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Abstract

Introduction—Primary graft dysfunction (PGD) is a common complication of lung
transplantation characterized by acute pulmonary edema associated with bilateral pulmonary
infiltrates and hypoxemia in the first 3 post-operative days. Development of PGD is a predictor of
poor short- and long-term outcomes after lung transplantation, but there are currently limited tools
to prevent its occurrence.

Areas covered—Several potentially modifiable donor, recipient, and operative risk factors for
PGD have been identified. In addition, basic and translational studies in animals and ex vivo lung
perfusion systems have identified several biomarkers and mechanisms of injury in PGD. In this
review, we outline the clinical and genetic risk factors for PGD and summarize experimental data
exploring PGD mechanisms, with a focus on strategies to reduce PGD risk and on potential novel
molecular targets for PGD prevention.

Expert commentary—Because of the clinical importance of PGD, development of new
therapies for prevention and treatment is critically important. Improved understanding of the
pathophysiology of clinical PGD provides a framework to explore novel agents to prevent or
reverse PGD. Ex vivo lung perfusion provides a new opportunity for rapid development of
therapeutics that target this devastating complication of lung transplantation.
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1. Introduction

Primary graft dysfunction (PGD) occurs in up to 30% of lung transplant recipients within
the first 72 hours after organ reperfusion [1]. PGD is characterized by the development of
bilateral pulmonary infiltrates consistent with pulmonary edema. The severity of PGD is
assessed by the degree of hypoxemia based on the PaO,/FiO, ratio [2]. It is clear from
observational studies that PGD is associated with poor clinical outcomes. For example, PGD
grade 2 (PaO,/FiO, 200-300) or grade 3 (PaO,/FiO, < 200) is associated with increased
short and long-term mortality [3, 4]. In addition, PGD is a major risk factor for development
of bronchiolitis obliterans syndrome (BOS) or chronic lung allograft rejection (CLAD)[4, 5].
Over the past two decades, there have been numerous studies aiming to understand the
clinical risk factors for PGD and to identify the underlying cellular and molecular
mechanisms with the ultimate goal to identify targets for prevention of this early and
significant complication of lung transplantation. In this review, we will summarize the key
findings of these studies with a focus on how such mechanistic information can be harnessed
to develop better therapeutic strategies for PGD prevention.

2. Modifiable Clinical Risk Factors

The first step in preventing PGD will be to eliminate or reduce the contributions of
potentially modifiable risk factors for this condition. In order to accomplish this, a detailed
understanding of both donor and recipient risk factors for PGD is required. In the most
comprehensive study to date, Diamond et a/. reported the findings of a prospective cohort
study of clinical risk factors for PGD based on 1,255 lung transplant recipients enrolled in
the Lung Transplant Outcomes Group (LTOG) cohort [3]. As shown in Table 1, a number of
independent risk factors for PGD were identified, including donor, operative, and recipient
factors.

The most prominent modifiable donor risk factor for PGD was donor smoking. Current or
previous donor tobacco use increased the risk of PGD from 14% to 21%. Tobacco use has
also been associated with increased risk of acute respiratory distress syndrome in critically
ill patients with non-pulmonary sepsis (OR 2.3) [6]. In patients with blunt trauma, active
tobacco use or moderate to heavy passive tobacco exposure, as measured by urine cotinine
levels, was associated with a 2—3-fold risk of acute lung injury [7]. Avoidance of donor
lungs with any previous tobacco use is unreasonable, given the prevalence of tobacco use in
the organ donor population and in light of reports suggesting that elimination of donor lungs
from smokers would increase waitlist mortality [8]. However, it is possible that the
detrimental effects of donor smoking could be mitigated by transplantation of these lungs
into lower risk recipients. Further work could potentially refine allocation algorithms to
maximize donor utilization and reduce the risk of PGD.

Several operative factors were associated with PGD. The fraction of inspired oxygen (FiO5)
used at the time of intraoperative lung reperfusion affected risk of PGD, with FiO, of > 0.4
being most strongly associated with occurrence of PGD. Higher reperfusion FiO, was
associated with a 6% absolute increase in PGD (12% with FiO, < 0.4 vs. 18% with FiO2 >
0.4) with incremental increases seen with higher FiO,. Patients who required
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cardiopulmonary bypass support during the transplant operation also had higher risk of
PGD. Of these intraoperative risk factors, FiO, at reperfusion would be the most
straightforward to modify. Limiting reperfusion FiO, is consistent with the growing body of
literature supporting the concept that hyperoxia is detrimental to the lung in healthy
volunteers [9] and in those with acute lung injury [10, 11]. In one study, 74% of
mechanically ventilated patients were treated with FiO, > 0.5 despite having oxygen
saturation levels >92% [10]. Use of higher FiO, during acute lung injury was associated
with increased mortality even in patients with adequate oxygen saturations [12]. In a survey
of mechanical ventilation practices after lung transplantation [13], 31% of responding
clinicians reported a preference to limit positive end expiratory pressure (PEEP) before
reducing FiO,, suggesting that there is significant room for improvement in recognition of
potential detrimental effects of hyperoxia after lung transplantation. Only 36% of responding
programs had formal protocols for mechanical ventilation after lung transplantation; of the 5
that shared their protocols, only one used an initial FiO below 0.4. Future studies should
test whether incorporation of a protocol for reducing the fraction of inspired oxygen at the
time of reperfusion reduces PGD risk. While most lung transplant centers report using low
tidal volume ventilation strategies during and after lung transplant surgery, extension of
studies of mechanical ventilator management into the early post-operative period may also
impact development of PGD. One retrospective single center study in the United Kingdom
reported that only approximately half of lung transplant recipients received tidal volumes <
8mL/kg in the first 6 hours after transplant surgery [14]. Use of a specific ventilator
management protocol may improve the frequency of low tidal volume ventilation in this
peri-operative population. Furthermore, a study of size mismatch between lung donors and
recipients reported that undersized lungs received relatively higher tidal volumes because of
discrepancy between the predicted weight of donors and recipients [15]. Use of undersized
lungs was also associated with an increased risk of PGD [16], a finding that may be even
more relevant in lobar transplantation [17]. Together, these data suggest that close attention
to size matching between donor and recipient may minimize PGD risk. Donor characteristics
only impacted tidal volume considerations in 35% of cases, in part because the post-
transplant team was unaware of specific donor information [13]. Further studies of ventilator
management during and after transplantation considering both donor and recipient criteria
may build on evidence showing that application of a ventilator strategy with lower tidal
volume and higher PEEP in organ donors improved rates of lung procurement [18].

There are several recipient-based risk factors for PGD that are also potentially modifiable.
The LTOG study by Diamond et a/. showed that pulmonary arterial hypertension was
associated with greater PGD risk, particularly in patients with the highest mean pulmonary
artery pressures, independent of use of cardiopulmonary bypass [3]. However, it is uncertain
whether the increased risk of PGD associated with pulmonary hypertension impacts
subsequent mortality. For example, studies of patients with idiopathic pulmonary fibrosis or
cystic fibrosis in the United Network of Organ Sharing (UNOS) registry data have shown no
influence of pulmonary hypertension on post-transplant outcomes in these patients[19, 20].
There are no published studies assessing whether specific pharmacologic management of
pulmonary hypertension in transplant candidates can reduce risk of PGD or affect mortality,
although this is an area that requires further study.
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Another important recipient factor that affects PGD risk is recipient body mass index (BMI).
Compared to normal weight controls with BMI 18.5-25, recipients who are either
overweight or underweight are at greater risk of PGD[3]. Being overweight (BMI 25-30)
increased the absolute risk of PGD by 6% whereas obesity (BM1>30) increased PGD by
11%. This finding is consistent with other studies supporting an association between obesity
and risk of PGD [21, 22]. In addition to PGD, obesity also affects other short and long term
outcomes after lung transplantation[23, 24]. Weight management is a challenge for many
potential lung transplant recipients. Patients with CF can struggle with weight gain and
maintenance and can require chronic tube feeding and protein supplements to achieve goal
weight. On the contrary, overweight patients with end stage lung disease often have
difficulty achieving weight loss, given the poor physical endurance and reduced exercise
capacity that are characteristic of end stage lung disease. Most transplant centers set strict
weight goals for potential lung recipients due to the poor outcomes associated with deviation
of the BMI from the normal range. One small retrospective cohort study showed that pre-
transplantation weight loss reduced mortality after lung transplantation in patients who were
overweight; for each decrease in BMI of 1 unit, there was an associated 11% decrease in
mortality [25]. In addition, there is increasing recognition that other measures of body
composition may be better measures of nutritional status in lung transplant patients. For
example, body fat and skeletal muscle mass measurement by whole-body dual X-ray
absorptiometry may more accurately assess for functional obesity [26]. Furthermore,
assessment of biomarkers including leptin may help identify patients who have increased
risk for poor outcomes despite having a more normal BMI [26].

3. Genetic Risk Factors for PGD

Recent studies have identified polymorphisms in several genes that are associated with
increased risk of PGD in the lung recipient (Table 2). A candidate gene study showed that
polymorphisms in pentraxin-3 (PTX3), an inflammatory mediator produced by antigen
presenting cells, were associated with increased risk for PGD[27]. This is consistent with a
prior study that demonstrated that higher levels of PTX3 in plasma were associated with
PGD risk[28]. Additional studies have used non-targeted genetic approaches to assess
genetic contribution to PGD pathogenesis. For example, a study of genetic variation of lung
transplant recipients in the LTOG cohort identified that variation in the prostaglandin E2
(PGE,) synthase gene was associated with increased risk of PGD whereas other variations in
PGE, pathway genes were associated with reduced risk of PGD [29]. Another study from
this population showed that genetic variation in Toll interacting protein (TOLLIP) is also
associated with increased PGD risk and further suggested that this occurs at least in part
through association with elevated levels of plasminogen activator inhibitor-1 (PAI-1), a
biomarker associated with PGD[30]. Polymorphisms in the IL-17 receptor increase risk of
PGD as well[31].

At this time, only one study has investigated whether donor genetic variation also affects
PGD pathogenesis. Cantu et a/. performed genetic analysis of both donor and recipients in
the LTOG cohort. In this study, they reported that variation in donor NADPH oxidase 3
(NOX3) and recipient NFE2L2 (Nrf2) are associated with increased PGD risk[32]. This
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study suggests that the specific interactions of genetic risk between donor and recipient may
be important in modulating risk of PGD.

There will undoubtedly be more studies of genetic contributors to PGD. As the number of
common and rare genetic variants that are associated with PGD increases, it will be critical
to determine how this information can be translated into better clinical outcomes. One key
goal for future studies is to understand the cellular and molecular consequences of genetic
variation in the donor and recipient. Detailed understanding of the pathophysiologic
implications of a given genetic variant could lead to development of new targeted therapies
for PGD. Perhaps even more appealing, availability of genetic polymorphisms for individual
patients and prospective donors could allow clinical trials to focus therapies only on the
patients most likely to benefit from modulation of specific pathways, bringing personalized
medicine to the field of lung transplantation. Finally, development of a genetic risk score for
both the donor and the recipient could be incorporated into PGD risk determination models
that could be used to more closely match donors to recipients to minimize the overall risk of
PGD across the lung transplant recipient population.

Lung Perfusion and Lung Reconditioning

The advent of ex vivo lung perfusion (EVLP) systems has the potential to modify multiple
contributors to PGD. In EVLP, lungs are removed from the donor and placed into a chamber
where the lungs are maintained at normothermia, ventilated with supplemental oxygen and
positive pressure, and perfused with a circulating buffered solution. In a prospective non-
randomized trial by the Toronto Lung Transplant Program, 15% of recipients of lungs
maintained with EVLP developed PGD as compared to 30% in the control non-EVLP group
(p=0.11) [33]. Another study by an Italian group showed a similar trend towards a reduction
in PGD in lungs reconditioned by EVLP [34]. Since lungs can be maintained on EVLP for at
least 12—24 hours, EVLP can extend the time available for assessment of donor lungs to
determine suitability for transplantation [35]. In addition, because lungs can be transported
and maintained at body temperature. EVLP can limit the time of injurious cold ischemia,
another known operative risk factor for PGD [3, 36, 37]. In early studies, despite an
extended total ischemic time, EVLP has not increased the incidence of PGD [34, 38-40].

EVLP is increasingly being used as a human experimental model system to test therapies
aimed at reducing extravascular lung water (pulmonary edema), resolving inflammation,
treating infection, and improving oxygenation prior to transplantation[35]. It is possible that
EVLP will allow for reversal or removal of substances implicated in the pathogenesis of
PGD, for example, by removing the donor lung from the pro-inflammatory environment of
brain death. Alternately, EVLP may allow for use of higher doses of pharmacologic agents
that would otherwise be limited by systemic toxicity. Additional studies are investigating
whether delivery of genetic therapy to lungs during EVLP can modify the risk of short- and
long-term allograft dysfunction. Hirayama et a/. have demonstrated that lentiviral delivery of
IL-10 to the lung before murine transplantation reduces rejection and airway obliteration
[41, 42]; clinical trials to translate these results into human EVLP are currently being
designed. Further optimization of EVLP strategies is occurring rapidly and will likely
impact outcomes after lung transplantation [35]. In the coming years, EVLP-based studies
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both in the clinic and the laboratory will be a major driver of progress in the molecular and
cellular understanding of PGD and will facilitate rapid translation of new therapies into
clinical trials.

5. Experimental evidence for new targets for prevention of PGD

As discussed above, there are limited interventions available to manipulate donor or
recipient risk factors for development of PGD. Despite the extensive work on understanding
the clinical aspects of PGD, there are no proven pharmacologic therapies for prevention or
treatment of PGD per se and additional research is needed to identify the cellular and
molecular mechanisms of acute lung injury and pulmonary edema formation after lung
transplantation. Based on pre-clinical efficacy, some therapeutic agents such as nitric oxide
[43-45] or surfactant [46] have been tested in clinical trials without success. Thus, better
understanding of the complex cascade of events that begin in the donor lung and culminate
in acute lung injury in the allograft is needed in order to identify new targets for preventative
intervention.

The most frequent experimental model systems used to study molecular mechanisms of
PGD are ischemia-reperfusion injury (IRI) and animal lung transplant models. These
experiments can be performed in both small (mice, rats) and large animal (pigs, dogs) model
systems. The advantage of murine or rodent models is the availability of research tools
including genetically modified animals and antibodies to help delineate the molecular
mechanisms leading to tissue injury. However, lung transplantation in the mouse is
technically difficult, a challenge that has limited the number of research groups who are
using this model. Nevertheless, with the combination of small and large animal models of
PGD, as well as EVLP in human lungs, the lung transplant community has all the essential
tools to move quickly towards testing of novel therapies. A number of dysregulated
pathways have been identified in experimental systems and several have targeted
therapeutics that are already available and in clinical use for other indications (Table 3). For
this discussion, we will focus on potential PGD therapies that have not yet been tested in
human clinical systems.

5.1. Reactive oxygen species production

Ischemia followed by reperfusion is associated with increased generation of reactive oxygen
species (ROS). ROS can self-propagate, leading to activation of inflammatory cells and
damage of both epithelial and endothelial cells in the lung [47]. Because ROS are a common
element of numerous critical cellular pathways, agents aimed at limiting ROS could have
benefit. In a porcine model of lung transplant, 1V treatment with N-acetylcysteine (NAC) to
both the donor and recipient animals beginning 1 hour prior to organ procurement and
continuing for 8 hours after implantation resulted in improved oxygenation, airway pressure,
and lung compliance [48]. NAC-treated animals developed less pulmonary edema as
measured by extravascular lung water index and had less protein and inflammatory
cytokines in the bronchoalveolar lavage (BAL). As expected based on the mechanism of
NAC, tissue and red blood cell glutathione were elevated with NAC therapy.
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Other studies using a murine hilar clamping model of IRl and murine EVLP showed that IV
administration of an adenosine A2A receptor (A2AR) agonist limited IRI-mediated lung
injury, resulting in less neutrophil inflammation, cytokine production, and pulmonary edema
formation [49]. Further work by this group showed that A2AR agonists function through
modulation of NAPDH oxidase 2 (NOX2) to limit ROS-dependent cytokine production by
invariant natural killer T cells [50]. Similar studies by this group using A3AR agonist show
that other similar pathways may also contribute to IRI through inhibition of neutrophil
chemotaxis [51]. Studies such as these may help focus development of new therapies
towards specific cell types, rather than global systemic therapy, potentially resulting in more
efficacious treatments. Whether these therapies would be confer greater benefit in the setting
of polymorphisms in NAPDH oxidase genes has not yet been tested. Furthermore, while
these results are promising, but have not yet been evaluated in human systems. The clinical
availability of an A2AR agonist (regadenoson) that is currently used in myocardial perfusion
imaging should allow clinical testing of targeting the A2AR in prevention of PGD in the
near future.

5.2. Apoptosis and permeability

Another cellular mechanism of injury during IRI and PGD is apoptosis and it is possible that
inhibition of apoptosis may reduce formation of pulmonary edema. In a rat syngeneic model
of lung transplantation, administration of diannexin (a recombinant homodimer of annexin
V) given in the pulmonary flush solution of the graft during cold preservation and IV to the
recipient at the time of implantation improved oxygenation, reduced peak airway pressures,
limited extravascular lung water, attenuated pro-inflammatory cytokine production, and
suppressed apoptosis in epithelial and endothelial cells in the lung [52]. PAI-1, a biomarker
associated with increased PGD risk, was also reduced in the graft. The authors suggest that
prevention of apoptosis was a key element of the mechanism of benefit and identify that
annexin was primarily exposed on the vascular endothelium. Diannexin has been studied in
renal and hepatic transplant models[53], but has not yet been tested in large animal lung
transplant models or in human lung systems. Another study tested whether alpha-1-
antitrypsin (A1AT), a serine protease inhibitor, could improve pulmonary IRI by reducing
apoptosis[54]. In a rat IRI model using hilar clamping, IV supplementation with A1AT 30
minutes before ischemia reduced pulmonary edema formation and lung injury scores and
improved PaO,/FiO; ratios and lung compliance. ALAT-treated animals also showed less
apoptosis in the lung by TUNEL staining and had reduced neutrophil influx. A more recent
study using a pig model of lung transplantation after EVLP showed that A1AT similarly
reduced pulmonary edema formation, reduced pro-inflammatory cytokine production, and
improved pulmonary gas exchange [55]. The potential appeal of using A1AT as an agent for
PGD prevention is that it is already approved for human use in patients with A1AT
deficiency with favorable safety and known pharmacokinetic profiles.

The pathogenesis of PGD involves endothelial cells, lung epithelial cells, and inflammatory
cells and each of these cell types has been identified as a potential target for preventive
strategies for PGD. Endothelial cell activation and injury plays a major role in pulmonary
edema formation. Cingulin is a component of endothelial tight junctions and serves to
prevent formation of stress-induced membrane alterations. Overexpression of cingulin in
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cultured endothelial cells induced tight junction formation and improves endothelial barrier
function[56]. A study in a rat lung transplantation model showed that intravascular
administration of a cingulin-derived peptide during donor lung procurement, followed by
intraperitoneal administration of the same peptide at the time of reperfusion reduced
pulmonary edema and improved oxygenation up to 1 month after surgery [57]. These
findings were associated with a reduction in IL-6 expression.

5.3. Lipid mediators of lung injury

Additional evidence suggests that lipids may be key regulators of PGD development and that
lipid alterations in endothelial cells may impact development of PGD. Diamond et al.
reported that patients with PGD had higher circulating levels of lipid peroxidation
productions as compared to those without PGD [58]. In addition, the relationship between
lipid peroxidation and PGD was present primarily in allografts from donors with a smoking
history and in recipients who had a reperfusion FiO2 of > 0.4 [58]. This study suggests that
lipid peroxidation may be a common pathway that could link clinical observations of
increased PGD risk with donor smoking and reperfusion FiO2 to a molecular pathway that
could be manipulated as a potential PGD therapy. One potential contributor to lipid
peroxidation during PGD is plasma cell-free hemoglobin. Cell-free hemoglobin accumulates
during times of physiologic stress associated with increased red blood cell fragility; as
hemoglobin is released from red blood cells, the natural scavenging systems including
haptoglobin can become overwhelmed, leading to accumulation of cell-free hemoglobin[59].
Extracellular hemoglobin is a potent oxidant. In critically ill patients with sepsis, circulating
plasma cell-free hemoglobin is associated with increased lipid peroxidation, end organ
damage, and death[59, 60]. A small single center clinical trial demonstrated that
acetaminophen, a specific hemoprotein reductant, given to critically ill patients with sepsis
and elevated levels of circulating cell-free hemoglobin reduced formation of lipid
peroxidation products and attenuated renal injury[61]. In a subset of the LTOG cohort,
elevated pre-operative cell-free hemoglobin was associated with an increased risk of PGD
(Ware et al., JHLT 32(4):S42-S43, 2013). Whether acetaminophen could modulate the
impact of cell-free hemoglobin and lipid peroxidation during PGD has not yet been studied.

Another study tested whether sphingolipids were important mediators of PGD development.
Sphingolipids act as potent signaling agents through interactions with G-protein coupled
receptors. In a rat model of lung transplantation, S1P treatment before reperfusion improved
oxygenation, reduced pulmonary edema, reduced endothelial apoptosis, attenuated cytokine
production, and limited neutrophil influx[62]. A subsequent study demonstrated that these
effects were modulated through the S1PR1 receptor[63]. Further work is necessary to
understand the downstream pathways and cell-specificity of these pathways in IRl and these
agents need to be tested in transplant model systems before translation of these agents into
human studies.

5.4. Epithelial cell injury

Epithelial cell injury also plays a key role in PGD pathogenesis. The receptor for advanced
glycation end products (RAGE) is highly expressed on the alveolar epithelium and plasma
levels are elevated during acute lung injury and serve as a biomarker of lung epithelial cell

Expert Rev Respir Med. Author manuscript; available in PMC 2018 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shaver and Ware

Page 9

injury [64, 65]. Several studies have implicated a role for RAGE in the mechanisms of PGD.
First, elevated RAGE in BAL of lung donors was associated with increased PGD risk (odds
ratio 1.77 per 0.25 mg/mL increase in RAGE) and the level of RAGE correlated with the
severity of PGD[66]. Similarly, plasma RAGE in lung transplant recipients within 6 hours of
reperfusion was associated with increased PGD (odds ratio 1.28 per 10mg/mL increase)[67].
The initial interpretation of these studies was that RAGE is a biomarker of increasing lung
injury; however, more recent work has suggested that RAGE may have a more mechanistic
role in the pathogenesis of acute lung injury and PGD. For example, RAGE has been shown
to be a critical mediator of acute lung injury related to both traumatic brain injury and LPS
instillation [68, 69]. In regards to PGD models, neutralization of RAGE with a soluble
RAGE ligand (SRAGE) or elimination of RAGE using knockout mice demonstrated a
causative role for RAGE in a mouse model of IRI using hilar clamping[70]. Mice lacking
RAGE signaling developed less pulmonary edema and had less histologic evidence of lung
injury. Together, these data suggest that activation of injury pathways prior to organ
procurement persists after transplant and contributes to PGD. In addition, since RAGE is a
common receptor for various injurious stimuli, targeting this pathway as a potential
treatment for PGD may have pleiotropic effects.

5.5 Innate immune targets

Whether therapy aimed at specific inflammatory cell types can impact PGD is not well
understood. Recent studies have identified neutrophil extracellular traps (NETS) as important
mediators of lung injury, particularly in the presence of bacterial infection [71]. NETs are
extracellular deposits of chromatin which are extruded by activated neutrophils and serve to
sequester microbes and other inflammatory mediators. Recent work has demonstrated that
NETSs are present in BAL fluid of lung transplant recipients and are present in greater
concentration in patients with PGD compared to those without PGD [72]. NETs were
detected in the lung and plasma of mice with IRI after hilar clamping and reperfusion as
well as in mice after lung transplantation. Platelets were important for NET formation in this
model system. Interestingly, aspirin reduced NET formation, limited lung injury, improved
lung permeability, and improved oxygenation in a platelet-dependent manner. Furthermore,
disruption of NETS using intrabronchial DNasel treatment improved oxygenation, reduced
lung vascular leak, and limited lung injury within 8 hours of reperfusion. NETSs are
appealing potential targets for new PGD therapies in part because potentially therapeutics
such as aspirin and inhaled DNasel are already approved for human use.

As in many other fields, there is considerable interest in use of mesenchymal stem cells as a
therapy for PGD, particularly in light of new clinical trial data showing the safety of
intravenous mesenchymal stem (stromal) cell therapy in ARDS[73]. A pilot study in donor
lungs not utilized for transplant showed that multipotent adult progenitor cells given intra-
bronchially reduced lung inflammation and injury after cold ischemia[74]. Two other studies
showed intravenous mesenchymal stem (stromal) cells limited IRI in murine and rat lung
transplant models[75, 76]. Intravenous administration of mesenchymal stem (stromal) cells
engineered to deliver IL-10 showed improved oxygenation, reduced pulmonary edema,
reduced apoptosis, and reduced T cell infiltration after hilar clamping[77]. Additional
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studies are necessary to determine how stem cell-based approaches could most effectively
impact PGD pathogenesis.

Additional evidence has identified a role for extracellular ATP (eATP) in lung injury after
ischemia-reperfusion. Excess levels of eATP lead to expression of pro-inflammatory
mediators in part through activation of the NLRP3 inflammasome[78]. Ibrahim et a/. showed
that eATP is elevated up to 4-fold in patients with PGD compared to those without PGD and
also that e ATP levels increased with severity of PGD[79]. In a dog model of lung
transplantation, administration of apyrase, an enzyme that reduces eATP levels, into the
pulmonary artery 7 minutes after reperfusion improved oxygenation and reduced pulmonary
edema formation. In addition, apyrase treatment attenuated pro-inflammatory cytokine
expression and reduced neutrophil infiltration in the allograft. This study is important
because unlike the majority of pre-clinical experimental studies, the therapy was tested in
the presence of methylprednisolone so it more accurately reflects the immunosuppressive
strategies that are currently in use in human lung transplant recipients.

While lung transplant recipients receive multiple immunosuppressive agents peri-
operatively, these medications do not have their full pharmacologic effects for several days,
leaving a window of time when donor and recipient interactions may be occurring in the
absence of maximal immunosuppression. One hypothesis is that early inflammatory
interactions between donor and recipient could be attenuated by initiating anti-inflammatory
therapy in both the donor organ and in the pre-operative recipient. Along these lines,
addition of prednisolone to the perfusate of rat lungs during lung preservation improved
survival after lung transplantation and reduced the degree of pulmonary edema[80]. Further
investigation demonstrated that the mechanism of reduced edema was through attenuation of
VEGF-A-mediated tissue injury. Prednisolone therapy in this model also reduced pro-
inflammatory cytokine production and shifted macrophage polarization towards an M2 anti-
inflammatory phenotype. In a porcine model of acid-induced lung injury using EVLP, pre-
treatment of the lungs with corticosteroids improved oxygenation parameters without
significant impact on inflammatory mediators[81]. Another study using porcine EVLP
demonstrated that administration of methylprednisolone into the perfusate during EVLP
after cardiac arrest led to reduced pulmonary edema formation[82]. While many brain-dead
organ donors are already treated with high dose systemic corticosteroids, it is unknown
whether additional treatment during organ preservation in human lungs (with or without
EVLP) would reduce PGD.

5.6. Anti-coagulants

Another contributor to IRI is the presence of thrombus in the donor lungs that can persist
despite routine flushing of vasculature with heparin during organ procurement. Treatment of
marginal donor lungs with plasmin in the perfusate during EVLP improved pulmonary
vascular resistance, lung compliance, and reduced pulmonary edema formation [83]. To test
whether plasmin would also confer benefit during reperfusion in the presence of leukocytes,
the same group administered plasmin into the perfusate during rat EVLP followed a period
of cold storage with subsequent reperfusion. As seen in marginal lungs, plasmin treatment
during rat EVLP also improved oxygenation and lung compliance, reduced pulmonary
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edema, and reduced apoptosis[84]. Interestingly, the benefit of plasmin in this study
persisted after cessation of EVLP and through reperfusion, suggesting that treatments
applied during EVLP may have lasting impact for at least several hours afterwards.

6. Conclusions

In summary, in the past decade, our understanding of primary graft dysfunction mechanisms
has greatly improved. Greater understanding of clinical biomarkers and genetic factors that
increase the risk of PGD will likely allow development of new algorithms to facilitate organ
allocation with specific consideration of donor and recipient matching to reduce the risk of
PGD. Based on clinical observations and extensive studies in animal model systems, we now
have a long list of potential pathways involved in the mechanisms of PGD that can be tested.
Some agents, such as DNasel, aspirin, or A1AT are already clinically available for other
indications and experimental model systems like EVLP present an opportunity for rapid
testing of new therapies directed solely at the lung. These novel preventive interventions
coupled with improved risk prediction and mitigation based on donor and recipient genetic
and clinical characteristics have great potential to reduce the incidence and consequences of
PGD by moving novel therapies through targeted clinical trials into routine clinical use for
the benefit of lung transplant recipients.

7. EXpert commentary

Development of PGD is a critical event for lung transplant recipients. Early events, even
within the first few hours of transplant, dictate the major complications of transplant. More
specifically, PGD is a major risk factor for development of chronic rejection (CLAD, BOS)
and for mortality [3-5]. Because of the major impact of PGD for the transplant recipient,
development of new therapeutic options for this condition is paramount. While animal
models of lung transplantation do not recapitulate the pathology of chronic rejection, models
of ischemia-reperfusion are excellent in mimicking the features of human PGD. As such,
these model systems have identified a number of different pathways and cells involved in
PGD that form a framework for ongoing research and development of new therapeutics. The
increasing use of ex vivo lung perfusion will be invaluable to this process because it will
allow testing of agents directly on human lungs with less risk to other transplantable organs
or the organ recipient. One critical advantage in therapeutic interventions for prevention of
PGD is that unlike other forms of acute lung injury, the timing of the major insult is known
so potential therapies can be instituted prior to ischemia-reperfusion, which may increase the
likelihood of meaningful clinical responses. Some therapies may be most beneficial when
started prior to organ procurement. EVLP may also allow for reversal of lung injury that
developed in the organ donor, potentially reducing PGD in this manner in addition to
expanding the pool of suitable donor lungs. This is a time of incredible opportunity for the
field of lung transplantation, now poised with the tools and mechanistic insight to test a
series of new therapies to prevent PGD, thereby improving both short and long term clinical
outcomes for lung transplant recipients.
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8. Five year view

Primary graft dysfunction remains a common complication after lung transplantation.
Agreement on a standard definition and grading system in 2005 has allowed focused studies
of this complex clinical syndrome [85]. The advances in our understanding of clinical risk
factors for PGD in conjunction with advances in mechanistic understanding of pathways
involved in PGD pathogenesis has laid the groundwork for the next phase of translational
studies and clinical trials.

Over the next five years, we anticipate that ex vivo lung perfusion technology will be a
major driver of advances in prevention of PGD. The potential for benefit from EVLP is
great. First, EVLP may facilitate improved utilization of donor organs. This is because of
increased ability to assess the lungs over time to ensure adequate physiologic function.
Second, EVLP provides a platform with which potential PGD treatments can be studied in
human tissues. This type of organ specific human research will be invaluable for moving
rodent or large animal based information towards clinical use more rapidly. The novelty of
transplanting organs that have been treated ex vivo as “study subjects” with experimental
therapies will require balancing of risks and benefits for the potential recipient and the
process of informed consent for these studies will need to be carefully considered. Third,
EVLP will allow for novel therapies to be applied only to the lung allograft prior to
transplantation. Restricting treatment to only the lungs, in the absence of the pro-
inflammatory milieu of brain death, may allow for safe usage of medications that would
potentially be suboptimal for other organs. Intravenous therapies administered in the
perfusate could also be flushed from the allograft prior to implantation, reducing exposure of
the potential recipient.

Another major area in which we expect substantial progress in the next five years is in
personalized medicine for PGD prevention. The feasibility of large scale genetic and
biomarker studies will likely yield a number of new potential targets for PGD. As
streamlined systems are developed to determine the mechanistic contribution of these
pathways to PGD, we will increasingly be able to identify the patients who are most likely to
benefit from a particular treatment strategy. Tailoring of therapy to the patients most likely to
benefit, and then restricting treatments to those with biomarker evidence of positive
responses, will allow for more efficient and targeted clinical trials. These studies will also
shed light on how the donor, the recipient, and the interaction between the two drive PGD.
This will guide whether therapies should be given to the donor, the recipient, or both. In
addition, greater mechanistic understanding of which pathways are disrupted in which cell
types will allow novel treatments to be targeted to the primary cell type affected, by
delivering therapeutics systemically (or in perfusate solutions) to target the vascular
endothelium or intra-bronchially to target the lung epithelium.

In summary, 5 years from now, the numbers of lung transplants will have continued to
increase and the median survival after transplant will hopefully exceed today’s 6 years.
Based on the current breadth of research into mechanisms of PGD, we anticipate that we
will have more therapeutic tools moving through clinical trials and approaching clinical
utilization. This is an exciting time for lung transplant research and clinical practice. Careful
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ervation and diligent mechanistic research will merge for the benefit of the

patients to reduce the incidence of PGD.

9. Key issues

Acknowledgments

Funding

Primary graft dysfunction is a serious and common complication of lung
transplantation with serious short- and long-term adverse effects on lung
recipients

Use of FiO2 <0.4 at the time of organ reperfusion has been associated with a
reduced risk of PGD.

Recipients who can achieve a body mass index in the normal range ( >18.5 and
<25) have a reduced risk of PGD.

Genetic variation in both lung transplant recipients and in donor lung allografts
modulates pathways critical to the pathogenesis of PGD and may allow for
personalized medicine approaches to PGD prevention and treatment as well as
improved allocation and preoperative risk assessment.

Ex vivo lung perfusion systems are critical for translational and clinical research.
EVLP will likely allow reconditioning of lungs damaged by critical illness and
the pro-inflammatory milieu of brain death in the donor. EVLP also provides a
novel platform for testing and implementation of new therapies for PGD
prevention.

Experimental models of ischemia-reperfusion and non-human orthotopic lung
transplantation have yielded great mechanistic insight into mechanisms of PGD.
The lung endothelium, lung epithelium and inflammatory cells each have key
roles in the pathogenesis of PGD.

Potential therapies that warrant testing in human lung transplantation include
anti-oxidants (NAC, adenosine receptor agonists), anti-apoptotic agents
(diannexin, ALAT), endothelial targeted agents (sphingosine analogs, cingulin),
epithelial targeted agents (RAGE pathways), neutrophil targeted agents (DNasel,
aspirin), stem cell therapies, eATP suppression (apyrase), immunosuppressants,
and anti-coagulants (plasmin).

EVLP may allow for rapid translation of these mechanistic targets into human
model systems and then into lung transplant recipients

The authors are supported by funding from the National Institutes of Health HL103836 and HL126176 received by

LB. Ware and
the American

funding from Vanderbilt University Faculty Research Scholars, the Parker B. Francis Foundation and
Thoracic Society received by C. Shaver.

Expert Rev Respir Med. Author manuscript; available in PMC 2018 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shaver and Ware

References

1.

Page 14

Porteous MK, Diamond JM, Christie JD. Primary graft dysfunction: lessons learned about the first
72 h after lung transplantation. Curr Opin Organ Transplant. 2015; 20(5):506—14. [PubMed:
26262465]

. Christie JD, et al. Report of the ISHLT Working Group on Primary Lung Graft Dysfunction part I1:

definition. A consensus statement of the International Society for Heart and Lung Transplantation. J
Heart Lung Transplant. 2005; 24(10):1454-9. [PubMed: 16210116]

. Diamond JM, et al. Clinical risk factors for primary graft dysfunction after lung transplantation. Am

J Respir Crit Care Med. 2013; 187(5):527-34. [PubMed: 23306540]

. Kreisel D, et al. Short- and long-term outcomes of 1000 adult lung transplant recipients at a single

center. J Thorac Cardiovasc Surg. 2011; 141(1):215-22. [PubMed: 21093882]

. Whitson BA, et al. Primary graft dysfunction and long-term pulmonary function after lung

transplantation. J Heart Lung Transplant. 2007; 26(10):1004-11. [PubMed: 17919620]

. Calfee CS, et al. Cigarette Smoke Exposure and the Acute Respiratory Distress Syndrome. Crit Care

Med. 2015; 43(9):1790-7. [PubMed: 26010690]

. Calfee CS, et al. Active and passive cigarette smoking and acute lung injury after severe blunt

trauma. American journal of respiratory and critical care medicine. 2011; 183(12):1660-5.
[PubMed: 21471091]

. Bonser RS, et al. Effect of donor smoking on survival after lung transplantation: a cohort study of a

prospective registry. Lancet. 2012; 380(9843):747-55. [PubMed: 22647758]

. Griffith DE, et al. Hyperoxic exposure in humans. Effects of 50 percent oxygen on alveolar

macrophage leukotriene B4 synthesis. Chest. 1992; 101(2):392-7. [PubMed: 1310457]

10. Rachmale S, et al. Practice of excessive F(10(2)) and effect on pulmonary outcomes in

11.

12.

13.

mechanically ventilated patients with acute lung injury. Respir Care. 2012; 57(11):1887-93.
[PubMed: 22613692]

Aggarwal NR, Brower RG. Targeting normoxemia in acute respiratory distress syndrome may
cause worse short-term outcomes because of oxygen toxicity. Ann Am Thorac Soc. 2014; 11(9):
1449-53. [PubMed: 25314313]

de Jonge E, et al. Association between administered oxygen, arterial partial oxygen pressure and
mortality in mechanically ventilated intensive care unit patients. Crit Care. 2008; 12(6):R156.
[PubMed: 19077208]

Beer A, et al. Mechanical ventilation after lung transplantation. An international survey of
practices and preferences. Ann Am Thorac Soc. 2014; 11(4):546-53. [PubMed: 24640938]

14. Thakuria L, et al. Mechanical ventilation after lung transplantation. J Crit Care. 2016; 31(1):110-8.

15.

16.

17.

18.

19.

[PubMed: 26590855]

Dezube R, et al. The effect of lung-size mismatch on mechanical ventilation tidal volumes after
bilateral lung transplantation. Interact Cardiovasc Thorac Surg. 2013; 16(3):275-81. [PubMed:
23243035]

Eberlein M, et al. The effect of lung size mismatch on complications and resource utilization after
bilateral lung transplantation. J Heart Lung Transplant. 2012; 31(5):492-500. [PubMed:
22325691]

Mizota T, et al. Graft dysfunction immediately after reperfusion predicts short-term outcomes in
living-donor lobar lung transplantation but not in cadaveric lung transplantation. Interact
Cardiovasc Thorac Surg. 2016; 22(3):314-20. [PubMed: 26705301]

Mascia L, et al. Effect of a lung protective strategy for organ donors on eligibility and availability
of lungs for transplantation: a randomized controlled trial. JAMA. 2010; 304(23):2620-7.
[PubMed: 21156950]

Hayes D Jr, et al. Effect of pulmonary hypertension on survival in patients with idiopathic
pulmonary fibrosis after lung transplantation: an analysis of the United Network of Organ Sharing
registry. J Heart Lung Transplant. 2015; 34(3):430-7. [PubMed: 25444371]

20. Hayes D Jr, et al. Impact of pulmonary hypertension on survival in patients with cystic fibrosis

undergoing lung transplantation: an analysis of the UNOS registry. J Cyst Fibros. 2014; 13(4):
416-23. [PubMed: 24388063]

Expert Rev Respir Med. Author manuscript; available in PMC 2018 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shaver and Ware

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Page 15

Lederer DJ, et al. Obesity and primary graft dysfunction after lung transplantation: the Lung
Transplant Outcomes Group Obesity Study. Am J Respir Crit Care Med. 2011; 184(9):1055-61.
[PubMed: 21799077]

Lederer DJ, et al. Obesity and underweight are associated with an increased risk of death after lung
transplantation. Am J Respir Crit Care Med. 2009; 180(9):887-95. [PubMed: 19608717]

Upala S, et al. Underweight and obesity increase the risk of mortality after lung transplantation: a
systematic review and meta-analysis. Transpl Int. 2016; 29(3):285-96. [PubMed: 26613209]

Allen JG, et al. The impact of recipient body mass index on survival after lung transplantation. J
Heart Lung Transplant. 2010; 29(9):1026-33. [PubMed: 20558085]

Chandrashekaran S, et al. Weight loss prior to lung transplantation is associated with improved
survival. J Heart Lung Transplant. 2015; 34(5):651-7. [PubMed: 25578626]

Singer JP, et al. Body composition and mortality after adult lung transplantation in the United
States. Am J Respir Crit Care Med. 2014; 190(9):1012-21. [PubMed: 25233138]

Diamond JM, et al. Variation in PTX3 is associated with primary graft dysfunction after lung
transplantation. Am J Respir Crit Care Med. 2012; 186(6):546-52. [PubMed: 22822025]

Diamond JM, et al. Elevated plasma long pentraxin-3 levels and primary graft dysfunction after
lung transplantation for idiopathic pulmonary fibrosis. Am J Transplant. 2011; 11(11):2517-22.
[PubMed: 21883907]

Diamond JM, et al. Genetic variation in the prostaglandin E2 pathway is associated with primary
graft dysfunction. Am J Respir Crit Care Med. 2014; 189(5):567-75. [PubMed: 24467603]

Cantu E, et al. Protein Quantitative Trait Loci Analysis Identifies Genetic Variation in the Innate
Immune Regulator TOLLIP in Post-Lung Transplant Primary Graft Dysfunction Risk. Am J
Transplant. 2016; 16(3):833-40. [PubMed: 26663441]

Somers J, et al. Interleukin-17 receptor polymorphism predisposes to primary graft dysfunction
after lung transplantation. J Heart Lung Transplant. 2015; 34(7):941-9. [PubMed: 25935436]
Cantu E, et al. Oxidant stress regulatory genetic variation in recipients and donors contributes to
risk of primary graft dysfunction after lung transplantation. J Thorac Cardiovasc Surg. 2015;
149(2):596-602. [PubMed: 25439478]

Cypel M, et al. Normothermic ex vivo lung perfusion in clinical lung transplantation. N Engl J
Med. 2011; 364(15):1431-40. [PubMed: 21488765]

Boffini M, et al. Incidence and severity of primary graft dysfunction after lung transplantation
using rejected grafts reconditioned with ex vivo lung perfusion. Eur J Cardiothorac Surg. 2014,
46(5):789-93. [PubMed: 25061216]

Van Raemdonck D, et al. Ex-vivo lung perfusion. Transpl Int. 2015; 28(6):643-56. [PubMed:
24629039]

Kuntz CL, et al. Risk factors for early primary graft dysfunction after lung transplantation: a
registry study. Clin Transplant. 2009; 23(6):819-30. [PubMed: 19239481]

Felten ML, et al. Factors associated with early graft dysfunction in cystic fibrosis patients receiving
primary bilateral lung transplantation. Eur J Cardiothorac Surg. 2012; 41(3):686-90. [PubMed:
22345188]

Yeung JC, et al. Outcomes after transplantation of lungs preserved for more than 12 h: a
retrospective study. Lancet Respir Med. 2016

Wallinder A, et al. Transplantation after ex vivo lung perfusion: A midterm follow-up. J Heart
Lung Transplant. 2016; 35(11):1303-1310. [PubMed: 27381674]

Cypel M, et al. Experience with the first 50 ex vivo lung perfusions in clinical transplantation. J
Thorac Cardiovasc Surg. 2012; 144(5):1200-6. [PubMed: 22944089]

Hirayama S, et al. Lentivirus IL-10 gene therapy down-regulates IL-17 and attenuates mouse
orthotopic lung allograft rejection. Am J Transplant. 2013; 13(6):1586-93. [PubMed: 23601206]
Hirayama S, et al. Local long-term expression of lentivirally delivered IL-10 in the lung attenuates
obliteration of intrapulmonary allograft airways. Hum Gene Ther. 2011; 22(11):1453-60.
[PubMed: 21568692]

Tavare AN, Tsakok T. Does prophylactic inhaled nitric oxide reduce morbidity and mortality after
lung transplantation? Interact Cardiovasc Thorac Surg. 2011; 13(5):516-20. [PubMed: 21791520]

Expert Rev Respir Med. Author manuscript; available in PMC 2018 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shaver and Ware

44,

45.

46.

47.

48.

49.

50.

5L

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Page 16

Meade MO, et al. A randomized trial of inhaled nitric oxide to prevent ischemia-reperfusion injury
after lung transplantation. Am J Respir Crit Care Med. 2003; 167(11):1483-9. [PubMed:
12770854]

Perrin G, et al. Inhaled nitric oxide does not prevent pulmonary edema after lung transplantation
measured by lung water content: a randomized clinical study. Chest. 2006; 129(4):1024-30.
[PubMed: 16608953]

Struber M, et al. Effects of exogenous surfactant instillation in clinical lung transplantation: a
prospective, randomized trial. J Thorac Cardiovasc Surg. 2007; 133(6):1620-5. [PubMed:
17532965]

Laubach VE, Sharma AK. Mechanisms of lung ischemia-reperfusion injury. Curr Opin Organ
Transplant. 2016; 21(3):246-52. [PubMed: 26945320]

Inci I, et al. Prevention of primary graft dysfunction in lung transplantation by N-acetylcysteine
after prolonged cold ischemia. J Heart Lung Transplant. 2010; 29(11):1293-301. [PubMed:
20822922]

Sharma AK, et al. Protection from pulmonary ischemia-reperfusion injury by adenosine A2A
receptor activation. Respir Res. 2009; 10:58. [PubMed: 19558673]

Sharma AK, et al. NOX2 Activation of Natural Killer T Cells Is Blocked by the Adenosine A2A
Receptor to Inhibit Lung Ischemia-Reperfusion Injury. Am J Respir Crit Care Med. 2016; 193(9):
988-99. [PubMed: 26757359]

Mulloy DP, et al. Adenosine A3 receptor activation attenuates lung ischemia-reperfusion injury.
Ann Thorac Surg. 2013; 95(5):1762—7. [PubMed: 23541429]

Hashimoto K, et al. Annexin VV homodimer protects against ischemia reperfusion-induced acute
lung injury in lung transplantation. J Thorac Cardiovasc Surg. 2016; 151(3):861-8. [PubMed:
26725713]

Wever KE, et al. Diannexin protects against renal ischemia reperfusion injury and targets
phosphatidylserines in ischemic tissue. PL0oS One. 2011; 6(8):e24276. [PubMed: 21918686]

Gao W, et al. alphal-Antitrypsin inhibits ischemia reperfusion-induced lung injury by reducing
inflammatory response and cell death. J Heart Lung Transplant. 2014; 33(3):309-15. [PubMed:
24365768]

Iskender I, et al. Human alphal-antitrypsin improves early post-transplant lung function: Pre-
clinical studies in a pig lung transplant model. J Heart Lung Transplant. 2016; 35(7):913-21.
[PubMed: 27095003]

Schossleitner K, et al. Evidence That Cingulin Regulates Endothelial Barrier Function In Vitro and
In Vivo. Arterioscler Thromb Vasc Biol. 2016; 36(4):647-54. [PubMed: 26821949]

Schossleitner K, et al. A Peptide to Reduce Pulmonary Edema in a Rat Model of Lung
Transplantation. PLoS One. 2015; 10(11):e0142115. [PubMed: 26536466]

Diamond JM, et al. The relationship between plasma lipid peroxidation products and primary graft
dysfunction after lung transplantation is modified by donor smoking and reperfusion hyperoxia. J
Heart Lung Transplant. 2016; 35(4):500—7. [PubMed: 26856667]

Janz DR, et al. Association between haptoglobin, hemopexin and mortality in adults with sepsis.
Crit Care. 2013; 17(6):R272. [PubMed: 24225252]

Janz DR, et al. Association between cell-free hemoglobin, acetaminophen, and mortality in patients
with sepsis: an observational study. Crit Care Med. 2013; 41(3):784-90. [PubMed: 23314583]
Janz DR, et al. Randomized, Placebo-Controlled Trial of Acetaminophen for the Reduction of
Oxidative Injury in Severe Sepsis: The Acetaminophen for the Reduction of Oxidative injury in
Severe Sepsis Trial. Crit Care Med. 2014

Okazaki M, et al. Sphingosine 1-phosphate inhibits ischemia reperfusion injury following
experimental lung transplantation. Am J Transplant. 2007; 7(4):751-8. [PubMed: 17391120]
Stone ML, et al. Sphingosine-1-phosphate receptor 1 agonism attenuates lung ischemia-reperfusion
injury. Am J Physiol Lung Cell Mol Physiol. 2015; 308(12):L1245-52. [PubMed: 25910934]
Katsuoka F, et al. Type Il alveolar epithelial cells in lung express receptor for advanced glycation
end products (RAGE) gene. Biochem Biophys Res Commun. 1997; 238(2):512-6. [PubMed:
9299542]

Expert Rev Respir Med. Author manuscript; available in PMC 2018 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shaver and Ware

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Page 17

Su X, et al. Receptor for advanced glycation end-products (RAGE) is an indicator of direct lung
injury in models of experimental lung injury. Am J Physiol Lung Cell Mol Physiol. 2009;
297(1):L1-5. [PubMed: 19411309]

Pelaez A, et al. Receptor for advanced glycation end products in donor lungs is associated with
primary graft dysfunction after lung transplantation. Am J Transplant. 2010; 10(4):900-7.
[PubMed: 20121754]

Christie JD, et al. Plasma levels of receptor for advanced glycation end products, blood transfusion,
and risk of primary graft dysfunction. Am J Respir Crit Care Med. 2009; 180(10):1010-5.
[PubMed: 19661249]

Weber DJ, et al. The HMGB1-RAGE axis mediates traumatic brain injury-induced pulmonary
dysfunction in lung transplantation. Sci Transl Med. 2014; 6(252):252ra124.

Li Y, et al. RAGE/NF-kappaB pathway mediates lipopolysaccharide-induced inflammation in
alveolar type | epithelial cells isolated from neonate rats. Inflammation. 2014; 37(5):1623-9.

[PubMed: 24740410]

Sternberg DI, et al. Blockade of receptor for advanced glycation end product attenuates pulmonary
reperfusion injury in mice. J Thorac Cardiovasc Surg. 2008; 136(6):1576-85. [PubMed:
19114209]

Kaplan MJ, Radic M. Neutrophil extracellular traps: double-edged swords of innate immunity. J
Immunol. 2012; 189(6):2689-95. [PubMed: 22956760]

Sayah DM, et al. Neutrophil extracellular traps are pathogenic in primary graft dysfunction after
lung transplantation. Am J Respir Crit Care Med. 2015; 191(4):455-63. [PubMed: 25485813]
Wilson JG, et al. Mesenchymal stem (stromal) cells for treatment of ARDS: a phase 1 clinical trial.
Lancet Respir Med. 2015; 3(1):24-32. [PubMed: 25529339]

La Francesca S, et al. Multipotent adult progenitor cells decrease cold ischemic injury in ex vivo
perfused human lungs: an initial pilot and feasibility study. Transplant Res. 2014; 3(1):19.
[PubMed: 25671090]

Tian W, et al. Infusion of mesenchymal stem cells protects lung transplants from cold ischemia-
reperfusion injury in mice. Lung. 2015; 193(1):85-95. [PubMed: 25344633]

Lu W, et al. Mesenchymal stem cells attenuate acute ischemia-reperfusion injury in a rat model.
Exp Ther Med. 2015; 10(6):2131-2137. [PubMed: 26668605]

Manning E, et al. Interleukin-10 delivery via mesenchymal stem cells: a novel gene therapy
approach to prevent lung ischemia-reperfusion injury. Hum Gene Ther. 2010; 21(6):713-27.
[PubMed: 20102275]

Jones HD, et al. The NLRP3 inflammasome is required for the development of hypoxemia in LPS/
mechanical ventilation acute lung injury. Am J Respir Cell Mol Biol. 2014; 50(2):270-80.
[PubMed: 24007300]

Ibrahim M, et al. Human recombinant apyrase therapy protects against canine pulmonary ischemia-
reperfusion injury. J Heart Lung Transplant. 2015; 34(2):247-53. [PubMed: 25455749]

Paulus P, et al. Prednisolone as preservation additive prevents from ischemia reperfusion injury in a
rat model of orthotopic lung transplantation. PLoS One. 2013; 8(8):€73298. [PubMed: 24009745]
Meers CM, et al. Preemptive therapy with steroids but not macrolides improves gas exchange in
caustic-injured donor lungs. J Surg Res. 2011; 170(1):e141-8. [PubMed: 21777926]

Martens A, et al. Steroids can reduce warm ischemic reperfusion injury in a porcine DCD model
with EVLP evaluation. Transpl Int. 2016

Motoyama H, et al. Protective effect of plasmin in marginal donor lungs in an ex vivo lung
perfusion model. J Heart Lung Transplant. 2013; 32(5):505-10. [PubMed: 23499355]

Motoyama H, et al. Plasmin administration during ex vivo lung perfusion ameliorates lung
ischemia-reperfusion injury. J Heart Lung Transplant. 2014; 33(10):1093-9. [PubMed: 25043623]
Christie JD, et al. Report of the ISHLT Working Group on Primary Lung Graft Dysfunction part I1:
definition. A consensus statement of the International Society for Heart and Lung Transplantation.
J Heart Lung Transplant. 2005; 24(10):1454-9. [PubMed: 16210116]

Expert Rev Respir Med. Author manuscript; available in PMC 2018 February 01.



1duosnuey Joyiny

Shaver and Ware Page 18

Table 1

Potentially modifiable independent clinical risk factors for primary graft dysfunction.

Risk factor Odds ratio | 95% confidence interval
Any donor smoking 4 18 1.2-26
Reperfusion FiO, (per 10% increase) & 11 1.0-12
Pulmonary arterial hypertension & 35 16-7.7
MPAP (per 10mmHg) ¢ 13 11-15
Body mass index <18.5 4 13 0.6-2.8
Body mass index 25-30 4 1.8 1.2-2.7
Body mass index >30 4 2.3 1.3-3.9
Packed red blood cell transfusion >1L @ 19 11-3.2

Adapted from data reported in Diamond et a/. and limited here to only modifiable risk factors [3].

aAdjusted for transplant type (single or bilateral), cardiopulmonary bypass use, recipient gender, ischemic time, and diagnosis.
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Potential targets for new therapeutic approaches for prevention of primary graft dysfunction.

Table 3

Pathway or Process

Therapeutic agent

Approved for human use

Reactive oxygen species production | N-acetylcysteine Yes
ROS production A2A receptor agonist Yes
ROS production A3A receptor agonist No
Glutathione utilization N-acetylcysteine Yes
Apoptosis Diannexin No
Protease / Anti-protease Alpha-1 anti-trypsin Yes
Endothelial permeability Cingulin No
Lipid peroxidation Acetaminophen Yes
Cell-free hemoglobin Acetaminophen Yes
Sphinoglipids S1P No
Epithelial injury Soluble RAGE No
Neutrophil extracellular traps DNasel Yes
Neutrophil extracellular traps Aspirin Yes
Tissue repair Mesenchymal stem cells | No
ATP release Apyrase No
Inflammasome activation IL1R antagonist Yes
Innate immune suppression Corticosteroids Yes
Anticoagulation Streptokinase Yes
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