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Ex-vivo lung perfusion (EVLP) has emerged as a transformative technique in lung transplantation, offering a solution for evaluating and rehabilitating donor lungs that would otherwise be deemed unsuitable. This review article examines the significant advancements in EVLP technology and its application in clinical practice. We discuss the criteria for selection and rehabilitation of donor lungs, emphasizing the use of EVLP for lungs with compromised function due to factors like prolonged ischemic time and donor smoking history. Further, we elaborate on the technological advancements that have improved the functional assessment of lungs, including the development of more sophisticated perfusion solutions and the integration of artificial intelligence for real-time assessment. Additionally, we discuss the future prospects of EVLP, focusing on potential innovations in perfusion solutions, the integration of regenerative medicine and gene therapy to improve allograft quality. Through this comprehensive review, we aim to provide a clear understanding of the current status of EVLP and its promising future directions, ultimately contributing to improved outcomes in lung transplantation.
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1 Introduction

Lung transplantation (LTx) is the preferred therapy for patients with end-stage lung disease, offering enhanced survival and improved quality of life compared to remaining on the waitlist (1). However, the demand for donor lungs consistently outstrips the available supply, and stringent regulatory oversight impedes innovation, leading to unfavorable outcomes for many candidates who either succumb to their condition or are removed from the waitlist before transplantation. It is estimated that only 15-25% of available lungs are ultimately utilized for transplantation following a meticulous evaluation, with the remainder either discarded or allocated for research purposes (2, 3). Donor lungs often referred to as “extended criteria” are increasingly contributed from older donors, donation after cardiac death (DCD), individuals with a significant history of smoking, or those with a PaO2/FiO2 ratio below 300, and offer an additional avenue to expand the donor pool (4). However, some studies have associated the utilization of these lungs with increased mortality and primary graft dysfunction (PGD), particularly in high-risk recipients, prompting certain groups to exercise caution in accepting such donor lungs. Nonetheless, recent research has demonstrated comparable outcomes when transplanting usable, albeit extended criteria, allografts (5, 6).

In the field of organ transplantation, traditional preservation methods have relied on static cold storage, maintaining donor lungs at temperatures between 0-4°C to minimize metabolic activity. While this approach facilitates stable storage, it precludes functional assessment of the organ. Given the persistent shortage of transplantable organs, transplant centers have increasingly considered grafts from extended-criteria donors that may require ex situ evaluation. Additionally, logistical complexities associated with multi-organ donation and competing clinical priorities may result in potentially viable organs going unused.

Recent advancements in ex-vivo lung perfusion (EVLP) technology have addressed these limitations by providing a platform for enhanced evaluation, extended preservation, and potential rehabilitation of donor lungs prior to transplantation. EVLP employs normothermic perfusion and ventilation techniques to maintain the organ’s metabolic functions, thereby enabling organ resuscitation and the potential administration of therapeutic agents.

This methodology represents a significant advancement in lung transplantation, offering improved assessment capabilities and the potential to expand the donor pool.



1.1 Indications for EVLP utilization

EVLP has revolutionized lung transplantation since its clinical introduction in 2001 by Steen et al. This innovative technique allows for the assessment and potential reconditioning of donor lungs that might otherwise be deemed unsuitable for transplantation, significantly expanding the donor pool. Primary indications are below;



1.1.1 Impaired Oxygenation

Lungs with a low P/F ratio below the accepting center’s threshold (typically 250-350 mmHg) indicate compromised oxygen exchange.




1.1.2 Pulmonary Edema

Presence of fluid accumulation observed on chest imaging. EVLP can assess the extent of edema and monitor its resolution during perfusion.




1.1.3 Poor Lung Compliance

Compromised airway compliance affecting efficient lung expansion and contraction. EVLP enables assessment of lung mechanics and potential improvement during perfusion.




1.1.4 High-Risk Donor History

	Extensive Blood Transfusion: Donors requiring massive transfusion during resuscitation.

	Aspiration: Suspected or confirmed aspiration of gastric contents or other materials.






1.1.5 Donation After Cardiac Death (DCD)

	EVLP provides additional assessment time for DCD lungs, which may have uncertain quality due to warm ischemic time.






1.1.6 Logistics

On occasion, donor lungs require procurement prior to allocation completion and the use of EVLP can extend the preservation time allowing for the allocation process to be completed.

There are additional considerations like prolonged ischemic time >6 hours, donors with sepsis and persistent atelectasis. Grafts considered transplantable, but failed to meet the primary criteria with these conditions are frequently preserved by EVLP. Advanced static hypothermic storage devices (i.e. LungGuard and BaroGuard) offer controlled hypothermic preservation at a temperature warmer than 4°C for lung preservation during transport (7), potentially reducing the need for EVLP in certain logistically concerned cases. In the case of BaroGuard, the airway pressure of the donor lung is also maintained throughout storage at 15 cm H2O. However, EVLP still plays a critical role in assessing lung function, particularly in borderline grafts, as it allows for active perfusion and evaluation before transplantation. There is still a discussion for specific criteria and in its present iteration, EVLP has become a crucial instrument for clinicians to evaluate organs with uncertain viability for in vivo use.





1.2 Clinical available platforms and EVLP techniques

Initial broad clinical experience of EVLP was described by the Toronto Lung Transplant Program. In this early uncontrolled trial, donors considered as “high risk” received EVLP for up to 4 hours. Based on the parameters during EVLP, donor lungs identified as suitable were selected for transplantation. Twenty-three lungs underwent ex situ assessment, of which 20 were utilized for transplantation. Compared to 116 lungs selected for transplantation and received standard cold storage, patients who received EVLP treated lungs showed comparable early outcomes in PGD at 72 hours after LTx and 30-day mortality (8).

In the United States, two clinically available lung perfusion systems are the XVIVO Perfusion System (XPS) and the TransMedics Lung Organ Care System (OCS). Lung Bioengineering provides centralized EVLP services using either the Toronto Protocol or the XPS. All commercially available platforms demonstrated primary effectiveness and safety in clinical trials. The effectiveness and safety of the OCS platform were showcased in the randomized, controlled, INSPIRE trial, enrolling 370 patients, with 151 receiving OCS-treated grafts out of 320 lung transplants. While short-term survival was comparable, the incidence of early Grade 3 PGD was lower in the OCS cohort (9). In another multicentered prospective international clinical trial, known as EXPAND, 93 extended criteria lungs were perfused and 79 were transplanted, resulting in an 87% utilization rate of donor lungs, even though they didn’t meet ideal transplantation criteria (10). The XPS system was studied in the multicenter prospective NOVEL trial, where initially unaccepted lungs underwent EVLP. Out of 216 donor lungs receiving EVLP, 110 were transplanted. EVLP-evaluated lungs demonstrated similar rates of PGD Grade 3 at 72 hours and comparable one-year survival to 116 retrospectively collected contemporary control lungs utilized without EVLP (11).

There are several important differences between the XPS and Lung OCS systems. These include the portability of the Lung OCS compared to the stationary nature of the XPS. There are also differences in the perfusion pumps, ventilators, pulmonary venous drainage, perfusion solutions and other details. Although there are many differences in the details of the devices, the general concepts remain the same. Ventilation in both systems is achieved using a mechanical ventilator connected to the endotracheal tube inserted into the trachea. A perfusate is circulated through the circuit, which is connected for antegrade flow to the pulmonary artery (PA). The Lung OCS allows for open pulmonary venous drainage, while the XPS and Toronto Protocol utilize a pulmonary venous cannula for a closed drainage system. To achieve oxygenation, a membrane gas exchanger is employed, and a leukocyte filter is frequently connected to remove leukocytes before the perfusate enters the PA. Normothermic (i.e., 37°) temperature control is maintained with a heater-cooler unit. After circulating through the lungs, the perfusate is collected in a volume reservoir from where it recirculates through the system using the same pump.




1.3 XVIVO Perfusion System (XPS)

The XPS received FDA approval for commercial use in 2019 and is a stationary perfusion system. Lungs are initially procured using static cold preservation and are subsequently transported to the recipient hospital or a centralized center, where they are connected to the XPS for EVLP. This system provides stable perfusion for up to 6 hours.

The XPS comprises the base components mentioned earlier, with notable features such as a centrifugal pump and a monitoring screen. The XPS utilizes acellular STEEN solution as a perfusate base, with potential additives like steroids, antimicrobials, and heparin. The XPS follows closely the Toronto protocol for EVLP, which begins with the lungs immersed in a cold storage preservation solution. The surgical team assesses the lungs for any injuries sustained during transport. Two cannulas, one connected to the LA and another to the PA, both equipped with built-in pressure sensors for monitoring, are attached. The lungs are then transferred to the XVIVO chamber, where the PA cannula is connected to the circuit, and anterograde flow is initiated with the perfusate at room temperature. The perfusate temperature is gradually increased to 37°C, with mechanical ventilation commencing at 34°C. The perfusate flow rate is gradually increased to the target flow of 40% of the estimated donor cardiac output within 60 minutes of initiation. The gas mixture (86% N2, 8% CO2, 6% O2) is initiated at 1L/min and titrated to maintain an inflow perfusate pCO2 between 35 and 45 mm Hg. Lung recruitment maneuvers are performed hourly, with a peak airway pressure of 25 cmH2O and an O2 challenge performed. Bronchoscopic examination and radiographic imaging are conducted periodically.




1.4 TransMedics Organ Care System (OCS)

The Lung OCS is a portable system designed to minimize cold ischemic times during lung transportation. Contraindications for OCS use include moderate to severe traumatic lung injury or pleural defects. Severe contusions and pleural defects contribute to poor performance ex situ. Lungs are procured in the same manner as for static cold storage preservation, with OCS priming occurring before lung installation. The system is primed with 3 units of packed red blood cells mixed with 2L of OCS Lung solution, a low potassium dextran solution mixed with glucose. The OCS solution is mixed with 1 unit of multivitamins, 20 IU of insulin, 4 mg of Milrinone, 40 mEq of Sodium Bicarbonate, 200 mg of Ciprofloxacin, and 200 mg of Voriconazole. Once the perfusate temperature reaches 32°C, the lungs are added to the system, where they are perfused at a rate of 1.5 to 2.5 L/min, and the perfusate is gradually warmed to a temperature of 37°C. Ventilation begins once the system reaches 34°C and is initiated with a tidal volume of 6 to 7 mL/kg, a respiratory rate of 12 breaths/minute, positive end-expiratory pressure of 5 to 7 cm of H2O, and FiO2 of 21%. The EVLP system is then transported back to the recipient hospital, where final assessments are made. If the lungs are deemed suitable, they are flushed with cold perfusate. The characteristics of the XVIVO and OCS systems are outlined in the accompanying figure.





2 Assessment of lungs during EVLP

Donor lung grafts can face various risks such as inflammation and infection depending on the donor’s condition. A key advantage of utilizing EVLP is that it enables physiological evaluation of the graft under controlled conditions. This section will review the representative parameters used for graft assessment during EVLP. Additionally, preclinical attempts for graft evaluation during EVLP will be discussed.



2.1 Pulmonary gas exchange

The most important function of the lung is alveolar gas exchange and lung’s oxygenating capacity is a critical functional measure. There are two ways to evaluate lung oxygenation. One method is to calculate the difference of pO2 between outflow to inflow (ΔpO2). The other method uses an observation gas which does not contain oxygen to evaluate pO2. P/F ratio has been used to quantify the pulmonary gas exchange disfunction (12). To evaluate the active or maximal lung function increasing load to the lung is a method. In the Toronto protocol, tidal volume is increased to 10 ml/kg, FiO2 is increased to 100% and the respiratory rate is increased to 10 per minute for 10 minutes. In the TransMedics protocol, a continuous monitoring mode is initiated for 3 minutes, with the flow rate increased from 1.5-2.0 to 2.0-2.5 L/min. An observation gas containing no oxygen is used to immediately decrease the partial oxygen pressure in inflow blood from 90 mmHg to 60 mmHg, and the oxygenation of the outflow blood is then measured. A P/F ratio or ΔP/F ratio below 300 renders it ineligible for transplantation for all protocols, with the strictest criteria requiring over 400 (13–15). Instead of its importance as criteria, specific FiO2 is not determined to detect P/F ratio. The Cleveland Clinic group showed P/F ratios vary depending on the FiO2 during EVLP (16). Sakota et al. reported noninvasive optical SaO2 imaging system using porcine model during EVLP (17). Using that system they showed FiO2 1.0 is suitable value for detecting unfunctional lung.




2.2 Lung compliance

Decreasing compliance oftentimes is associated with loss of surfactant, flooded alveoli and/or atelectasis. In EVLP, lung compliance is a calculated value using tidal volume divided by difference between peak airway pressure and positive end expiratory pressure (PEEP). PEEP is determined by ventilator setting usually as 5-7 cmH2O in EVLP. Usually, tidal volume is kept at 5-7 ml/kg during EVLP, so donor body size and their ideal body weight (IBW) are factors that affect apparent compliance. In our experience, focusing on changes in compliance rather than absolute values provides more accurate assessment of lung health and function and utilizing the donor’s IBW should more optimally protect the lungs from barotrauma while ex situ. In many criteria, stable compliance or less than 15-20% change compared to baseline is required instead of clear cut off value while one criterion suggested the cut off value of peak airway pressure is under 25 cmH2O (13, 18).




2.3 Pulmonary vascular resistance

Pulmonary vascular resistance (PVR) is a calculated value based on pulmonary artery pressure (PAP) and flow rate. The difference between mean PAP and left atrium pressure is divided by flow rate, followed by 80 times. In open atrium system devices like the OCS lung™, left atrium pressure is zero. During prolonged EVLP preservation, it is typical to observe an increase in pulmonary resistance. In general, stable or less than 15-20% change compared to baseline PVR or mean PAP is required for lung utilization (18–20). Some criteria suggest a cut off value for systolic PAP as less than 15-20 mmHg (13, 21). When PVR increases occur during perfusion, this is usually secondary to worsening pulmonary edema. Lung procurement followed by normothermic machine perfusion (NMP) potentially induces inflammation caused by ischemia-reperfusion injury (IRI) and possibly NMP itself. Furthermore, another possible cause of increasing PVR during EVLP is the scavenging of nitric oxide (NO) by hemolysis. Some of the current EVLP systems employ perfusate with concentrated red blood cells added. Plasma free hemoglobin released from damaged erythrocytes can strongly bind to the potent vasodilator nitrous oxide (NO), resulting in elevated PVR (22). Thus when using cellular perfusates, it is crucial to maintain the health and integrity of the erythrocytes to prevent hemolysis.




2.4 Lung edema

A combination of IRI, endothelial dysfunction, mechanical stress, and inflammatory responses increases vascular permeability and contributes to the development of lung edema during EVLP. Fluid building-up in the endotracheal tube is a clear sign of edema. To evaluate lung edema precisely some criteria require a “collapse” or “deflation” evaluation. During a deflation test, the ventilator is disconnected at peak inspiration and the lung is visually inspected for adequacy of exhalation (14). Clinically, it is common to employ the use of standard X-ray of the lungs. Some have studied and reported using CT and MRI technologies as additional evaluation tools (23). Others have argued that CT and MRI may be too sensitive and over identify parenchymal abnormalities. The XVIVO XPS is constructed to specifically accommodate X-ray imaging on the device. In addition to these imaging approaches, organ edema, observed as weight gain of the graft, is a reliable assessment for water accumulation. Other groups have focused on donor lung weights at the donor hospital and during perfusion is an important predictor of utilization and outcomes. The highest lungs weight quartile after EVLP are associated with higher rates of PGD grade 3 at 72 hours (21.1%), as well as longer intensive care unit and hospital stays (24). Some contend that a donor lung weight adjusted for donor size corresponds to extra vascular lung fluid and can be used for decision-making in regard to using or discarding donor lungs (24). To further advance weight evaluation, a real-time lung weight monitoring system has been developed. Utilizing this approach, researchers have been successful in evaluating lung quality within 40 minutes (25).

Furthermore, EVLP has emerged as a versatile platform for advanced diagnostic techniques, including ultrasound-based assessments of lung water (EVLW). A notable development in this area is the implementation of direct lung ultrasound evaluation, known as CLUE (DireCt Lung Ultrasound Evaluation). This scoring system quantifies EVLW during EVLP by measuring the percentage of B-lines. The CLUE score has been shown to correlate with key parameters such as lung weight, wet/dry ratio, and PaO2/FiO2 ratio, allowing for the identification of lungs that are most suitable for clinical transplantation (26).




2.5 Other parameters and further attempt

Considerable research has gone in to identify biomarkers of lung health over the years. None of these has routinely been employed clinically to date. Pro-and anti-inflammatory cytokine levels in perfusate and bronchoalveolar lavage have been extensively studied. The biological parameters including IL-6, IL-8 and IL-1β are associated with lungs that are more likely to be accepted (27, 28). Iskender et al. (2017) reported cytokine filtration during EVLP improved donor quality (29). Increasing lactate levels are commonly observed during EVLP due to reduced clearance. The lactate to pyruvate acid ratio provides an indicator of the lung quality during EVLP (30). In addition to that, pH of the perfusate is an important parameter. Presumably, the resultant acidosis results in vasoconstriction increasing PVR (31).

Another novel technique for lung assessment includes ex-vivo pulmonary artery angioscopy (EXPLORE) which enables diagnosis and treatment of pulmonary embolism (PE) using direct video assessment of the PA. Using this method 16 donor lungs were identified as being suspicious for having PE and in 5 cases PE was directly observed and removed before EVLP (32). Two of them were utilized for transplantation without early complications.

Current clinical evaluation remains somewhat objective, as the accepting physician needs to synthesize results of multiple different measured parameters, none of which independently determine usability. Typically, these include the oxygenation, the pulmonary compliance, the lung x-ray results, changes in weight, perfusate loss from the reservoir during the evaluation period, PVR, pH, etc. For the OCS INSPIRE and EXPAND clinical trials, acceptance decision was made by PF ratio, bronchoscopy, and transplanting surgeon’s accessment (9, 10). For the XPS NOVEL trial clinical utilization was defined by bronchoscopy, stability or improvement in physiological values including PVR, compliance and airway pressures and delta PaO2. Additional parameters include chest x-ray appearance and absence of consolidation or excessive bogginess by palpation (11).

There is a machine learning model to select suitable donor for transplantation based on the data obtained during EVLP. The model evaluates the ex-situ lung function based on both physiological and biological parameters (33). In this research they revealed delta PaO2 and static compliance were important parameters. In addition to that, they emphasized the importance of the pH of the perfusate. Presumably, the resultant acidosis results in vasoconstriction increasing PVR (31). While this research provides insights into the traditional experiential aspects employed by skilled surgeons in donor lung assessment, the machine learning model is not yet widely available for real-time clinical assessment in transplant centers.





3 Prolonged graft preservation using EVLP

While clinicians typically use EVLP for 3 to 6 hours to evaluate donor lungs, there are multiple reports in the literature of prolonged preservation times, including graft preservation for over 12 hours with subsequent clinical use. For example, one retrospective clinical trial demonstrated that prolonged EVLP preservation exceeding 12 hours, following the Toronto protocol, did not impact early post-transplant outcomes in a carefully selected group of lung grafts (31). Others have reported extended perfusion times of up to 16 hours using the Lung OCS for clinical transplantation without early complications (34, 35). Importantly, sub-analyses of the NOVEL XPS trial data demonstrated an association of extended cold ischemia post-EVLP with a risk for PGD and 1-year mortality (36). Yet, the authors are not able to determine why the post EVLP cold-ischemic time was extended. Prolonging the duration of non-ischemic organ preservation carries significant potential to expand geographical boundaries and mitigate lung wastage. Despite this promise, additional strides in technology will be essential to achieve optimal outcomes in this pursuit.

In studies involving large animals, successful lung preservation for a duration of three days has been demonstrated through the combination of 10°C cold storage and EVLP. This achievement underscores the potential for further extension of preservation times (37). Endogenous NO exerts potent vasodilatory, anti-inflammatory, and anti-apoptotic effects in the lung, however during the intricate process of transplantation NO production is significantly attenuated. A multicenter randomized pilot study demonstrated that the administration of gaseous NO could potentially extend the period of organ stability and enhance the well-being of donor lungs (38). As perfusion duration is prolonged, the accumulation of inflammatory cytokines, metabolic waste, and depletion of essential nutrients becomes a significant concern. A variety of methods are available to counteract these time-dependent shifts with varying degrees of success. To maintain perfusate homeostasis, the Toronto protocol exchanges 100 mL of circulated perfusate with fresh every 2 hours. An alternative method of perfusate reconditioning is hemodialysis (31). Hemodialysis is best applied to RBC-containing perfusates, but can be used for all protocols. Some research showed acceptable results using hemodialysis within 6 hours, while others have demonstrated that using hemodialysis over 24 hours presented harmful effects including increasing PVR and PA pressure. Clearly, additional study is warranted, however with appropriate modifications for the particular environment of EVLP, hemodialysis may be the most effective means of automated perfusate reconditioning (39–41). In addition to waste elimination, an EVLP protocol that continuously supplemented with total parenteral nutrition for prolonged machine perfusion showed promising results for organ preservation up to 24 hours (42). Dual perfusion through both the PA and the bronchial artery perfusion has also been described in preclinical small animal models and may be further beneficial for preserving lung function (43).




4 EVLP delivery of therapeutics



4.1 EVLP as a platform for targeted therapeutic delivery

As the clinical application of EVLP continues to grow, it is important to note additional key practical advantages of the platform for the focal delivery of therapeutics.



4.1.1 Enhancing safety in therapeutic delivery using EVLP

Chief among these features is the minimization of off-target drug activity on other organs. Injurious side effects, particularly nephrotoxicity and hepatotoxicity, remain a significant impediment for the development and use of novel therapeutics. The mechanisms that drive drug-induced liver injury (DILI) are manifold, resulting from direct toxicity as drug accumulates in the liver, exposure to toxic metabolites, or direct stimulation of immune cells present in the liver (44). In the case of therapeutic vehicles like adenovirus, injury results from both accumulation in the liver with off-target gene expression as well as direct activation of innate and adaptive immune responses by the vector (45, 46). With more than 1000 drugs demonstrating some degree of DILI risk (47), addressing this concern is paramount during development of novel therapeutics, and one that is almost entirely circumvented by ex vivo perfusion systems. Indeed, eliminating DILI risk further expands the therapeutic window for these drugs, enabling the use of much higher effective doses if desired. With the advent of therapeutic biologics including antibody-based therapies, new concerns have arisen of off-target actions that are near-totally precluded if delivered in an ex vivo setting. For instance, two compelling preclinical reports evaluated antibodies directed against HMGB1 (48) and S100A8/A9 (49) respectively, observing significant reductions in measures of IRI using the hilar clamp model. It is reasonable to expect that systemic administration could elicit substantial undesired effects on peripheral organ systems, ergo pretreating grafts via EVLP represents an ideal scenario for delivery. In the case of viral-mediated gene therapies, ex vivo administration carries the added benefit of eliminating capsid sequestration by liver hepatocytes and Kupffer cells that typically occurs with intravenous dosing (50, 51).




4.1.2 Optimizing dosing and resource utilization with EVLP

Furthermore, use of a standardizable platform like EVLP can simplify dosing and reduce the use of sometimes scarce drug supply. Estimated blood volumes for human adults vary within a range of 4000-5000 mL (52), as compared to the user-definable 1500-2000 mL of perfusate employed during EVLP. This lower dilutional volume necessitates less drug to achieve the same effective final concentration that, in the case of particularly expensive therapeutics like biologics, can trim costs of the platform and further justify clinical implementation. For instance, eculizumab, an antibody that reduces innate immune activation by inhibiting C5 activation, has shown significant promise in reducing atypical hemolytic-uremic syndrome after kidney transplantation (53) and recent reports suggest could be efficacious for reducing allograft rejection after lung transplantation (54). At nearly $30,000 a dose, ex vivo administration of biologics can both reduce the drug dose required and use extended perfusion time to achieve maximal drug effect before transplantation. Additionally, accumulating clinical and preclinical evidence suggests that exogenously administered recombinant club cell secretory protein (rCCSP) elicits notable anti-inflammatory actions, and appears particularly effective for ameliorating the sequelae of acute respiratory distress syndrome (ARDS) (55, 56). Based on these observations, attention has turned toward similarly applying rCCSP for the mitigation of acute and chronic inflammatory responses following lung transplantation (57, 58). For both antibody and recombinant protein therapies, EVLP represents an ideal platform for the careful titration and delivery of particularly expensive biologics prior to transplantation.




4.1.3 EVLP for disease modeling and therapeutic evaluation

There is also significant potential value for EVLP as a dedicated investigational platform, both in modeling disease states as well as demonstrating therapeutic efficacy of novel treatments. For example, a recent report demonstrated this by inducing ARDS via lipopolysaccharide (LPS) administration in discarded human lungs attached to an EVLP circuit (59). Investigators then administered a novel therapeutic, BC1215, directly to the vascular and airway compartments, respectively, and tested the efficacy of the drug on pro-inflammatory cytokine release by periodic perfusate sampling and correlating these levels with changes in functional measures like P/F ratio. Due to the isolated nature of the organ, establishing causality between disease state, biomarker abundance, and drug action is much more robust with this approach than in vivo while maintaining clinical relevance. Additionally, considerable attention has been shifted to exploring models of DCD, including uncontrolled DCD, in hopes of greatly expanding the donor pool by rehabilitating warm ischemic injury sustained by these lungs. Studies have examined how severity of injury varies with warm ischemic time (60), as well as the efficacy of medications with putative therapeutic action in ameliorating IRI damage (61).

Furthermore, EVLP has served as a platform for the testing of anti-inflammatory reagents, such as Adenosine 2A (A2A) receptor agonists. Injection of an A2A receptor agonist directly into the EVLP perfusate has been shown to enhance lung function after prolonged cold preservation in discarded human lungs (62). Building off of this, A2A receptor agonists have also been shown to improve lung function in preclinical DCD models when administered during EVLP (63, 64). Collectively, these studies exemplify EVLP’s capability as a platform for modeling disease states and conducting drug investigations, surpassing what could be achieved with in vitro modeling alone.





4.2 EVLP-based gene therapy

Expanding the donor pool through the use of DCD grafts in tandem with abrogating ACR/CLAD are two particularly active areas of transplant research that have been reinvigorated with the advent of ex vivo gene therapy prior to implantation of a donor graft. As alluded to previously, EVLP is especially well-suited as a delivery platform for the administration of viral-mediated therapies.



4.2.1 Targeting IRI, alloimmune injury, and CLAD: key applications of EVLP-delivered gene therapy

Among the disease states amenable to EVLP-delivered gene therapy IRI, alloimmune injury (i.e. acute cellular rejection), and CLAD, are important areas, that merit particular attention, as all three significantly impact quality and quantity of life following lung transplantation. One such strategy is the overexpression of IL-10 that has been studied by several groups. The protective effects of IL-10, particularly in IRI (65), are well described in small and large animal models, and IL-10 overexpression delivered via an adenovirus vector has shown promise in the context of lung transplantation (66, 67). Alternatively, silencing of Fas using small interfering RNA has shown promise in reducing lung inflammation in preclinical studies (68, 69), and could be amenable to virus-mediated expression. Regardless of the transgene employed, EVLP is uniquely poised to allow virus administration under controlled conditions, for a user-specified period of time, and in the absence of potentially interfering substances.




4.2.2 Addressing transduction barriers in viral gene therapy

A significant hurdle for viral-mediated gene therapy, especially for adenoviruses, is the presence of pre-existing or interfering antibodies that bind capsids and diminish transduction efficiency (70). Estimates of seroprevalence for pre-existing neutralizing antibodies (NAb) in humans against standard serotypes (e.g. AAV1-9) vary from approximately 10% to as high as 60% (71–73), with general agreement among most studies that AAV2 exhibits the highest rates of pre-existing Nabs (72, 74). NAb positivity against the vector presently represents a primary criterion for exclusion from gene therapy studies, however alternative strategies for in vivo use are being explored to mitigate the effect of NAbs. For instance, depleting immunoglobulins from patient blood via plasmapheresis has been employed with reasonably good efficacy (75), and recent work has shown the endopeptidase imlifidase (IdeS), a cysteine protease derived from Streptococcus that cleaves IgG, effectively digests circulating anti-AAV antibodies, permitting gene transduction in previously seropositive non-human primates (76).

Several clinical trials have highlighted the toxicity risks associated with high-dose AAV gene therapy, which can provoke significant immune responses (77).While the EVLP system may mitigate the risk of systemic inflammation, introducing AAV during EVLP could still trigger local inflammation, capillary leak syndrome, and potentially ARDS (78). Although EVLP allows for close monitoring and intervention before transplantation, careful optimization of AAV dosage, the selection of less immunogenic capsids, and the use of targeted immunosuppressive strategies will be crucial for minimizing these risks.

Despite the promise of these approaches, EVLP inherently avoids these concerns of NAbs through the use of perfusates devoid of serum, the NAb-containing compartment of blood. Specifically, standard EVLP perfusates for normothermic perfusion are generally comprised of a dextran- or albumin-based solution, for example OCS Lung solution or Steen solution respectively, that in the case of the former is subsequently doped with enriched red blood cells to act as an oxygen carrier. NAbs can exert profound inhibitory effects on viral transduction, resulting in near-total elimination of expression in mice, macaque, and humans (79). Similarly, EVLP perfusates eliminate concerns of capsid-reactive leukocytes that could additionally reduce transgene expression (70).




4.2.3 Targeting organ compartments with cell-specific serotypes using EVLP

EVLP also offers the advantage of targeting different compartments of the organ, potentially with different cell-specific serotypes.



4.2.3.1 Airway delivery for broad expression in lung epithelial cells

Preclinical experiments have predominantly utilized airway delivery for gene therapy, as this achieves robust, broad expression in the lung, particularly the airway epithelial cells whose dysfunction is associated with a variety of disease states including cystic fibrosis.




4.2.3.2 Serotype-specific tropism for targeting vascular endothelial cells

One caveat to this approach is the poor infection of vascular endothelium that is we and others observe differential serotype-specific tropism depending on the route of delivery. This phenomenon demonstrates the importance of deploying an appropriate vector to elicit expression in the desired population.






4.3 AAV-mediated gene therapy using EVLP

Despite the promising future for AAV-mediated gene therapy, use of this platform nevertheless requires the payload be comparatively small (e.g. <4.5 kb), necessitates a sometimes weeks-long induction period, and achieves low rates of persistent (e.g. >1 year) expression. Unfortunately, enduring gene modification systems like CRISPR-Cas9 or rapid-onset protein expression via direct mRNA delivery are largely incompatible with AAVs without significant, technically-challenging modifications. To address these challenges, a resurgence in nanoparticle development is underway building on decades-old work with lipid micelles to consistently generate particles whose size and packaging capability are user definable (80). The caveat to these advantages is the capacity for cell-specific targeting implicit to viral delivery. EVLP, then, is uniquely poised to leverage the desirable features of nanoparticle delivery with an inherently selective delivery platform.



4.3.1 CRISPR complex packaging

Titrating nanoparticle (NP) size with payload packaging efficiency continues to be a challenge for in vivo use (80), however due to the inherent selectivity of EVLP, higher effective concentrations of NP can be loaded into the perfusate to compensate for diminished efficiency.

A particularly attractive feature of lipid NP (LNP)s is the markedly lower immunogenic profile relative to viral vector-based delivery that could permit repeated administration (81). This is especially advantageous for targeting high-turnover cell populations like airway epithelial cells to maintain therapeutic efficacy. For this approach specifically, redosing via airway delivery post-transplant is furthermore possible and merits additional investigation.

Despite lower immunogenicity, activation of innate immune responses are nevertheless an important consideration, particularly in lung (82).




4.3.2 Direct mRNA delivery

The majority of gene therapy investigations are DNA-based to elicit sustained transgene production. Following capsid uncoating, viral vector-delivered single-stranded DNA enters the nucleus, undergoes second strand synthesis, and ultimately circularizes into episomes for mRNA transcription and eventually expression of the transgene protein product. While episomal transgene expression can be stable for months, and in some reports years, following infection (83), the latency to robust expression of protein can be days or weeks post-infection, although use of self-complementary gene inserts reduces this interval somewhat (84). As well as onset of expression, another complication for use of AAV-based modifications is the considerable difficulty in establishing a cost-effective production process for the therapeutic (85).

In light of these challenges, alternative strategies for fast and relatively inexpensive modification of protein expression in vivo are being explored via direct delivery of mRNA and RNAi systems. RNA-based approaches like mRNA achieve low-latency, high peak production since it does not require nuclear entry to generate production. Delivery and stability of these constructs has proven challenging, though, spurring development of novel nanoparticle-mediated strategies.

A recent study employed siRNA-mediated silencing of Timp1 and observed significant reductions in inflammatory response to LPS administration in mice (86).

Ongoing studies are exploring the possibility of direct electroporation of target organs to achieve therapeutic uptake, mRNA in particular, and EVLP is particularly well-positioned for deploying this method.






5 Present challenges and future opportunities for EVLP deployment



5.1 Cost concerns of EVLP platforms

A significant hurdle for the widespread adoption of EVLP is the necessary consideration of cost versus benefits. Especially for low- and middle-income countries, the cost problem is an overwhelming barrier to utilize EVLP clinically. There is a need to develop more cost effective devices and disposable parts. Present estimates of institutional expenditures associated with lung transplantation using standard criteria donors and cold storage preservation vary considerably, though consistently reported ranges fall between $124,242 and $204,215 (1, 87, 88). With the added complexity of EVLP, additional per-case direct cost is on average $40,000-50,000, however this appears, at least in part, to be defrayed by an increased volume of procedures, among other advantages (1, 87, 88). Indeed, Peel at al (88). reported comparable costs of procedures conducted prior and after the availability of EVLP that the authors attribute to other clinical benefits of EVLP including shorter ICU stays that further offset expenditures. Our own analysis similarly revealed a relatively modest increase in procedure costs with EVLP, but also found that leveraging the technique for use with extended criteria grafts resulted in comparable post-operative outcomes (1). Therefore, the overall costs to the healthcare system may be mitigated by treating more people with end-stage lung disease. It is difficult to understate that transformative potential of EVLP on expanding the donor pool to include extended criteria organs, particularly given that only ~25% of donor lungs are utilized for transplantation (89). While graft viability can vary among systems, studies consistently observe that EVLP effectively enhances short-term outcomes including reduced manifestation of PGD (90).

There are a host of other secondary, difficult to quantify, benefits of EVLP that extend well beyond primary measures like PGD. For instance, seminal work by Cypel et al. (2011) (8) showed that extended criteria lungs receiving EVLP could be stably maintained for a median procurement-to-implantation interval of 10 hours 54 versus 6 hours 10 minutes for standard cold storage (SCS) while also exhibiting comparable post-operative primary outcomes (e.g. 15% post-transplant PGD rate versus 30% for SCS). This observation is reinforced by a recent meta-analysis showing similar findings across a bevy of studies (91). Extended preservation also permits a number of substantial quality of life improvements including streamlined procedure scheduling, allowing surgeons to conduct transplants during more traditional operating hours, simplifying patient scheduling, and allowing rigorous graft evaluation and patient matching. Collectively, these reports demonstrate that the benefits of EVLP are multi-factorial and include difficult to quantify measures that nevertheless merit consideration.

Centralized donor care in specialized centers enhances quality through standardization and the accumulation of expertise, resulting in better outcomes and more consistent performance (92–94). It also reduces costs by enabling the shared use of equipment and resources. Advances in technology are transforming the transplantation landscape, including the establishment of donor centers and procurement companies (95). Moreover, collaboration with translational research institutes has the potential to further accelerate the application of technology in clinical lung transplantation.





6 Conclusion

EVLP represents a pivotal advancement in the field of lung transplantation, significantly enhancing the viability and utilization of donor lungs (96). The technology has progressed from its initial experimental stages to a robust clinical tool that addresses the limitations of traditional donor lung assessment. By enabling the evaluation and rehabilitation of marginal lungs, EVLP has the potential to expand the donor pool and improve transplant outcomes. Ongoing research and technological innovations continue to refine EVLP protocols, promising further enhancements in graft quality and patient survival rates. The integration of advanced perfusion solutions, regenerative medicine techniques, and artificial intelligence-driven assessments holds great promise for the future of EVLP. As we look ahead, the continued evolution of EVLP will undoubtedly play a crucial role in overcoming organ shortages and maximizing lung transplantation success.





Author contributions

KN: Writing – original draft. IA: Writing – review & editing. BH: Writing – original draft. MH: Writing – review & editing.





Funding

The author(s) declare that no financial support was received for the research, authorship, and/or publication of this article.





Conflict of interest

MH receives research funding from TransMedics, Paragonix, and Lung Bioengineering, and provides consulting services to TransMedics, Paragonix, BioMedinnovations, and CSL Behring.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.





References

1. Halpern, SE, Kesseli, SJ, Au, S, Krischak, MK, Olaso, DG, Smith, H, et al. Lung transplantation after ex vivo lung perfusion versus static cold storage: An institutional cost analysis. Am J Transpl. (2022) 22:552–64. doi: 10.1111/ajt.16794

2. Bobba, CM, Whitson, BA, Henn, MC, Mokadam, NA, Keller, BC, Rosenheck, J, et al. Trends in donation after circulatory death in lung transplantation in the United States: impact of era. Transpl Int. (2022) 35:10172. doi: 10.3389/ti.2022.10172

3. Singh, TP, Cherikh, WS, Hsich, E, Lewis, A, Perch, M, Kian, S, et al. Graft survival in primary thoracic organ transplant recipients: A special report from the International Thoracic Organ Transplant Registry of the International Society for Heart and Lung Transplantation. J Heart Lung Transpl Oct. (2023) 42:1321–33. doi: 10.1016/j.healun.2023.07.017

4. Botha, P, Trivedi, D, Weir, CJ, Searl, CP, Corris, PA, Dark, JH, et al. Extended donor criteria in lung transplantation: impact on organ allocation. J Thorac Cardiovasc Surg. (2006) 131:1154–60. doi: 10.1016/j.jtcvs.2005.12.037

5. van Suylen, V, Luijk, B, Hoek, RAS, van de Graaf, EA, Verschuuren, EA, Van De Wauwer, C, et al. A multicenter study on long-term outcomes after lung transplantation comparing donation after circulatory death and donation after brain death. Am J Transpl. (2017) 17:2679–86. doi: 10.1111/ajt.14339

6. Halpern, SE, Au, S, Kesseli, SJ, Krischak, MK, Olaso, DG, Bottiger, BA, et al. Lung transplantation using allografts with more than 8 hours of ischemic time: A single-institution experience. J Heart Lung Transpl. (2021) 40:1463–71. doi: 10.1016/j.healun.2021.05.008

7. Nakata, K, Alderete, I, Arnold, CJ, and Hartwig, MG. Overview of novel donor lung preservation system mediating stable organ temperature and airway pressure. Expert Rev Med Devices Dec. (2024) 21:1057–9. doi: 10.1080/17434440.2024.2432563

8. Cypel, M, Yeung, JC, Liu, M, Anraku, M, Chen, F, Karolak, W, et al. Normothermic ex vivo lung perfusion in clinical lung transplantation. N Engl J Med. (2011) 364:1431–40. doi: 10.1056/NEJMoa1014597

9. Warnecke, G, Van Raemdonck, D, Smith, MA, Massard, G, Kukreja, J, Rea, F, et al. Normothermic ex-vivo preservation with the portable Organ Care System Lung device for bilateral lung transplantation (INSPIRE): a randomised, open-label, non-inferiority, phase 3 study. Lancet Respir Med. (2018) 6:357–67. doi: 10.1016/S2213-2600(18)30136-X

10. Loor, G, Warnecke, G, Villavicencio, MA, Smith, MA, Kukreja, J, Ardehali, A, et al. Portable normothermic ex-vivo lung perfusion, ventilation, and functional assessment with the Organ Care System on donor lung use for transplantation from extended-criteria donors (EXPAND): a single-arm, pivotal trial. Lancet Respir Med. (2019) 7:975–84. doi: 10.1016/S2213-2600(19)30200-0

11. Sanchez, PG, Chan, EG, Davis, RD, Hartwig, M, Machuca, T, Whitson, B, et al. Normothermic ex vivo lung perfusion (Novel) as an assessment of extended criteria donor lungs: A prospective multi-center clinical trial. J Heart Lung Transplantation. (2022) 41:S40–1. doi: 10.1016/j.healun.2022.01.092

12. Watanabe, T, Cypel, M, and Keshavjee, S. Ex vivo lung perfusion. J Thorac Dis. (2021) 13:6602–17. doi: 10.21037/jtd-2021-23

13. Fildes, JE, Archer, LD, Blaikley, J, Ball, AL, Stone, JP, Sjoberg, T, et al. Clinical outcome of patients transplanted with marginal donor lungs via ex vivo lung perfusion compared to standard lung transplantation. Transplantation. (2015) 99:1078–83. doi: 10.1097/TP.0000000000000462

14. Henriksen, IS, Moller-Sorensen, H, Moller, CH, Zemtsovski, M, Nilsson, JC, Seidelin, CT, et al. First Danish experience with ex vivo lung perfusion of donor lungs before transplantation. Dan Med J. (2014) 61:A4809.

15. Cypel, M, Yeung, JC, Machuca, T, Chen, M, Singer, LG, Yasufuku, K, et al. Experience with the first 50 ex vivo lung perfusions in clinical transplantation. J Thorac Cardiovasc Surg. (2012) 144:1200–6. doi: 10.1016/j.jtcvs.2012.08.009

16. Okamoto, T, Wheeler, D, Liu, Q, Quintini, C, Hata, JS, and McCurry, KR. Variability in pressure of arterial oxygen to fractional inspired oxygen concentration ratio during cellular ex vivo lung perfusion: implication for decision making. Transplantation. (2015) 99:2504–13. doi: 10.1097/TP.0000000000000776

17. Sakota, D, Kosaka, R, Niikawa, H, Ohuchi, K, Arai, H, McCurry, KR, et al. Optical oxygen saturation imaging in cellular ex vivo lung perfusion to assess lobular pulmonary function. BioMed Opt Express. (2022) 13:328–43. doi: 10.1364/BOE.445021

18. Zhang, ZL, van Suylen, V, van Zanden, JE, Van De Wauwer, C, Verschuuren, EAM, van der Bij, W, et al. First experience with ex vivo lung perfusion for initially discarded donor lungs in the Netherlands: a single-centre study. Eur J Cardiothorac Surg. (2019) 55:920–6. doi: 10.1093/ejcts/ezy373

19. Schiavon, M, Faggi, G, Rebusso, A, Lunardi, F, Comacchio, G, Di Gregorio, G, et al. Extended criteria donor lung reconditioning with the organ care system lung: a single institution experience. Transpl Int. (2019) 32:131–40. doi: 10.1111/tri.2019.32.issue-2

20. Luc, JGY, Jackson, K, Weinkauf, JG, Freed, DH, and Nagendran, J. Feasibility of lung transplantation from donation after circulatory death donors following portable ex vivo lung perfusion: A pilot study. Transplant Proc. (2017) 49:1885–92. doi: 10.1016/j.transproceed.2017.04.010

21. Boffini, M, Ricci, D, Bonato, R, Fanelli, V, Attisani, M, Ribezzo, 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) 46:789–93. doi: 10.1093/ejcts/ezu239

22. Signori, D, Magliocca, A, Hayashida, K, Graw, JA, Malhotra, R, Bellani, G, et al. Inhaled nitric oxide: role in the pathophysiology of cardio-cerebrovascular and respiratory diseases. Intensive Care Med Exp. (2022) 10:28. doi: 10.1186/s40635-022-00455-6

23. Chao, BT, McInnis, MC, Sage, AT, Yeung, JC, Cypel, M, Liu, M, et al. A radiographic score for human donor lungs on ex vivo lung perfusion predicts transplant outcomes. J Heart Lung Transpl. (2024) 43:797–805. doi: 10.1016/j.healun.2024.01.004

24. Okamoto, T, Ayyat, KS, Sakanoue, I, Niikawa, H, Said, SA, Ahmad, U, et al. Clinical significance of donor lung weight at procurement and during ex vivo lung perfusion. J Heart Lung Transpl. (2022) 41:818–28. doi: 10.1016/j.healun.2022.02.011

25. Kosaka, R, Sakota, D, Sakanoue, I, Niikawa, H, Ohuchi, K, Arai, H, et al. Real-time lung weight measurement during cellular ex vivo lung perfusion: an early predictor of transplant suitability. Transplantation. (2023) 107:628–38. doi: 10.1097/TP.0000000000004380

26. Ayyat, KS, Okamoto, T, Niikawa, H, Sakanoue, I, Dugar, S, Latifi, SQ, et al. A CLUE for better assessment of donor lungs: Novel technique in clinical ex vivo lung perfusion. J Heart Lung Transpl Nov. (2020) 39:1220–7. doi: 10.1016/j.healun.2020.07.013

27. Sage, AT, Richard-Greenblatt, M, Zhong, K, Bai, XH, Snow, MB, Babits, M, et al. Prediction of donor related lung injury in clinical lung transplantation using a validated ex vivo lung perfusion inflammation score. J Heart Lung Transpl. (2021) 40:687–95. doi: 10.1016/j.healun.2021.03.002

28. Andreasson, ASI, Borthwick, LA, Gillespie, C, Jiwa, K, Scott, J, Henderson, P, et al. The role of interleukin-1beta as a predictive biomarker and potential therapeutic target during clinical ex vivo lung perfusion. J Heart Lung Transpl. (2017) 36:985–95. doi: 10.1016/j.healun.2017.05.012

29. Iskender, I, Cosgun, T, Arni, S, Trinkwitz, M, Fehlings, S, Yamada, Y, et al. Cytokine filtration modulates pulmonary metabolism and edema formation during ex vivo lung perfusion. J Heart Lung Transpl. (2017) 20:S1053–2498(17)31802–8. doi: 10.1016/j.healun.2016.01.393

30. Koike, T, Yeung, JC, Cypel, M, Rubacha, M, Matsuda, Y, Sato, M, et al. Kinetics of lactate metabolism during acellular normothermic ex vivo lung perfusion. J Heart Lung Transpl. (2011) 30:1312–9. doi: 10.1016/j.healun.2011.07.014

31. Cypel, M, Yeung, JC, Hirayama, S, Rubacha, M, Fischer, S, Anraku, M, et al. Technique for prolonged normothermic ex vivo lung perfusion. J Heart Lung Transpl. (2008) 27:1319–25. doi: 10.1016/j.healun.2008.09.003

32. Ayyat, KS, Okamoto, T, Sakanoue, I, Elgharably, H, Ahmad, U, Unai, S, et al. Ex-vivo pulmonary artery angioscopy: A novel technique for management of donor lung pulmonary embolism. J Heart Lung Transplantation. (2022) 41(4):S255. doi: 10.1016/j.healun.2022.01.625

33. Sage, AT, Donahoe, LL, Shamandy, AA, Mousavi, SH, Chao, BT, Zhou, X, et al. A machine-learning approach to human ex vivo lung perfusion predicts transplantation outcomes and promotes organ utilization. Nat Commun. (2023) 14:4810. doi: 10.1038/s41467-023-40468-7

34. Fitch, ZW, Doberne, J, Reynolds, JM, Jamieson, I, Haney, JC, Klapper, JA, et al. Expanding donor availability in lung transplantation: A case report of 5000 miles traveled. Am J Transpl. (2021) 21:2269–72. doi: 10.1111/ajt.16556

35. Ceulemans, LJ, Monbaliu, D, Verslype, C, van der Merwe, S, Laleman, W, Vos, R, et al. Combined liver and lung transplantation with extended normothermic lung preservation in a patient with end-stage emphysema complicated by drug-induced acute liver failure. Am J Transpl. (2014) 14:2412–6. doi: 10.1111/ajt.12856

36. Leiva-Juarez, MM, Urso, A, Arango Tomas, E, Lederer, DJ, Sanchez, P, Griffith, B, et al. Extended post-ex vivo lung perfusion cold preservation predicts primary graft dysfunction and mortality: Results from a multicentric study. J Heart Lung Transpl. (2020) 39:954–61. doi: 10.1016/j.healun.2021.01.002

37. Ali, A, Nykanen, AI, Beroncal, E, Brambate, E, Mariscal, A, Michaelsen, V, et al. Successful 3-day lung preservation using a cyclic normothermic ex vivo lung perfusion strategy. EBioMedicine. (2022) 83:104210. doi: 10.1016/j.ebiom.2022.104210

38. Hartwig, MG, Klapper, JA, Poola, N, Banga, A, Sanchez, PG, Murala, JS, et al. A randomized, multicenter, blinded pilot study assessing the effects of gaseous nitric oxide in an ex vivo system of human lungs. Pulm Ther. (2023) 9:151–63. doi: 10.1007/s41030-022-00209-5

39. Buchko, MT, Himmat, S, Stewart, CJ, Hatami, S, Dromparis, P, Adam, BA, et al. Continuous hemodialysis does not improve graft function during ex vivo lung perfusion over 24 hours. Transplant Proc. (2019) 51:2022–8. doi: 10.1016/j.transproceed.2019.03.042

40. De Wolf, J, Glorion, M, Jouneau, L, Estephan, J, Leplat, JJ, Blanc, F, et al. Challenging the ex vivo lung perfusion procedure with continuous dialysis in a pig model. Transplantation. (2022) 106:979–87. doi: 10.1097/TP.0000000000003931

41. Wei, D, Gao, F, Yang, Z, Wang, W, Chen, Y, Lu, Y, et al. Ex vivo lung perfusion with perfusate purification for human donor lungs following prolonged cold storage. Ann Transl Med. (2020) 8:38. doi: 10.21037/atm.2019.10.17

42. Takahashi, M, Andrew Cheung, HY, Watanabe, T, Zamel, R, Cypel, M, Liu, M, et al. Strategies to prolong homeostasis of ex vivo perfused lungs. J Thorac Cardiovasc Surg. (2021) 161:1963–73. doi: 10.1016/j.jtcvs.2020.07.104

43. Tane, S, Noda, K, Toyoda, Y, and Shigemura, N. Bronchial-arterial-circulation-sparing lung preservation: A new organ protection approach for lung transplantation. Transplantation. (2020) 104:490–9. doi: 10.1097/TP.0000000000002984

44. Weaver, RJ, Blomme, EA, Chadwick, AE, Copple, IM, Gerets, HHJ, Goldring, CE, et al. Managing the challenge of drug-induced liver injury: a roadmap for the development and deployment of preclinical predictive models. Nat Rev Drug Discovery. (2020) 19:131–48. doi: 10.1038/s41573-019-0048-x

45. Vetrini, F, and Ng, P. Liver-directed gene therapy with helper-dependent adenoviral vectors: current state of the art and future challenges. Curr Pharm Des. (2011) 17:2488–99. doi: 10.2174/138161211797247532

46. Shirley, JL, de Jong, YP, Terhorst, C, and Herzog, RW. Immune responses to viral gene therapy vectors. Mol Ther. (2020) 28:709–22. doi: 10.1016/j.ymthe.2020.01.001

47. Thakkar, S, Chen, M, Fang, H, Liu, Z, Roberts, R, and Tong, W. The Liver Toxicity Knowledge Base (LKTB) and drug-induced liver injury (DILI) classification for assessment of human liver injury. Expert Rev Gastroenterol Hepatol. (2018) 12:31–8. doi: 10.1080/17474124.2018.1383154

48. Nakata, K, Okazaki, M, Shimizu, D, Suzawa, K, Shien, K, Miyoshi, K, et al. Protective effects of anti-HMGB1 monoclonal antibody on lung ischemia reperfusion injury in mice. Biochem Biophys Res Commun. (2021) 573:164–70. doi: 10.1016/j.bbrc.2021.08.015

49. Nakata, K, Okazaki, M, Sakaue, T, Kinoshita, R, Komoda, Y, Shimizu, D, et al. Functional blockage of S100A8/A9 ameliorates ischemia-reperfusion injury in the lung. Bioengineering (Basel). (2022) 9(11):673. doi: 10.3390/bioengineering9110673

50. Prill, JM, Espenlaub, S, Samen, U, Engler, T, Schmidt, E, Vetrini, F, et al. Modifications of adenovirus hexon allow for either hepatocyte detargeting or targeting with potential evasion from Kupffer cells. Mol Ther. (2011) 19:83–92. doi: 10.1038/mt.2010.229

51. Asokan, A, Conway, JC, Phillips, JL, Li, C, Hegge, J, Sinnott, R, et al. Reengineering a receptor footprint of adeno-associated virus enables selective and systemic gene transfer to muscle. Nat Biotechnol. (2010) 28:79–82. doi: 10.1038/nbt.1599

52. Cumpston, P. Blood volume estimation in cardiac surgery - A comparative analysis. Perfusion. (2023) 38:455–63. doi: 10.1177/02676591211069920

53. Gonzalez, CC, Lopez-Jimenez, V, Vazquez-Sanchez, T, Vazquez-Sanchez, E, Cabello, M, and Hernandez-Marrero, D. Efficacy and safety of eculizumab in kidney transplant patients with primary atypical hemolytic-uremic syndrome. Transplant Proc. (2022) 54:25–6. doi: 10.1016/j.transproceed.2021.09.063

54. Kleiboeker, HL, Prom, A, and Paplaczyk, K. Myers CN. A complement to traditional treatments for antibody-mediated rejection? Use of eculizumab in lung transplantation: A review and early center experience. Ann Pharmacother. (2024) 58(9):947–55. doi: 10.1177/10600280231213112

55. Levine, CR, Gewolb, IH, Allen, K, Welch, RW, Melby, JM, Pollack, S, et al. The safety, pharmacokinetics, and anti-inflammatory effects of intratracheal recombinant human Clara cell protein in premature infants with respiratory distress syndrome. Pediatr Res. (2005) 58:15–21. doi: 10.1203/01.PDR.0000156371.89952.35

56. Lopez, E, Fujiwara, O, Nelson, C, Winn, ME, Clayton, RS, Cox, RA, et al. Club cell protein, CC10, attenuates acute respiratory distress syndrome induced by smoke inhalation. Shock. (2020) 53:317–26. doi: 10.1097/SHK.0000000000001365

57. Martinu, T, Todd, JL, Gelman, AE, Guerra, S, and Palmer, SM. Club cell secretory protein in lung disease: emerging concepts and potential therapeutics. Annu Rev Med. (2023) 74:427–41. doi: 10.1146/annurev-med-042921-123443

58. Todd, JL, Weber, JM, Kelly, FL, Neely, ML, Nagler, A, Carmack, D, et al. Early posttransplant reductions in club cell secretory protein associate with future risk for chronic allograft dysfunction in lung recipients: results from a multicenter study. J Heart Lung Transpl. (2023) 42:741–9. doi: 10.1016/j.healun.2023.02.1495

59. Weathington, NM, Alvarez, D, Sembrat, J, Radder, J, Cardenes, N, Noda, K, et al. Ex vivo lung perfusion as a human platform for preclinical small molecule testing. JCI Insight. (2018) 3(19):e95515. doi: 10.1172/jci.insight.95515

60. Spratt, JR, Mattison, LM, Iaizzo, PA, Brown, RZ, Helms, H, Iles, TL, et al. An experimental study of the recovery of injured porcine lungs with prolonged normothermic cellular ex vivo lung perfusion following donation after circulatory death. Transpl Int. (2017) 30:932–44. doi: 10.1111/tri.2017.30.issue-9

61. Charles, EJ, Mehaffey, JH, Sharma, AK, Zhao, Y, Stoler, MH, Isbell, JM, et al. Lungs donated after circulatory death and prolonged warm ischemia are transplanted successfully after enhanced ex vivo lung perfusion using adenosine A2B receptor antagonism. J Thorac Cardiovasc Surg. (2017) 154:1811–20. doi: 10.1016/j.jtcvs.2017.02.072

62. Emaminia, A, Lapar, DJ, Zhao, Y, Steidle, JF, Harris, DA, Laubach, VE, et al. Adenosine A(2)A agonist improves lung function during ex vivo lung perfusion. Ann Thorac Surg Nov. (2011) 92:1840–6. doi: 10.1016/j.athoracsur.2011.06.062

63. Stone, ML, Sharma, AK, Mas, VR, Gehrau, RC, Mulloy, DP, Zhao, Y, et al. Ex vivo perfusion with adenosine A2A receptor agonist enhances rehabilitation of murine donor lungs after circulatory death. Transplantation Dec. (2015) 99:2494–503. doi: 10.1097/TP.0000000000000830

64. Wagner, CE, Pope, NH, Charles, EJ, Huerter, ME, Sharma, AK, Salmon, MD, et al. Ex vivo lung perfusion with adenosine A2A receptor agonist allows prolonged cold preservation of lungs donated after cardiac death. J Thorac Cardiovasc Surg Feb. (2016) 151:538–45. doi: 10.1016/j.jtcvs.2015.07.075

65. Eppinger, MJ, Ward, PA, Bolling, SF, and Deeb, GM. Regulatory effects of interleukin-10 on lung ischemia-reperfusion injury. J Thorac Cardiovasc Surg. (1996) 112:1301–1305; discussion 1305-1306. doi: 10.1016/S0022-5223(96)70144-7

66. Machuca, TN, Cypel, M, Bonato, R, Yeung, JC, Chun, YM, Juvet, S, et al. Safety and efficacy of ex vivo donor lung adenoviral IL-10 gene therapy in a large animal lung transplant survival model. Hum Gene Ther. (2017) 28:757–65. doi: 10.1089/hum.2016.070

67. Mesaki, K, Juvet, S, Yeung, J, Guan, Z, Wilson, GW, Hu, J, et al. Immunomodulation of the donor lung with CRISPR-mediated activation of IL-10 expression. J Heart Lung Transpl. (2023) 42:1363–77. doi: 10.1016/j.healun.2023.06.001

68. Messer, MP, Kellermann, P, Weber, SJ, Hohmann, C, Denk, S, Klohs, B, et al. Silencing of fas, fas-associated via death domain, or caspase 3 differentially affects lung inflammation, apoptosis, and development of trauma-induced septic acute lung injury. Shock. (2013) 39:19–27. doi: 10.1097/SHK.0b013e318277d856

69. Del Sorbo, L, Costamagna, A, Muraca, G, Rotondo, G, Civiletti, F, Vizio, B, et al. Intratracheal administration of small interfering RNA targeting fas reduces lung ischemia-reperfusion injury. Crit Care Med. (2016) 44:e604–613. doi: 10.1097/CCM.0000000000001601

70. Vandamme, C, Adjali, O, and Mingozzi, F. Unraveling the complex story of immune responses to AAV vectors trial after trial. Hum Gene Ther. (2017) 28:1061–74. doi: 10.1089/hum.2017.150

71. Calcedo, R, Vandenberghe, LH, Gao, G, Lin, J, and Wilson, JM. Worldwide epidemiology of neutralizing antibodies to adeno-associated viruses. J Infect Dis. (2009) 199:381–90. doi: 10.1086/595830

72. Louis Jeune, V, Joergensen, JA, Hajjar, RJ, and Weber, T. Pre-existing anti-adeno-associated virus antibodies as a challenge in AAV gene therapy. Hum Gene Ther Methods. (2013) 24:59–67. doi: 10.1089/hgtb.2012.243

73. Kruzik, A, Fetahagic, D, Hartlieb, B, Dorn, S, Koppensteiner, H, Horling, FM, et al. Prevalence of anti-adeno-associated virus immune responses in international cohorts of healthy donors. Mol Ther Methods Clin Dev. (2019) 14:126–33. doi: 10.1016/j.omtm.2019.05.014

74. Blacklow, NR, Hoggan, MD, Kapikian, AZ, Austin, JB, and Rowe, WP. Epidemiology of adenovirus-associated virus infection in a nursery population. Am J Epidemiol. (1968) 88:368–78. doi: 10.1093/oxfordjournals.aje.a120897

75. Orlowski, A, Katz, MG, Gubara, SM, Fargnoli, AS, Fish, KM, and Weber, T. Successful transduction with AAV vectors after selective depletion of anti-AAV antibodies by immunoadsorption. Mol Ther Methods Clin Dev. (2020) 16:192–203. doi: 10.1016/j.omtm.2020.01.004

76. Leborgne, C, Barbon, E, Alexander, JM, Hanby, H, Delignat, S, Cohen, DM, et al. IgG-cleaving endopeptidase enables in vivo gene therapy in the presence of anti-AAV neutralizing antibodies. Nat Med. (2020) 26:1096–101. doi: 10.1038/s41591-020-0911-7

77. Lek, A, Wong, B, Keeler, A, Blackwood, M, Ma, K, Huang, S, et al. Death after High-Dose rAAV9 Gene Therapy in a Patient with Duchenne’s Muscular Dystrophy. N Engl J Med. (2023) 389:1203–10. doi: 10.1056/NEJMoa2307798

78. Duan, D. Lethal immunotoxicity in high-dose systemic AAV therapy. Mol Ther. (2023) 31:3123–6. doi: 10.1016/j.ymthe.2023.10.015

79. Schulz, M, Levy, DI, Petropoulos, CJ, Bashirians, G, Winburn, I, Mahn, M, et al. Binding and neutralizing anti-AAV antibodies: Detection and implications for rAAV-mediated gene therapy. Mol Ther. (2023) 31:616–30. doi: 10.1016/j.ymthe.2023.01.010

80. Kazemian, P, Yu, SY, Thomson, SB, Birkenshaw, A, Leavitt, BR, and Ross, CJD. Lipid-nanoparticle-based delivery of CRISPR/cas9 genome-editing components. Mol Pharm. (2022) 19:1669–86. doi: 10.1021/acs.molpharmaceut.1c00916

81. Kenjo, E, Hozumi, H, Makita, Y, Iwabuchi, KA, Fujimoto, N, Matsumoto, S, et al. Low immunogenicity of LNP allows repeated administrations of CRISPR-Cas9 mRNA into skeletal muscle in mice. Nat Commun. (2021) 12:7101. doi: 10.1038/s41467-021-26714-w

82. Lee, Y, Jeong, M, Park, J, Jung, H, and Lee, H. Immunogenicity of lipid nanoparticles and its impact on the efficacy of mRNA vaccines and therapeutics. Exp Mol Med. (2023) 55:2085–96. doi: 10.1038/s12276-023-01086-x

83. Herzog, RW. Encouraging and unsettling findings in long-term follow-up of AAV gene transfer. Mol Ther. (2020) 28:341–2. doi: 10.1016/j.ymthe.2020.01.007

84. McCarty, DM. Self-complementary AAV vectors; advances and applications. Mol Ther. (2008) 16:1648–56. doi: 10.1038/mt.2008.171

85. Li, C, and Samulski, RJ. Engineering adeno-associated virus vectors for gene therapy. Nat Rev Genet. (2020) 21:255–72. doi: 10.1038/s41576-019-0205-4

86. Chernikov, IV, Staroseletz, YY, Tatarnikova, IS, Sen'kova, AV, Savin, IA, Markov, AV, et al. siRNA-mediated timp1 silencing inhibited the inflammatory phenotype during acute lung injury. Int J Mol Sci. (2023) 24(2):1641. doi: 10.3390/ijms24021641

87. Fisher, A, Andreasson, A, Chrysos, A, Lally, J, Mamasoula, C, Exley, C, et al. An observational study of Donor Ex Vivo Lung Perfusion in UK lung transplantation: DEVELOP-UK. Health Technol Assess. (2016) 20:1–276. doi: 10.3310/hta20850

88. Peel, JK, Keshavjee, S, Naimark, D, Liu, M, Del Sorbo, L, Cypel, M, et al. Determining the impact of ex-vivo lung perfusion on hospital costs for lung transplantation: A retrospective cohort study. J Heart Lung Transpl. (2023) 42:356–67. doi: 10.1016/j.healun.2022.10.016

89. Chambers, DC, Perch, M, Zuckermann, A, Cherikh, WS, Harhay, MO, Hayes, D Jr, et al. The International Thoracic Organ Transplant Registry of the International Society for Heart and Lung Transplantation: Thirty-eighth adult lung transplantation report - 2021; Focus on recipient characteristics. J Heart Lung Transpl. (2021) 40:1060–72. doi: 10.1016/j.healun.2021.07.021

90. Iske, J, Hinze, CA, Salman, J, Haverich, A, Tullius, SG, and Ius, F. The potential of ex vivo lung perfusion on improving organ quality and ameliorating ischemia reperfusion injury. Am J Transpl. (2021) 21:3831–9. doi: 10.1111/ajt.16784

91. Tian, D, Wang, Y, Shiiya, H, Sun, CB, Uemura, Y, Sato, M, et al. Outcomes of marginal donors for lung transplantation after ex vivo lung perfusion: A systematic review and meta-analysis. J Thorac Cardiovasc Surg. (2020) 159:720–30.e726. doi: 10.1016/j.jtcvs.2019.07.087

92. Chang, SH, Kreisel, D, Marklin, GF, Cook, L, Hachem, R, Kozower, BD, et al. Lung focused resuscitation at a specialized donor care facility improves lung procurement rates. Ann Thorac Surg May. (2018) 105:1531–6. doi: 10.1016/j.athoracsur.2017.12.009

93. Chen, Q, Malas, J, Krishnan, A, Thomas, J, Megna, D, Egorova, N, et al. Limited cumulative experience with ex vivo lung perfusion is associated with inferior outcomes after lung transplantation. J Thorac Cardiovasc Surg Jan. (2024) 167:371–9.e8. doi: 10.1016/j.jtcvs.2023.04.009

94. Alderete, IS, and Hartwig, MG. Commentary: Who should be using ex vivo lung perfusion? J Thorac Cardiovasc Surg Jan. (2024) 167:382–3. doi: 10.1016/j.jtcvs.2023.04.047

95. Keshavjee, S. Human organ repair centers: Fact or fiction? JTCVS Open Sep. (2020) 3:164–8. doi: 10.1016/j.xjon.2020.05.001

96. Yeung, JC, Krueger, T, Yasufuku, K, de Perrot, M, Pierre, AF, Waddell, TK, et al. Outcomes after transplantation of lungs preserved for more than 12 h: a retrospective study. Lancet Respir Med. (2017) 5:119–24. doi: 10.1016/S2213-2600(16)30323-X




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2025 Nakata, Alderete, Hughes and Hartwig. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu.2025.1513546_cover.jpg
& frontiers | Frontiers in Immunology

Ex vivo lung perfusion: recent
advancements and future directions





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Ex vivo lung perfusion: recent advancements and future directions

      

        		

          1 Introduction

        

          		

            1.1 Indications for EVLP utilization

          

            		

              1.1.1 Impaired Oxygenation

            



            		

              1.1.2 Pulmonary Edema

            



            		

              1.1.3 Poor Lung Compliance

            



            		

              1.1.4 High-Risk Donor History

            



            		

              1.1.5 Donation After Cardiac Death (DCD)

            



            		

              1.1.6 Logistics

            



          



          



          		

            1.2 Clinical available platforms and EVLP techniques

          



          		

            1.3 XVIVO Perfusion System (XPS)

          



          		

            1.4 TransMedics Organ Care System (OCS)

          



        



        



        		

          2 Assessment of lungs during EVLP

        

          		

            2.1 Pulmonary gas exchange

          



          		

            2.2 Lung compliance

          



          		

            2.3 Pulmonary vascular resistance

          



          		

            2.4 Lung edema

          



          		

            2.5 Other parameters and further attempt

          



        



        



        		

          3 Prolonged graft preservation using EVLP

        



        		

          4 EVLP delivery of therapeutics

        

          		

            4.1 EVLP as a platform for targeted therapeutic delivery

          

            		

              4.1.1 Enhancing safety in therapeutic delivery using EVLP

            



            		

              4.1.2 Optimizing dosing and resource utilization with EVLP

            



            		

              4.1.3 EVLP for disease modeling and therapeutic evaluation

            



          



          



          		

            4.2 EVLP-based gene therapy

          

            		

              4.2.1 Targeting IRI, alloimmune injury, and CLAD: key applications of EVLP-delivered gene therapy

            



            		

              4.2.2 Addressing transduction barriers in viral gene therapy

            



            		

              4.2.3 Targeting organ compartments with cell-specific serotypes using EVLP

            

              		

                4.2.3.1 Airway delivery for broad expression in lung epithelial cells

              



              		

                4.2.3.2 Serotype-specific tropism for targeting vascular endothelial cells

              



            



            



          



          



          		

            4.3 AAV-mediated gene therapy using EVLP

          

            		

              4.3.1 CRISPR complex packaging

            



            		

              4.3.2 Direct mRNA delivery

            



          



          



        



        



        		

          5 Present challenges and future opportunities for EVLP deployment

        

          		

            5.1 Cost concerns of EVLP platforms

          



        



        



        		

          6 Conclusion

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Generative AI statement

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





