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Abstract

Background—Severe ischemia-reperfusion (IR) injury leads to primary graft dysfunction
following lung transplantation. Adenosine receptors modulate inflammation after IR, and the
adenosine Ag receptor (AzR) is expressed in lung tissue and inflammatory cells. This study tests
the hypothesis that A3R agonism attenuates lung IR injury via a neutrophil-dependent mechanism.

Methods—Wild-type and AzR knockout (AsR—/=) mice underwent 1 hr left lung ischemia
followed by 2 hrs reperfusion (IR). CI-IB-MECA, a selective AgR agonist, was administered (100
ug/kg i.v.) 5 min prior to ischemia. Study groups included sham, IR, and IR+CI-IB-MECA (n=6/
group). Lung injury was assessed by measuring lung function, wet/dry weight, histopathology, and
proinflammatory cytokines and myeloperoxidase levels in bronchoalveolar lavage fluid. Parallel in
vitro experiments were performed to evaluate neutrophil chemotaxis, and neutrophil activation
was measured following exposure to acute hypoxia-reoxygenation.

Results—Treatment of wild-type mice with CI-IB-MECA significantly improved lung function
and decreased edema, cytokine expression, and neutrophil infiltration after IR. CI-IB-MECA had
no effects in AgR-/- mice. CI-IB-MECA significantly decreased activation of wild-type, but not
AsR-/-, neutrophils after acute hypoxia-reoxygenation and inhibited chemotaxis of wild-type
neutrophils.

Conclusions—Exogenous activation of AzR by CI-IB-MECA attenuates lung dysfunction,
inflammation, and neutrophil infiltration after IR in wild-type but not AsR—/— mice. Results with
isolated neutrophils suggest that the protective effects of CI-IB-MECA are due, in part, to the
prevention of neutrophil activation and chemotaxis. The use of AgR agonists may be a novel
therapeutic strategy to prevent lung IR injury and primary graft dysfunction after transplantation.
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Introduction

Ischemia-reperfusion (IR) injury is the principle cause of primary graft dysfunction after
lung transplantation [1, 2]. The inherent IR injury associated with transplantation contributes
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to significant morbidity and mortality both early in the postoperative period as primary graft
dysfunction and long-term as an independent risk factor for the development of bronchiolitis
obliterans, the leading cause of death after lung transplantation [1, 3]. While the
pathophysiology of lung IR injury is not well understood, innate immune responses and
acute inflammation are key features, and neutrophil activation and infiltration into the lung
is known to propagate injury and contribute to poor lung function after transplantation [2, 4,
5].

Adenosine is an endogenous purine metabolite, and its release is augmented in the setting of
inflammation and injury such as after IR [6]. Adenosine can exert potent signaling functions
through four G protein-coupled adenosine receptors: A1R, AsaR, AogR, and AzR.
Adenosine receptor signaling typically acts as a cytoprotective modulator in response to
stress via action through several second messenger pathways including cAMP production or
the phospholipase C pathway.

Our laboratory has shown that selective AoaR activation provides significant protection
from lung IR injury [7-9] and that the A,gR exerts proinflammatory effects in the setting of
lung IR injury [10]. However, the role of A3R activation in lung IR injury remains unclear.
The AzR is known to couple to G; proteins that inhibit adenylyl cyclase and to Gq proteins
that stimulate phospholipase C, inositol triphosphate, and intracellular calcium [11]. The
AgR is widely distributed with gene expression demonstrated in many tissues and is most
highly expressed in lung, liver, and inflammatory cells including neutrophils, macrophages,
dendritic cells, and lymphocytes [11, 12].

To date, the role of A3R activation in inflammatory conditions such as lung IR injury is
controversial. Some studies suggest that AzR activation promotes inflammation and that its
deletion protects against IR injury [13, 14]. In contrast, other studies have demonstrated that
Ag3R activation reduces IR injury in the lung and heart, and that this action could be related
to the direct effects on AgR activation of neutrophils [15, 16]. In our own experience,
evidence suggests that an AzR agonist attenuates lung IR injury in an isolated rabbit lung
model [17]. Thus we hypothesized that specific activation of AzR via agonist provides
significant protection from /n vivo lung IR injury, and that this would involve a neutrophil-
dependent mechanism. We tested this hypothesis using an in vivo mouse model of lung IR
as well as parallel 7n vitro studies.

Material and Methods

Animals

Male C57BL/6 wild-type (WT) mice (Jackson Laboratory, Bar Harbor, ME) and A3zR
knockout (AsR—-/-) mice of 8-12 weeks of age were used. The AzR—/— mice [18], congenic
to C57BL/6, were a gift from Dr. Marlene Jacobson (Merck Research Labs, West Point,
PA). Mice were randomly assigned to seven groups (n=6/group) that underwent sham
surgery (left thoracotomy + 2 hrs perfusion) or IR (1 hr left lung ischemia + 2 hrs
reperfusion) in the presence of either CI-IB-MECA (Sigma-Aldrich, St. Louis, MO; 100 ug/
kg), a specific AR agonist that is 2500- and 1400-fold selective for AsR vs. AjR and AoaR,
respectively [19], or equivalent vehicle (0.1 mL 0.1% DMSO) administered via an external
jugular vein injection 5 min prior to ischemia. The dose of ClI-IB-MECA used was based
upon previous studies in mice [15, 20]. All experiments were approved by the University of
Virginia’s Institutional Animal Care and Use Committee and conformed to the National
Institutes of Health Guide for the Care and Use of Laboratory Animals (publication No.
85-23, revised 1985).
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Lung Ischemia-Reperfusion

Mice underwent 1 hr of lung ischemia (via left hilar occlusion) followed by 2 hrs
reperfusion using an established model as previously described [21, 22]. Sham animals
underwent left thoracotomy followed by 2 hrs of perfusion. Sham animals underwent 2
hours of perfusion because all experimental groups underwent 2 hours of reperfusion after
ischemia. Comparison of lung function in sham animals after 2 hours versus 3 hours of
perfusion results in no differences in lung function, thus 2 hours of perfusion is routinely
performed in sham animals.

Pulmonary Function

Upon completion of reperfusion, pulmonary function was evaluated by measuring
pulmonary compliance, pulmonary artery pressure, and mean airway pressure using an
isolated mouse lung system (Hugo Sachs Elektronik, March-Hugstetten, Germany) as
previously described [10, 23].

Lung Wet/Dry Weight

Using separate groups of mice (n=6/group), the left lung was harvested and weighed
immediately after the 2-hour reperfusion period and placed in a desiccation oven until a
stable dry weight was achieved. Lung wet/dry weight was then calculated as an indication of
pulmonary edema.

Bronchoalveolar Lavage (BAL)

After measurement of pulmonary function, BAL of the left lung was performed using 0.4
mL normal saline. BAL fluid was centrifuged and the supernatant was stored at —80°C.

Cytokine and Myeloperoxidase Measurements

Levels of proinflammatory cytokines (IL-6, CXCL1 and CCL2) in BAL fluid and cell
culture supernatant was performed using a murine Bio-Plex Cytokine Assay (Bio-Rad
Laboratories, Hercules, CA) as previously described [24]. The samples were analyzed as
instructed using a Bio-Plex array reader and a bead-based multiplex technology.
Myeloperoxidase levels in BAL fluid and in cell culture supernatant were measured using a
murine myeloperoxidase ELISA kit (Cell Sciences, Canton, MA) as instructed by the
manufacturer.

Pulmonary Neutrophil Counts

Lungs (n=6/group) were flushed via the pulmonary artery with 3 mL normal saline followed
by 5 mL of 10% buffered formalin and submersion in formalin for 15 hours. Lungs were
embedded in paraffin and sectioned. Immunohistochemistry was performed using anti-
mouse neutrophil primary antibody (GR1.1, Santa Cruz, Biotechnology) and alkaline
phosphatase-conjugated secondary antibody. Signals were detected using Fast-Red (Sigma
Aldrich, St. Louis, MO). Sections were counterstained with hematoxylin. Neutrophils were
counted from three different high-powered fields per lung at 400x magnification and
averaged.

Neutrophil Isolation

Neutrophils were purified from mouse bone marrow by immuno-magnetic selection using an
antibody directed against mouse Ly-6G (Miltenyi Biotech, Inc., Auburn, CA). Mouse tibias
and femurs were flushed with buffer (phosphate buffered saline with 2% EDTA and 0.5%
bovine serum albumin), and cells were passed through a 40 um filter, exposed to red blood
cell lysis buffer, and washed to create a single cell suspension. Ly-6G-positive cells were
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then isolated using immuno-magnetic selection according the manufacturer’s directions.
Purity of the isolated cells was confirmed by flow-cytometry to be greater than 92% Ly-6G-
positive neutrophils.

In Vitro Hypoxia-Reoxygenation (HR)

Isolated neutrophils were cultured in RPMI media (1x108 cells/well) and exposed to either 1
UM CI-IB-MECA or equivalent vehicle (0.01% DMSO). Cells then underwent 3 hours of
hypoxia (5% O, in media) followed by 1 hour of reoxygenation (21% O, in media) using a
hypoxia chamber as previously described [25]. Supernatant was then centrifuged at 4°C and
stored at —80°C.

Neutrophil Migration

Neutrophil migration was assessed using a standard 24-well microchemotaxis chamber
(Millipore, Billerica, MA). Neutrophils (5x10° cells/well) were exposed to either 1 uM Cl-
IB-MECA or equivalent vehicle (0.01% DMSO) and were added to the upper wells of the
chamber, which were separated from the lower wells by a polycarbonate membrane (5 pm
pores). Serum-free RPMI media or RPMI media with 10% fetal bovine serum (FBS), a
known neutrophil chemoattractant [26], was added to the lower wells, and the cells were
incubated at 37°C for 4 hrs. Migrated cells were quantified by colorimetric absorbance
according to the manufacturer’s instructions. The chemotaxis index was calculated as
follows: absorbance of cells migrated in the presence of FBS divided by absorbance of cells
migrated in serum-free media.

Statistical Analysis

Independent, pairwise group comparisons of differences in measured results were performed
using ANOVA followed by the Students #test for unpaired data. Significance was defined as
p<0.05. All results are presented as mean + standard error of the mean.

Results

Pulmonary Dysfunction after IR is Attenuated by A3R Agonist

To determine the impact of selective A3R activation on lung function after IR, pulmonary
function and edema were assessed in mice after sham surgery or IR in the presence of
vehicle or CI-IB-MECA (100 pg/kg), a selective and potent AgR agonist. As expected, IR
resulted in significant pulmonary dysfunction in WT mice that received vehicle as measured
by decreased compliance, increased pulmonary artery pressure, increased mean airway
pressure, and increased edema (wet/dry weight) (Table 1). CI-IB-MECA treatment
significantly improved pulmonary function after IR in WT mice as demonstrated by
increased compliance, decreased pulmonary artery pressure, decreased mean airway
pressure, and decreased edema. Lung dysfunction after IR in AzR—/— mice was similar to
WT mice after IR, and CI-IB-MECA had no protective effects in AsR-/- mice after IR
(Table 1). WT and AsR—/- sham animals demonstrated no significant differences in lung
function or wet/dry weight (data not shown).

A3R Agonist Decreases Inflammation after IR

To determine the degree of inflammation after IR, proinflammatory cytokines (IL-6, CXCL1
and CCL2) and myeloperoxidase in BAL fluid were measured in mice after sham surgery or
IR in the presence of CI-IB-MECA (100 pg/kg) or vehicle. Myeloperoxidase was measured
in BAL fluid as an indicator of neutrophil infiltration into alveolar airspaces. The levels of
IL-6, CXCL1, CCL2 and myeloperoxidase were all significantly increased in WT lungs
after IR compared to sham (Table 1). CI-IB-MECA treatment resulted in significantly
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reduced levels of proinflammatory cytokines and myeloperoxidase in WT but not AzR—/
—mice (Table 1). WT and A3zR-/- sham animals demonstrated no significant differences in
proinflammatory cytokine and myeloperoxidase levels (data not shown).

A3R Agonist Decreases Neutrophil Infiltration after IR

To directly measure pulmonary neutrophil infiltration, neutrophils were quantified, via
immunohistochemistry, in lung sections from WT mice after sham surgery or IR and treated
with CI-1IB-MECA (100 pg/kg) or vehicle. As expected, neutrophil infiltration (mean
number of neutrophils per high-powered field) was significantly increased in WT mice after
IR compared to sham. Cl-IB-MECA treatment significantly decreased neutrophil infiltration
after IR (Figure 1). This suggests that the protection from lung IR injury by CI-IB-MECA
may involve a neutrophil-dependent mechanism.

A3R Agonist Attenuates Neutrophil Activation after Hypoxia-Reoxygenation (HR)

To determine the effect of AgR agonism specifically on neutrophil activation, isolated
neutrophils were incubated for 30 min in the presence of CI-IB-MECA (1 uM) or vehicle
and then exposed to either normoxia (4 hrs) or HR (3 hrs-1 hr). HR is used as an /n vitro
model of pulmonary IR as previously described [25]. Measurement of myeloperoxidase, a
peroxidase enzyme abundantly present in neutrophil granules, in the culture supernatant was
used as an indication of neutrophil activation [27]. As expected, release of myeloperoxidase
was significantly increased after HR (Figure 2) indicating activation. CI-IB-MECA
treatment prevented myeloperoxidase release by WT neutrophils, but not AsR—/-
neutrophils, after HR (Figure 2). This finding suggests that AsR agonism has a direct effect
on neutrophils and limits their activation in response to HR.

A3R Agonist Attenuates Neutrophil Chemotaxis

Comment

To determine the effect of AgR agonism on neutrophil chemotaxis, a trans-well migration
assay was performed on isolated neutrophils from WT mice. Neutrophils were incubated for
30 min in the presence of CI-IB-MECA (1 pM) or equivalent vehicle and were then exposed
to either media or media containing 10% FBS (a known neutrophil chemoattractant) in the
lower well and incubated for an additional 4 hrs. Migration (chemotaxis) was then
quantified and expressed as a chemotaxis index as described in the Materials and Methods.
As expected, FBS exposure increased neutrophil chemotaxis over 2-fold, which was
significantly attenuated by CI-1B-MECA (Figure 3). This demonstrates a direct effect of
Ag3R agonism on neutrophil chemotaxis.

This study used both an /n vivo model of mouse lung IR injury and /n vitro experiments with
purified mouse neutrophils to demonstrate that selective activation of AgR, via CI-IB-
MECA, decreases lung dysfunction and inflammation after IR. The results further suggest
that the anti-inflammatory actions of Cl-IB-MECA are mediated, at least in part, through
direct effects on neutrophils. Lung IR injury involves multiple pathways such as innate
immune responses, generation of reactive oxygen species, cytokines, neutrophil infiltration,
and cell death [2]. Neutrophils are known to infiltrate the transplanted lung after reperfusion
and directly contribute to injury [1]. Several studies, including our own, suggest that lung IR
injury involves innate immune responses such as early activation of invariant NKT cells and
macrophages, which contribute to neutrophil infiltration and subsequent neutrophil-
dependent injury [24, 28, 29]. Neutrophils are also known to mediate changes in endothelial
and epithelial permeability in the lung after IR, and their infiltration into the lung correlates
with poor lung oxygenation and lung function [4].
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It is well established that adenosine potently inhibits neutrophil superoxide production,
adhesion and chemotaxis, and production of proinflammatory mediators [6, 30, 31]. To date,
most research on the role of adenosine signaling in inflammation has focused on the
protective role of the A,aR activation. However, the role of AgR in inflammatory states
such as IR is not well understood. Proinflammatory properties of the A3R have been
demonstrated in a sepsis model that showed decreased neutrophil migration in AgR—/— mice
[13]. In addition, a 2006 study reported that neutrophils rapidly hydrolyze released ATP to
adenosine that subsequently acts via AzR recruited to the leading edge of the cell to promote
neutrophil migration [32]. In contrast, the present study demonstrates that specific AzR
activation decreases neutrophil activation and chemotaxis both /n vivoand in vitro.

Our results show that activation of AR via Cl-IB-MECA significantly attenuates lung
dysfunction, pulmonary edema and production of key pro-inflammatory cytokines (IL-6,
CCL2 and CXCL1) after IR. In addition, neutrophil activation and infiltration in lungs were
attenuated by CI-IB-MECA after IR as shown by reduced myeloperoxidase levels as well as
direct numbers of neutrophils by immunohistochemistry. Finally, /n vitro experiments
demonstrated that CI-IB-MECA attenuated the release of myeloperoxidase by primary
neutrophils after hypoxia-reoxygenation and attenuated neutrophil chemotaxis. Several
recent studies support our results. Using a lipopolysaccharide model of lung inflammation,
Wagner ef al. demonstrated conserved lung histology and reduced neutrophil infiltration in
mice pretreated with CI-IB-MECA [20]. Similarly, in a feline model of lung IR injury, Rivo
et al. have shown conserved lung function with selective AgR activation [20]. In addition,
van der Hoeven et al. found that AgR activation suppressed superoxide production and
chemotaxis of mouse neutrophils [16]. Therefore, while our results have precedent in the
literature, we know of no previous study that has combined both /n vivoand in vitro
experiments to demonstrate conserved lung function and decreased neutrophil activation and
chemotaxis in an IR model. These results help clarify the enigmatic role of AzR in
inflammatory states and suggest that AzR agonism may be a novel therapeutic strategy to
prevent lung IR injury after transplantation.

The fact that the AsR—/— mice did not have a more severe degree of lung IR injury than WT
mice, as might be expected, could be due to several reasons. First, adenosine can act on all
four adenosine receptors which could have synergistic or antagonistic effects. The
pharmacology of adenosine receptor signaling is complex, and the role of these individual
receptors can be pro-inflammatory or anti-inflammatory. Hence, in AsR—/- mice, adenosine
could still exert an overall anti-inflammatory effect via binding to other adenosine receptors
such as AoaR, thereby preventing an enhancement of lung injury after IR. Second, the
downstream adenosine receptor signaling cascades that occur in A3R—/— mice remain
unknown. It is possible that the crosstalk between the various adenosine receptor signaling
pathways have been altered in AgR-/- mice. Importantly, however, the present study
demonstrated that the specific activation of AsR by CI-IB-MECA in WT mice, but not AgR
—/- mice, resulted in significant protection from lung injury and dysfunction after IR, which
demonstrates the specificity of the agonist and the lack of non-specific effects of CI-IB-
MECA.

One limitation of the current study is that, although the /n vivo quantification of neutrophil
numbers and myeloperoxidase levels accurately represent neutrophil infiltration after IR, we
cannot conclude based solely on these results that the action of CI-IB-MECA is directly on
neutrophils. However, the results from the /n vitro experiments suggest that the protective
effects of CI-IB-MECA are due, at least in part, to direct effects on neutrophils. Regarding
the AzR-/- mice, the effects of genetic knockout of A3R on the expression of other
adenosine receptors must be considered. However, the density of A1R and A AR subtypes
was previously shown to be unchanged in the AsR—/- mice compared to WT mice [18].
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conclusion, the present study demonstrates that selective activation of AzR by CI-IB-
ECA attenuates lung dysfunction, inflammation, and neutrophil infiltration after IR in WT

but not AsR—/- mice. Furthermore, /n vivo and in vitro results suggest that the protective
effects of CI-IB-MECA are due, at least in part, to the direct prevention of neutrophil

ac

tivation and chemotaxis. Therefore, the use of AgR agonists to target neutrophils may be a

novel therapeutic strategy to prevent IR injury and primary graft dysfunction after lung
transplantation.
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Figure 1.

Pulmonary neutrophil infiltration after IR is attenuated by AzR agonism. WT lungs that
underwent sham surgery or IR in the presence or absence of CI-IB-MECA (MECA, 100 pg/
kg) were fixed and sectioned. Immunostaining for neutrophils (pink color in representative
images in panel A) was performed, and the average number of neutrophils per high-powered
field (neutrophils/HPF) is shown in panel B. *p<0.05 vs. Sham, #p<0.05 vs. IR (n=4-6/
group). Scale bar = 100 pum.
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Figure 2.

AsR agonism decreased activation of neutrophils from WT, but not AsR—/—, mice after
hypoxia-reoxygenation. Myeloperoxidase in cell culture supernatant was measured after
primary neutrophils from WT or AgR-/- mice were incubated in the presence of CI-IB-
MECA (MECA, 1 uM) or vehicle, and underwent 4 hrs of normoxia (Norm) or 3 hrs
hypoxia and 1 hr reoxygenation (HR). *p<0.05 vs. Norm, #p<0.05 vs. HR (n=8/group).
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Figure 3.

A3R agonism attenuated neutrophil chemotaxis 77 vitro. Neutrophils from WT mice were
added to the upper wells of a trans-well migration assay, incubated with CI-IB-MECA
(MECA, 1 pM) or vehicle, and then exposed to media or media with 10% fetal bovine serum
(FBS) in the lower wells. After incubating for 4 hrs at 37°C, trans-migrated cells were
quantified and presented as a chemotaxis index. *p<0.05 vs. media + vehicle, #p<0.05 vs.
10% FBS + vehicle (n=8/group).
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