within the tissue.

Our study has several limitations. There is a potential for ventilator-induced injury in this
model, however intubation time was minimized to reduce this risk. In addition, the lung
function measurements reflect function of both right and left lungs although only the left
lung underwent IR. However, both lungs are equally injured in the DCD model of EVLP
where ATL802 was protective. Despite these limitations we were able to clearly demonstrate
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impaired lung function after IR that was ameliorated by ATL802 treatment. Finally, future
studies will be required to determine the optimal methods for /n vivo ATL802 treatment. The
dose of ATL802 utilized was initially based on prior study [21], and follow-up preliminary
studies using glucose bioassay data demonstrated a functional response to ATL802 that was
optimal at the 1mg/kg dose (data not shown). The stability of ATL802 in serum has not been
determined yet, but it is likely to have a half-life of 2—4 hours in blood based upon data with
other compounds of similar nature such as ATL801 [26]. Repeat dosing may not be required
as the purpose of treatment is to preempt and mitigate the damaging effects of the initial
reperfusion insult, but future studies will need to confirm this. Our data suggests that, if
possible, treatment of the donor would be protective. More likely, ATL802 would be
administered (e.g. as an infusion) for a relatively short duration to the recipient immediately
following lung transplant. It is unlikely that there would be significant side effects because
ATL802 is an antagonist and thus there is less concern for off-target effects, which would be
of more concern for an agonist.

In conclusion, the current study demonstrates a proinflammatory role of AogR in lung IRI as
exhibited by pulmonary dysfunction, cytokine expression, neutrophil infiltration, and
vascular permeability, which were all attenuated by A,gR antagonism. These
proinflammatory effects may be attributable, at least in part, to activation of A,gRs on
alveolar epithelial cells and subsequent induction of IL-8 production. Our results suggest
that A,gR may be a novel therapeutic target to augment EVLP-mediated reconditioning of
DCD lungs and to mitigate lung IRI, leading to improved survival of lung transplant patients
by preventing primary graft dysfunction.
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Lung function after IR is improved by ATL802. Mice exhibited significant lung dysfunction
after IR, which was significantly attenuated by ATL802 treatment. Compared to untreated

mice after IR, ATL802 treatment significantly increased pulmonary compliance and
significantly decreased airway resistance and pulmonary artery pressure. *p<0.01 vs.

Sham, #p<0.03 vs. IR, n=4-9/group.
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Figure 2.
Cytokine production after IR is significantly attenuated by ATL802. IR resulted in

significantly elevated levels of proinflammatory cytokines (KC, IL-6, IL-1p, MCP-1,
MIP-1a and RANTES) in bronchoalveolar lavage fluid, which were all significantly
attenuated by ATL802 treatment. *p<0.05 vs. Sham, #p<0.05 vs. IR, n=4-5/group.
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Figure 3.
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ATL802 attenuates infiltration and activation of neutrophils after IR. Lung sections were
immunostained for neutrophils (red color), and representative images are shown on top (20x
magnification). Quantification of neutrophils per high-powered field (HPF) demonstrated
significant neutrophil infiltration in lungs after IR, which was significantly attenuated by
ATL802 treatment (*p=0.001 vs. Sham, #p<0.012 vs. IR, n=4/group). In addition,
myeloperoxidase levels in BAL fluid were significantly elevated after IR, which was
significantly attenuated by ATL802 treatment (**p=0.0008 vs. Sham, #p=0.0013 vs. IR,

n=4-6/group).
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Pulmonary vascular permeability after IR is attenuated by ATL802. Vascular permeability
was assessed using Evans blue dye extravasation technique. IR resulted in significant
vascular permeability, which was significantly reduced by ATL802 treatment. *p<0.0001 vs.

Sham, #p<0.0001 vs. IR, n=5/group.
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Figure 5.

ATL802 improves lung function after EVLP of warm ischemic lungs. Lungs underwent 15
minutes of warm ischemia, 1 hour of cold preservation and 1 hour of EVLP using either
standard Krebs-Henseleit buffer (KH) buffer or Steen solution. EVLP with Steen solution
significantly improved lung function (elevated pulmonary compliance and reduced
pulmonary artery pressure) versus KH buffer, which was further and significantly improved
by supplementing the Steen solution with 100 nM ATL802. *p<0.0001 vs. EVLP

KH, #p<0.0001 vs. EVLP Steen, n=9/group.
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Secretion of IL-8 by alveolar type 2 epithelial cells after hypoxia-reoxygenation (HR) is
attenuated by ATL802. A549 cells exhibited significant production of IL-8 by HR versus
normoxia, which was significantly attenuated by ATL802 (100 and 200 nM). *p<0.0001 vs.
Normoxia, #p<0.0001 vs. HR, n=8 replicates/group.
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