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I. Abstract 
 
Lung transplantation has advanced dramatically since its inception in 1963, but still lags 

behind other solid organs in terms of donor organ utilization and transplant success rates. 

Increased use of available donor lungs, development of noninvasive techniques for early 

diagnosis of primary graft dysfunction (PGD), and the design of therapies to attenuate ischemia-

reperfusion injury (IRI) are needed to improve the rates and outcomes of lung transplantation.   

My graduate research entailed various projects that addressed three critical areas of lung 

transplantation. I first focused on the role of ex vivo lung perfusion (EVLP) as a platform to 

assess the effects of cold and warm ischemia on allograft function. High rates of lung IRI and 

PGD after transplantation of marginal donor lungs leads to poor outcomes and thus a reluctance 

among transplant centers to utilize these available organs. Using a preclinical porcine model of 

lung transplantation, we demonstrated that marginal donor lungs (procured after circulatory 

death) exposed to 6 hours of cold ischemia after EVLP can still be successfully transplanted. 

These findings suggest that organ allocation can be improved without compromising allograft 

function using a strategy that combines ex vivo assessment and rehabilitation with cold 

preservation. Another project that I completed explored the effect of increasing warm ischemia 

time (WIT) on allograft function and demonstrated that longer WIT does not predict worse lung 

function when lungs are assessed on EVLP. Expanding acceptable WIT after circulatory death 

may eventually allow for inclusion of uncontrolled donation after circulatory death (DCD) lungs 

(lungs procured from unplanned donors) in procurement protocols. 

Considering that IRI leads to PGD and early morbidity and mortality after lung 

transplantation, I next explored mechanisms by which in vivo leukocyte labeling could be used to 

noninvasively image cell-type specific lung inflammation, thus improving and expediting 
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diagnosis.  Polymorphonuclear leukocytes (PMNs) traffic to the lungs early during acute lung 

injury, infiltrate in abundance, and are known to express high levels of formyl peptide receptor 1 

(FPR1), which aids in chemotaxis. Thus, we established a diagnosis technique utilizing a FPR1 

peptide ligand conjugated with technetium-99m (99mTc-cFLFLF) and single-photon emission 

computed tomography (SPECT) that enabled quantifiable, noninvasive imaging diagnosis of 

lung IRI and allowed for monitoring of injury resolution over time.  

Finally, I turned my attention to molecular targets to attenuate lung IRI. We first 

demonstrated that enhanced EVLP supplemented with an adenosine A2B receptor antagonist 

could rehabilitate injured DCD lungs and attenuate post-transplant IRI, thus allowing for 

successful transplantation. Second, we identified transient receptor potential vanilloid 4 (TRPV4) 

cation channels as important regulators of endothelial cell permeability and epithelial cell 

activation during lung IRI and demonstrated that antagonism of TRPV4 may be a promising 

therapy to attenuate lung IRI. Finally, I focused on the role of pannexin 1 (Panx1) channels in 

lung IRI.  We established endothelial cell Panx1 as an important mediator of vascular 

permeability, pulmonary edema accumulation, and leukocyte infiltration, and we demonstrated 

that Panx1 inhibitors attenuate IRI and edema and may be another novel therapeutic strategy to 

improve outcomes after lung transplantation. 

 Collectively, the work presented here challenges the status quo regarding lung 

transplantation.  Utilization of EVLP to assess and rehabilitate marginal donor lungs, earlier 

diagnosis of lung IRI via noninvasive 99mTc-cFLFLF SPECT imaging, and the use of novel 

pharmacologic therapies to attenuate lung IRI may improve outcomes for lung transplant 

patients. 
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II. Introduction 
 

Lung Transplant Overview and Current Limitations 
 
 Lung transplantation is a life-saving operation for patients with end-stage pulmonary 

disease who have failed conservative medical management. [1] Over the past 10 years, lung 

transplant volume in the United States increased by 66%, from 1,405 transplants in 2006, to 

2,327 transplants in 2016. Unfortunately, wait list additions have increased at a similar rate, with 

2,789 new registrations in 2016. [2] As a result of the supply-demand mismatch, wait list 

mortality remains high, ranging from 5-25 deaths per 100 waitlist years depending on lung 

disease diagnosis. [3] For patients who are fortunate enough to receive a transplant, 5-year 

unadjusted overall survival is only 55%. [3, 4] Compared with other types of solid organ 

transplantation, lung transplantation has the lowest median survival (Figure 1). [3-5] Despite 

these shortcomings, more lung transplant recipients are alive in the US (11,486 as of June 2014) 

than at any other time since the inception of lung transplantation in 1963. [4] 

 

Figure 1: Waitlist and transplant median survival for solid organ transplants in the United States. 
Data adapted from Rana A et al. [5] 
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 Many efforts have been made to increase the number of successful lung transplants 

performed, including the use of marginal donor lungs (such as donation after circulatory death 

[DCD] lungs), the adoption of ex vivo lung perfusion (EVLP) as a platform to assess donor lung 

quality and potentially rehabilitate injured lungs, and the identification of pharmacologic targets 

to attenuate lung IRI and block rejection. Additionally, efforts have been made to incorporate the 

use of veno-venous extracorporeal membrane oxygenation (ECMO) and lung protective 

ventilation strategies to support patients through the immediate postoperative period after lung 

transplantation.   

EVLP allows for the assessment and possible rehabilitation of donor lungs by providing 

physiologic preservation outside of the body prior to transplant. [6] Most lung transplants are 

performed with organs from heart-beating, brain-dead donors (donation after brain death 

[DBD]), which allows for minimization of both cold and warm ischemic times. [7] Use of non-

heart-beating, DCD lungs is much less common due to higher rates of ischemia-reperfusion 

injury (IRI) and primary graft dysfunction (PGD). As the supply of traditional DBD lungs 

remains stagnant and wait list mortality continues to rise, DCD lungs have become an important 

source of additional organs. [3] Studies to date suggest that outcomes with Maastricht category 

III DCD lungs (i.e. in-hospital patients awaiting cardiac arrest) are similar to outcomes with 

DBD lungs. [8-10] Even with inclusion of DCD lungs in transplant protocols, overall utilization 

remains low, and the supply of acceptable organs has not fulfilled the ever-increasing demand. 

[11, 12]  

 Currently, DCD lungs are used in less than 2% of lung transplants per year due to the 

increased risk of PGD. [3] PGD, which typically results from severe IRI, is a clinical diagnosis 

that describes acute lung injury that occurs within the early postoperative period (72 hours) after 
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lung transplantation and is characterized by reduced oxygenation capacity and progressive lung 

failure.[13] PGD occurs in up to 30% of patients and is the leading cause of early morbidity and 

mortality.[13-15] Rates of late organ failure (bronchiolitis obliterans and chronic rejection) are 

also significantly higher in patients diagnosed with PGD.[16] The use of EVLP prior to 

transplantation may help alleviate the resultant IRI and lower the incidence of PGD. [17] Thus, 

one focus of my graduate research was to determine if EVLP could be used to perform marginal 

donor lung assessment followed by targeted therapeutic rehabilitation, allowing for successful 

transplantation of otherwise unacceptable lungs.  

The International Society for Heart and Lung Transplantation grading system for severity 

of PGD uses the allograft’s oxygenation capacity (ratio of partial pressure of oxygen in arterial 

blood to the fraction of inspired oxygen [PaO2/FiO2]) and the presence of infiltrates on chest 

radiograph, both of which are general markers of lung dysfunction. [14] There are no clinically 

available methods for in vivo leukocyte labeling that can identify and noninvasively image cell-

type specific inflammation after lung transplantation.[18] This inability to diagnose IRI early 

may contribute to high rates of morbidity and mortality. Strategies are needed that allow for 

more accurate diagnosis, earlier initiation of targeted treatment strategies, and an ability to 

monitor resolution of injury over time. Thus, a second focus of my graduate research was the use 

of an in vivo leukocyte labeling method to develop a noninvasive diagnostic technique utilizing 

SPECT imaging. 

 

Ischemia-Reperfusion Injury 

 The underlying pathophysiology responsible for PGD is post-transplant IRI. [19] Lung 

IRI involves resident alveolar macrophage activation, neutrophil infiltration, endothelial cell 
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disruption, alveolar epithelial cell apoptosis, and activation of invariant natural killer T-cells 

(Figure 2). [20-25] The initial ischemic insult results in hypoxia and cessation of cyclic 

mechanotransduction, causing vascular endothelial cells and resident alveolar macrophages to 

generate reactive oxygen species (ROS) and proinflammatory cytokines. [26] IL-8, IL-12, IL-17, 

IL-18, and TNF-α, as well as damage associated molecular pattern (DAMP) molecules (e.g. 

HMGB1 and extracellular ATP) are generated, along with activation of multiple inflammatory 

signaling pathways involving calcium/calmodulin-dependent nitric oxide synthase (NOS), 

NADPH oxidase, and nuclear factor-kappa B (NF-κB). [22, 26-32] Expression of endothelial cell 

adhesion molecules is up-regulated, leading to leukocyte attraction and migration into the 

interstitium upon reperfusion and perpetuation of further tissue damage. [33]  

                       

Figure 2: Mechanisms of lung ischemia-reperfusion injury as illustrated by de Perrot M et al. 
[28] Ischemia results in macrophage activation, followed by reperfusion which activates T-cells 
and neutrophils, with all involved cell types contributing to lung tissue damage. 
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When reperfusion occurs, the initial injury caused by ischemia is amplified as a result of 

significant ROS production.  The oxidative stress caused by reperfusion leads to gene 

transcription and increased translation of cell-surface adhesion proteins.  Neutrophil activation 

and sequestration in the lung leads to additional ROS production and positive feedback on the 

entire lung IRI mechanism.  Neutrophils are a key component of the lung tissue damage that 

occurs.  When activated, neutrophils release proinflammatory cytokines, ROS, chemoattractants 

for other inflammatory cells, proteases, and elastase.  

Clinically, lung IRI is characterized by increased vascular permeability and resistance, 

accumulation of pulmonary edema, poor gas exchange, reduced oxygenation capacity, and 

increased pulmonary artery (PA) pressure. [26] Impaired oxygenation and radiographic evidence 

of pulmonary edema occurs in up to 50% of lung transplant patients, illustrating the frequency 

with which lung IRI occurs. [34] When these physiologic changes occur within 72 hours post-

transplant (definition of PGD), the 30-day rate of all-cause mortality is 63%, compared with 8% 

for patients without PGD (relative risk 7.15). [34] Lung IRI has a significant impact on lung 

transplant outcomes thus highlighting the need for improved diagnosis techniques and treatment 

strategies. Therefore, another focus of my research was to identify novel molecular targets to 

attenuate lung IRI, reduce the incidence of PGD, and improve allograft function. 

 

Ex vivo lung perfusion (EVLP) 

 In contrast to standard cold preservation of lungs after procurement, EVLP is a technique 

used to maintain lungs in a normothermic, physiologic state prior to transplantation. [35] Lung 

tissue remains metabolically active and viable while on EVLP, allowing for functional 

assessments and reconditioning.  The main objectives of EVLP are to reduce pulmonary edema 
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by perfusing the lungs with high oncotic solutions, remove donor leukocytes that contribute to 

post-transplant inflammation, and improve ventilation/perfusion matching with lung recruitment 

ventilation strategies. [35] Additional treatments that can be delivered during EVLP are being 

investigated, such as IL-10 gene therapy, beta-adrenoreceptor agonist inhalation, and the delivery 

of high-dose anti-infective agents. [17, 36, 37] The true promise of EVLP is in developing 

methods to rehabilitate damaged organs back to a physiologic state where they can be 

successfully transplanted.  

 

Imaging Methods to Diagnose Lung Injury 

 While the goal of EVLP is to recondition damaged organs and allow for successful 

transplantation, the occurrence of some degree of IRI is inevitable with the use of marginal 

organs.  Methods to accurately diagnose IRI early after transplantation are needed so that 

treatments can be initiated, thus preventing the progression to PGD. Current imaging modalities 

(plan radiographs, computed tomography [CT] scans, and magnetic resonance imaging [MRI]) 

are important for diagnosing lung diseases by providing complementary anatomic and structural 

data to physical exam findings and laboratory blood results, however they are non-specific and 

often do not allow for the discrimination between various diseases.  Novel molecular imaging 

methods are needed that would permit early, cell-type specific diagnoses.  When paired with in 

vivo leukocyte labeling, nuclear imaging modalities such as single-photon computed tomography 

(SPECT) and positron emission tomography (PET) have high sensitivity and resolution and may 

allow for more accurate diagnosis of lung diseases, such as IRI after lung transplantation. 
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Research Objectives 

 The research presented here aims to address three key areas of lung transplantation: 

marginal donor lung utilization, early and accurate diagnosis techniques for lung IRI, and 

pharmacologic therapies for attenuation of lung IRI. The first focus of study was to evaluate the 

role of EVLP as a platform to assess the effects of cold and warm ischemia on allograft function. 

Specifically, we tested the hypothesis that marginal donor lungs exposed to 6 hours of cold 

ischemia after EVLP can still be successfully transplanted. This would open the door for 

expanding the concept of EVLP centers, where marginal donor organs would arrive to be 

reconditioned with EVLP, preserved cold, and then distributed regionally or even nationwide to 

the most appropriate recipient.  Additionally, we sought to evaluate the impact of increasing 

warm ischemia time after circulatory death on allograft function to determine if current 

guidelines for transplant acceptability after EVLP are appropriate.  Acceptable warm ischemia 

time criteria may be too stringent thus limiting the utilization of marginal donor lungs. 

 The second focus of study was to develop a noninvasive method to diagnosis lung IRI 

early with cell-type specific molecular imaging. Patients with lung IRI that classifies as PGD 

have significantly higher mortality rates compared with patients without lung IRI. Considering 

that PMNs are an important contributor to acute lung injury and are responsible for lung tissue 

damage, we focused on FPR1, a chemotactic cell-surface receptor upregulated on activated 

neutrophils. Thus we tested the hypothesis that 99mTc-cFLFLF, which binds to FPR1 on activated 

neutrophils, could serve as a cell-specific molecular probe to noninvasively diagnose and 

monitor lung IRI via SPECT imaging. 

 The third focus of study sought to identify novel mechanisms of lung IRI that would lead 

to novel pharmacologic targets that attenuate lung IRI.  To this end we hypothesized that 
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adenosine A2B receptor (A2BR), pannexin 1 (Panx1) channels, and transient receptor potential 

vanilloid 4 (TRPV4) channels all significantly contribute to lung IRI and that antagonism of 

these membrane molecules would attenuate lung IRI. We first explored a strategy of ex vivo 

treatment of marginal donor lungs utilizing ATL802, an A2BR antagonist, to enhance the 

rehabilitative capacity of EVLP. Next, we identified TRPV4 cation channels as important 

regulators of endothelial cell permeability and epithelial cell activation and demonstrated that 

administration of GSK2193874, a TRPV4 specific antagonist, mitigates lung dysfunction and 

edema accumulation in a murine model of lung IRI.  Lastly, we evaluated the contribution of 

endothelial cell Panx1 channels in the development of lung IRI and demonstrated that 

pharmacologic inhibition of Panx1 with probenecid or carbenoxolone is protective to lungs after 

IR.  

 Collectively, the presented research provides a comprehensive approach to improve the 

understanding, diagnosis, and treatment of lung IRI. Incorporation of EVLP, cell-specific 

molecular imaging modalities, and novel pharmacologic therapies may lead to a reduction in the 

incidence and severity of lung IRI and an improvement in lung transplant outcomes. 
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III. Lung Allograft Assessment with Ex Vivo Lung Perfusion (EVLP) 

 
 

EVLP as a platform to assess and recondition donation after circulatory death (DCD) lungs is 

investigated, with specific attention to the effects of cold ischemia after EVLP and increasing 

warm ischemia time prior to EVLP on allograft function. 
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Abstract 
 
 
Background: Despite the critical need for donor lungs, logistical and geographical barriers 

hinder lung utilization.  We hypothesized that donation after circulatory death (DCD) lungs 

subjected to 6-hours of cold preservation after ex vivo lung perfusion (EVLP) would have similar 

outcomes after transplantation compared to lungs transplanted immediately after EVLP, and both 

would perform superiorly compared with lungs transplanted immediately after procurement. 

Methods: Donor porcine lungs were procured after circulatory death and 15-minutes of warm 

ischemia.  Three groups (n=5/group) were randomized: immediate left lung transplantation 

(Immediate), EVLP for 4-hours followed by transplantation (EVLP), or EVLP for 4-hours 

followed by 6-hours of cold preservation followed by transplantation (EVLP+Cold).  Lungs were 

reperfused for 2-hours prior to obtaining pulmonary vein samples for PaO2/FiO2 calculations, 

airway pressures for compliance measurements, and wet/dry weight ratios. 

Results: PaO2/FiO2 ratios in EVLP and EVLP+Cold groups were significantly improved 

compared with the Immediate group (429.7±51.8 and 436.7±48.2 versus 117.4±22.9 mmHg, 

respectively).  Additionally, dynamic compliance was significantly improved in the EVLP and 

EVLP+Cold groups compared to Immediate group (26.2±4.2 and 27.9±3.5 versus 11.1±2.4 

mL/cmH2O, respectively).  There were no differences in oxygenation capacity or dynamic 

compliance between EVLP and EVLP+Cold groups.  Inflammatory cytokine levels were 

significantly lower in EVLP and EVLP+Cold groups. 

Conclusions: DCD lungs can be successfully transplanted up to 6-hours after EVLP.  Cold 

preservation of lungs following ex vivo assessment and rehabilitation may improve organ 

allocation, even to distant recipients, without compromising allograft function. 
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Introduction 

Lung transplantation remains the standard of treatment for end-stage pulmonary disease. 

[1] The number of transplants performed per year has increased over the past 10-years; 

unfortunately the waiting list has increased more rapidly. [3] Recent modifications have been 

made in the allocation scoring system [3], as well as improvements in the use of donation after 

circulatory death (DCD) organs [10], ex vivo lung perfusion (EVLP) [38, 39], and drug-directed 

lung rehabilitation. [40, 41] Due to the risk of primary graft dysfunction, criteria for procurement 

are conservative and surgeons are reluctant to transplant marginal lungs. [19] Increasing the 

availability of donor lungs and improving organ assessment may allow more lung transplants to 

occur. [17]  

The use of DCD organs has become more common, but constitutes only a fraction of all 

transplants. [42] Lungs are utilized from eligible multi-organ donors only 15-20% of the time, 

and few DCD lungs are procured and transplanted (< 2% of all lung transplants). [3] According 

to the United Network of Organ Sharing, organs were procured and transplanted from 1205 DCD 

donors in 2013, mostly organs other than lungs. [43] If lungs were utilized from the same 

number of DCD donors, the number of lung transplants per year could increase by 50% (based 

on data from the U.S. Department of Health and Human Services Organ Procurement and 

Transplantation Network which lists 2,057 as the number of lung transplants performed in the 

U.S. in 2015). [44] Using EVLP as a platform for assessment and rehabilitation allows for 

procurement of lungs that would otherwise be rejected.  Allocation to the most suitable recipient, 

either local or distant, can occur after a determination of quality has occurred.  Increasing the 

number of donor lungs that are procured and assessed with EVLP may increase the number of 

lung transplants performed each year, leading to a decrease in wait list times and mortality.  
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The purpose of the current study was to determine the effect of prolonged cold 

preservation after EVLP rehabilitation of DCD lungs on outcomes after transplantation, using a 

porcine model.  We hypothesized that lungs undergoing 6-hours of cold preservation after EVLP 

would have similar outcomes after transplantation compared to lungs transplanted immediately 

after EVLP, and both would perform superiorly compared with DCD lungs transplanted 

immediately after procurement.  An additional period of 6-hours of cold preservation would 

allow for lung allocation to a recipient anywhere in the U.S. regardless of donor location.  At the 

completion of EVLP, the most suitable recipient would be identified and called in to their local 

hospital for transplant preparation, while the organ is packaged cold and transported from the 

EVLP center to the recipient hospital.  

 

Materials and Methods 

Animals and Study Groups 

This study complied with the 1996 Guide for the Care and Use of Laboratory Animals as 

recommended by the U.S. National Institutes of Health.  The University of Virginia Animal Care 

and Use Committee approved the study protocol and all animals received humane care. 

Mature domestic swine of both sexes (25-41 kg) were randomized to three groups 

(n=5/group) to reflect three unique transplant scenarios.  All donor swine underwent hypoxic 

cardiac arrest, followed by 15-minutes of warm ischemia prior to cold preservation flush and 

procurement.  For Immediate group, donor lungs were procured, maintained cold during back-

table preparation of the left lung, and transplanted into size-matched recipients.  The Immediate 

group served as the non-EVLP control group.  For EVLP group, lungs were procured and 

underwent 4-hours of EVLP, followed by back-table left-lung preparation and transplantation.  
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The third group, EVLP+Cold, underwent procurement and 4-hours of EVLP, followed by 6-

hours of 4°C cold preservation.  The left lung was then prepared and transplanted.  All recipient 

animals underwent 2-hours of in vivo reperfusion. 

 

Donor Lung Procurement  

Donor lungs were procured using a standard protocol as previously described. [45] Swine 

were anesthetized with ketamine (50 mg/kg) and xylazine (5 mg/kg), intubated, and ventilated.  

General anesthesia was maintained with 3% isoflurane and 100% fraction of inspired oxygen 

(FiO2).  Animals were ventilated with a tidal volume of 8 mL/kg, respiratory rate 15-20 

breaths/minute, and positive end-expiratory pressure 5.0 cmH2O.  After 10-minutes of 

oxygenation, initial donor arterial blood gas measurement was performed.  Systemic heparin was 

not administered to donor animals.  All swine had continuous electrocardiogram monitoring.  

The endotracheal tube was subsequently clamped and the animal was euthanized by hypoxic 

cardiac arrest.  Prior to initiation of the procurement operation, all animals underwent 15-minutes 

of warm ischemia from the time asystole was noted on the monitor and confirmed by the absence 

of auscultatory heart tones.  Ventilation with 100% FiO2 was resumed for the final 5-minutes of 

the warm ischemia period.  A median sternotomy was performed, followed by pericardiotomy.  

A cardioplegia cannula (Terumo Heart Inc., Ann Arbor, MI) was placed into the main pulmonary 

artery (PA) and 500 µg of Prostaglandin-E1 (Pfizer Inc., New York, NY) was injected.  The left 

atrial (LA) appendage was incised and both vena cava were ligated.  Flush with 1.5 liters cold 

Perfadex® (XVIVO Perfusion Inc., Englewood, CO) supplemented with 15,000 IU of heparin 

(Hospira Inc., Lake Forest, IL) was performed.  The thoracic cavity was filled with ice slush.  At 

the completion of the flush, the trachea was clamped and the heart and lungs explanted. 
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 The heart was removed, leaving a generous LA cuff.  For Immediate group, lungs were 

separated and back-table preparation of the left bronchus, PA, and LA cuff was completed.  

Flush was performed retrograde with cold Perfadex (500 mL) supplemented with heparin to 

remove additional blood clots.  For EVLP and EVLP+Cold groups, preparation of the trachea, 

main PA, and LA cuff was completed to allow for EVLP. 

 

EVLP 

 EVLP was performed for groups EVLP and EVLP+Cold. [46, 47] A green cannula 

(XVIVO Perfusion Inc., Englewood, CO) was sewn to the LA cuff, a yellow cannula (XVIVO 

Perfusion Inc., Englewood, CO) was secured within the main PA, and 7-0 endotracheal tube was 

secured within the trachea.  Retrograde flush was performed using cold Perfadex (500 mL). 

 The EVLP circuit was assembled as previously described [38] with use of a perfusion 

reservoir, heat exchanger, and pump, and primed with Steen Solution™ (XVIVO Perfusion Inc, 

Englewood, CO) supplemented with 500 mg cefazolin (APP Pharmaceuticals, Schaumburg, IL), 

500 mg methylprednisolone (Pfizer Inc., New York, NY), and 10,000 IU heparin.  Flow was 

initiated through the lungs at 0.2 mL/min.  LA pressure was maintained between 0 and 5 mmHg.  

The Steen was warmed to 37°C, flow was slowly titrated up to 40% of estimated cardiac output 

(100 mL/kg donor body weight), and ventilation with room air was initiated when the perfusate 

reached 32°C (tidal volume 8 mL/kg, respiratory rate 8 breaths/minute, positive end-expiratory 

pressure 5.0 cm H2O).  The perfusate was deoxygenated using a tri-gas mixture (86% nitrogen, 

8% carbon dioxide, 6% oxygen).  Normothermic EVLP was performed continuously for 4-hours.  

Every hour, following a 15-minute challenge period with 100% FiO2, perfusate samples were 

collected from the PA and LA to measure the partial pressure of oxygen (PaO2) and mean, peak, 
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and plateau airway pressures were recorded.  At completion of EVLP, lungs were flushed 

anterograde with cold Perfadex (500 mL) and back-table preparation of the left lung was 

completed. 

 

Left Lung Transplantation 

 Left lung transplantation was performed as previously described. [40] Recipient animals 

were anesthetized and prepped for left lateral thoracotomy.  PA and arterial catheters were 

placed.  Lidocaine (50 mg) and heparin (5000 IU) were administered and left pneumonectomy 

was performed.  The donor lung was transplanted into the recipient as follows: end-to-end 

bronchial anastomosis, end-to-end PA anastomosis, and LA cuff to recipient LA appendage, all 

with running Prolene sutures (Ethicon Inc., Somerville, NJ).  The transplanted lung was 

reperfused and ventilated.   

 

Reperfusion Period 

Lungs were reperfused in vivo for 2-hours.  Systemic arterial blood gas analysis and 

airway pressure measurements were performed every 30-minutes, preceded by low-pressure lung 

recruitment.  Normal saline, epinephrine, and sodium bicarbonate were administered as 

necessary.  After the 2-hour reperfusion period, samples were obtained directly from the left 

pulmonary veins allowing for assessment of left lung oxygenation capacity.  The donor lung was 

explanted and the recipient animal euthanized. 

 

 

 



	
   21	
  

Tissue Cytokines 

 Two tissue samples were obtained from the lower lobe after explantation, flash frozen, 

and stored at -80°C.  Samples were homogenized with use of FastPrep®-24 (MP Biomedicals, 

Santa Ana, CA).  Determination of total protein concentration was performed using a 

bicinchoninic acid protein assay (Pierce, Rockford, IL).  Samples were diluted to equal protein 

concentrations (50 µg/mL) and a commercially available porcine multiplex immunoassay kit 

(EMD Millipore, Billerica, MA) was used to quantify proinflammatory cytokine concentrations.  

 

Pulmonary Edema  

 Fresh tissue samples were obtained after explantation (one from the upper lobe, two from 

the lower lobe) and weighed.  Samples were placed in a vacuum oven until a stable weight was 

obtained.  Wet/dry weight ratios were calculated as an indication of pulmonary edema. 

 

Histologic Lung Injury  

 After fresh tissue sampling, the airways of the lower lobe were filled with 10% buffered 

formalin and the lung was submerged in formalin for 24-hours.  Four samples of peripheral lung 

tissue were collected, paraffin-embedded, sectioned, and hematoxylin-eosin stained.  A blinded 

pathologist reviewed all four slides per animal and scored each slide on a scale from 0-9 to 

determine a lung injury severity score.  The histopathology score was based on the following 

three components as previously described [38]: polymorphonuclear cells per 40X high-powered 

field, alveolar edema, and interstitial inflammation (Table 1). 
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Table 1: Lung Injury Severity Score 
 
 Lung Injury Severity Score 
 0 1 2 3 
PMNs/HPF < 5 6-10 11-20 > 20 
Alveolar Edema < 5% 6-25% 26-50% > 50% 
Interstitial 
Inflammation 

None Minimal Moderate Severe 

PMNs/HPF, neutrophils per high-powered field 

 Additionally, two sections of tissue were assessed by immunohistochemistry staining of 

neutrophils. [48] Mouse monoclonal anti-porcine neutrophil antibody (MBA Biomedicals, 

Augst, Switzerland) was used as primary antibody and donkey anti-mouse IgG (Jackson 

ImmunoResearch Laboratories Inc., West Grove, PA) was used as secondary antibody.  An 

avidin-biotin complex was added and incubated at room temperature for 30-minutes. The 

immunoreactivity was visualized by incubating the sections with 3,3-diaminobenzidine 

tetrahydrochloride (Dako Inc., Carpinteria, CA) to produce a brown precipitate, and then 

counterstained with hematoxylin.  Five photographs at 40X magnification were taken from each 

of two sections per lung and the number of neutrophils counted by a blinded reviewer. 

 

Statistical Analysis 

 One-way analysis of variance was used to determine statistical significance between all 

three groups and adjusted with Tukey’s multiple comparisons correction.  Student’s t-test was 

used when comparing differences between two groups.  All statistical calculations were 

performed using Prism 6 (GraphPad Software Inc., La Jolla, CA).  Data were reported as mean ± 

standard error of the mean, with a p-value of 0.05. 
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Results 

Lung Function 

 Post-reperfusion lung function was significantly improved in both EVLP and 

EVLP+Cold groups compared with Immediate group (Figure 3).  Oxygenation was significantly 

higher (EVLP: 429.7±51.8, EVLP+Cold: 436.7±48.2 versus Immediate: 117.4±22.9 mmHg, 

p<0.001), as was dynamic compliance (EVLP: 26.2±4.2, EVLP+Cold: 27.9±3.5 versus 

Immediate: 11.1±2.4 mL/cmH2O, p<0.025).  No differences in either parameter were observed 

between groups EVLP and EVLP+Cold. 

 

Figure 3: (A) Final oxygenation (PaO2/FiO2) and (B) dynamic compliance at the completion of 
2-hours of reperfusion. EVLP, transplantation at the completion of EVLP; EVLP+Cold, 6-hours 
cold preservation after EVLP and prior to transplantation; Immediate, immediate transplantation 
without EVLP; PaO2/FiO2, partial pressure of oxygen/fraction of inspired oxygen. *p<0.001 
versus Immediate, #p<0.025 versus Immediate. 
 

 At the conclusion of EVLP, there were no differences in PaO2/FiO2 ratios (EVLP: 

529.3±24.8 versus EVLP+Cold: 480.9±16.0 mmHg, p=0.139) or dynamic compliance (EVLP: 

22.7±6.5 versus EVLP+Cold: 12.7±0.9 mL/cmH2O, p=0.164) (Figure 4).  During EVLP, 

oxygenation capacity of both EVLP (11.0±6.3%) and EVLP+Cold (8.5±5.6%) groups increased, 

while dynamic compliance increased in the EVLP group (14.8±11.0%), but decreased slightly in 

EVLP+Cold (-10.4±8.0%).  
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Figure 4: (A) Oxygenation (PaO2/FiO2) and (B) dynamic compliance recorded hourly during 
EVLP.  (C) Change in oxygenation and (D) dynamic compliance from start of EVLP to 
completion. EVLP, transplantation at the completion of EVLP; EVLP+Cold, 6-hours cold 
preservation after EVLP and prior to transplantation; PaO2/FiO2, partial pressure of 
oxygen/fraction of inspired oxygen. *p<0.05 
 

All donor animals had similar pre-hypoxia oxygenation levels (mean PaO2/FiO2: 

343.5±25.3 mmHg).  The mean time-to-death after clamping the endotracheal tube was 24.1±2.0 

minutes.  There were no differences between groups in both starting oxygenation level and time-

to-death.  Figure 5 shows mean PaO2/FiO2 ratios from the start of the experiment to conclusion 

of reperfusion.  The Immediate group decreased from a pre-hypoxia value of 315.3±45.7 mmHg 

to a post-reperfusion value of 117.4±22.9 mmHg, while the EVLP group increased from 
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292.6±44.1 mmHg to 429.7±51.8 mmHg and the EVLP+Cold group increased from 411.3±22.2 

mmHg to 436.7±48.2 mmHg. 

 

Figure 5: Oxygenation recorded at four time points: donor animal prior to hypoxia (Pre-
hypoxia), 1 hour into EVLP (1-hour EVLP), at the completion of EVLP (4-hour EVLP), and 
recipient after 2-hours of reperfusion (Post-Reperfusion). EVLP, transplantation at the 
completion of EVLP; EVLP+Cold, 6-hours cold preservation after EVLP and prior to 
transplantation; Immediate, immediate transplantation without EVLP; PaO2/FiO2, partial pressure 
of oxygen/fraction of inspired oxygen. *p<0.001 for groups EVLP and EVLP+Cold versus 
Immediate. 
 

Post-Reperfusion Cytokines 

 Groups EVLP and EVLP+Cold had consistently and significantly lower tissue levels of 

cytokines compared with Immediate group (Figure 6).  Significant differences were observed for 

interferon (IFN)-γ (EVLP: 322.0±109.5, EVLP+Cold: 94.0±20.3 versus Immediate: 646.0±61.1 

pg/mL, p<0.001), interleukin (IL)-1β (EVLP: 412.0±132.5, EVLP+Cold: 171.0±42.2 versus 

Immediate: 1193.0±127.5 pg/mL, p<0.001), and IL-18 (EVLP: 562.0±290.4, EVLP+Cold: 

43.0±13.0 versus Immediate: 2142±354.5 pg/mL, p<0.001).  The level of IL-6 in EVLP+Cold 
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group was significantly lower than Immediate group (EVLP+Cold: 212.0±69.7, Immediate: 

836.0±204.4 pg/mL, p=0.03) but the difference between EVLP and Immediate groups was not 

significant.  There were no significant differences in expression of IFN-γ, IL-1β, IL-6, or IL-18 

between groups EVLP and EVLP+Cold. 

 

Figure 6: Tissue cytokine levels after reperfusion. EVLP, transplantation at the completion of 
EVLP; EVLP+Cold, 6-hours cold preservation after EVLP and prior to transplantation; 
Immediate, immediate transplantation without EVLP. *p<0.05 versus Immediate. 
 

Pulmonary Edema 

 Wet/dry weight ratios were calculated from fresh lung tissue.  Samples were taken from 

five recipient pneumonectomy (PN) lungs to determine a baseline wet/dry weight ratio.  A 

significant difference was observed between the wet/dry weight ratio from Immediate group 

compared to PN group (7.68±0.39 versus 5.61±0.30, respectively, p=0.01) (Figure 7).  A trend 

towards less pulmonary edema was identified when comparing EVLP (7.03±0.57, p=0.67) and 

EVLP+Cold (6.76±0.27, p=0.39) groups to Immediate group (Figure 5). 
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Figure 7: Pulmonary edema after reperfusion determined by tissue wet/dry weight ratios. EVLP, 
transplantation at the completion of EVLP; EVLP+Cold, 6-hours cold preservation after EVLP 
and prior to transplantation; Immediate, immediate transplantation without EVLP; PN, recipient 
pneumonectomy. *p=0.01 versus PN. 
 

Histopathologic Lung Injury 

 Histological differences were observed between EVLP and EVLP+Cold groups 

compared with Immediate and PN groups (Figure 8).  When lung injury severity scores were 

quantified, a trend towards less injury was identified in groups EVLP and EVLP+Cold compared 

with Immediate (EVLP: 3.2±0.8, EVLP+Cold: 3.4±0.9 versus Immediate: 4.4±0.5, p>0.05).  

Recipient PN lung (1.8±0.9) was used as negative control.  No significant differences in the 

components or in composite score of lung injury severity were observed between groups EVLP 

and EVLP+Cold. 
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Figure 8: (A) Representative histologic sections stained with hematoxylin and eosin (40X 
magnification). (B) Lung injury severity scores by histologic component and composite.  Details 
of score determination can be found in Table 1. EVLP, transplantation at the completion of 
EVLP; EVLP+Cold, 6-hours cold preservation after EVLP and prior to transplantation; 
Immediate, immediate transplantation without EVLP; PN, recipient pneumonectomy. *p<0.02 
versus PN. 
  

Significantly fewer neutrophils were observed in groups EVLP and PN compared with 

Immediate (EVLP: 39.6±5.6, PN: 37.3±6.9 versus Immediate: 103.4±18.5, p<0.01) (Figure 9).  

No significant difference in the number of neutrophils per high-powered field was observed 

when comparing groups EVLP and EVLP+Cold (EVLP: 39.6±5.6 versus EVLP+Cold: 

62.3±10.7, p>0.5). 
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Figure 9: Neutrophil immunohistochemistry. (A) Representative sections (40X magnification). 
(B) Neutrophil counts per high-powered field (HPF). EVLP, transplantation at the completion of 
EVLP; EVLP+Cold, 6-hours cold preservation after EVLP and prior to transplantation, 
Immediate, immediate transplantation without EVLP; PN, recipient pneumonectomy. #p<0.01 
versus Immediate. 
 

Discussion 

 The present study used a porcine model of DCD lung transplantation to evaluate the 

effect of prolonged cold preservation after EVLP on ischemia-reperfusion (IR) injury and graft 

function.  The results demonstrate lung performance after transplantation of organs subjected to 

an additional 6-hours of cold ischemia time after EVLP is not inferior to lungs that are 

transplanted immediately after completion of EVLP.  Additionally, both EVLP treatment arms of 

the study resulted in superior lung function compared with immediate transplantation of DCD 
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lungs (control).  These results were observed in both lung function (oxygenation and dynamic 

compliance) and in post-reperfusion analyses (tissue inflammatory cytokine expression and 

infiltration of neutrophils).  

 Current transplant centers utilizing EVLP have adopted either organ procurement with 

EVLP performed at the hospital of the recipient or early-initiation of mobile EVLP at the donor 

hospital. [35] Considering that not all transplants centers have the support necessary to perform 

EVLP, the current study identifies a role for cold preservation after EVLP, which may allow 

rehabilitated lungs to be shipped to appropriate recipients without additional graft deterioration.  

Lungs are often rejected for procurement due to imperfect donor characteristics (oxygenation 

capacity, chest radiograph findings, DCD status) or lack of an appropriate local recipient.  The 

ultimate goal is to decrease wait list times and improve outcomes after transplantation.  

Encouraging more aggressive lung procurement (including DCD donors), allowing the 

determination of transplant suitability to occur during EVLP, and delivering rehabilitated lungs 

to the most appropriate recipient, will maximize the number of lungs transplanted. 

This strategy of remote EVLP rehabilitation was clinically successful as described in a 

case report published by Wigfield CH and colleagues. [49] Our findings support this concept of 

“Regional Organ Assessment and Repair Centers,” where strategically located EVLP centers 

function as the hub for organ assessment, rehabilitation, and distribution. [50] Increasing 

procurement rates will also increase the number of human lungs available for research, as not all 

lungs will improve to a level suitable for transplantation.  This influx of human lungs into 

research will help expedite advances in using EVLP as a rehabilitative platform for gene therapy 

and targeted drug delivery.  
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 The results of the current study, using a DCD model of lung transplantation, suggest that 

an additional 6-hours of cold preservation after EVLP does not worsen the resultant IR injury.  

Most notably there were no significant differences in the levels of inflammatory cytokines 

between groups EVLP and EVLP+Cold.  Additionally, the amount of pulmonary edema after 

reperfusion, the number of infiltrating neutrophils, and the extent of lung injury present on 

histologic examination were not different between groups EVLP and EVLP+Cold.  The effect of 

hypothermia on lung tissue upon completion of EVLP involves many mechanisms, including 

decreasing infiltration of neutrophils, lowering cellular metabolism, and inhibition of apoptosis. 

[51]  

Previous work in our lab identified the benefit of hypothermia prior to EVLP on 

subsequent lung function after transplantation [38] and the current study supports the addition of 

hypothermic storage after EVLP, if necessary, to increase lung utilization.  Our findings using 

DCD donors support work published on the effects of prolonged cold preservation after EVLP 

using a heart-beating porcine model of transplantation. [52] The model used in the present study 

was previously used in our lab to assess the effect of EVLP after 12-hours cold preservation of 

DCD porcine lungs. [40] Additionally, our lab has shown that EVLP can rehabilitate DCD lungs 

exposed to 60-minutes of warm ischemia in a preclinical porcine model. [38] These DCD models 

used in our lab complement studies assessing the benefits of EVLP using heart-beating models of 

lung transplantation.  

The current study is limited by the relatively short period of warm ischemia after 

circulatory death and does not account for the compounding effects of cold ischemia time after 

EVLP with prolonged warm ischemia time prior to donor lung procurement.  Additionally, the 

findings from this large animal model are limited by the natural heterogeneity between animals 
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and the low sample size per group.  Measuring indicators of IR injury after 2 hours of in vivo 

reperfusion also limit the conclusions and may be more meaningful if assessed after 12-24 hours.   

Further investigation into the molecular effects of cold ischemia after normothermic EVLP is 

needed to better understand the long-term consequences on graft function and survival. 

The findings of this study support future research directed towards identifying the limits 

of pre- and post-EVLP cold preservation. The 6-hour window supported by this study is 

sufficient to deliver lungs almost anywhere in the U.S., but extending that period of time may 

still be helpful. Further understanding of how to determine lung suitability for transplantation 

during EVLP will allow an appropriate cold preservation time after EVLP to be assigned 

accordingly to each set of lungs.  Eventually a comprehensive algorithm accounting for pre-

EVLP characteristics (DCD status, ischemia time), indicators of performance and rehabilitation 

while on EVLP, and the necessary post-EVLP transport time, will help maximize donor lung 

utilization.  

 In conclusion, the addition of 6-hours of cold preservation after EVLP does not result in 

significant differences compared to lungs transplanted immediately following EVLP.  This study 

demonstrates EVLP followed by cold preservation may be an effective strategy for improving 

organ utilization through the development of lung rehabilitation centers.  The current mismatch 

between lung transplant candidates awaiting a suitable organ and the number of acceptable donor 

organs procured and allocated may be alleviated with adoption of this approach.  Expanding the 

donor pool and optimizing lung utilization may lead to an improvement in wait list mortality and 

increase the rate of successful lung transplantation.  
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Abstract 

 

Background: Increased utilization of donation after circulatory death (DCD) lungs may help 

alleviate the supply/demand mismatch between available donor organs and lung transplant 

candidates.   

Methods: Using an established porcine DCD model, we sought to determine the effect of 

increasing warm ischemia time after circulatory arrest on lung function during ex vivo lung 

perfusion (EVLP).  Donors underwent hypoxic cardiac arrest, followed by 60, 90, or 120 minutes 

of warm ischemia time (WIT) prior to procurement and 4 hours of EVLP.  Oxygenation, 

pulmonary artery and airway pressures, and compliance were measured hourly.  Lung injury 

scores and neutrophil counts were assessed histologically.   

Results: After EVLP, all three groups met all the criteria for transplantation, except for 90-

minute WIT lungs, which had a mean PA pressure increase greater than 15%.  There were no 

significant differences between groups as assessed by final oxygenation capacity, as well as 

change in PA pressure, airway pressure, and compliance.  There were also no differences in lung 

injury scores or neutrophil counts.   

Conclusions: These results suggest that longer WIT alone (within 60-120 min) does not predict 

worse lung function at the conclusion of EVLP.  Expanding acceptable WIT after circulatory 

death may eventually allow for inclusion of uncontrolled DCD lungs in procurement protocols. 
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Introduction 

 Over the past 10 years, lung transplant volume in the United States increased by 66%, 

from 1405 transplants in 2006, to 2327 transplants in 2016. Unfortunately, wait list additions 

have increased at a similar rate, with 2,789 new registrations in 2016. [2] Various centers are 

now performing transplants using Maastricht category III controlled donation after circulatory 

death (DCD) lungs, in an effort to maximize the number of transplants performed. [53] As the 

supply of traditional donation after brain death (DBD) lungs remains stagnant and wait list 

mortality continues to rise, DCD lungs have become an important source of additional organs. 

[3] Studies to date suggest that outcomes with Maastricht category III DCD lungs are similar to 

outcomes with DBD lungs. [8-10] Even with inclusion of DCD lungs in transplant protocols, 

overall utilization remains low, and the supply of acceptable organs has not fulfilled the ever-

increasing demand. [11, 12] 

 Uncontrolled DCD lungs (Maastricht categories I and II) are an additional source of 

available organs but are currently not utilized for transplantation in the United States. [11, 54] 

There are several reasons for this, including ethical concerns, logistical barriers, and graft 

function uncertainty.  Warm ischemia time (WIT) varies greatly depending on whether the 

patient dies in the hospital or out in the community, and whether or not adequate, timely 

cardiopulmonary resuscitation is performed.  With the availability of ex vivo lung perfusion 

(EVLP) as a platform for graft assessment and potential rehabilitation, uncontrolled DCD lungs 

may one day become a valuable source of transplantable organs. [11] 

 Our laboratory has experience studying DCD lung transplantation using a porcine model 

of hypoxic cardiac arrest. [38] Using this model, we have evaluated the effect of cold ischemia 

time before and after EVLP, ventilation strategies during EVLP, and ex vivo lung rehabilitation 
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with adenosine pathway modulation. [55-58] Building on our previous work, the objective of this 

study was to determine the effect of increasing WIT after circulatory arrest on lung function 

during EVLP.  We anticipate that EVLP will be standard practice for the assessment of 

uncontrolled DCD lungs prior to transplantation allowing use of these lungs to become a reality.  

Therefore, we sought to understand how differences in WIT affect commonly used lung function 

parameters for determining whether or not to transplant lungs at the conclusion of EVLP.  We 

hypothesized that DCD lungs exposed to increasing WIT up to 120 minutes after circulatory 

arrest would still meet transplant criteria after 4 hours of normothermic EVLP. 

 

Materials and Methods  

All animals received humane care in compliance with the 2011 Guide for the Care and 

Use of Laboratory Animals, 8th edition as recommended by the US National Institutes of Health. 

The University of Virginia Animal Care and Use Committee approved this study. 

 

Animals and Hypoxic Cardiac Arrest Procedure 

 Mature domestic swine of both sexes (27-34 kg) were used.  Animals were anesthetized 

(intramuscular injection: 6 mg/kg tiletamine/zolzazepam, 2 mg/kg xylazine), intubated, weighed, 

and ventilated (3% isoflurane, tidal volume 8 mL/kg, respiratory rate 18-20 breaths/min, positive 

end-expiratory pressure [PEEP] 5.0 cmH2O, and 1.0 fraction of inspired oxygen [FiO2]), as 

previously described. [45] Systemic heparin was not administered.  A baseline arterial blood gas 

(ABG) sample was obtained and continuous electrocardiogram monitoring initiated. The 

endotracheal tube was clamped mid-inspiration to initiate hypoxia.  Every 1-2 minutes thereafter, 

an ABG sample was obtained to characterize the physiologic changes taking place during 



	
   37	
  

hypoxia.  pH, partial pressure of arterial carbon dioxide (PaCO2), partial pressure of arterial 

oxygen (PaO2), bicarbonate level (HCO3), base excess, and lactic acid concentration were 

recorded with each sample.  Mean arterial pressure (MAP) and heart rate were recorded 

continuously until asystole, at which point the WIT began. 

 

Randomization 

After hypoxic cardiac arrest, animals were randomized to 60 (60 WIT, n=3), 90 (90 WIT, 

n=6), or 120 (120 WIT, n=6) min of warm ischemia prior to standard lung procurement.  

Subsequently, all lungs underwent 4 hours of normothermic EVLP according to the Toronto 

protocol. [47] Exclusion criteria according to the Toronto protocol were used in this study to 

determine transplant suitability (partial pressure of oxygen to fraction of inspired oxygen ratio 

[PO2/FiO2] < 400 mmHg, greater than 15% increase of pulmonary artery [PA] pressure, and 

greater than 15% deterioration of airway pressures and compliance). [59] Group 60 WIT served 

as the control arm of the study based on previous data from our laboratory showing reasonable ex 

vivo lung function after hypoxic cardiac arrest and 60 min of warm ischemia. [38] 

 

Donor Lung Procurement 

At completion of the prescribed WIT, ventilation was resumed at the pre-arrest settings.  

The thorax was accessed via median sternotomy, the pericardium and pleura were incised, and 

the main PA was cannulated with a cardioplegia cannula (Terumo Heart, Ann Arbor, MI).  

Prostaglandin-E1 (500 µg, Pfizer, New York, NY) followed by 1.5 L of 4°C Perfadex (XVIVO 

Perfusion, Englewood, CO) with 15,000 IU heparin (Hospira Inc., Lake Forest, IL) was flushed 

through the lungs and drained via left atrial (LA) appendage atriotomy.  The venae cavae were 
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ligated and the lungs were cooled with topical ice slush.  After completion of the flush, the 

trachea was clamped mid-inspiration and the heart-lung bloc procured. 

 

Lung Preparation and Initiation of EVLP 

 After back-table removal of the heart and preparation of the trachea, main PA, and LA 

cuff, an endotracheal (ET) tube and yellow and green cannulas (XVIVO Perfusion, Englewood, 

CO) were sutured into place to set up a closed atrial system, as described by the Toronto group. 

[46, 47] The lungs were maintained cold on a bed of ice during preparation. A retrograde flush 

was performed with 500 mL of 4°C Perfadex prior to placing the lungs on the EVLP circuit.  The 

target cold ischemic period from end of WIT to initiation of EVLP was 1 hour.  

EVLP was performed as previously described. [38] The circuit was primed with 2 L of 

acellular Steen Solution (XVIVO Perfusion, Englewood, CO) at room temperature, 

supplemented with 500 mg cefazolin (APP Pharmaceuticals, Schaumburg, IL), 500 mg 

methylprednisolone (Pfizer, New York, NY), and 10,000 IU heparin. [47, 59] The lungs were 

transferred to the EVLP chamber and flow was initiated through the LA cannula to remove air 

from the pulmonary vasculature and PA cannula.  The inflow tubing was then connected to the 

PA cannula and forward flow was initiated at 0.2 L/min.  Over the first 30 minutes, the perfusate 

was warmed to 37°C using a heat exchanger.  At 32°C, ventilation was initiated (tidal volume 8 

mL/kg, respiratory rate 8 breaths/min, PEEP 5.0 cmH2O, FiO2 0.21).  Over the subsequent 30 

minutes, flow was increased to a target rate of 40% of estimated cardiac output (100 mL/kg 

donor body weight).  A tri-gas mixture (86% nitrogen, 8% carbon dioxide, 6% oxygen) was used 

to de-oxygenate the perfusate with a target inflow partial pressure of carbon dioxide (PCO2) of 
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35-45 mmHg.  LA pressures were maintained between 2 and 5 mmHg by adjusting the height of 

the perfusate reservoir. 

 

Lung Function Assessment 

EVLP was run continuously for 4 hours.  At each hour, recruitment maneuvers were 

performed and the FiO2 was increased to 1.0 for 15 minutes.  Inflow (PA) and outflow (LA) 

perfusate samples were obtained to measure the functional partial pressure of oxygen (PO2).  

Peak and plateau airway pressures (cm H2O) were recorded and used to calculate dynamic and 

static compliance (mL/cm H2O). After 4 hours, the lungs were removed from the circuit and 

flushed antegrade with 500 mL of 4°C Perfadex. 

 

Pulmonary Edema Assessment 

 Three samples of fresh tissue (from the same anatomic locations on each set of lungs) 

were obtained at the end of EVLP and weighed individually.  Following desiccation in a vacuum 

oven, dry tissue weights were obtained and wet-to-dry weight ratios calculated.  For each set of 

lungs, all three ratios were averaged together to obtain one wet-to-dry weight ratio per set of 

lungs that assessed overall edema accumulation. 

 

Histology  

 The lower lobe of each left lung was fixed in formalin overnight.  Four tissue samples per 

lung were obtained, paraffin-embedded, and sectioned.  One section from each sample was 

stained with hematoxylin-eosin (H&E) and used to calculate an average lung injury severity 

score. A second section from each sample was stained to quantify neutrophil numbers by 
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immunohistochemistry analysis.  H&E sections were evaluated by a masked pathologist and lung 

injury severity scores were based on polymorphonuclear cells per 40X high-powered field (HPF) 

(0=<5, 1=6-10, 2=11-20, 3=>20), alveolar edema (0=<5%, 1=6-25%, 2=26-50%, 3=>50%), and 

interstitial inflammation (0=none, 1=minimal, 2=moderate, 3=severe), as previously described. 

[60] For neutrophil immunohistochemistry, mouse monoclonal anti-porcine neutrophil antibody 

(MBA Biomedicals, Augst, Switzerland) was used, followed by donkey anti-mouse IgG (Jackson 

ImmunoResearch Laboratories Inc., West Grove, PA). [48] Slides were incubated with 3,3-

diaminobenzidine tetrahydrochloride (Dako Inc., Carpinteria, CA) to produce brown precipitate 

and counterstained with hematoxylin. Neutrophils in five 40X microscopic photographs per slide 

were counted by a masked reviewer and averaged. 

 

Statistical Analysis 

 Statistical comparisons between groups were conducted using one-way analysis of 

variance with Bonferroni’s correction for multiple comparisons or Student’s t-test depending on 

the number of groups in each analysis.  Data are reported as mean ± standard error of the mean, 

with p-value for significance of 0.05.  Linear and nonlinear (exponential, sigmoidal, and 

polynomial) regression were used to generate best-fit lines with 95% confidence interval bands 

for data shown in Figures 10 and 11.  All four models were compared with goodness of fit 

testing used to determine which model best represented each dataset.  All statistical analyses 

were performed using Prism 7 (GraphPad Software, La Jolla, CA).   
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Results 

Donor Animal Characteristics and Elapsed Time 

 There were no significant differences between groups in terms of donor animal weight, 

baseline PaO2/FiO2, or elapsed time from ET tube clamp to asystole, with a mean weight for all 

animals of 30±0.7 kg, baseline PaO2/FiO2 of 494±22 mmHg, and time from clamp to asystole of 

22.2±1.7 min.  Donor animal characteristics and the elapsed time at each stage of the experiment 

are shown in Table 2.  Since groups were randomized based on duration of WIT, there were 

significant differences in time from ET tube clamp to cold flush (60 WIT: 80±0 vs. 90 WIT: 

114.5±3.4 vs. 120 WIT: 141±2.6 min, p<0.0001), time from ET tube clamp to initiation of EVLP 

(60 WIT: 143.7±1.3 vs. 90 WIT: 179.3±4.0 vs. 120 WIT: 203.8±6.1 min, p<0.0001), and total 

elapsed time from ET tube clamp to completion of EVLP (60 WIT: 383.7±1.3 vs. 90 WIT: 

419.3±4.0 vs. 120 WIT: 443.8±6.1 min, p<0.0001). 

Table 2: Donor animal characteristics and elapsed time during experiment 

 60 WIT 
(n=3) 

90 WIT 
(n=6) 

120 WIT 
(n=6) p-value All Animals 

(n=15) 
Donor characteristics 

Animal weight (kg) 29.2 ± 1.2 29.8 ± 1.0 30.6 ± 1.5 0.78 30.0 ± 0.7 
Initial PaO2/FiO2 494 ± 54 509 ± 23 481 ± 46 0.87 494 ± 22 

Elapsed time (min) 
ET tube clamp to asystole  20 ± 0 24.5 ± 3.4 21.0 ± 2.6 0.57 22.2 ± 1.7 
Warm ischemia 60 90 120 - - 
ET tube clamp to cold flush 80 ± 0 114.5 ± 3.4 141 ± 2.6 < 0.0001 - 

Cold ischemia (min) 
Cold flush to lungs out 15 ± 0.6 19.8 ± 1.3 18.8 ± 1.2 0.10 18.5 ± 0.8 
Lungs out to EVLP start 48.7 ± 1.9 45 ± 3.1 44 ± 5.1 0.78 45.3 ± 2.3 
Total cold ischemia 63.7 ± 1.3 64.8 ± 3.9 62.8 ± 4.5 0.94 63.8 ± 2.3 

Time prior to EVLP (min) 143.7 ± 1.3 179.3 ± 4.0 203.8 ± 6.1 < 0.0001 - 
Normothermic EVLP (min) 240 240 240 - 240 
Total elapsed time (min) 383.7 ± 1.3 419.3 ± 4.0 443.8 ± 6.1 < 0.0001 - 
 
Groups compared using one-way analysis of variance.  Mean ± standard error of the mean 
reported.  ET: endotracheal; EVLP: ex vivo lung perfusion; PaO2/FiO2: ratio of partial pressure 
of oxygen to fraction of inspired oxygen. 
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Physiologic Changes During Hypoxia 

 ABG samples were obtained every 1-2 min during hypoxia.  Changes over time from ET 

tube clamp to asystole for each parameter are shown in Figure 10.  Changes in MAP and heart 

rate are shown in Figure 11.  The normal range is indicated with horizontal shading to identify 

the time at which the parameter became abnormal.  The mean time of death was 22.2 min 

(vertical line, Figures 10 and 11), which displays how abnormal each parameter was on average 

upon initiation of the prescribed warm ischemia period. Within 3 min of inducing hypoxia, pH, 

PaCO2, HCO3, and base excess were all abnormal.  After 6 min, MAP and lactic acid levels were 

abnormal, and within 8 min, PO2 values fell below the normal range.  Heart rate remained within 

the normal range until 14 min on average.    
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Figure 10: Physiologic changes during hypoxia from endotracheal tube clamp to circulatory 
arrest.  The horizontal shading indicates normal ranges for each parameter.  The vertical dashed 
line indicates the mean time of death (22.2 min). (A) pH. (B) Partial pressure of arterial carbon 
dioxide (PaCO2). (C) Partial pressure of arterial oxygen (PO2). (D) Bicarbonate level (HCO3). 
(E) Base excess. (F) Lactic acid level.  
 
 

 

Figure 11: Mean arterial pressure (A) and heart rate (B) during hypoxia from endotracheal tube 
clamp to circulatory arrest. The horizontal shading indicates normal ranges for each parameter.  
The vertical dashed line indicates the mean time of death (22.2 min). 
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Oxygenation Capacity and PA Pressures During EVLP 

 Mean PO2/FiO2 at each hour during EVLP is shown in Figure 12A.  Final PO2/FiO2 after 

4 hours of EVLP was not significantly different between groups (60 WIT: 518.3±33.7 vs. 90 

WIT: 477.2±31.7 vs. 120 WIT: 427±36.2 mmHg, p=0.28), with all three meeting the 

oxygenation threshold for transplant suitability (final PO2/FiO2 > 400 mmHg). [59] Oxygenation 

capacity increased during EVLP for all groups, with no significant difference between groups in 

percent change of PO2/FiO2 (Figure 12B).  EVLP significantly improved the oxygenation 

capacity of 60 WIT (p=0.01) and 90 WIT (p=0.01) lungs, but did not for 120 WIT lungs (p=0.6) 

(Figure 12C).  The PA PCO2 levels were within the target range of 35-45 mmHg for all animals, 

with no difference between groups (60 WIT: 41.1±0.9 vs. 90 WIT: 40.7±0.5 vs. 120 WIT: 

42.1±0.5 mmHg, p=0.15). 

 Mean PA pressures during EVLP were different between groups at hours 1 (p=0.02) and 

2 (p=0.04), but not at the completion of EVLP (60 WIT: 18.7±1.7 vs. 90 WIT: 18.7±0.9 vs. 120 

WIT: 22±1.3 mmHg, p=0.12) (Figure 12D). PA pressure increased during EVLP for all three 

groups.  The percent change remained below the exclusion criteria of 15% for groups 60 WIT 

(14±7.7%) and 120 WIT (7.7±6.4%), but not for group 90 WIT (30.8±5.0%, p=0.04) (Figure 

12E). Final PA pressures were significantly higher compared to starting PA pressures for group 

90 WIT (p=0.001) (Figure 12F).  LA pressures were maintained within the target range for all 

groups (60 WIT: 2.3±0.5 vs. 90 WIT: 2.5±0.3 vs. 120 WIT: 2.8±0.2 mmHg, p=0.5). 
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Figure 12: Changes in oxygenation and pulmonary artery (PA) pressure during ex vivo lung 
perfusion (EVLP). (A) Hourly partial pressure of oxygen to fraction of inspired oxygen ratio 
(PO2/FiO2) during EVLP. (B) PO2/FiO2 mean percent change during EVLP. (C) Change in 
PO2/FiO2 for each group during EVLP. (D) Hourly PA pressure during EVLP. (E) PA pressure 
mean percent change during EVLP. (F) Change in PA pressure for each group during EVLP. 60 
WIT, lungs procured after hypoxic cardiac arrest and 60 min of warm ischemia; 90 WIT, lungs 
procured after hypoxic cardiac arrest and 90 min of warm ischemia; 120 WIT, lungs procured 
after hypoxic cardiac arrest and 120 min of warm ischemia. 
 

Plateau and Peak Airway Pressures During EVLP 

 There were no significant differences in plateau or peak airway pressures between groups 

at each hour of EVLP (Figures 13A, 13D).  The percent change in airway pressures was also not 

different between groups, with all groups having mean changes in plateau and peak airway 

pressures that fell below the exclusion criteria of 15% (Figures 13B, 13E).  Final airway 
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pressures were not significantly different from starting airway pressures in all three groups 

(Figures 13C, 13F). 

 

Figure 13: Changes in airway pressures during ex vivo lung perfusion (EVLP).  (A) Hourly 
plateau airway pressures during ex vivo lung perfusion (EVLP). (B) Mean percent change in 
plateau airway pressure during EVLP. (C) Change in plateau airway pressures for each group 
during EVLP. (D) Hourly peak airway pressures during EVLP. (E) Mean percent change in peak 
airway pressure during EVLP. (F) Change in peak airway pressures for each group during EVLP. 
60 WIT, lungs procured after hypoxic cardiac arrest and 60 min of warm ischemia; 90 WIT, lungs 
procured after hypoxic cardiac arrest and 90 min of warm ischemia; 120 WIT, lungs procured 
after hypoxic cardiac arrest and 120 min of warm ischemia. 
 

Static and Dynamic Compliance During EVLP 

 Static and dynamic compliance at each hour of EVLP were not significantly different 

between groups (Figures 14A, 14D).  Percent change in static compliance (60 WIT: -11.4±5.4% 

vs. 90 WIT: 2.6±11.3% vs. 120 WIT: 25.2±23.2%, p=0.43) and dynamic compliance (60 WIT: -
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10.7±8.3% vs. 90 WIT: 4.0±12.2% vs. 120 WIT: 15.6±16.3%, p=0.53) were not significantly 

different between groups, with all groups having mean changes within the acceptable limit for 

transplant suitability (less than 15% deterioration) (Figures 14B, 14E).  EVLP did not 

significantly change static and dynamic compliance values for any group (Figures 14C, 14F).  

 

Figure 14: Changes in compliance during ex vivo lung perfusion (EVLP). (A) Hourly static 
compliance during ex vivo lung perfusion (EVLP). (B) Mean percent change in static compliance 
during EVLP. (C) Change in static compliance for each group during EVLP. (D) Hourly 
dynamic compliance during EVLP. (E) Mean percent change in dynamic compliance during 
EVLP. (F) Change in dynamic compliance for each group during EVLP. 60 WIT, lungs procured 
after hypoxic cardiac arrest and 60 min of warm ischemia; 90 WIT, lungs procured after hypoxic 
cardiac arrest and 90 min of warm ischemia; 120 WIT, lungs procured after hypoxic cardiac 
arrest and 120 min of warm ischemia. 
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Pulmonary Edema after EVLP 

 Wet-to-dry weight ratios were calculated to assess pulmonary edema.  There were no 

significant differences between groups in wet-to-dry weight ratios (60 WIT: 6.3±0.5 vs. 90 WIT: 

7.1±0.7 vs. 120 WIT: 7.4±0.3, p=0.36). 

 

Histologic Assessment after EVLP 

Composite lung injury severity scores were not significantly different between groups (60 

WIT: 2.1±0.5 vs. 90 WIT: 2.6±0.7 vs. 120 WIT: 3.8±0.3, p=0.14) (Figures 15A, 15B), however 

lung injury severity scores did rise as WIT increased.  Neutrophil numbers were also not 

significantly different between groups (60 WIT: 21.5±0.9 vs. 90 WIT: 23.5±3.7 vs. 120 WIT: 

23.0±8.0, p=0.96) (Figures 15C, 15D). 
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Figure 15: Lung histology and neutrophil counts at the end of ex vivo lung perfusion (EVLP). 
(A) Representative H&E sections (20X magnification). (B) Lung injury severity scores. (C) 
Representative sections immunostained for neutrophils (40X magnification, neutrophils are 
stained brown). (D) Neutrophil counts per high-powered field (HPF) as quantified from 
immunostained sections. 60 WIT, lungs procured after hypoxic cardiac arrest and 60 min of 
warm ischemia; 90 WIT, lungs procured after hypoxic cardiac arrest and 90 min of warm 
ischemia; 120 WIT, lungs procured after hypoxic cardiac arrest and 120 min of warm ischemia. 
 

Discussion 

 The present study sought to evaluate the effect of warm ischemia after circulatory arrest 

on ex vivo lung function, using a porcine DCD model.  After confirming asystole, donor lungs 

were exposed to 60, 90, or 120 minutes of warm ischemia prior to 4 hours of EVLP.  Transplant 

suitability was determined at the completion of EVLP using the Toronto exclusion criteria 

(PO2/FiO2 < 400 mmHg, greater than 15% increase in PA pressure, and greater than 15% 

deterioration of airway pressures and compliance). [39, 59] All three groups (60 WIT, 90 WIT, 

and 120 WIT) met the criteria for oxygenation, with no significant difference between groups in 
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final PO2/FiO2.  PA pressure increases were acceptable for transplantation in groups 60 WIT and 

120 WIT, but not in group 90 WIT (30.8±5.0%).  All three groups met the transplant criteria for 

acceptable changes in airway pressures and compliance.  There were also no significant 

differences between groups in edema accumulation, histologic lung injury severity scores, or 

neutrophil counts.  These results suggest that DCD lungs with WIT up to 120 min still meet 

transplant criteria after 4 hours of EVLP. 

 In recent years, many institutions both in the U.S. and internationally have expanded their 

procurement protocols to accept Maastricht category III “controlled” DCD lungs. [9, 61] These 

patients undergo planned withdrawal of treatment, often in the operating room, with transplant 

teams nearby, who begin organ procurement shortly after confirmation of death. [11] 

“Uncontrolled” Maastricht category I and II donors however have yet to be incorporated into 

routine transplant protocols due to the associated logistic, physiologic, and ethical challenges, 

including timely notification of the procurement team, sufficient communication with family 

members, and proper management of the donor. [62] One center in Spain was been able to 

navigate the challenges associated with patients who die outside of the hospital and have 

reported their experience with 5 successful transplants. [63, 64]  

For the present study, we sought to better understand some of the associated physiologic 

challenges following hypoxic cardiac arrest using our established porcine model of lung 

procurement.  Although this model does not reflect all the various pathways that can lead to 

circulatory arrest, it does parallel donors who suffer respiratory arrest, which may include 

prolonged hypoxia from long-standing pulmonary disease and acute respiratory emergencies 

from airway obstructions and drowning.  Published data in a non-EVLP porcine lung transplant 
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model show that pre-mortem hypoxia is associated with significant deterioration in graft 

function. [65] 

The present study monitored all 15 animals with frequent ABGs and continuous cardiac 

monitoring during the hypoxic period in order to better characterize the physiologic changes 

associated with this model.  Certain parameters (pH, PaCO2, HCO3, and base excess) were 

abnormal with a few minutes while others remained within the normal range for longer (MAP, 

lactic acid levels, PO2, and heart rate).  We believe this data is valuable in helping to understand 

the quality of lungs that can be expected after certain types of death.  Organs exposed to the 

same amount of warm ischemia following a 22 min period of hypoxia with severe physiologic 

derangements will likely function differently compared to lungs procured after sudden cardiac 

arrest. 

After exposure to increasing amounts of warm ischemia, lungs from all three groups met 

all transplant criteria after 4 hours of EVLP, except the 90 WIT group on one parameter (PA 

pressure increase greater than 15%).  Additionally, when oxygenation capacity, airway pressures, 

and compliance were compared between groups, there were no significant differences after 4 

hours of EVLP. This finding highlights the value of an ex vivo assessment of lungs prior to 

determining transplant suitability as it appears that increasing WIT alone (up to 120 min) does 

not predict lung function after EVLP.  For use of uncontrolled DCD lungs to become a reality, 

additional studies will be necessary to determine a defined upper limit of acceptable WIT. It 

likely will be prudent to procure all available donor lungs within a large window of warm 

ischemic exposure and assess them on EVLP prior to determining transplant suitability. 

In the present study, EVLP provided a useful platform for assessing graft quality, but did 

not confer much in terms of reconditioning.  EVLP significantly improved oxygenation capacity 
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for groups 60 WIT and 90 WIT between hours 1 and 4, but not for group 120 WIT.  PA 

pressures were significantly worse at the completion of EVLP for group 90 WIT, but not 

different for either 60 WIT or 120 WIT.  It is not apparent why PA pressure increased so 

consistently for group 90 WIT and not for the other two groups.  Airway pressures and 

compliance were not significantly different between hours 1 and 4 of EVLP for all three groups, 

however group 120 WIT appeared to benefit the most, with static compliance improvements of 

25.2±23.2% and dynamic compliance improvements of 15.6±16.3%.  Despite the lack of a 

statistical difference in improvement between hours 1 and 4 of EVLP for most parameters, all 

parameters at the completion of EVLP except for PA pressures in group 90 WIT were within 

acceptable limits for transplantation.  Additionally, supporting data such as pulmonary edema 

accumulation, histologic lung injury severity scores, and neutrophil counts were not different 

between groups.  Although the definitive test will be lung function after transplantation, it 

appears as though increasing warm ischemia alone does not worsen lung function at the 

completion of 4 hours of ex vivo assessment.  

Although Maastricht category I and II lungs exist as a potential solution to the supply-

demand mismatch, there are significant hurdles that must be overcome before they can become 

an acceptable, routine option. [66] Heparin was not administered to animals in the present study, 

as any pre-mortem interventions will likely not be possible. Clot within the pulmonary 

vasculature was present in most donor lungs procured after 90 and 120 min of warm ischemia, 

but was able to be flushed out with Perfadex.  Published data on non-heparinzed category III 

lungs is encouraging but warm ischemia times are shorter under those circumstances. [67, 68] 

Other uncertainties include the cause of death (i.e. respiratory arrest, cardiac arrest, 

exsanguination) and any resuscitation efforts that are attempted (rescue breathing, chest 
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compressions).  This variability in patient presentation makes EVLP a near necessity in order to 

fully assess graft function and potentially rehabilitate damaged organs.  Our laboratory and 

others have evaluated various treatment options delivered during EVLP that may help 

recondition injured lungs. [56, 69-71] As these therapies are developed, the likelihood increases 

that we may one day have protocols that allow for routine, successful transplantation of 

Maastricht category I and II lungs. 

 The present study does have limitations.  First, although this study was designed to set a 

baseline for acceptable warm ischemic injury by testing ex vivo lung function, the findings are 

limited because the organs were not subsequently transplanted into recipient animals and allowed 

to reperfuse.  The effect of ischemia-reperfusion injury after transplant on graft function will be 

an important next step to investigate.  Second, there is inherent variability present in large animal 

translational studies.  Our study was limited to n=3 for the 60 WIT group and n=6 for the 90 and 

120 WIT groups, and it is possible that the use of higher numbers of animals per group could 

have revealed small but significant differences between groups in some parameters (i.e. lung 

injury scores, Figure 15B).  Based on previous work from our laboratory using 60 min of warm 

ischemia after hypoxic cardiac arrest, we limited the number of animals randomized to group 60 

WIT to three. [38] Third, our study was also limited by the hypoxia method used to induce 

cardiac arrest.  While this may not reflect all methods by which potential human uncontrolled 

DCD donors die, it provided consistent, reproducible injury for this experiment.  Finally, our 

findings are limited by not having a group that failed to meet transplant criteria after EVLP, 

which would have helped define the upper limit of acceptable WIT. 

In conclusion, for uncontrolled DCD donors to become a realistic source of lungs for 

transplantation, understanding the effect of increasing WIT after different types of death is 
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necessary.  The present study shows that DCD lungs exposed to increasing WIT up to 120 min 

after hypoxic cardiac arrest still meet transplant criteria after 4 hours of normothermic EVLP.  

As the field of lung transplantation continues to evolve to meet the ever-growing demand for 

organs, DCD lungs exposed to warm ischemia up to 120 min may eventually become acceptable 

for transplantation in conjunction with routine use of EVLP. 
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IV. Noninvasive Diagnosis of Lung IR Injury by SPECT Imaging 
 
 

The diagnostic utility of in vivo leukocyte labeling with 99mTc-cFLFLF, an FPR1 peptide ligand, 

is investigated in a murine model of left lung IRI.  SPECT imaging is utilized as a noninvasive 

method to diagnose and monitor resolution of lung IR. Fluorescence imaging with Cy7-cFLFLF 

is explored as an alternative strategy. 
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Abstract 
 
 

Background: Primary graft dysfunction (PGD) after lung transplantation is a major cause of 

morbidity and mortality. Currently, no specific methods exist to diagnose ischemia-reperfusion 

injury (IRI), the major precursor to PGD. We hypothesized that use of 99mTc-cFLFLF, a formyl 

peptide receptor 1 ligand conjugated with technetium-99m, would permit in vivo leukocyte 

labeling and noninvasive imaging of lung IRI using single-photon emission computed 

tomography (SPECT).  

Methods: A murine model of IRI via left lung hilar occlusion was used. Following 1 hour of 

ischemia, SPECT was performed after 2, 12, or 24 hours of reperfusion, with injection of 99mTc-

cFLFLF 2 hours prior to imaging. Lung maximum intensity projections (MIP) and 

biodistribution of 99mTc-cFLFLF were correlated with lung function.  

Results: Left-to-right lung ratios of MIP and probe uptake were 3.8- and 2.8-fold higher, 

respectively, compared with sham animals, which correlated with resolution of injury over time 

as measured by lung function and histologic presence of neutrophils. Findings were confirmed 

using Cy7-cFLFLF and fluorescence imaging.  

Conclusions: Results suggest that SPECT imaging using 99mTc-cFLFLF enables quantifiable, 

noninvasive diagnosis of lung IRI and permits monitoring of injury resolution over time. Clinical 

application of 99mTc-cFLFLF as functional imaging probe may permit early, accurate diagnosis 

of PGD, enabling targeted interventions and improved outcomes after lung transplantation. 
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Introduction 
 

Lung transplantation has advanced dramatically since its inception in 1963, but still lags 

behind other solid organs in terms of donor organ utilization and transplant success rates.[14, 72] 

As the supply of acceptable donor lungs remains low, wait list mortality rates continue to rise.[3] 

One reason that most institutions have strict acceptance criteria for donor lungs is the relatively 

high rate of primary graft dysfunction (PGD).[73] PGD is a clinical diagnosis that describes 

acute lung injury that occurs within the early postoperative period after lung transplantation and 

is characterized by reduced oxygenation capacity and progressive lung failure.[13] PGD occurs 

in up to 30% of patients and is the leading cause of early morbidity and mortality.[13-15] Rates 

of late organ failure (bronchiolitis obliterans and chronic rejection) are also significantly higher 

in patients diagnosed with PGD.[16]  

The underlying pathophysiology responsible for PGD is ischemia-reperfusion injury 

(IRI).[19] Lung IRI occurs rapidly after transplant and involves disruption of endothelial and 

epithelial cells as well as robust activation of innate immune cells such as neutrophils, alveolar 

macrophages, and natural killer T-cells.[20-25] Reactive oxygen species and proinflammatory 

cytokines (IL-8, IL-12, IL-17, IL-18, TNF-α) are generated leading to activation of multiple 

inflammatory pathways involving NADPH oxidase and NF-κB.[22, 26-32] Expression of 

endothelial cell adhesion molecules is up-regulated, leading to leukocyte attraction and migration 

into the interstitium and perpetuation of further tissue damage.[33] Clinically, lung IRI is 

characterized by increased vascular permeability and resistance, accumulation of pulmonary 

edema, poor gas exchange, reduced oxygenation capacity, and increased pulmonary artery (PA) 

pressure. [26]  
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 The International Society for Heart and Lung Transplantation grading system for severity 

of PGD uses the allograft’s oxygenation capacity (ratio of partial pressure of oxygen in arterial 

blood to the fraction of inspired oxygen [PaO2/FiO2]) and the presence of infiltrates of chest 

radiograph, both of which are general markers of lung dysfunction.[14] There are no clinically 

available methods for in vivo leukocyte labeling that can identify cell-type specific inflammation 

occurring in the recently transplanted lung.[18] This inability to diagnose IRI, and thus PGD, 

early may contribute to high rates of morbidity and mortality. Strategies are needed that allow for 

early and accurate diagnosis of IRI (prior to onset of PGD) to allow for earlier initiation of 

targeted treatment strategies as well as to monitor response to therapy and resolution of injury 

over time. 

 Our laboratory has published previously on the development of a novel formyl peptide 

receptor 1 (FPR1) ligand that can be used as an in vivo leukocyte-specific imaging probe when 

conjugated with a radioisotope or near-infrared fluorescent dye.[74] Cinnamoyl-F-(D)L-F-(D)L-

F-K (cFLFLF) is a synthetic, unnatural peptide with high affinity for FPR1 that does not induce 

neutrophil activation and when linked with polyethylene glycol (PEG) has a favorable 

pharmacokinetic profile.[74, 75] FPRs are transmembrane G-protein coupled receptors that are 

highly expressed on polymorphonuclear leukocytes (PMNs) and monocytes when exposed to 

pro-inflammatory stimuli and mediate cell trafficking to areas of tissue damage or bacterial 

presence.[76] When complexed with technetium-99m, cFLFLFK-PEG-HYNIC-99mTc (99mTc-

cFLFLF) can be visualized using single-photon emission computed tomography (SPECT), 

allowing for noninvasive visualization of PMN activity at sites of tissue injury or 

inflammation.[75] The objective of this study was to investigate the diagnostic utility of in vivo 

leukocyte labeling with 99mTc-cFLFLF in a murine model of left lung IRI. We hypothesized that 
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use of 99mTc-cFLFLF with SPECT would permit noninvasive and quantitative imaging of 

leukocyte activity at sites of tissue injury and allow for monitoring of IRI resolution over time. 

 

Materials and Methods 

The current study conformed to the standards set by the National Institutes of Health in 

the 2011 Guide for the Care and Use of Laboratory Animals, 8th edition. The study protocol was 

reviewed and approved by the Animal Care and Use Committee at the University of Virginia.  

 

Imaging Probe: 99mTc-cFLFLF 

 Our laboratory has published previously on the synthesis and validation of cFLFLF, a 

peptide ligand antagonist to FPR1 on PMNs.[74, 75] We have reported the use of cFLFLFK-

PEG-64Cu as a novel neutrophil-specific positron emission tomography (PET) imaging agent, as 

well as the use of cFLFLF-PEG-TKPPR-99mTc as a neutrophil targeting heterobivalent SPECT 

imaging agent.[74, 75] We have also reported on the synthesis of a Cy7-labeled version of 

cFLFLF (Cy7-cFLFLF) for noninvasive near infrared fluorescence imaging.[77] In the present 

study, we use PEGylated cFLFLF conjugated with hydrazinonicotinamide (HYNIC) and labeled 

with 99mTc (cFLFLFK-PEG-HYNIC-99mTc, abbreviated 99mTc-cFLFLF) for SPECT imaging 

experiments. We also utilize cFLFLFK-PEG coupled with commercially available Cy5 or Cy7-

NHS ester (Sigma Aldrich, St. Louis, MO) (abbreviated Cy5-cFLFLF or Cy7-cFLFLF) for 

confocal microscopy and fluorescence imaging experiments. 
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Lung IRI model 

Wild-type mice (C57BL/6, 8-12 weeks old; The Jackson Laboratory, Bar Harbor, ME) 

were used for all in vivo experiments. An established, reproducible murine model of left lung IRI 

via temporary hilar occlusion was used as illustrated in Figure 1. [22, 24] Mice were anesthetized 

with 2% inhaled isoflurane, intubated, and ventilated with room air at 120 breaths/minute. 

Heparin (20 U/kg; Hospira Inc., Lake Forest, IL) was administered via the right external jugular 

vein. A left anterolateral thoracotomy was made at the third intercostal space to expose the hilum 

of the left lung. Using a small olive tip J-hook cannula, a 6-0 Prolene suture (Ethicon Inc., 

Somerville, NJ) was passed around the left hilum. A Rummel tourniquet was fashioned with 

PE60 polyethylene tubing and a surgical clip and was used to temporarily occlude the hilar 

structures (left PA, left bronchus, left pulmonary veins). The incision was closed with surgical 

clips, analgesia was administered (intraperitoneal buprenorphine, 0.2 mg/kg), and the animal was 

weaned from anesthesia and extubated when breathing spontaneously (Figure 16A). Animals 

were returned to their cage for the prescribed 1-hour period of left lung ischemia. Animals were 

then re-anesthetized with 2% isoflurane and the Rummel tourniquet was removed from the hilum 

of the left lung to permit reperfusion (Figure 16B). Animals were returned to their cages and 

underwent 2, 12, or 24 hours of reperfusion. Sham animals underwent all steps described except 

for application of the Rummel tourniquet to occlude the hilum of the left lung. Two hours prior 

to completion of the reperfusion period, animals received a tail-vein injection of the cFLFLF 

imaging probe (labeled with 99mTc or Cy7, Figure 16C). At the conclusion of the reperfusion 

period, animals underwent functional evaluation followed by SPECT/CT or fluorescence 

imaging (Figure 16D). 
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FIGURE 16:  Murine model of left lung ischemia-reperfusion injury. (A) Through a left 
thoracotomy, a Rummel tourniquet occludes the hilum of left lung (pulmonary artery, pulmonary 
vein, and bronchus) to induce ischemia. (B) After 1 hour of ischemia, the Rummel tourniquet is 
removed to allow reperfusion. (C) Two hours before the end of the reperfusion period (2, 12, or 
24 hours), mice are injected with labeled probe (e.g. 99mTc-cFLFLF). (D) Mice then undergo 
SPECT/CT imaging to visualize lung inflammation. PA, pulmonary artery; PV, pulmonary veins; 
SPECT/CT, single-photon emission computed tomography. 
 

Pulmonary Function  

 After the reperfusion period, pulmonary function (compliance, airway resistance, and PA 

pressure) was measured in sham and IR animals (n=5-10/group) using an isolated, buffer-

perfused lung apparatus (Hugo Sachs Elektronik, March-Huggstetten, Germany) as previously 

described. [78] Briefly, mice were anesthetized with a mixture of ketamine/xylazine, intubated 

via tracheotomy and ventilated (tidal volume: 7 µl /g body weight, rate: 100 ventilations/minute, 

positive end-expiratory pressure: 2 cmH2O), and then exsanguinated via transection of the 

abdominal aorta and inferior vena cava. The main PA via the right ventricle was cannulated to 
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allow for perfusion of the lungs with Krebs-Henseleit buffer (flow rate: 60 µl/g body 

weight/minute) and a left ventriculotomy was made to drain perfusate. After a 5-minute period of 

equilibration, lung function data was captured over an acquisition period of 5 minutes using 

PULMODYN data acquisition software (Hugo Sachs Elektronik). 

 

SPECT/CT Imaging  

Separate groups of sham and IR animals (n=6/group) were used for SPECT imaging with 

99mTc-cFLFLF. Two hours prior to the end of the reperfusion period, animals received a 200 µl 

tail vein injection of 99mTc-cFLFLF (40-60 MBq; Figure 16C). After 2 hours, animals were 

anesthetized with 1% isoflurane and 360° SPECT/CT imaging was performed (Figure 16D). A 

microSPECT/CT scanner designed and built at the University of Virginia was used.[75, 79] 

Briefly, the anesthetized mouse was positioned supine on a 1-inch diameter carbon fiber half-

cylinder tube located at the axis of rotation of the scanner gantry. Anesthesia was maintained 

with continuous inflow of isoflurane via a nose cone. Sequential CT and SPECT imaging scans 

were acquired by transitioning the animal from one subsystem to the other along the axis of 

rotation, allowing for consistent fusion of CT and SPECT images using stored offset parameters. 

A custom-written interactive data language program was used with the CT images for detector 

sensitivity uniformity correction and dark count subtraction. The images were reconstructed 

using a Feldkamp three-dimensional filtered back projection algorithm (COBRA, Exxim, Inc., 

Pleasanton, CA). A custom-written interface using Kmax software (Sparrow Corp., Port Orange, 

FL) was used to acquire SPECT images with a gamma camera set to 10cm x 10cm view. A 

custom-written maximum-likelihood expectation-maximization algorithm was used to 

reconstruct SPECT images.[75] Maximum intensity projections (MIP) were obtained from ten 
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random slices through each lung and used to calculate an average MIP value per lung. Values are 

reported as the ratio of left lung MIP to right lung MIP. 

At the completion of SPECT/CT imaging, animals were euthanized in a CO2 chamber. 

All major organs (lungs, heart, kidneys, liver, and spleen) were harvested, weighed, and placed 

in a gamma-well counter (PerkinElmer Inc., Waltham, MA). Relative radioactivity of each organ 

was normalized to injected dose, tissue weight, and animal body weight. Organ biodistribution of 

99mTc-cFLFLF is expressed as a percentage of total observed radioactivity. Lung 99mTc uptake is 

reported as the ratio of left lung to right lung relative radioactivity.  

 

Near-infrared Fluorescence Imaging with Cy7-cFLFLF 

 Separate groups of sham and IR (2 hours reperfusion) animals were injected with Cy7-

cFLFLF and underwent fluorescence imaging. All animals received a 100 µl tail vein injection of 

2nM Cy7-cFLFLF upon reperfusion. After 2 hours, animals were euthanized in a CO2 chamber 

and both lungs were harvested. Due to the limited penetration and scattering of fluorescence 

signal in black fur mice, lungs were imaged ex vivo using an IVIS Spectrum Imaging System 

(excitation 745 nm, emission 775 nm; PerkinElmer, Inc., Waltham, MA). The images were 

processed and analyzed with Living Imaging software, version 4.0 (PerkinElmer, Inc.). Total 

fluorescence radiance was obtained for each lung by designating a region of interest that 

incorporated the entire lung field. One additional animal per group was shaved on the back and 

the animal was imaged under anesthesia (1% isoflurane via nose cone) using the IVIS Spectrum 

Imaging System.  
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Neutrophil Immunohistochemistry 

 Left lungs from separate groups of sham and IR animals were harvested and fixed with 

10% buffered formalin for 24 hours and then placed in 70% ethanol, paraffin-embedded and 

sectioned. Vectastain ABC kit (Vector Laboratories, Burlingame, CA) was used to immunostain 

neutrophils as previously described. [41, 78] Primary antibody used was rat anti-mouse 

neutrophil antibody (AbD Serotec, Raleigh, NC) and secondary antibody used was alkaline 

phosphatase-conjugated anti-rat IgG (Sigma Aldrich). Fast-Red (Sigma Aldrich) was used to 

detect neutrophil signal. Purified normal rat IgG (eBioscience, San Diego, CA) was used as a 

negative control. Five semistandardized fields per lung were counted in a blinded fashion at 20X 

magnification and averaged to obtain a final neutrophil count per high-powered field per left 

lung. 

 

In vitro Neutrophil Incubation with Cy5-cFLFLF 

Spleens were harvested from wild-type mice (C57BL/6, 8-12 weeks old; The Jackson 

Laboratory, Bar Harbor, ME) and dissociated into a single-cell suspension using a 

gentleMACS™ Dissociator (Miltenyi Biotec, Auburn, CA). Neutrophils were isolated via 

positive selection using a murine Neutrophil Isolation Kit (Miltenyi Biotec, Auburn, CA) with 

MACS Columns and Separator (Miltenyi Biotec, Auburn, CA). Neutrophils were then plated 

(1x105 cells per well) onto chamber slides (Thermo Fisher Scientific, Waltham, MA). Phorbol 

12-myristate 13-acetate (PMA, Sigma-Aldrich) was added to select wells (final concentration of 

32 nM) to stimulate neutrophil activation. Slides were then incubated for 2 hours at 37°C with 

5% CO2. All cells were then fixed using a 50:50 mixture of methanol and acetone and washed 
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three times with PBS. Cy5-cFLFLF (1nM), anti-Ly6G-FITC (5 µg/mL; Biolegend, San Diego, 

CA), and DAPI (1 µg/mL; Invitrogen, Carlsbad, CA) were added to all wells, along with 

blocking buffer to reduce non-specific binding (5% Blotto in PBS, 0.5 mL/well, Santa Cruz 

Biotechnology, Dallas, TX). Confocal microscopy was performed and images were captured at 

200X. 

 

Immunofluorescence Staining with Cy7-cFLFLF 

Whole-lung tissue specimens after sham and IR 2-hr were immediately fixed in 4% fresh-

made paraformaldehyde (PFA) for 24 hours. The fixed samples were embedded in paraffin and 

sectioned into 5 µm slices.  The double immunofluorescence staining was performed as 

described in our previous methods [80, 81]. Briefly, paraffin was removed from the sections with 

xylene, then washed and rehydrated with 100%, 95% and 70% ethanol. The tissue sections were 

incubated with anti-mouse Ly6G-FITC antibody (1:100), and Cy7-cFLFLF peptide (2nM, 1:100) 

at 4ºC overnight. The sections were then sealed with ProLong Gold Antifade Mountant with 

DAPI (Invitrogen, Carlsbad, CA). Images were obtained with an Olympus IX81 inverted 

confocal microscope (Olympus Corp., Tokyo, Japan) with a CCD camera at 200X and 400X 

magnification.  

 

Statistical Analysis 

 Groups were compared using two-tailed Student’s t test or one-way analysis of variance 

(ANOVA) with a post-hoc Bonferroni correction for multiple comparisons. P<0.05 was used to 

determine statistical significance. All values are reported as mean ± standard error of the mean. 

Prism 7 (GraphPad Software, La Jolla, CA) was used for all statistical analyses. 
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Results 

Lung Function after IRI 

Pulmonary function measurements (compliance, airway resistance, and PA pressure) 

after IR demonstrated peak injury after 2 hours of reperfusion with resolution of injury over time. 

Pulmonary compliance was significantly reduced after IR compared with sham (IR 2-hr: 3.3±0.1 

vs. Sham: 6.5±0.4 µL/cmH2O, p<0.0001) and improved with increasing reperfusion time (IR 12-

hr: 3.9±0.2 µl/cmH2O, p>0.05 vs. IR 2-hr; IR 24-hr: 5.0±0.2 µl/cmH2O, p=0.02 vs. IR 12-hr, 

Figure 17A).  Airway resistance was significantly higher after IR compared with sham (IR 2-hr: 

1.9±0.1 vs. Sham: 1.1±0.04 cmH2O/µL/s, p<0.0001) and improved with increasing reperfusion 

time (IR 12-hr: 1.5±0.1 cmH2O/µL/s, p=0.0005 vs. IR 2-hr; IR 24-hr: 1.3±0.1 cmH2O/µL/s, 

p>0.05 vs. Sham, Figure 17B). PA pressure was significantly higher after IR compared with 

sham (IR 2-hr: 11.8±0.4 vs. Sham: 5.7±0.2 cmH2O, p<0.0001) and improved with increasing 

reperfusion time (IR 12-hr: 8.9±0.7 cmH2O, p=0.0004 vs. IR 2-hr; IR 24-hr: 6.1±0.4 cmH2O, 

p>0.05 vs. Sham, Figure 17C).  

 

 

FIGURE 17:  Lung function after ischemia-reperfusion (IR) demonstrating peak injury after 2 
hours of reperfusion with resolution of injury over time. (A) Pulmonary compliance, (B) airway 
resistance, and (C) pulmonary artery pressure after 1 hour of left lung ischemia followed by 2, 
12, or 24 hours of reperfusion compared to sham animals. IR 2-hr, mice after 1 hour of left lung 
ischemia and 2 hours of reperfusion; IR 12-hr, mice after 1 hour of left lung ischemia and 12 
hours of reperfusion; IR 24-hr, mice after 1 hour of left lung ischemia and 24 hours of 
reperfusion. * p<0.05 vs. Sham, ^ p<0.05 vs. IR 2-hr, # p<0.05 vs. IR 12-hr. 
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SPECT/CT Imaging of Lung IRI with 99mTc-cFLFLF 

In vivo leukocyte labeling with 99mTc-cFLFLF and SPECT imaging allowed for 

noninvasive diagnosis of left lung IRI after 2, 12, and 24 hours of reperfusion. Signal intensity 

demonstrated peak injury after 2 hours of reperfusion with reduction in signal intensity over 

time. Representative axial and coronal sections are shown in Figure 18A. Maximum intensity 

projections (MIP) in left lungs after 2 and 12 hours of reperfusion were significantly higher than 

sham mice (IR 2-hr: 4.2±0.3 vs 1.1±0.04, p<0.001; IR 12-hr: 2.1±0.2 vs 1.0±0.04, p<0.001, 

Figure 18B). By 24 hours of reperfusion, there was no significant difference in MIP between IR 

and sham animals (1.4±0.2 vs 1.2±0.04, p=0.2, Figure 18B). Total uptake of 99mTc-cFLFLF in 

left lungs was significantly higher after IRI at all three time-points compared with sham animals 

(IR 2-hr: 2.8±0.7 vs 1.0±0.04, p=0.02; IR 12-hr: 1.8±0.1 vs 1.0±0.1, p<0.001; IR 24-hr: 1.4±0.04 

vs 1.1±0.1, p=0.003, Figure 18C). Left-to-right lung ratios of MIP and probe uptake were 3.8- 

and 2.8-fold higher, respectively, compared with sham animals, with both 99mTc-cFLFLF uptake 

and MIP diminishing with increasing reperfusion time, correlating with pulmonary function 

results and neutrophil counts. 
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FIGURE 18:  SPECT/CT imaging after lung ischemia-reperfusion (IR) demonstrating peak 
signal after 2 hours of reperfusion. (A) Representative SPECT/CT images after 1 hour of left 
lung ischemia followed by 2, 12, or 24 hours of reperfusion. Mice were injected with 99mTc-
cFLFLF two hours before the end of reperfusion. (B) Quantification of SPECT maximum 
intensity projections (MIP), reported as the ratio of left to right lung values. (C) Quantification of 
relative radioactivity in lungs measured ex vivo with a gamma-well counter, reported as the ratio 
of left to right lung 99mTc-cFLFLF uptake. IR 2-hr, mice after 1 hour of left lung ischemia and 2 
hours of reperfusion; IR 12-hr, mice after 1 hour of left lung ischemia and 12 hours of 
reperfusion; IR 24-hr, mice after 1 hour of left lung ischemia and 24 hours of reperfusion; MIP, 
maximum intensity projection. 
 
Organ Biodistribution of 99mTc-cFLFLF 

 Organ biodistribution of 99mTc-cFLFLF was measured in mice undergoing 2 hours of 

reperfusion (Figure 19). Uptake was highest overall in kidneys representing excretion of excess 

probe. There was a significant difference in left lung uptake after IR compared with sham 
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animals (12.4±1.3 vs. 5.6±2.1 relative % radioactivity, p=0.02) and a significant difference 

between left and right lung uptake in IR 2-hr animals (12.4±1.3 vs. 3.9±0.4 relative % 

radioactivity, p<0.0001). Uptake was not significantly different between sham and IR animals in 

right lungs and in all other organs. 

 

FIGURE 19:  Organ biodistribution of 99mTc-cFLFLF uptake, reported as a percentage of total 
observed radioactivity in organs harvested and normalized to injected dose, tissue weight, and 
animal body weight demonstrating significant increase in left lung uptake in IR 2-hr animals. IR 
2-hr, mice after 1 hour of left lung ischemia and 2 hours of reperfusion. * p=0.02 vs. Sham left 
lung, ^ p<0.0001 vs. IR 2-hr right lung. 
 
Near-infrared Fluorescence Imaging of Lung IRI with Cy7-cFLFLF 

SPECT imaging findings were confirmed using near-infrared Cy7-cFLFLF and 

fluorescence imaging. Active inflammation in left and right lungs after 2 hours of reperfusion 

was visualized ex vivo (Figure 20A). Signal quantification demonstrated total radiance 

efficiency that was significantly higher in IR 2-hour mice compared with sham animals (1.7±0.1 

vs. 0.9±0.04 left/right lung total radiance efficiency, p<0.0001, Figure 20B). Although depth of 



	
   71	
  

fluorescence signal penetration is limited, in vivo imaging of left lung IRI in shaved, anesthetized 

mice was possible (Figure 20C). 

 

FIGURE 20:  Fluorescence imaging of lung ischemia-reperfusion injury (IRI) demonstrating 
increased fluorescence signal in left lungs of IR 2-hr animals. Mice were injected with Cy7-
cFLFLF 2 hours prior to imaging. (A) Representative near-infrared (NIR) fluorescence images of 
ex vivo lungs from mice that underwent sham surgery or left lung IR with 2 hours of reperfusion. 
(B) Quantification of fluorescence intensities reported as ratio of left to right lung total radiance 
efficiency. (C) Representative fluorescence images of live, shaved, anesthetized mice 
demonstrating visualization of left lung IRI. IR 2-hr, mice after 1 hour of left lung ischemia and 
2 hours of reperfusion. 
 
Neutrophil Infiltration After IR 

 Immunostaining of left lung sections demonstrated significantly greater neutrophil 

infiltration after IR compared with sham animals (60±9 neutrophils/HPF) at all three time points 

(IR 2-hr: 219±16 neutrophils/HPF, p<0.0001; IR 12-hr: 179±23 neutrophils/HPF, p<0.0001; IR 

24-hr: 154±9 neutrophils/HPF, p<0.0001, Figure 21). Neutrophil infiltration was highest after 2 

hours of reperfusion and decreased over time. There was a significant difference between IR 2-hr 

and IR 24-hr IR animals (p=0.01, Figure 21). 
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FIGURE 21:  Neutrophil infiltration after ischemia-reperfusion (IR) demonstrating increased 
neutrophils in lung tissue sections from IR 2-hr animals. (A) Representative histology slides 
immunostained for neutrophils (red color, 40X magnification). (B) Quantification of neutrophils 
per high-powered field (HPF). IR 2-hr, mice after 1 hour of left lung ischemia and 2 hours of 
reperfusion; IR 12-hr, mice after 1 hour of left lung ischemia and 12 hours of reperfusion; IR 24-
hr, mice after 1 hour of left lung ischemia and 24 hours of reperfusion. * p<0.0001 vs. Sham, ^ 
p=0.01 vs. 24-hr. 
 
Activated Neutrophils Bind cFLFLF 

 Isolated murine neutrophils activated by PMA demonstrated significant Cy5-cFLFLF 

binding that co-localized with DAPI and anti-Ly6G-FITC while unactivated neutrophils 

displayed minimal to no binding (Figure 22). 

 

FIGURE 22:  Activated neutrophils bind cFLFLF. Primary murine neutrophils were cultured 
with or without phorbol 12-myristate 13-acetate (PMA) for 2 hours and fixed. Slides were then 
incubated with DAPI (blue) for nuclei, anti-Ly6G-FITC (green) for neutrophils, and Cy5-
cFLFLF (red). The far right column shows enlarged views of the insets in the ‘Merged’ column. 
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Cy7-cFLFLF Signal Correlates with Neutrophils 

 Immunofluorescence staining of lung tissue sections after IR 2-hr demonstrated that 

increased neutrophil activation and infiltration after IRI corresponds with increased Cy7-cFLFLF 

signal, compared with sham lung tissue that demonstrated few neutrophils and minimal Cy7-

cFLFLF signal (Figure 23). 

 
 
Figure 23: Lung tissue sections after sham and IR 2-hr were stained with DAPI, anti-Ly6G-
FITC (neutrophils), and Cy7-cFLFLF. Representative images are shown. Neutrophils were 
increased in lung sections of IR 2-hr animals, which corresponded with increased Cy7-cFLFLF 
signal. IR 2-hr, mice after 1 hour of left lung ischemia and 2 hours of reperfusion. 
 

Discussion 

The present study investigated the diagnostic utility of in vivo leukocyte labeling with an 

FPR1-specific ligand (cFLFLF) to noninvasively diagnose and monitor lung IRI. Injection of 

99mTc-cFLFLF allowed for visualization of leukocyte activity after IR via SPECT imaging. 

99mTc-cFLFLF uptake in injured lungs and SPECT signal intensity correlated with changes in 

pulmonary function over time, allowing resolution of injury to be monitored. Changes in 

pulmonary function (compliance, airway resistance, and PA pressure) demonstrated peak lung 

injury after 2 hours of reperfusion, with lung function improving over 12 and 24 hours of 
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reperfusion. Neutrophil infiltration was correlated with pulmonary dysfunction and SPECT/CT 

imaging results, with peak neutrophil infiltration occurring after 2 hours of reperfusion. Organ 

biodistribution revealed significant differences in 99mTc-cFLFLF uptake in injured left lungs 

compared with sham animals. The specificity of cFLFLF to allow for SPECT imaging of left 

lung IRI was confirmed using a Cy7-labeled cFLFLF and near infrared fluorescence imaging. 

Lung transplantation is often a life-saving operation for patients with end-stage lung 

disease, but successful outcomes are less common compared to other solid organ transplants. 

[14] The risk of lung IRI leading to PGD in the immediate postoperative period drives transplant 

surgeons to be conservative in their acceptance of donor organs. [19] Unfortunately, mortality 

for patients on the lung transplant waiting list continues to rise as the demand for organs far 

outweighs the supply of “acceptable” organs. [3] When PGD occurs, early morbidity and 

mortality rises, as does the rate of long-term complications such as bronchiolitis obliterans. [13-

16] Transplant clinicians are limited in their ability to diagnose and monitor PGD, having to rely 

mainly on nonspecific chest radiographs and arterial oxygenation values. 

Providing clinicians with the ability to noninvasively image active inflammation with 

cell-specific molecular probes may allow for earlier diagnosis, earlier initiation of targeted 

therapies, and a method to monitor resolution or progression of PGD. Lung IRI is a complex 

inflammatory process that entails rapid activation of proinflammatory resident alveolar 

macrophages and iNKT cells. [22, 25] Subsequent release of HMGB1, TNF-α, IL-1β, and IL-17 

leads to rapid chemokine production (e.g. IL-8 from epithelium), neutrophil recruitment and a 

significant ramping up of the inflammatory process. [21, 82] Activated neutrophils express 

FPR1, a chemotactic G-protein-coupled surface receptor that binds mitochondrial N-formyl 

peptides, which are known damage-associated molecular patterns (DAMPs). [76, 83] Our 
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laboratory developed a cFLFLF as a ligand with high binding affinity for FPR1 and allows for 

noninvasive in vivo imaging of leukocytes, predominantly activated PMNs, during acute 

inflammation. [74] As seen in Figure 23, increased cFLFLF signal corresponds with neutrophil 

infiltration in lung tissue after IRI, but that cFLFLF also binds other cells expressing FPR1. 

Macrophages are known to express FPR1 and we have evidence that macrophages bind cFLFLF, 

therefore we hypothesize that the additional 99mTc-cFLFLF signal seen in our model is likely 

from the presence of macrophages. [84, 85]  

The present study demonstrated the feasibility of using 99mTc-cFLFLF to label activated 

PMNs in vivo allowing us to image sites of active inflammation with SPECT. Using a mouse 

model of lung IRI that showed peak injury at 2 hours, with resolution over time out to 24 hours, 

SPECT imaging results showed a 4-fold difference in left lung signal intensity at 2 hours, a 2-

fold difference at 12-hours, and a non-significant difference at 24 hours (which correlated with 

improvement in lung function and reduced neutrophil counts) compared with sham animals. 

Conjugation of cFLFLF with various isotopes and fluorescence dyes allows for 

visualization of the probe with different imaging modalities, such as positron emission 

tomography (PET), SPECT, optical imaging, and MRI. [74, 75, 77, 86] Regardless of probe label 

and imaging modality, cFLFLF is quite specific for detection of leukocyte-mediated 

inflammation. In a rat model of acute osteomyelitis, 99mTc-labeled cFLFLF with SPECT imaging 

was found to be superior to 99mTc-methylene diphosphonate bone scanning and 18F-

fluorodeoxyglucose (FDG) PET/CT for diagnosis based on specificity and image quality, and 

that 99mTc-cFLFLF was effective at evaluating the therapeutic response to treatment. [87] The 

results of our current study support these findings. 99mTc-cFLFLF is a useful imaging agent that 

can be applied broadly to different disease processes involving acute inflammation and appears 
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to be more specific than other nuclear medicine imaging techniques. Although 18F-FDG-PET is 

used extensively to evaluate primary and recurrent forms of cancer, including breast, head/neck, 

and lung, it has not been shown to be particularly effective for other forms of inflammation. [88-

90] Metabolically active cells, especially tumor cells, take up 18F-FDG, and thus 18F-FDG does 

not allow for delineation of specific cell-types, which limits its utility for accurate diagnosis of 

inflammatory processes such as lung IRI.  

A consistent method of labeling activated leukocytes in vivo would be a significant 

breakthrough for the field of nuclear medicine as most successful methods of leukocyte labeling 

thus far have required ex vivo radiolabeling. [18] Although currently the gold standard for 

radionuclide imaging of inflammation and infection, ex vivo methods are labor-intensive and 

have a high risk of contamination, requiring blood or bone marrow extraction, ex vivo leukocyte 

labeling, and injection of the cells back into the patient. Given these limitations, attempts have 

been made using antigranulocyte antibodies for in vivo leukocyte labeling, but there has been 

limited success. Agents that have been investigated include a monoclonal IgG1 antibody to the 

NCA-95 antigen on leukocytes (BW 250/183, Granuloscint; CISBio International, Yvette, 

France), a fragment of a monoclonal antibody that binds NCA-90 antigen (Sulesomab, 

Leukoscan, Immunomedics, Morris Plains, NJ), and 99mTc-Fanolesomab (NeutroSpec, Palatin 

Technologies, Cranbury, NJ), an IgM antibody that binds CD15. [91-94] Varying sensitivities 

and specificities have limited the adoption of these agents into clinical practice.  

The present study demonstrates the effectiveness of using 99mTc-cFLFLF to label 

leukocytes in vivo for the noninvasive diagnosis and monitoring of lung IRI by SPECT. Our 

study is limited by the fact that cFLFLF only targets FPR1 positive leukocytes; largely PMNs 

and possibly macrophages. [75, 76] Although leukocyte infiltration is an important component of 
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lung IRI, the ability to noninvasively image the activation of all major cell populations involved 

(including non-immune cells) may be needed for this diagnostic modality to positively impact 

lung transplantation outcomes. For example, development and implementation of specific M1 

and M2 macrophage probes would further enhance our ability to noninvasively characterize the 

inflammatory state of transplanted lungs and to monitor resolution of injury. The ability to 

monitor changes in proinflammatory cell populations, such as M1 macrophages and infiltrating 

PMNs, as compared with anti-inflammatory cell populations, such as M2 macrophages, may 

allow for an accurate understanding of the different stages of lung IRI and PGD, and allow 

clinicians to intervene with appropriate treatments. Additionally, since our model is a hilar clamp 

IR model, the findings need to be confirmed in a mouse or large animal lung transplant model. 

In conclusion, using a reproducible murine model of left lung IRI, the present study 

shows that administration of 99mTc-cFLFLF permits quantitative, noninvasive diagnosis of IRI 

via SPECT imaging. Importantly, changes in 99mTc-cFLFLF uptake and SPECT signal intensity 

correlated with changes in lung function parameters over time, suggesting that resolution of IRI 

over time can be monitored with 99mTc-cFLFLF and SPECT imaging. In vivo leukocyte labeling 

with cell-specific molecular imaging probes such as cFLFLF may allow for earlier and more 

accurate diagnosis of IRI, early initiation of targeted therapeutic interventions, and improved 

outcomes after lung transplantation. 
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V. Molecular Targets to Attenuate Lung IR Injury 
 

 

Three molecular targets for pharmacologic therapies are investigated. In a preclinical porcine 

model of lung transplantation, enhanced EVLP with adenosine A2B receptor antagonist is tested. 

The role of TRPV4 receptors during lung IRI as an additional target is explored. Panx1 

endothelial cell signaling mechanisms and Panx1 antagonism are evaluated as a novel 

therapeutic strategy to prevent lung IRI. 
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Abstract 

 
Background: The current supply of acceptable donor lungs is not sufficient for the number of 

patients awaiting transplantation.  We hypothesized that ex vivo lung perfusion (EVLP) with 

targeted drug therapy would allow successful rehabilitation and transplantation of donation after 

circulatory death (DCD) lungs exposed to 2-hours of warm ischemia. 

Methods: Donor porcine lungs were procured after 2-hours of warm ischemia post-cardiac 

arrest, and subjected to 4-hours of cold preservation or EVLP. ATL802, an adenosine A2B 

receptor antagonist, was administered to select groups. Four groups (n = 4/group) were 

randomized: cold preservation (Cold), cold preservation with ATL802 during reperfusion 

(Cold+ATL802), EVLP (EVLP), and EVLP with ATL802 during ex vivo perfusion 

(EVLP+ATL802). Lungs were subsequently transplanted, reperfused, and assessed by measuring 

dynamic lung compliance and oxygenation capacity. 

Results: EVLP+ATL802 significantly improved dynamic lung compliance compared with 

EVLP (25.0±1.8 vs 17.0±2.4 mL/cmH2O, p=0.04), and compared with cold preservation (Cold: 

12.2±1.3, p=0.004; Cold+ATL802: 10.6±2.0 mL/cmH2O, p=0.002).  Oxygenation capacity was 

highest in EVLP (440.4±37.0 vs Cold: 174.0±61.3 mmHg, p=0.037).  No differences in 

oxygenation or pulmonary edema were observed between EVLP and EVLP+ATL802.  A 

significant decrease in IL-12 expression in tissue and bronchoalveolar lavage was identified 

between groups EVLP and EVLP+ATL802, along with less neutrophil infiltration. 

Conclusions:  Severely injured DCD lungs subjected to 2-hours of warm ischemia are 

successfully transplanted after enhanced EVLP with targeted drug therapy.  Increased utilization 

of lungs following uncontrolled donor cardiac death and prolonged warm ischemia may be 

possible and may improve transplant wait list times and mortality. 
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Introduction 
 
 Lung transplantation is a life-saving operation for patients with end-stage lung disease, 

but is accompanied by significant hurdles that must be overcome to ensure a positive result.  

Central to the discussion is the shortage of acceptable donor lungs, given the conservative 

acceptance criteria used by most surgeons and the increased risk of primary graft dysfunction 

(PGD) with transplantation of marginal lungs. [19] Considering outcomes after lung 

transplantation are the worst of any solid organ, strategies to optimize lung utilization and 

increase the likelihood of a successful outcome are needed. [3] 

 The expansion of donor acceptance criteria to include donation after circulatory death 

(DCD) lungs is one such approach that may substantially increase the pool of available organs. 

[42] Currently, DCD lungs are used in less than 2% of lung transplants per year due to the 

increased risk of ischemia-reperfusion (IR) injury, a major cause of PGD and a risk factor for the 

development of chronic graft rejection. [3, 95] The use of ex vivo lung perfusion (EVLP) prior to 

transplantation may help alleviate the resultant IR injury. [17] Using EVLP to perform donor 

lung assessment followed by targeted therapeutic rehabilitation may allow for successful 

transplantation of otherwise unacceptable lungs.  

 Targeting various cellular receptors in the lung, such as adenosine and sphingosine-1-

phosphate receptors, our laboratory has shown improved outcomes and attenuation of IR injury 

after transplantation. [41, 57] Adenosine, a bioactive nucleoside, plays a significant role in 

purinergic signaling during inflammation through its interaction with four G-protein-coupled 

receptors (A1, A2A, A2B, A3). [96] Altering the level of adenosine receptor signaling with targeted 

drug delivery during EVLP may help improve outcomes after lung transplantation.  The role of 

adenosine A2B receptor (A2BR) activation has been found to be both pro-inflammatory and anti-
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inflammatory in different experimental models of lung injury. [48, 97-99] Our laboratory 

demonstrated that it is pro-inflammatory and that selective antagonism of A2BR attenuates IR 

injury. [100] 

 The objective of the current study was to determine if lungs procured following donor 

cardiac death and prolonged warm ischemia could be rehabilitated with EVLP and successfully 

transplanted, using a porcine model of lung transplantation. We hypothesized that use of EVLP 

with addition of an A2BR antagonist, as targeted drug therapy during the 4-hour ex vivo perfusion 

period, would allow for successful rehabilitation and transplantation of DCD lungs exposed to 2-

hours of warm ischemia.  The use of lungs for transplantation following uncontrolled donor 

cardiac death in the field could increase the pool of available organs, increase the number of lung 

transplants per year, and decrease wait list times and mortality. 

 

Materials and Methods 

Animals and Study Groups 

This study complied with the 1996 Guide for the Care and Use of Laboratory Animals as 

recommended by the US National Institutes of Health.  The University of Virginia Animal Care 

and Use Committee approved the study protocol and all animals received humane care. 

 Mature domestic swine of both sexes (19-42 kg) underwent hypoxic cardiac arrest, 

followed by 2-hours of warm ischemia prior to cold preservation flush and procurement of the 

lungs.  Two hours of warm ischemia time reflects the estimated amount of time necessary to 

procure lungs following uncontrolled donor cardiac death in the field.  Donor lungs were 

randomized to four groups (n=4/group): 4-hours of cold preservation at 4°C (Cold), 4-hours of 

cold preservation at 4°C with the addition of ATL802 during the reperfusion period 
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(Cold+ATL802), 4-hours of normothermic EVLP with Steen Solution™ (XVIVO Perfusion Inc, 

Englewood, CO) (EVLP), or 4-hours of EVLP supplemented with ATL802 (EVLP+ATL802) 

(Figure 24). In all groups, the left lung was subsequently transplanted into a size-matched 

recipient and reperfused for 4 hours in vivo.  ATL802 (Lewis and Clark Pharmaceuticals, 

Charlottesville, VA), a selective A2BR antagonist, was given to groups Cold+ATL802 (via 

external jugular vein at start of reperfusion period) and EVLP+ATL802 (added to Steen at start 

of ex vivo perfusion period) as targeted anti-inflammatory drug therapy at a bolus dose of 1 

mg/kg, based on previous studies. [100, 101] ATL802 is currently being used for preclinical 

studies only to determine the efficacy of A2BR antagonism. 

 

Figure 24: Schematic of experiment. Cold, transplantation after 4-hours of cold preservation; 
Cold+ATL802, transplantation after 4-hours of cold preservation with administration of ATL802 
during reperfusion; EVLP, transplantation after 4-hours of EVLP; EVLP+ATL802, 
transplantation after 4-hours of EVLP with administration of ATL802 during ex vivo perfusion. 
 

Donor Procurement Procedure 

 Procurement of donor lungs was performed as previously described. [45] Ketamine (50 

mg/kg) and xylazine (5 mg/kg) were used for induction of anesthesia and intubation.  Isoflurane 

(3%) and 1.0 fraction of inspired oxygen (FiO2) were used to maintain anesthesia.  Animals were 

ventilated (tidal volume 8 mL/kg, respiratory rate 16-20 breaths/min, positive end-expiratory 
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pressure 5 cmH2O) and an initial arterial blood gas (ABG) sample was analyzed.  All donor 

animals received systemic heparin (200 U/kg, Hospira Inc., Lake Forest, IL) and had continuous 

electrocardiogram monitoring in place prior to clamping the endotracheal tube and inducing 

hypoxic cardiac arrest.  Donor animals underwent 2-hours of warm ischemia from the time 

asystole was confirmed on the cardiac monitor.   

 A median sternotomy was then performed and a cardioplegia cannula (Terumo Heart 

Inc., Ann Arbor, MI) was inserted into the main pulmonary artery (PA) to deliver Prostaglandin-

E1 (500 µg, Pfizer Inc., New York, NY) and cold Perfadex® (XVIVO Perfusion Inc., 

Englewood, CO).  A total of 1.5 liters of Perfadex supplemented with 15,000 IU of heparin was 

flushed through the lungs after venting the left atrial (LA) appendage and ligating the vena cava.  

Ice slush was introduced into the thorax to rapidly cool the lungs.  The trachea was clamped mid-

inspiration and the heart-lung bloc was explanted. 

 For groups Cold and Cold+ATL802, the heart and right-lung were removed on the back-

table and preparation of the left bronchus, PA, and LA cuff was completed.  Retrograde flush 

with an additional 500 mL of cold Perfadex with heparin was completed and the lungs were 

placed in a protective plastic bag and stored at 4°C for 4-hours.  For groups EVLP and 

EVLP+ATL802, the heart was removed on the back-table and the trachea, main PA, and LA cuff 

were prepared to allow for placement of the EVLP cannulas. 

 

EVLP 

 Lungs randomized to groups EVLP and EVLP+ATL802 underwent 4-hours of 

normothermic EVLP. [46, 47] A yellow cannula (XVIVO Perfusion Inc., Englewood, CO) was 

placed in the main PA, a green cannula (XVIVO Perfusion Inc., Englewood, CO) was sutured to 
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the LA cuff, and a 7-0 endotracheal tube was placed into the trachea.  An additional 500 mL of 

cold Perfadex was flushed retrograde. 

 EVLP was initiated on both lungs as previously described. [38] The circuit was primed 

with 2L Steen supplemented with cefazolin (500 mg, APP Pharmaceuticals, Schaumburg, IL), 

methylprednisolone (500 mg, Pfizer Inc., New York, NY), and heparin (10,000 IU).  ATL802 

was added to the ex vivo perfusate for lungs randomized to EVLP+ATL802 and dimethyl 

sulfoxide (vehicle) was added for group EVLP.  Surgeons were blinded as to whether the 

perfusate was supplemented with the treatment drug or vehicle.  Flow was initiated (0.2 mL/min) 

and LA pressures maintained between 0-5 mmHg.  The perfusate was warmed to 37°C over 30 

minutes.  Flow was titrated up to 40% of estimated cardiac output (100 mL/kg donor body 

weight) and when the perfusate reached 32°C, ventilation was started (tidal volume 8 mL/kg, 

respiratory rate 8 breaths/minute, positive end-expiratory pressure 5.0 cmH2O, FiO2 0.21).  A tri-

gas mixture (86% nitrogen, 8% carbon dioxide, 6% oxygen) was used to deoxygenate the 

perfusate.   

Samples from the PA inflow and LA outflow were collected hourly following a 15-

minute challenge with 1.0 FiO2 to measure the partial pressure of oxygen (PaO2).  Airway 

pressures were measured hourly and used to calculate dynamic compliance.  After 4-hours of 

EVLP, lungs were flushed anterograde with cold Perfadex (500 mL) and the left lung was 

separated off and prepared for transplantation. 

 

Lung Transplant Procedure 

 Recipient animals were anesthetized and ventilated similar to donors.  A multi-access 

cathether with PA cathether and an arterial catheter were placed.  The animal was administered 
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lidocaine (50 mg) and heparin (5000 IU).  The transplant procedure was performed as previously 

described: left lateral thoracotomy, left pneumonectomy, left lung transplant (running sutures for 

anastomoses: end-to-end bronchial, end-to-end PA, and LA cuff to recipient LA appendage). 

[57] At the start of reperfusion, ATL802 was administered via external jugular vein injection for 

lungs randomized to group Cold+ATL802. 

 

Post-transplant Reperfusion 

 In vivo reperfusion was maintained for 4-hours.  Airway pressure measurements and 

systemic ABGs were performed every 30-minutes.  Low-pressure lung recruitment was 

performed prior to each set of measurements.  Superior and inferior pulmonary vein blood 

samples were obtained after 2-hours and at the completion of 4-hours of reperfusion for direct 

left lung PaO2 measurements.  Adequate hemodynamics and acid/base status were maintained 

with use of normal saline, epinephrine, and sodium bicarbonate to meet the following goals: pH 

7.35-7.45, base excess > -5, and mean arterial pressure > 55 mmHg.  The lung was explanted 

after 4-hours of reperfusion and the animal euthanized. 

 

Pulmonary Edema 

 Left lungs were weighed just prior to transplant and immediately after explant.  Percent 

gross weight change from pre-transplantation to post-reperfusion was calculated to determine 

amount of pulmonary edema. 

Cytokine Measurements 

 After explantation, two fresh tissue samples were obtained (upper and lower portion of 

lower lobe), flash frozen in liquid nitrogen, and stored at -80°C.  FastPrep®-24 (MP 
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Biomedicals, Santa Ana, CA) was used to homogenize tissue.  Bicinchoninic acid protein assay 

(Pierce, Rockford, IL) was used to determine total protein concentration in the supernatant of 

each homogenized tissue sample.  Bronchoalveolar lavage (BAL) of the upper lobe was 

performed with 30 mL of normal saline, centrifuged, and stored at -80°C.  A commercially 

available multiplex immunosorbent assay (EMD Millipore, Billerica, MA) was used to measure 

levels of interleukin (IL)-1α, 1β, 4, 6, 8, 10, 12, 18, and TNF-α in tissue supernatant (normalized 

to equal protein concentrations) and BAL. 

 

Histopathologic Assessment 

 The lower lobe was instilled with 10% buffered formalin via the bronchus after all fresh 

tissue sampling was complete, and then submerged in formalin.  After storage overnight, 

peripheral lung tissue samples (n=4/lung) were obtained, paraffin-embedded and sectioned.  One 

histology slide from each sample was stained with hematoxylin-eosin and two histology slides 

were used for immunohistochemistry evaluation of neutrophil infiltration.  

 The H&E stained slides were assessed by a masked pathologist for presence of lung 

injury.  Each slide was scored based on the following three components: polymorphonuclear 

cells per 40X high-powered field (HPF) (0=<5, 1=6-10, 2=11-20, 3=>20), alveolar edema 

(0=<5%, 1=6-25%, 2=26-50%, 3=>50%), and interstitial inflammation (0=none, 1=minimal, 

2=moderate, 3=severe), as previously described. [57] 

 For neutrophil immunohistochemistry staining, the primary antibody used was mouse 

monoclonal anti-porcine neutrophil antibody (MBA Biomedicals, Augst, Switzerland) and 

secondary antibody used was donkey anti-mouse IgG (Jackson ImmunoResearch Laboratories 

Inc., West Grove, PA).  After addition of avidin-biotin complex, slides were incubated for 30-
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minutes at room temperature, followed by incubation with 3,3-diaminobenzidine 

tetrahydrochloride (Dako Inc., Carpinteria, CA) to produce a brown precipitate, and finally 

counterstained with hematoxylin. [48] Five microscopic photographs of each slide were taken at 

40X magnification.  The number of neutrophils per HPF was counted by a masked reviewer and 

averaged per tissue sample to account for potential injury heterogeneity. 

 

Statistical Analysis 

 One-way analysis of variance with Bonferroni’s multiple comparisons test and Student’s 

t-test were used to determine statistical significance between groups.  Prism 6 (GraphPad 

Software Inc., La Jolla, CA) was used to perform statistical calculations and all data were 

reported as mean ± standard error of the mean, with p-value for significance of 0.05. 

 

Results 

Lung Function 

 After transplantation and 4-hours of in vivo reperfusion, dynamic compliance was 

significantly higher in group EVLP+ATL802 compared with the vehicle EVLP group (25.0±1.8 

vs. 17.0±2.4 mL/cmH2O, p=0.04), and compared to both non-EVLP groups (Cold: 12.2±1.3, 

p=0.004 and Cold+ATL802: 10.6±2.0 mL/cmH2O, p=0.002) (Figure 25A). Oxygenation 

capacity of the transplanted lung after 4-hours of reperfusion was highest in group EVLP 

(440.4±37.0 mmHg) and significant compared to Cold (174.0±61.3 mmHg, p=0.037) (Figure 

25B). There were no significant differences in final PaO2/FiO2 ratios between groups Cold, 

Cold+ATL802, and EVLP+ATL802. 
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Figure 25: (A) Final dynamic compliance and (B) oxygenation (PaO2/FiO2) at the completion of 
4-hours of reperfusion. Cold, transplantation after 4-hours of cold preservation; Cold+ATL802, 
transplantation after 4-hours of cold preservation with administration of ATL802 during 
reperfusion; EVLP, transplantation after 4-hours of EVLP; EVLP+ATL802, transplantation after 
4-hours of EVLP with administration of ATL802 during ex vivo perfusion; PaO2/FiO2, partial 
pressure of oxygen/fraction of inspired oxygen. # p=0.04 vs EVLP, p=0.002 vs Cold+ATL802, 
and p=0.004 vs Cold, * p=0.037 vs Cold. 
 

Prior to inducing hypoxic cardiac arrest, donor animals from all groups had similar 

PaO2/FiO2 ratios (Cold: 501.7±28.9, Cold+ATL802: 510.2±29.9, EVLP: 454.8±17.0, 

EVLP+ATL802: 490.3±39.8 mmHg, p=0.59) with an overall mean donor PaO2/FiO2 ratio of 

489.3±14.5 mmHg.  After clamping the endotracheal tube, the mean time to death for all donor 

animals was 22.6±2.0 minutes, with no difference between groups (p=0.2). 

 During the 4-hour EVLP period, no significant differences in oxygenation capacity or 

dynamic compliance were observed between groups EVLP and EVLP+ATL802, although the 

hourly mean values for both parameters were consistently higher in EVLP+ATL802 (Figure 26). 

By hour 1 of EVLP, the mean PaO2/FiO2 ratios for both groups were above 300 mmHg (EVLP: 

375±23.3, EVLP+ATL802: 427.2±83.6 mmHg) and remained elevated at the completion of 4-

hours of EVLP (EVLP: 376.7±61.0, EVLP+ATL802: 384.2±102.0 mmHg). 
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Figure 26: (A) Oxygenation (PaO2/FiO2) and (B) dynamic compliance recorded hourly during 
EVLP.  Cold, transplantation after 4-hours of cold preservation; Cold+ATL802, transplantation 
after 4-hours of cold preservation with administration of ATL802 during reperfusion; EVLP, 
transplantation after 4-hours of EVLP; EVLP+ATL802, transplantation after 4-hours of EVLP 
with administration of ATL802 during ex vivo perfusion; PaO2/FiO2, partial pressure of 
oxygen/fraction of inspired oxygen. 
 

 The mean PaO2/FiO2 ratios from the start of the experiment to conclusion of the 4-hour 

reperfusion period for the two untreated groups (Cold and EVLP) are shown in Figure 27.  The 

Cold group decreased significantly from an initial donor PaO2/FiO2 ratio of 501.7±28.9 mmHg 

to a post-reperfusion mean of 174.0±61.3 mmHg (p=0.003), while the final post-reperfusion 

PaO2/FiO2 ratio for the EVLP group was not significantly different compared with the donor pre-

hypoxia ratio (440.4±37.0 vs. 454.8±17.0, p=0.71). 

 

Hemodynamic Support 

 During the reperfusion period, intravenous normal saline, epinephrine, and sodium 

bicarbonate were used judiciously to maintain adequate hemodynamics and appropriate acid/base 

status.  Recipient animals in EVLP+ATL802 were the most stable, requiring the least amount of 
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fluids (0.7 ± 0.1 L), epinephrine (1.2 ± 0.4 mg), and sodium bicarbonate (1.0 ± 0.0 amps) during 

the reperfusion period (Table 3). 

 

Figure 27: Oxygenation capacity (PaO2/FiO2) of groups without drug treatment recorded at four 
time points: donor animal prior to hypoxia (Pre-hypoxia), 1-hour into EVLP (1-hour EVLP), at 
the completion of EVLP (4-hour EVLP), and recipient after 4-hours of reperfusion (Post-
Reperfusion). Cold, transplantation after 4-hours of cold preservation; EVLP, transplantation 
after 4-hours of EVLP; PaO2/FiO2, partial pressure of oxygen/fraction of inspired oxygen. * 
p=0.037. 
 

Table 3: Intravenous fluid, epinephrine, and sodium bicarbonate requirements during 4-
hour reperfusion period (mean ± SE) 
 

 Intravenous Fluid (L) Epinephrine (mg) Sodium Bicarbonate (amp) 

Cold 1.2 ± 0.3 7.9 ± 4.2 1.0 ± 0.4 

Cold+ATL802 2.2 ± 0.6 14.1 ± 6.3 3.5 ± 1.0 

EVLP 1.0 ± 0.3 2.1 ± 0.3 0.8 ± 0.5 

EVLP+ATL802 0.7 ± 0.1 1.2 ± 0.4 1.0 ± 0.0 
 
Cold, transplantation after 4-hours of cold preservation; Cold+ATL802, transplantation after 4-
hours of cold preservation with administration of ATL802 during reperfusion; EVLP, 
transplantation after 4-hours of EVLP; EVLP+ATL802, transplantation after 4-hours of EVLP 
with administration of ATL802 during ex vivo perfusion. 
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Pulmonary Edema 

 Compared to Cold, lungs that underwent 4-hours of EVLP without ATL802 had 

significantly less weight gain from pre-transplantation to post-reperfusion (Cold: 120±23% vs. 

EVLP: 20±20%, p=0.037) and trended towards significance for lungs in EVLP+ATL802 

(28±10%, p=0.056) (Figure 28A).  No significant differences were observed between Cold and 

Cold+ATL802 (116±41%) or between EVLP and EVLP+ATL802. 

 

Cytokine Expression 

 Proinflammatory cytokines were assessed in homogenized tissue supernatant and BAL 

fluid after the reperfusion period.  A significant decrease was identified in levels of IL-12 when 

comparing EVLP to EVLP+ATL802 (tissue: 132.5±37.7 vs. 36.3±17.5 pg/mL, p=0.007; BAL: 

360.0±106.7 vs. 85.0±34.0 pg/mL, p=0.046) (Figure 28B). No other significant differences were 

identified. 
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Figure 28: (A) Percentage increase in gross lung weight from pre-transplant to post-reperfusion 
and (B) tissue supernatant and bronchoalveolar lavage IL-12 levels after reperfusion. Cold, 
transplantation after 4-hours of cold preservation; Cold+ATL802, transplantation after 4-hours of 
cold preservation with administration of ATL802 during reperfusion; EVLP, transplantation after 
4-hours of EVLP; EVLP+ATL802, transplantation after 4-hours of EVLP with administration of 
ATL802 during ex vivo perfusion. # p=0.037 vs Cold, ^ p =0.056 vs Cold, * p=0.007, x p=0.046. 
 

Lung Injury Severity Score 

 Although EVLP+ATL802 had the lowest mean composite lung injury severity score 

(comprised of neutrophil infiltration, alveolar edema, and interstitial inflammation), there were 

no significant differences observed between groups (Cold: 4.31±0.70, Cold+ATL802: 3.81±0.89, 

EVLP: 5.94±0.90, EVLP+ATL802: 2.94±1.35, p=0.24). 
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Neutrophil Infiltration 

 Immunohistochemistry stained slides were compared between all four groups using 

samples from two distinct lung regions, with five HPF counts per sample.  Significantly less 

neutrophils were seen in group EVLP+ATL802 compared with Cold (56.0±6.7 vs. 122.8±16.2, 

p=0.002), and compared with EVLP (56.0±6.7 vs. 111.7±10.0, p=0.012) (Figure 29). 

 

Figure 29: Immunohistochemistry staining for neutrophils. (A) Representative sections (40X 
magnification). (B) Neutrophils per high-powered field (HPF). Cold, transplantation after 4-
hours of cold preservation; Cold+ATL802, transplantation after 4-hours of cold preservation with 
administration of ATL802 during reperfusion; EVLP, transplantation after 4-hours of EVLP; 
EVLP+ATL802, transplantation after 4-hours of EVLP with administration of ATL802 during ex 
vivo perfusion. # p=0.002 vs Cold and p=0.012 vs EVLP. 
 

Discussion 

 Using a porcine model of left lung transplantation, the present study sought to determine 

the ability of EVLP, with and without the addition of targeted drug therapy, to rehabilitate DCD 
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lungs exposed to 2-hours of warm ischemia.  Dynamic compliance 4-hours after reperfusion was 

improved in lungs treated with 4-hours of EVLP supplemented with an A2BR antagonist 

(ATL802), and oxygenation was improved in lungs treated with EVLP alone compared with cold 

preservation.  After the reperfusion period, lungs that received 4-hours of EVLP, with or without 

ATL802, demonstrated less percent weight gain compared with lungs that underwent 4-hours of 

cold preservation prior to transplant.  The combination of EVLP plus ATL802 significantly 

reduced neutrophil infiltration after 4-hours of reperfusion, and a decrease in the amount of IL-

12 expression was observed with the addition of ATL802 compared with EVLP alone.  

Collectively, DCD lungs exposed to 2-hours of warm ischemia can be transplanted successfully 

after 4-hours of EVLP as opposed to cold preservation, and targeted drug therapy during the ex 

vivo perfusion period may further improve outcomes. 

Increasing the amount of warm ischemia time acceptable for donor lung procurement 

would allow for inclusion of uncontrolled DCD lungs from patients who experience cardiac 

arrest outside of a medical facility, with heparin administration as the only intervention possibly 

needed before procurement.  Further investigation may show that heparin administration is not 

necessary if lungs are flushed with a fibrinolytic agent prior to EVLP.  This strategy for 

increasing the pool of available donor lungs may shorten wait list times and improve mortality 

for deteriorating patients with end-stage pulmonary disease, and is gaining support clinically as 

the supply-demand chasm continues to widen. [102] A case report of successful transplantation 

after EVLP of human DCD lungs exposed to 4-hours of warm ischemia has been reported. [103] 

Unfortunately, longer ischemic times increase the risk for IR injury and PGD, but EVLP has 

been shown to be protective and beneficial when transplanting marginal donor lungs. [104] Our 
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results support the use of EVLP compared with cold preservation alone, as the majority of the 

benefit seen in this study can be attributed to EVLP and not the treatment drug. 

The present study employed the use of ATL802, an A2BR antagonist, as targeted drug 

therapy to reduce inflammation and IR injury after transplantation. Both activation and inhibition 

of A2BRs have been shown to decrease lung inflammation. [48, 97-99] Previous work from our 

lab implicated resident pulmonary cells as opposed to bone-marrow derived cells as the location 

of A2BR signaling, with a resultant decrease in cytokine expression and neutrophil activation. 

[97] In a mouse model of acute lung injury, Hogel, S et al. identified alveolar epithelial cells as 

the location of A2BR signaling, which supports the findings from our lab showing attenuation of 

mouse lung IR with A2BR antagonism. [100, 105] The present study translated these findings into 

a large animal transplant model for the first time. 

IL-12 is a proinflammatory cytokine secreted by tissue-resident macrophages and 

dendritic cells, which leads to increased production of interferon-γ by T-helper cells. [106] IL-

12, in conjunction with IL-18, an important component of inflammasome activation, has been 

implicated in the up-regulation of matrix degrading enzymes and T-cell infiltration in lung 

injury. [107] Additionally, adenosine signaling has been shown to inhibit IL-12 production, 

which may further support the use of adenosine receptor-targeted therapies to prevent 

inflammation. [108] Two IL-12 antagonists, ustekinumab and briakinumab, are currently being 

tested in clinical trials as targeted drug therapy for immune-mediated inflammatory disease, 

including graft-vs-host disease. [106] Targeted treatment to down-regulate IL-12 expression may 

be a possible adjunctive therapy, delivered during the EVLP period, to attenuate IR injury and 

improve outcomes after lung transplantation.  
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Neutrophil activation and infiltration is dependent on various signaling pathways related 

to both innate and adaptive immunity.  We have previously shown that A2AR activation 

significantly attenuates neutrophil infiltration in a mouse model of lung IR injury, as well as after 

transplantation in a porcine model. [45, 109] Additionally, neutrophil activation has been shown 

to worsen acute lung injury through the involvement of A3Rs. [110] The present study shows 

evidence for a decrease in neutrophil infiltration with ATL802 treatment during EVLP.  No 

significant difference was observed between groups Cold and Cold+ATL802 when ATL802 was 

administered during reperfusion, as opposed to 4 hours prior to reperfusion (EVLP+ATL802).  

This timing difference may impact the drug’s ability to alter signaling pathways in alveolar 

epithelial cells and future studies are needed to better understand this effect. The resuscitative 

requirements of Cold+ATL802 may be due to hemodynamic effects of systemic drug 

administration.  

The findings are limited by low sample size, donor heparin administration, inherent 

variability with large animals, and the dichotomy between compliance and oxygenation values in 

EVLP+ATL802.  Improved oxygenation was not observed with ATL802 which may be the 

result of low sample size considering one animal had significantly low oxygenation (PaO2/FiO2 

of 84.35).  Additionally, post-transplant compliance values represent both lungs.  Studies further 

evaluating the role of A2BRs in acute lung injury are needed prior to making conclusions about 

the benefit of A2BR antagonism as a treatment modality. 

The use of EVLP as an assessment and rehabilitation platform to improve organ 

utilization may lead to a reduction in the critical shortage of donor lungs that meet acceptance 

criteria.  Current functional measurements (oxygenation and compliance) used to assess lung 

quality may not be sufficient to fully predict success after transplantation, but measuring 
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biomarkers, such as endothelin-1 or proinflammatory cytokines, during EVLP may improve our 

ability to correctly predict outcomes. [111, 112] Additionally, EVLP provides an opportunity to 

provided targeted rehabilitative strategies based on the needs of each individual set of donor 

lungs.  The administration of inhaled β2-agonist and neutrophil elastase during EVLP has been 

shown to improve outcomes after transplantation. [113, 114] Potentially more beneficial is the 

opportunity to provide drug treatments, such as antibiotics, at concentration levels that would 

otherwise be detrimental if systemically administered to the recipient. [115] 

In summary, the use of EVLP to rehabilitate uncontrolled DCD lungs subjected to 

prolonged warm ischemia is promising.  Our findings of improved outcomes after transplantation 

with the use of EVLP and targeted drug therapy during the ex vivo perfusion period suggest that 

it may be possible to successfully transplant lungs procured from patients suffering cardiac death 

in the field.  Expanding current acceptance criteria for donor lung procurement is needed to 

decrease wait list times and improve wait list mortality for patients with end-stage pulmonary 

disease.  Using EVLP to assess lung quality and administer targeted drug therapies prior to 

recipient allocation will allow for maximal organ utilization and may improve outcomes after 

transplantation.   
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Introduction 

 Transient receptor potential vanilloid-4 (TRPV4) cation channels have a preference for 

calcium, are activated by various inflammatory stimuli, and are thought to be involved in the 

pathophysiology of acute lung injury. [116-119] In a mouse model of ventilator-induced lung 

injury, TRPV4 channels were found to contribute to acute vascular permeability by allowing 

rapid calcium influx. [118] Membrane stretch, mechanical stimuli, heat, and epoxyeicosatrienoic 

acids, along with other products of inflammation activate TRPV4 channels. [118] TRPV4 

channels are fairly ubiquitous, and are expressed in a wide variety of tissues and organs, 

including the lung and vascular endothelium. [118, 120] In this study, we demonstrate a role for 

TPRV4 channels in the regulation of endothelial permeability and epithelial activation during 

lung IRI. 

 

Materials and Methods 

 Our murine model of left lung hilar occlusion to induce IRI was used with C57BL6 wild-

type (WT) mice and TRPV4-/- mice.  Mice underwent sham surgery or 1 hour of left lung 

ischemia, followed by 2 hours of reperfusion.  A TRPV4 specific antagonist, GSK2193874 

(1mg/kg, administered intravenously 1 hour before ischemia) was used in separate groups of WT 

mice.  Lung function was measured as previously described (compliance, airway resistance, and 

pulmonary artery pressure using an isolated, buffer-perfused ventilation apparatus). 

Bronchoaveolar lavage fluid was obtained at the conclusion of the reperfusion period and used to 

measure cytokine and myeloperoxidase levels.  Lung edema was assessed by wet/dry weight and 

neutrophil infiltration was quantified with immunohistochemistry.  Murine alveolar type II 

epithelial cells (MLE12) and lung primary microvascular endothelial cells (PMVEC) were 
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evaluated in vitro using a model of hypoxia/reoxygenation (HR; 3 hours/1 hour) or TNF-α 

(50µM) administration to assess the role of TRPV4 channels by quantifying CXCL1 production, 

calcium influx, and neutrophil transmigration. 

 

Results 

 Deletion of TRPV channels in our mouse model attenuates lung IRI as demonstrated by 

increased pulmonary compliance (5.1±0.3 vs. 2.5±0.1 µl/cm H2O; p<0.01), decreased airway 

resistance (1.6±0.1 vs. 2.1±0.2 cm H2O/µl/sec; p=0.03), and decreased pulmonary artery pressure 

(7.7±0.2 vs. 12.8±0.4 cm H2O; p<0.01, Figure 30A). Likewise, treatment of WT mice with 

GSK2193874 attenuates lung IR to a similar degree as TRPV4 channel deletion (Figure 30B). 

 Neutrophil infiltration and myeloperoxidase production were significantly reduced in 

TRPV4-/- mice (Figure 31).  Proinflammatory cytokine production (CXCL1, IL-17, TNF-α, and 

HMGB1) was also significantly attenuated in TRPV4-/- mice (Figure 32).  In vitro analyses of 

the effect of TRPV4 channels on MLE12 cells and PMVECs demonstrated that TRPV4 channels 

are involved in CXCL1 production from MLE12 cells and calcium influx and neutrophil 

transmigration in PMVECs and that TRPV4 antagonism attenuates epithelial activation and 

endothelial permeability (Figure 33). 

 

 



	
   102	
  

 

Figure 30: Pulmonary function results (airway resistance, pulmonary compliance, and 
pulmonary artery pressure) demonstrating attenuation of lung IRI with (A) TRPV4-/- IR mice and 
(B) mice treated with GSK2193874 (WT IR+GSK2) compared with wild-type (WT) sham and 
WT IR mice. *p<0.05 vs. other groups. 
 

 
Figure 31: (A) Neutrophil infiltration (neutrophils per histologic high-powered field, 
PMNs/HPF) and (B) myeloperoxidase production were significantly reduced in TRPV4-/- IR 
mice compared with wild-type sham (WT sham) and wild-type IR mice (WT IR). * p<0.05 vs. 
other groups. 
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Figure 32: Proinflammatory cytokine production: (A) CXCL1, (B) IL-17 and TNF-α, and (C) 
HMGB1 was significantly attenuated in TRPV4-/- IR mice compared with wild-type IR mice 
(WT IR). * p<0.05 vs. other groups. 
 

 
Figure 33: TRPV4 antagonism with GSK2193874 (GSK2) attenuates (A) murine alveolar type 
II epithelial cell activation as demonstrated by reduced CXCL1 production and (B) primary 
microvascular endothelial cell permeability as demonstrated by reduced neutrophil 
transmigration. HR, 3 hours hypoxia and 1 hour reoxygenation; TNF, stimulation with TNF-α 
(50µM); RFU, relative fluorescence unit. * p<0.05 vs. corresponding group without GSK2. 
 

Conclusions  

TRPV4 cation channels are involved in lung IRI, mediating neutrophil infiltration, 

proinflammatory cytokine production, and pulmonary dysfunction. TRPV4 antagonism is a 

potential pharmacologic target to attenuate lung IRI injury.  Further experiments are needed to 

better understand the role of calcium influx via TRPV4 channels and the regulation of vascular 

integrity and epithelial cell function. 
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Introduction  

 Panx1 is a ubiquitously expressed hemichannel that is permeable to many different 

metabolites, including ATP. [121, 122] After lung IRI, extracellular ATP is one of many 

different DAMPs that act as a pro-inflammatory signal leading to the recruitment of circulating 

neutrophils that further perpetuate the inflammatory cascade. [123, 124] Purinergic P2 receptors 

bind extracellular ATP. There are ATP-gated cation channels, P2X 1-7, and G-protein coupled 

receptors, P2Y 1,2,4,6,11-14.  P2X receptors are specific for ATP while P2Y receptors can bind 

ATP, ADP, UDP, and UTP. [125] During lung IRI, the specific mechanisms by which ATP is 

released and propagates the inflammatory pathways leading to lung injury are not well known.  

Of the three pannexin channels (Panx 1-3), Panx1 is the most well understood and is known to 

release intracellular ATP. [121, 126] Additionally, endothelial cell Panx1 has been shown to 

open in response to TNF-α during acute inflammation and be involved in leukocyte adhesion and 

emigration through endothelium. [127] Building on these data, we hypothesized that Panx1 plays 

an important role in purinergic signaling during lung IRI and that the release of extracellular 

ATP via endothelial cell Panx1 channels is an important signaling mechanism that results in 

vascular permeability and leukocyte migration into lung tissue (Figure 34). Our results 

demonstrate that endothelial Panx1 is a major contributor to vascular permeability, pulmonary 

edema accumulation, inflammation, leukocyte infiltration, and physiologic dysfunction during 

IRI. The remaining aspects of the Panx1 signaling mechanism in lung IRI are still being explored 

with ongoing experiments. 
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Figure 34: Schematic of proposed Panx1-purinergic signaling pathways involved in lung IRI. 
(1) ATP release from endothelial cells via Panx1 mediates vascular permeability and leukocyte 
emigration into tissue. (2) Alveolar macrophages secrete TNF-α, which is known to stimulate 
Panx1 activation on endothelial cells, along with HMGB1. ATP release by macrophages leads to 
autocrine or paracrine signaling via P2X and P2Y receptors. (3) Autocrine Panx1-ATP signaling 
via P2Y2 on neutrophils leads to neutrophil activation and infiltration, endothelial barrier 
disruption, vascular permeability, and pulmonary dysfunction. 
 

Methods and Results 

 Using our mouse model of left lung hilar clamp to induce IRI, carbenoxolone (CBX, 0.25 

mg/kg) and probenecid (PBN, 1.1 mg/kg), two well-established Panx1 inhibitors, were tested to 

determine the role of Panx1 signaling during acute lung inflammation. [128] Intraperitoneal 

injections were administered 1 hour prior to ischemia, after which the mice underwent 1 hour of 

ischemia followed by 2 hours of reperfusion. Both CBX and PBN attenuated lung IRI (as 

measured by airway resistance, pulmonary compliance, and pulmonary artery pressure) when 

compared with untreated wild type C57BL6 mice (Figure 35).  
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Figure 35: Pulmonary function results. (A) Schematic of mouse hilar clamp IR model. IRI 
causes severe pulmonary dysfunction: decreased compliance (B), increased airway resistance 
(C), and increased pulmonary artery pressure (D).  Pannexin 1 inhibition with carbenoxolone 
(CBX) or probenecid (PBN) attenuates lung IRI and improves all function parameters. 
n=10/group, * p<0.05 vs. all other groups. 
 

Panx1 inhibition with CBX and PBN also attenuated lung edema (Figure 36A and B) 

and pro-inflammatory cytokine (TNF-α, IL-17, CXCL1) production (Figure 36C and D). 
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Figure 36: (A) Lung wet/dry weight and (B) Evans blue dye extravasation (two indicators of 
pulmonary edema) were elevated after IRI, but significantly reduced in animals pretreated with 
carbenoxolone (CBX) or probenecid (PBN). (C, D) Proinflammatory cytokines TNF-α, IL-17, 
and CXCL1 were significantly attenuated in animals pretreated with CBX or PBN. n=5-8/group, 
*p<0.05 vs. all other groups. 
 

 To investigate the role of endothelial cell specific Panx1, tamoxifen-induced VE-Cad 

Panx1fl/fl mice (provided by Dr. Brant Isakson) were used in our mouse model of acute lung IRI. 

Compared with VE-Cad Panx1fl/fl mice treated with vehicle only, tamoxifen-treated mice 

demonstrated attenuation of lung dysfunction (compliance, airway resistance, pulmonary artery 

pressure, Figure 37).  
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Figure 37: Pulmonary function results. (A) Schematic of mouse hilar clamp IR model with VE-
Cad Panx1fl/fl mice treated for 10 days with either vehicle or tamoxifen. IRI causes severe 
pulmonary dysfunction: decreased compliance (B), increased airway resistance (C), and 
increased pulmonary artery pressure (D) in vehicle-treated VE-Cad Panx1fl/fl mice.  Tamoxifen-
treated VE-Cad Panx1fl/fl mice demonstrated significant attenuation of lung injury. n=10/group, 
*p<0.05 vs VE-Cad Panx1fl/fl mice (vehicle); ns, not significant. 
 

Tamoxifen-treated VE-Cad Panx1fl/fl mice also demonstrated reduced lung edema and 

lower levels of proinflammatory cytokines (TNF-α, IL-17, CXCL1, Figure 38). 
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Figure 38: (A) Lung wet/dry weight and (B) Evans blue dye extravasation (two indicators of 
pulmonary edema) were elevated in wild type (WT) and vehicle-treated VE-Cad Panx1fl/fl mice, 
but significantly reduced in tamoxifen-treated VE-Cad Panx1fl/fl mice. (C, D) Proinflammatory 
cytokines TNF-α, IL-17, and CXCL1 were significantly attenuated in tamoxifen-treated VE-Cad 
Panx1fl/fl mice. n=5-7/group, *p<0.05 vs. all other groups; ns, not significant. 
 

Building on our results that endothelial cell specific Panx1 mediates vascular 

permeability, edema accumulation, and proinflammatory cytokine production, I sought to 

determine a potential role for Panx1 on bone marrow-derived immune cells (versus non-immune 

cells) in lung IRI. To test this, I performed a bone marrow transplant experiment using wild-type 

C57BL6 mice and Panx1-/- donor and recipient mice. Following 6 weeks of recovery, lung 

function was measured after sham thoracotomy or 1 hour of ischemia followed by 2 hours of 

reperfusion (IR). No significant differences were observed between groups that underwent IR 
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(Figure 39). Although we believe that Panx1 channels mediate acute lung inflammation, Panx1-/- 

mice may have compensatory upregulation of Panx2 or Panx3, allowing for continued purinergic 

signaling.  This may explain the absence of protection from IRI observed in irradiated Panx1-/- 

mice that received Panx1-/- bone marrow. The role of Panx1-/- on bone-marrow-derived immune 

cells is not apparent from these preliminary experiments and will be further investigated.  

 

Figure 39: (A) Pulmonary compliance, (B) airway resistance, and (C) pulmonary artery pressure 
after bone marrow transplant experiment between wild type C57BL6 mice (WT) and Panx1-/- 
mice (Panx1). No significant differences were seen between all four groups that underwent left 
lung ischemia-reperfusion (IR). WT-WT Sham, bone marrow from wild type mouse transplanted 
into irradiated wild type mouse that eventually underwent sham thoracotomy; WT-WT IR, bone 
marrow from wild type mouse transplanted into irradiated wild type mouse that eventually 
underwent left lung IRI; WT-Panx1 IR, bone marrow from wild type mouse transplanted into 
irradiated Panx1-/- mouse that eventually underwent left lung IRI; Panx1-WT IR, bone marrow 
from Panx1-/- mouse transplanted into irradiated wild type mouse that underwent left lung IRI; 
Panx1-Panx1 IR, bone marrow from Panx1-/- mouse transplanted into irradiated Panx1-/- mouse 
that eventually underwent left lung IRI. Only sham data from ‘WT-WT Sham’ mice shown as 
reference (no significant differences between all four sham groups). 
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Additional experiments were performed to investigate the role of P2X7 and P2Y2 

receptors in lung IRI using P2X7-/- and P2Y2-/- mice. Results were similar to the Panx1-/- bone 

marrow chimeras, with no significant protection observed in either strain of purinergic receptor 

knockout mice (Figure 40). Signaling through purinergic receptors other than P2X7 and P2Y2 

may account for the lack of any differences observed on lung function assessment. The role of 

P2X7 and P2Y2 receptors is not apparent in our mouse model of lung IRI and will be further 

investigated. These preliminary results will need to be confirmed by repeating the current 

experiments and by performing new experiments using specific P2X7 and P2Y2 pharmacologic 

inhibitors. 

 

Figure 40: (A) Pulmonary compliance, (B) airway resistance, and (C) pulmonary artery pressure 
for wild-type (WT) mice and P2X7-/- mice that underwent sham thoracotomy or ischemia-
reperfusion (IR). No difference was seen between sham groups or IR groups, thus no protection 
was observed with P2X7-/- mice. Results for experiments with P2Y2-/- mice are shown in panels 
(D), (E), and (F). No protection on lung function assessment was seen with P2Y2-/- mice.  
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Conclusions 

Endothelial Panx1 channels are important contributors to lung IRI mainly through 

increased vascular permeability leading to edema accumulation and pulmonary dysfunction. The 

use of Panx1 inhibitors that block the Panx1-ATP purinergic pathway is a promising therapy for 

attenuation of lung IRI. Ongoing experiments will continue to explore the role of Panx1 on 

alveolar macrophages, epithelial cells, and neutrophils, as well as the interaction between Panx1-

mediated ATP release and purinergic P2X and P2Y receptors during lung IRI. Our preliminary 

results regarding the role of Panx1 on bone marrow-derived immune cells and the role of P2X7 

and P2Y2 receptors during lung IR will be further investigated. Our mouse model of left lung 

IRI may not be sufficient to identify differences between wild type, Panx1-/-, P2X7-/-, and P2Y2-/- 

mice and thus future experiments will focus on the in vitro activation (ATP release, pro-

inflammatory cytokine production, cell transmigration) of specific cell types (alveolar 

macrophages, alveolar epithelial cells, and neutrophils) in the presence or absence of Panx1, 

P2X7, and P2Y2 pharmacologic inhibitors. 
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VI. Conclusions 

 IRI is the major driving force behind poor clinical outcomes after lung transplantation.  

There are currently no good ways to predict, diagnose, or treat lung IRI, and when it progresses 

to PGD, it is associated with significant increases in morbidity and mortality rates.  Without 

improvements in prevention, diagnosis, and treatment, lung IRI will continue to plague 

transplant clinicians and patients alike, limiting the possibility that patients with end-stage 

pulmonary disease will become the recipients of successful lung transplants. 

 The work presented here sought to address the effect of IRI on lung transplant outcomes 

through three main avenues: 1) the use of EVLP as an assessment and reconditioning platform 

for marginal donor lungs, 2) the development of an in vivo leukocyte-labeling molecular probe 

with SPECT imaging for early, noninvasive diagnosis and monitoring of IRI, and 3) the 

investigation of various molecular targets as potential pharmacological treatment options.  

Improvement of the diagnosis and management of lung IRI will lead to improved clinical 

outcomes after lung transplantation and an increase in the number of patients on the waiting list 

that receive a lung transplant. 

 My first focus of study determined that EVLP can improve the utilization of marginal 

donor lungs, specifically lungs procured after circulatory death.  Our results question currently 

established limitations on acceptable cold and warm ischemic times and argue for extending the 

guidelines to include more sets of marginal donor lungs.  Additionally, these findings suggest 

that organ allocation and distribution can be improved without compromising allograft function 

using a strategy that combines EVLP reconditioning with cold preservation. Next, I explored the 

effect of increasing warm ischemia time on allograft function, as warm ischemia is thought to 
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alter lung immune cell function and lead to cellular death.  Our results found that longer warm 

ischemia times may be acceptable for lung transplantation if reconditioned first with EVLP. 

 As acceptance criteria for marginal donor lungs are expanded, there will inevitably be an 

increase in the incidence of IRI.  Therefore, my second focus of study was to develop an in vivo 

leukocyte-labeling molecular probe that can be used with SPECT as a new diagnostic technique 

that would allow noninvasive imaging of lung IRI.  By targeting FPR1 with 99mTc-cFLFLF, we 

demonstrated that active inflammation can be specifically imaged using SPECT, and that 

resolution of injury over time can be monitored using this technique.  As pharmacologic 

interventions are developed, having a noninvasive method to identify specific immune cell 

populations involved in each patient’s acute lung injury and then monitor the effect of treatments 

may improve therapeutic success rates. 

 My third focus of study was to discover new mechanisms of lung IRI and to identify 

novel molecular targets for the therapeutic prevention or treatment of IRI. Donor A2BRs were 

found to play an important role in lung IRI and that pretreatment of the donor organ with 

ATL802, an A2BR antagonist, while on EVLP can attenuate post-transplant IRI and improve 

functional outcomes.  Additionally, TRPV4 cation channels that control cellular calcium influx 

were identified to be important contributors to lung IRI and are a promising therapeutic target to 

reduce endothelial permeability and epithelial activation using GSK2193874, a TRPV4 specific 

antagonist. Finally, endothelial cell Pannexin 1 channels were identified as important mediators 

of lung IRI through the release of ATP, a DAMP molecule, and that targeted inhibition of Panx1 

with carbenoxolone or probenecid reduces the release of proinflammatory cytokines TNF-α, IL-

17, and CXCL1, as well as reduces vascular permeability and edema accumulation. 
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VII. Future Directions 
 
Lung Allograft Assessment with EVLP 

 Incorporating EVLP into lung transplant programs has opened the door for potential 

utilization of marginal donor organs that were previously considered unacceptable for 

transplantation.  Our research findings suggest that EVLP preserves and reconditions marginal 

donor lungs allowing them to withstand post-EVLP cold ischemia.  The combination of 

normothermic ex vivo perfusion with subsequent cold preservation may be favorable for cellular 

metabolism and survival but further investigations are needed to fully understand this 

relationship. Future research will focus on the limitations of such reconditioning, as the amount 

of ischemic time prior to and after EVLP will dictate how organs can be allocated and 

distributed. The idea of organ assessment and repair centers is promising and has been proposed, 

but an improved understanding of the benefits of normothermic perfusion versus cold 

preservation is needed. [50, 129]  

 Organ ischemic time contributes to the risk of IRI, limiting the enthusiasm for 

transplanting marginal organs. However, our results suggest that substantially more warm 

ischemic time than is currently accepted can be tolerated with the use of EVLP.  Additional 

studies are needed that expand upon our finding that up to 120 minutes of warm ischemia prior 

to EVLP is not an absolute contraindication to procuring, assessing, and potentially transplanting 

DCD lungs.  The cellular effects of warm ischemia may be mitigated with normothermic 

perfusion during EVLP but further investigation is needed.  The incorporation of uncontrolled 

DCD organs into transplant procurement protocols would be a significant contribution to the 

supply of available organs. 
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Molecular Imaging of Lung IRI 

 The limiting factor of expanded use of marginal donor lungs is the inability to diagnose 

and effectively treat IRI. The interaction between resident alveolar macrophages, iNKT-cells, 

vascular endothelium, alveolar epithelial cells, and circulating polymorphonuclear leukocytes 

complicates our ability to accurately diagnose and to rapidly and appropriately treat IRI on a 

cellular level. While our research findings are promising regarding the use of cFLFLF for in vivo 

leukocyte labeling with SPECT imaging, cFLFLF largely targets activated neutrophils (and 

perhaps some macrophages), which are an important contributor to lung IRI but not the sole cell-

type involved. Additionally, it is known that activation of resident iNKT-cells and alveolar 

macrophages occurs earlier than neutrophil infiltration. [25, 26, 28] The next steps to expand 

upon our current findings will focus on targeting M1 macrophages or activated iNKT-cells to 

provide an even earlier diagnosis of the onset of IRI (long before PGD occurs). Additionally, for 

resolution of lung IRI (either endogenous resolution or resolution in response to therapy) to be 

effectively monitored, we are planning future experiments that will investigate the use of 

molecular imaging probes that target M2 macrophages (anti-inflammatory macrophages that are 

thought to be involved in the resolution of inflammation). A targeted approach to the multi-

phasic inflammatory process of lung IRI will improve diagnostic capabilities. New receptor 

targets should be explored such as macrophage mannose receptor (on M2 macrophages) and 

folate receptors (on M1 macrophages). Additionally, it is unlikely that any one specific imaging 

probe will be sufficient for all patients with different stages of IRI, therefore the combination of 

multiple different cell-type specific imaging probes into one drug cocktail should be explored. 

As such, a great advantage of SPECT imaging is the capability to simultaneously detect and 

differentiate the uptake of different probes labeled with different isotopes (e.g. 99mTc, 111In, or 
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64Cu). PET imaging will likely play a significant role in future research in this area as it can 

provide improved resolution and shorter image acquisition time. Thus, another important future 

direction will involve the comparison of SPECT versus PET imaging of lung IRI using cell-

specific molecular probes. 

  

Molecular Targets to Attenuate Lung IR Injury 

 In my opinion, ex vivo rehabilitation of organs is the future of transplantation. Our 

finding that supplementing EVLP with an A2BR antagonist can improve outcomes after 

transplantation alludes to the fact that multiple different treatments can be given to recondition 

damaged organs while on ex vivo perfusion circuits without the inherent side effects of 

systemically treating the donor or the recipient. EVLP research should focus on specific cellular 

modulation, gene therapy, and problem-specific targeted treatments that can be given ex vivo and 

will contribute to reduction of IRI. 

 Molecular targets that allow for safe, effective pharmacologic treatment of IRI are 

needed. Patients with IRI that progresses to PGD after lung transplantation have worse outcomes 

compared with patients who do not have evidence of IRI. TRPV4 channels are shown to be 

involved in epithelial activation and endothelial permeability in acute lung injury via alteration 

of calcium homeostasis. Pharmacologic antagonism of TRPV4 channel activation may be a 

successful preventative therapy or treatment for lung IRI but additional research is needed in 

both small animal as well as clinically relevant large animal transplant studies. 

 Panx1 channels appear to be important mediators of inflammation as well. While our 

research has identified a role for endothelial Panx1 in IRI, we do not yet understand the 

contribution of Panx1 (or purinergic receptors that bind ATP) on macrophages, epithelial cells, 
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and other involved cell types.  The signaling pathways by which Panx1 activation contributes to 

leukocyte activation and infiltration during IRI is unknown, but likely involves ATP release.  

Activation of downstream purinergic receptors (via autocrine or paracrine signaling of ATP) 

contributing to a positive feedback loop is possible and will require further investigation. The 

translation of these small animal and in vitro experiments to a large animal, preclinical transplant 

model is a logical first step to validate these findings and will be necessary for better prediction 

of the clinical applicability. 
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