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 Lung transplantation is lifesaving for patients with end-stage lung diseases. However, a 

scarcity of donor lungs suitable for transplantation limits the number of procedures that can be 

performed. Furthermore, major obstacles to successful lung transplantation still exist; primary graft 

dysfunction (PGD), the leading cause of early morbidity and mortality post-lung transplant, develops 

in approximately 15-30% of recipients (1). Normothermic ex vivo lung perfusion (EVLP) maintains 

donor lungs in a physiological state through perfusion and ventilation, so that the lungs can be 

assessed, treated, and accepted for transplantation, thereby increasing the donor pool and alleviating 

the severe shortage of viable donor lungs (2).  

In addition to donor lung assessment, EVLP provides a unique platform to study cellular 

processes occurring in donor lungs. EVLP perfusate is a unique, non-invasive source of biological 

sampling, which offers valuable information about the state of the donor lung. Rapid, molecular 

diagnostic testing could be an important addition to assessment of donor lungs, and may help improve 

outcome (3-7). Detection of injurious markers in EVLP perfusate may also help inform future targeted 

treatments for the lungs, which could be administered directly to the organ through the EVLP circuit. 



In order to develop a reliable molecular assessment of donor lungs, a stable, easily 

quantifiable biomarker that reflects donor lung injury is required. Neutrophil extracellular traps 

(NETs) are structures comprised of extracellular neutrophil DNA in a complex with antimicrobial 

granular proteins, such as neutrophil elastase (NE) and myeloperoxidase. Neutrophils form NETs in 

response to innate immune challenges. Although NETs are generally considered as antibacterial, 

several recent studies suggest that the cytotoxicity of NETs can be highly detrimental to lung and 

other tissue through complement activation, exposed histone cytotoxicity, promotion of thrombosis, 

and propagation of neutrophil recruitment and activation (8-11). NETs have been specifically 

implicated in a variety of lung disease and injury states, including ventilator induced lung injury and 

primary graft dysfunction (12, 13).  

 NETs play an important role in lung injury, but the role of NETs in lung transplantation is 

largely unknown. As NETs are a quantifiable measure of the innate immune response to a variety of 

inflammatory stimuli, this study aimed to determine if NETs are detectable in EVLP perfusate, 

indicating their production by neutrophils in donor lungs. Furthermore, this study assessed the ability 

of NETs to serve as a relevant biomarker of donor lung injury. We report that elevated NETs levels in 

donor lung EVLP perfusate are associated with worse recipient outcomes.  

 Clinical perfusate samples from consecutive EVLP cases that were performed at our centre 

between 2009 and 2017, excluding cases which resulted in single lung transplantation (n=200), were 

taken at the fourth hour of perfusion and snap frozen. Complexes of neutrophil elastase bound to 

DNA (NE-DNA), representative of NETs, were measured using an enzyme-linked immunosorbent 

assay (ELISA). Within the lungs that were transplanted, optical densities were analyzed against 

recipient outcomes in patients who were not in the ICU prior to transplantation (PaO2/FiO2 ratio at 

ICU arrival, primary graft dysfunction at 72 hours, days on the ventilator, and days in the ICU). From 

the 200 perfusate samples included, 111 were from donation after brain death (DBD) and 89 were 

from donation after circulatory death (DCD) lungs. To minimize possible confounding factors related 

to recipient severity of illness, outcomes were only analyzed for recipients that were not admitted to 

the ICU prior to transplantation, resulting in 63 DBD recipients and 52 DCD recipients suitable for 



analysis. NETs were analyzed against recipient outcomes (days on ventilator and days in ICU) using a 

threshold of 4 days, a clinically relevant cut-off. 

 The biological processes that occur during brain death differ from those that unfold during 

cardiac death, and manifest in different potential insults to the lungs (14, 15). Additionally, females 

tend to exhibit a more robust innate immune response than males (16), and demonstrated higher 

leukocyte counts compared to males in a rat model of brain death (17). To account for these biological 

differences, NETs were analyzed in the overall study cohort as well as by gender and donor type. A 

Bonferroni-Dunn correction was applied to these analyses.   

NETs were significantly higher in donor lung perfusate for patients who were on the 

ventilator for more than 4 days (p=0.0422), particularly for patients who received female donor lungs 

(p=0.0383; Figure 1A). Analyses of donor lung types indicated that the difference was attributable to 

DCD lungs (p=0.0160; Figure 1B) obtained from female donors (p=0.0088; Figure 1B). Length of 

ICU stay is related to the recipient’s days on ventilator. Consistent with this point, results of analysis 

of perfusate NETs and recipient length of ICU stay were similar to those of recipient days on the 

ventilator (data not shown).  

Regression analyses further show that increased levels of NETs in perfusate were 

significantly associated with more recipient days on the ventilator (R
2
=0.1101, p=0.0027; Figure 1C). 

The association between higher NETs and more recipient days on the ventilator was apparent in 

perfusate from DCD (R
2
=0.2472, p=0.0018, Figure 1D), but not in DBD lungs (R

2
=0.01902, 

p=1.000). When stratified into male and female donors, regardless of type of donor lung (DCD or 

DBD), NETs were significantly associated with recipient days on ventilator in female donor lungs 

(R
2
=0.2306, p=0.0099, Figure 1C). When stratified into both donor gender and type categories, DCD 

females demonstrated a very strong association between NETs in the donor perfusate and recipient 

days on the ventilator (R
2
=0.5361, p=0.0009) (Figure 1D). A similar relationship existed even after 

excluding a patient who received the DCD lung with the highest level of NETs and stayed on the 

ventilator for the longest time (R
2
=0.2347; p=0.0206; Figure 1D).   



 This study demonstrates, for the first time, that NETs are detectable in clinical EVLP 

perfusate. Although NETs have been implicated in lung transplant-related injury (12), no studies to 

date have examined the role of NETs in donor lungs. The presence of NETs in donor lungs is 

important as it suggests that NETs form in response to donor lung injury, and are released from the 

lungs into the circulating perfusate. As the perfusion system mimics physiological circulation, it is 

plausible that NETs formed in donor lungs could be released into the recipient circulation upon 

reperfusion, contributing to post-transplant injury. 

Elevated perfusate NETs were significantly associated with increased recipient days on the 

ventilator. Furthermore, recipients who received lungs with significantly higher levels of NETs in the 

donor perfusate were on the ventilator for more than 4 days. NETs are appealing as a potential 

biomarker of lung injury as they represent innate immune activation from a wide variety of inciting 

stimuli (18), suggesting that they could be formed in response to a spectrum of different clinical 

injuries. Furthermore, NETs are relatively stable (19) and detectable with ELISA, a common and 

inexpensive laboratory technique. Although standard EVLP practice in our centre is 4-6 hours of 

perfusion, our group and others have shown that injured lungs can be successfully perfused for up to 

12 hours in a large animal model (20-22). Therefore, it is plausible that detection of NETs could occur 

in a clinically relevant timeframe to inform decision-making. 

The positive correlation between perfusate NETs and recipient days on the ventilator or the length 

of stay in ICU was detectable in DCD, but not in DBD lung perfusates. One possible reason for the 

difference between these groups is the biology of the lung injury that occurs during brain death and 

the associated catecholamine storm, which overwhelms the circulation with pro-inflammatory 

cytokines (14).  The overload of inflammatory mediators could result in NET production from brain-

death related cytokines as well as donor lung injury. Interestingly, in another study of biomarkers in 

EVLP perfusate, we also found significant associations only in the DCD cohort (4). Therefore, it is 

possible that the ex vivo perfusion incites a process of metabolic reawakening which unfolds 

differently in DCD and DBD lungs. The differences observed between the two donor type groups is 

important to consider for development of future biomarkers, as this suggests that different biological 



factors influence detectable proteins in donor lungs. The underlying mechanisms merit further 

investigation. 

In addition to differences by donor type, an association between perfusate NETs and recipient 

days on the ventilator was observed in female donor lungs compared to male donor lungs. Sex 

differences have been described with regard to NETosis (23) as well as lung disease (24), but the 

potential effects of sex differences on NETs in lung transplantation have not been described. Our 

observation that NETs originating from female donors are more strongly associated with recipient 

outcomes suggests that NETs may form in female lungs in a manner more clearly dependent on the 

severity of donor lung injury. Although further investigation is needed, it is possible that this 

observation is related to the more robust innate immune response seen in females. This response can 

contribute to worse clinical outcomes in lung disease – for instance, females are more likely than 

males to develop acute respiratory distress syndrome (25) – but may explain why NETs are related to 

recipient outcomes in this circumstance. Overall, this study shows that donor biological characteristics 

are important to consider in the development of biomarkers for organ transplantation.  

We report here the first description of NETs in clinical EVLP perfusate, indicating that NETs 

form in human donor lungs are released into circulating perfusate. Furthermore, we show that 

elevated NETs in donor perfusate are associated with more recipient days on the ventilator, and that 

this association is seen in DCD female donor lungs. Our results suggest that NETs are a novel, 

reliable and easy to measure biomarker to predict recipient outcomes after lung transplantation.  
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FIGURE 1. Clinical EVLP perfusate was sampled at 4 hours of perfusion. NETs were measured in 

these samples using NE-DNA sandwich NET ELISA (O.D, optical density). (a) NET concentrations 

were higher in donor lung perfusate for recipients who were on the ventilator for more than 4 days 

(p=0.042), particularly in female donor lung perfusate for recipients on the ventilator for more than 4 

days (p=0.0383). (b) NET concentrations were higher in DCD lung perfusate for recipients on the 

ventilator for more than 4 days (p=0.0160), particularly in DCD female donor lung perfusate 

(p=0.0088). (c) NETs in donor lung perfusate were positively correlated with recipient days on the 

ventilator in the overall study cohort (R
2
=0.1101, p=0.0027) as well as in female donor lung perfusate 

(R
2
=0.2306, p=0.0099). (d) NET concentration in DCD lung perfusate was positively correlated with 

recipient days on the ventilator (R
2
=0.2472, p=0.0018), and this correlation was apparent between 

DCD female lung perfusate and recipient days on the ventilator (R
2
=0.5361, p=0.0009). Even after 

excluding one recipient, who had the highest NET concentration and the highest ventilator days, the 

NET concentration in the female DCD lung perfusate was positively correlated with recipient days on 

the ventilator (R
2
=0.2347; p=0.0206). 

 

 




