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Lung ischemia reperfusion (IR) injury inevitably occurs during lung transplantation. The pulmonary endothelium is the primary target of IR injury that potentially results in severe pulmonary dysfunction. Over the last decades, various molecules, receptors, and signaling pathways were identified in order to develop treatment strategies for the preservation of the pulmonary endothelium against IR injury. We here review the latest and most promising therapeutic strategies for the protection of the endothelium against IR injury. These include the stabilization of the endothelial glycocalyx, inhibition of endothelial autophagy, inhibition of adhesion molecules, targeting of angiotensin-converting enzyme, and traditional viral and novel non-viral gene transfer approaches. Though some of these strategies proved to be promising in experimental studies, very few of these treatment concepts made the transfer into clinical application. This dilemma underscores the need for more experimental evidence for the translation into clinical studies to invent therapeutic concepts against IR injury-mediated endothelial damage.
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INTRODUCTION

Ischemia reperfusion (IR) injury in lung transplantation (Tx) is associated with an increased rate of delayed graft function, but also acute and chronic graft rejection. As IR injury is unavoidably correlated with Tx, treatment strategies for the attenuation of IR injury should aim at protecting target compartments that are primarily affected by IR injury.

The pulmonary endothelium is the first site of IR injury. Already during organ ischemia, multiple donor-associated changes can alter the status of the pulmonary vasculature, that is e.g., the loss of surfactant, hypovolemia resulting in platelet occlusion of the vascular bed, an increase of pro-inflammatory mediators due to brain death, and an increase of adhesion molecules (Porteous and Lee, 2017). Upon reperfusion, the endothelial layer of the pulmonary vasculature produces reactive oxygen species (ROS) and other damaging agents (Preissler et al., 2011) which in turn results in endothelium swelling and detachment from the basement membrane (Pickford et al., 1990). This process results in a damage of the vascular permeability thereby facilitating leukocyte adherence and transmigration, the key step in mediating IR injury (Soroush et al., 2018). The interaction between leukocytes and endothelium depends on and involves a complex network of various proteins.

Over the last decades, a wide range of those proteins have been identified that mediate the differential steps necessary for the interaction between white blood cells and endothelium. Among them, selectins are responsible for a first contact and weak adhesion of leukocytes (Kawut et al., 2009), different adhesion molecules create a firmer contact of leukocytes on the endothelium and leukocyte extravasation across the endothelial wall (Muller, 2016), and finally the migration of leukocytes into the tissue is mediated by IL-8 and other mediators (Allen and Kurdowska, 2014). A number of other mediators such as TNFα, IL-1, IL-6, leukotriene B4, proteases, and elastases that are in part released from activated neutrophils, indirectly or directly, contribute to endothelial dysfunction and injury (Porteous and Lee, 2017).

Another target of IR that contributes to endothelial damage and tissue dysfunction after IR is the endothelial glycocalyx. This layer consists of proteoglycans and glycoproteins at the surface of the endothelium and harbors various chemokines, receptors, growth factors, and enzymes that play a central role in endothelial function. The endothelial glycocalyx has a pivotal importance in lung injury which has been shown during edema formation after lung IR injury when the integrity of the glycocalyx was damaged (Brettner et al., 2017).

During the last decades of research, many of these proteins, receptors, mediators, and inflammatory cascades participating in endothelial injury upon IR injury have been targeted by treatment strategies, either by antibodies, inhibitors, or modulators of the inflammatory milieu. Among these, older agents include the phosphodiesterase inhibitor cyclic AMP analog or nitride oxide.

We here will present and discuss the most recent and promising developments on strategies how to efficiently preserve the endothelium from lung IR injury.


An Ambiguous Role for Autophagy Inhibition on Pulmonary Endothelium During IR Injury

Autophagy allows for the regular degradation and recycling of cellular components and thus promotes cell survival. However, upon injury, an imbalance in endosomal and autophagic pathways can enhance macromolecular or organelle degradation thereby causing cell death. Inhibition of autophagy was shown to result in reduced apoptosis indicating that the process of autophagy as a cell survival mechanism is rather endangering the lung during IR injury (Zhang et al., 2013). On the other hand, recent analyses on pulmonary microvascular endothelial cells exposed to hypoxia-reoxygenation revealed that the suppression of mitochondrial autophagy by 3-Methyladenine (3-MA), a selective PI3K inhibitor, inhibited the apoptosis of endothelial cells and enhanced its proliferation via the mechanistic Target of Rapamycin-pathway (Liu et al., 2019). Another study in human and mouse pulmonary microvascular endothelial cells convincingly showed that promoting autophagy with rapamycin ameliorated IR-induced lung edema and tissue inflammation due to injured endothelium (Zhang et al., 2015).

Taken together, research on targeting autophagy has so far been scarce and results presented seem to be ambiguous, so there is a clear need for more studies that proves an either endothelial-preserving or endothelial-damaging effect of autophagy.



Stabilization of the Endothelial Glycocalyx From Degradation by Lung I/R Injury

The luminal surface of vascular endothelial cells is lined with a glycocalyx, comprising of membrane-bound proteoglycans, glycosaminoglycans, and sialic acid–containing glycoproteins. This layer is pivotal for the integrity and functionality of the endothelium, as it modulates the interaction of the endothelium with the components of the circulating blood. The glycocalyx harbors a variety of chemokines, receptors, growth factors, and enzymes that play a central role in endothelial function. This layer protects the endothelium from shear stress which is caused by blood flow and serves as a vascular permeability barrier. Glycocalyx damage during IR can be detected by elevated plasma levels of e.g., heparan sulfate and syndecan-1, which suggests their use as biomarkers of endothelial integrity (Abassi et al., 2020) (Figure 1).
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FIGURE 1. Endothelial glycocalyx degradation induced by ischemia-reperfusion injury and its restoration by Lidocaine and Sevoflurane. Upon IR injury, free radicals, among others, contribute to glycocalyx erosion. IR injury also leads to activation of leukocytes that in turn increase the secretion of chemokines and adhesion molecules, all damaging the endothelial layer. Heparan sulfate and syndecan-1 are shed into the blood when the glycocalyx is damaged by IR and could function as biomarkers of endothelial integrity. Both Lidocaine and Sevoflurane can restore and preserve damaged glycocalyx. IR, ischemia-reperfusion.


The glycocalyx of the pulmonary vasculature is thicker than that of other organs (Yang and Schmidt, 2013) which might be owed to the complex lung defense against internal and external antigens. During and after lung IR, the glycocalyx is degraded and leads to leukocyte activation and adhesion with subsequent pulmonary edema and lung injury. Experimental studies showed that the integrity of the glyocalyx layer could be preserved: e.g., in an auto-transplantation model, Rancan et al. (2018) could show that IR itself causes glycocalyx alterations with an increase in pulmonary edema and expression of adhesion molecules, and that by the administration of lidocaine, the described alterations of glycocalyx degradation could be abolished (Figure 1). The same research group proved in an in vivo auto-transplantation model of pulmonary IR that by preconditioning with sevoflurane, the pulmonary glycocalyx could be protected and the expression of leukocyte chemokines could be reduced (Casanova et al., 2016). In this study, authors compared the effects of sevoflurane with propofol on IR-injured endothelium and found that propofol, but not sevoflurane, induced glycocalyx destruction and a higher chemokine and adhesion molecule expression with also an increase of the glycocalyx components heparan sulfate and serum syndecan levels (Casanova et al., 2016). Work from Chappell et al. also revealed less shedding and a reduced leukocyte adhesion after sevoflurane pre-treatment in an isolated organ model (Chappell et al., 2010). In contrast, another group analyzed those endothelial glycocalyx-injuring markers heparan sulfate and human syndecan-1 in patients undergoing pulmonary resection with one lung ventilation, however, they could not find any difference in outcome between sevoflurane and propofol (Kim et al., 2018).

As reflected by increased research activity in recent years, the glycocalyx has gained more attention taking a pivotal role in the regulation of endothelial function and vascular permeability. Though the number of studies is limited, glycocalyx components such as syndecan-1 and heparan sulfate have the potential to serve as circulatory biomarkers for monitoring the severity of vascular endothelial damage during lung IR injury. Moreover, future research on glycocalyx protection and restoration has so far received a solid base, and pharmacologic and non-pharmacologic maneuvers on this topic should be promoted. Figure 1 provides an overview of the current understanding of the glycocalyx in the context of IR injury and its preservation by Lidocaine and Sevoflurane.



Targeting P-selectin on I/R-Injured Pulmonary Endothelium

Selectins are molecules involved in the initial process of adhesion of activated neutrophils on the pulmonary endothelium. Early work has shown that when selectively blocking selectins with a monoclonal antibody, reperfusion-induced hyperpermeability was ameliorated (Demertzis et al., 1999; Levine et al., 2002). More recently, a particular role has been assigned to P-selectin in IR injury (Moore et al., 1985; Scalia et al., 1999). As a key endothelial cell rolling factor, P-selectin mediates the adhesion of leukocytes on the endothelium and binds to glycoprotein ligand-1 (PSGL-1) on leukocytes. Moore et al. (1985) showed that when inhibiting P-selectin by a monoclonal antibody, the increase of IR-induced permeability, lung sequestration of neutrophils, mononuclear leukocytes, and eosinophils could be significantly attenuated. But also the rolling and adhesion of platelets along arteriolar walls depends on P-selectin, suggesting that platelets are also responsible for contributing to the development of pulmonary IR injury (Roberts et al., 2004). In line with these data, recent work from Lam et al. (2018) confirmed the role of P-Selectin in interaction with PSGL-1 in the attenuation of pulmonary IR injury: when using recombinant human vimentin, leukocyte adhesion to endothelial and platelet monolayers where blocked on P-selectin-coated surfaces in vitro. In vivo, histologic findings of acute lung injury decreased.

These data underscore the relevant role of the adhesion molecule P-Selectin and its inhibition on pulmonary endothelium for the attenuation of IR injury.



Immunotargeting of Angiotensin-Converting Enzyme and Antioxidant Enzymes Against Oxidative Injury

Angiotensin-converting enzyme (ACE) was previously identified as a cell-specific marker of endothelial injury (Atochina et al., 1997). Atochina et al. (1997) showed that IR induces significant elevation of ACE activity in the perfusate of isolated rat lungs. In this context, ACE serves as a surface endothelial antigen that drives leukocyte-mediated oxidative injury to endothelial cells. Muzykantov (2000) have shown that applying a monoclonal antibody against ACE serves as an affinity carrier for targeting of catalase to the pulmonary endothelial cells for specific augmentation of their anti-oxidative defense. The antioxidative effect of the conjugation of this ACE antibody to catalase has also been investigated and confirmed in vivo by Nowak and co-workers in a rat lung ischemia model (Nowak et al., 2007). They used the ACE monoclonal antibody (MAb) 9B9 and showed a better function of the affected lung but also decreased serum levels of endothelin-1 and less levels of inducible nitric oxide synthase. The same group evaluated the treatment of IR-injured lung allografts with conjugates of anti-ACE antibody with catalase (9B9-CAT) in an experimental set up of hypothermic preservation. Lungs that were conditioned with this antibody showed a significantly higher catalase activity and an anti-oxidative status after cold storage compared to the catalase treatment alone (Nowak et al., 2010). Finally, these authors extended their research on an anti-ACE catalase-binding antibody in a human model of isolated perfused and ventilated lung resection (Nowak et al., 2013) and thus provided a possibility of immunotargeting of human pulmonary endothelium toward a therapeutic approach in patients. Of note, in the research of antioxidant therapeutics against endothelial injury by reactive oxygen species, catalase was also conjugated to platelet/endothelial cell adhesion molecule-1 and was demonstrated in vitro as well as in vivo to have good protective effects against endothelial oxidative stress, injury, and lethality (Christofidou-Solomidou et al., 2003) (Figure 2). This approach could be confirmed by Kozower et al. (2003). The entire concept of vascular immunotargeting by a specific delivery of therapeutic agents to endothelial cells and by modulating enzymes conjugated with antibodies to endothelial surface molecules has been nicely summarized in a review by Shuvaev and Muzykantov (2011).
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FIGURE 2. Mediators and strategies to protect the vascular endothelium from lung IR injury. Endothelial immunotargeting by a catalase-binding antibody to the angiotensin-converting-receptor on endothelium can reduce IR-reactive oxygen species. Erythropoietin exerts protective functions on endothelial cells by preventing apoptosis via endothelium-bound EPO receptors. Diannexin V mainly acts via preventing endothelial cell adhesion, and Kalium ATP-sensitive (ATP-sensitive potassium channels, KATP) channel agonists have the potential to prevent membrane depolarization thereby protecting the endothelium. Gene transfer of siRNA to the endothelium can reduced apoptosis, less production of adhesion molecules, and a reduced attraction of neutrophils. Finally, antibody-conjugated endothelial-targeted liposomes can inhibit the cytokine-induced inflammatory activation of the endothelium. IR, ischemia-reperfusion; ACE, angiotensin-converting enzyme; EPO, Erythropoetin; KATP, Kalium ATP-sensitive; siRNA, small interfering ribonucleic acid.


Taken together, these studies show that vascular immunotargeting of anti-oxidative enzymes, specifically conjugates to ACE, can effectively limit reactive oxygen species–mediated IR injury of the lung.



Other Strategies to Protect the Vascular Endothelium From Lung IR Injury

This subsection will consider more therapeutic strategies on how to preserve and protect the vascular endothelium from IR injury that do not fall into the scope of the above described approaches (Figure 2). Erythropoietin (EPO) has been shown to positively influence acute lung injury caused by renal IR injury (Janmaat et al., 2010). EPO acts as the major regulator of erythropoiesis by stimulating growth, preventing apoptosis, and inducing differentiation of blood precursor cells. An explanation for a beneficial effect on lung injury could lie in the fact that endothelial cells express EPO receptors and thereby respond to EPO. Zhu et al. (2019) found in a model of remote lung injury induced by mouse renal injury that EPO exerts protective functions by promoting endothelial cell proliferation via the Janus Kinase-Signal Transducer and Activator of Transcription 3 pathway, rather than exerting antiapoptotic or anti-inflammatory mechanisms.

Sharma et al. (2018) analyzed the role of pannexin-1 (Panx1), a channel-forming glycoprotein that mediates signaling in vascular endothelium and plays a major role in the initiation of endothelial permeability, edema, leukocyte trafficking, and inflammation during lung IR injury. In an in vivo mouse lung hilar ligation model, authors found that endothelial pannexin 1 contributes to IR of the lung. Moreover, their results demonstrate a novel role of endothelial Panx1 channels in the regulation of vascular inflammation after lung IR: when blocking Panx1-mediated ATP release by Panx1 inhibitors, lung IR injury could be attenuated.

The inhibition of the adhesion of leukocytes and platelets to the endothelium was targeted in a study by Hashimoto and the thoracic research group at Toronto General Hospital. Their report in a rat lung transplant model says that Diannexin V, which is a homodimer of annexin V, ameliorates IR injury. Authors administered Diannexin V to the donor before procuring the lung and also to the recipient shortly after reperfusion and could prove a significantly enhanced graft function and an improved oxygenation. A mechanistic explanation for the observed benefits was that Diannexin is designed to shield phosphatidylserine, to prevent cell adhesion, to improve blood flow and to diminish subsequent tissue injury (Hashimoto et al., 2016). Practically, authors concluded to employ this compound at an early phase after transplantation to the recipient.

The group around Chatterjee, Christy and Fisher, all renowned scientists in shear stress-related mechanosignaling research in lung ischemia provided an excellent review article showing that the mechanosignaling cascade during lung IR injury is initiated by a mechanosensing complex, transmitted by endothelial cell membrane depolarization due to closure of KATP (ATP-sensitive potassium channels) channels, resulting in activation of NADPH oxidase, NOX2 with generation of ROS and increased intracellular Ca2+ (Chatterjee et al., 2014). Authors point to an approach to prevent the mechanosignaling cascade by using a KATP channel agonist to prevent endothelial cell membrane depolarization. Although these agents are available for this purpose, they have not yet been trialed clinically (Chatterjee et al., 2014).

Viruses are used since long as gene delivery vectors to treat diseases by therapeutic gene expression (Waehler et al., 2007) (Figure 3). One of the most commonly investigated viral vectors is the adeno-associated virus. As an immunotherapeutic approach, McConnell et al. (2014) took advantage of such a virus as a “trojan horse” that delivers silicon microparticles into inflammation-associated endothelium where it is internalized and subsequently releases therapeutic nanoparticles. The virus than becomes free within the cytoplasm undergoing genetic cargo to successfully transfer into the nucleus for transcription. This kind of uptake is independent from cell receptors, enabling access to not only endothelial cells. Authors, thus, showed that whole organs can be genetically modified using this particle platform as a technique for improving organ or vessel transplant.
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FIGURE 3. Viral and non-viral approaches to preserve IR-injured lung endothelium. One of the most commonly employed viral vectors is the adeno-associated virus. By such a virus, silicon microparticles can be delivered into inflammation-associated endothelium where it is internalized with the subsequent release of therapeutic nanoparticles. The virus becomes free within the cytoplasm, undergoes genetic cargo, and transfers into the nucleus for the transcription of endothelium-protective mediators. In contrast, non-viral approaches have advantages over the commonly used viral systems such as lower immunogenicity, reduced inflammation, and an overall better safety. A human Indoleamine-2,3-dioxygenase (IDO)–expressing plasmid can be delivered by a specific promoter into the endothelium and reduces cell apoptosis, vascular permeability, and leukocyte extravasation. Moreover, the mitochondrial function and ultrastructure of the endothelium is protected from oxidative stress. IDO, Indoleamine-2,3-dioxygenase.


But also a non-viral gene transfer approach for the preservation of IR-injured endothelium is possible and, beyond that, provides several advantages over the commonly used viral systems, such as lower immunogenicity, reduced inflammation, and an overall better safety. Using this approach, Liu and colleagues analyzed the role of Indoleamine-2,3-dioxygenase (IDO) as a cytosolic enzyme possessing both immune modulating and antioxidant properties against lung transplant IR injury (Figure 3). They delivered a human IDO (hIDO)-expressing plasmid driven by an endothelial cell-specific endothelin-1 promoter into rat donor lungs and found that hIDO expression specifically enhanced in endothelial cells within lung grafts and prevented endothelial cell apoptosis, reduced vascular permeability and leukocyte extravasation in vivo (Liu et al., 2019). In vitro, they showed that increased IDO activity in endothelial cells protected its mitochondrial function and ultrastructure from oxidative stress through stabilization of the intracellular redox status (Liu et al., 2019) (Figure 3). Authors, thus, presented a strategy of non-viral gene transfer for the protection of lung endothelium, at the same time avoiding the toxic effects of a traditional viral therapy.

Another promising treatment tool is siRNA (Figure 2). By using this highly specific technology, an organ-specific gene transfer can be achieved even without the need of viral vectors or other transfection agents. Zhang et al. (2004) showed that by intranasal delivery of siRNA into mouse IR-injured endothelial cells, apoptosis can be attenuated via an overexpression of Heme oxygenase-1 (HO-1), an important cytoprotective enzyme in IR injury. This concept contributes to the identification of genes that modulate IR-induced apoptosis with potential therapeutic relevance. siRNA was also used to target adhesion molecules in an in vitro work by Walker et al. (2011). They transfected human lung microvascular endothelial cells with specific siRNA and found that not only adhesion molecules on the endothelium were decreased but also the adhering neutrophils were diminished (Walker et al., 2011) (Figure 2).

Another drug delivery system to target IR-injury–mediated reactive oxygen species in the vascular endothelium are liposomes. Howard et al. (2014) designed endothelial-targeted liposomes carrying a potent superoxide dismutase (SOD)/catalase mimetic, EUK-134, antibody-targeted against PECAM. The Ab/EUK/liposome conjugates bound to endothelial cells and inhibited cytokine-induced inflammatory activation in vitro (Figure 2); in vivo, they accumulated in lungs after intravascular injection and protected against pulmonary edema in endotoxin-challenged mice (Howard et al., 2014). The advantage of this compound is that it is already in clinical use.

Oxidized phospholipids are known to enhance the endothelial barrier by maintaining the endothelial cell-cell junctions. Such a compound, OxPAPC, was shown to directly bind to different cytoskeletal proteins thereby stabilizing the cytoskeletal reorganization and endothelial cell barrier enhancement and, thus, the vascular integrity (Birukova et al., 2014).



SUMMARY AND CONCLUSION

Maintenance of the integrity of the pulmonary vascular endothelium is pivotal in order to protect from IR injury in lung transplantation. A number of therapeutic strategies with strong impact have been developed, among them are mediators against ROS and inhibition of endothelial-related adhesion molecules to mainly attenuate neutrophil transmigration into the pulmonary tissue. But also very promising recent approaches, e.g., the stabilization of the endothelial glycocalyx seems to be important as this layer is the prominent interface between the blood stream, its constituents, and the vascular endothelium. On the other hand, novel developments such as the concept of the inhibition of endothelial autophagy are promising, but need more experimental work in order to gain solid scientific evidence. Finally, viral as well as non-viral strategies and siRNA treatment approaches are emerging and seem fascinating. At the same time, they have fewer side effects in contrast to immunotargeting approaches. While the concept of liposome release is already in clinical use, the majority of the other approaches did not translate into clinics up to now. We can only speculate why these approaches did not reach clinical application. One reason is certainly that there is a clear need for more translational research to clarify a definite role for these therapeutic tools in endothelial preservation. Another reason could lie in the fact that there is more support needed from respective pharmacological industrial partners to apply these measures broadly into the clinic. The future, in my eyes, lies in making major efforts in the prevention of the initiating damaging effects of IR injury such as preserving the glycocalyx, rather than the treatment of the endothelium that is already IR-injured. The impact of lung endothelium IR-injury on the development and incidence of transplant rejection and overall transplant outcome is undoubted, therefore, major efforts need to be taken to strengthen those promising experimental therapeutic approaches and translate them into clinical trials.



AUTHOR CONTRIBUTIONS

The author confirms being the sole contributor of this work and has approved it for publication.



ACKNOWLEDGMENTS

Special thanks are owed to Carol De Simio-Hilton for her valuable support in creating the artwork.



REFERENCES

Abassi, Z., Armaly, Z., and Heyman, S. N. (2020). Glycocalyx Degradation in Ischemia-Reperfusion Injury. Am. J. Pathol. 190, 752–767. doi: 10.1016/j.ajpath.2019.08.019

Allen, T. C., and Kurdowska, A. (2014). Interleukin 8 and acute lung injury. Arch. Pathol. Lab Med. 138, 266–269. doi: 10.5858/arpa.2013-0182-ra

Atochina, E. N., Muzykantov, V. R., Al-Mehdi, A. B., et al. (1997). Normoxic lung ischemia/reperfusion accelerates shedding of angiotensin converting enzyme from the pulmonary endothelium. Am. J. Respir. Crit. Care Med. 156, 1114–1119. doi: 10.1164/ajrccm.156.4.96-12116

Birukova, A. A., Singleton, P. A., Gawlak, G., et al. (2014). GRP78 is a novel receptor initiating a vascular barrier protective response to oxidized phospholipids. Mol. Biol. Cell 25, 2006–2016. doi: 10.1091/mbc.e13-12-0743

Brettner, F., von Dossow, V., and Chappell, D. (2017). The endothelial glycocalyx and perioperative lung injury. Curr. Opin. Anaesthesiol. 30, 36–41.

Casanova, J., Simon, C., Vara, E., et al. (2016). Sevoflurane anesthetic preconditioning protects the lung endothelial glycocalyx from ischemia reperfusion injury in an experimental lung autotransplant model. J. Anesth. 30, 755–762. doi: 10.1007/s00540-016-2195-0

Chappell, D., Dorfler, N., Jacob, M., et al. (2010). Glycocalyx protection reduces leukocyte adhesion after ischemia/reperfusion. Shock 34, 133–139. doi: 10.1097/shk.0b013e3181cdc363

Chatterjee, S., Nieman, G. F., Christie, J. D., and Fisher, A. B. (2014). Shear stress-related mechanosignaling with lung ischemia: lessons from basic research can inform lung transplantation. Am. J. Physiol. Lung Cell Mol. Physiol. 307, L668–L680.

Christofidou-Solomidou, M., Scherpereel, A., Wiewrodt, R., et al. (2003). PECAM-directed delivery of catalase to endothelium protects against pulmonary vascular oxidative stress. Am. J. Physiol. Lung Cell Mol. Physiol. 285, L283–L292.

Demertzis, S., Langer, F., Graeter, T., et al. (1999). Amelioration of lung reperfusion injury by L- and E- selectin blockade. Eur. J. Cardiothorac. Surg. 16, 174–180. doi: 10.1016/s1010-7940(99)00206-7

Hashimoto, K., Kim, H., Oishi, H., et al. (2016). Annexin V homodimer protects against ischemia reperfusion-induced acute lung injury in lung transplantation. J. Thorac. Cardiovasc. Surg. 151, 861–869. doi: 10.1016/j.jtcvs.2015.10.112

Howard, M. D., Greineder, C. F., Hood, E. D., and Muzykantov, V. R. (2014). Endothelial targeting of liposomes encapsulating SOD/catalase mimetic EUK-134 alleviates acute pulmonary inflammation. J. Control Release 177, 34–41. doi: 10.1016/j.jconrel.2013.12.035

Janmaat, M. L., Heerkens, J. L., de Bruin, A. M., et al. (2010). Erythropoietin accelerates smooth muscle cell-rich vascular lesion formation in mice through endothelial cell activation involving enhanced PDGF-BB release. Blood 115, 1453–1460. doi: 10.1182/blood-2009-07-230870

Kawut, S. M., Okun, J., Shimbo, D., et al. (2009). Soluble p-selectin and the risk of primary graft dysfunction after lung transplantation. Chest 136, 237–244. doi: 10.1378/chest.08-2697

Kim, H. J., Kim, E., Baek, S. H., et al. (2018). Sevoflurane did not show better protective effect on endothelial glycocalyx layer compared to propofol during lung resection surgery with one lung ventilation. J. Thorac. Dis. 10, 1468–1475. doi: 10.21037/jtd.2018.03.44

Kozower, B. D., Christofidou-Solomidou, M., Sweitzer, T. D., et al. (2003). Immunotargeting of catalase to the pulmonary endothelium alleviates oxidative stress and reduces acute lung transplantation injury. Nat. Biotechnol. 21, 392–398. doi: 10.1038/nbt806

Lam, F. W., Da, Q., Guillory, B., and Cruz, M. A. (2018). Recombinant Human Vimentin Binds to P-Selectin and Blocks Neutrophil Capture and Rolling on Platelets and Endothelium. J. Immunol. 200, 1718–1726.

Levine, A. J., Parkes, K., Rooney, S. J., and Bonser, R. S. (2002). The effect of adhesion molecule blockade on pulmonary reperfusion injury. Ann. Thorac. Surg. 73, 1101–1106. doi: 10.1016/s0003-4975(01)03380-x

Liu, W. C., Chen, S. B., Liu, S., et al. (2019). Inhibition of mitochondrial autophagy protects donor lungs for lung transplantation against ischaemia-reperfusion injury in rats via the mTOR pathway. J. Cell Mol. Med. 23, 3190–3201. doi: 10.1111/jcmm.14177

McConnell, K. I., Rhudy, J., Yokoi, K., et al. (2014). Enhanced gene delivery in porcine vasculature tissue following incorporation of adeno-associated virus nanoparticles into porous silicon microparticles. J. Control Release 194, 113–121. doi: 10.1016/j.jconrel.2014.08.020

Moore, T. M., Khimenko, P., Adkins, W. K., et al. (1985). Adhesion molecules contribute to ischemia and reperfusion-induced injury in the isolated rat lung. J. Appl. Physiol. 1995, 2245–2252. doi: 10.1152/jappl.1995.78.6.2245

Muller, W. A. (2016). Transendothelial migration: unifying principles from the endothelial perspective. Immunol. Rev. 273, 61–75. doi: 10.1111/imr.12443

Muzykantov, V. R. (2000). 14 immunotargeting of catalase to the pulmonary vascular endothelium. Methods Mol. Med. 25, 241–254. doi: 10.1385/1-59259-075-6:241

Nowak, K., Hanusch, C., Nicksch, K., et al. (2010). Pre-ischaemic conditioning of the pulmonary endothelium by immunotargeting of catalase via angiotensin-converting-enzyme antibodies. Eur. J. Cardiothorac. Surg. 37, 859–863. doi: 10.1016/j.ejcts.2009.10.029

Nowak, K., Kolbel, H. C., Metzger, R. P., et al. (2013). Immunotargeting of the pulmonary endothelium via angiotensin-converting-enzyme in isolated ventilated and perfused human lung. Adv. Exp. Med. Biol. 756, 203–212. doi: 10.1007/978-94-007-4549-0_26

Nowak, K., Weih, S., Metzger, R., et al. (2007). Immunotargeting of catalase to lung endothelium via anti-angiotensin-converting enzyme antibodies attenuates ischemia-reperfusion injury of the lung in vivo. Am. J. Physiol. Lung. Cell Mol. Physiol. 293, L162–L169.

Pickford, M. A., Green, C. J., Sarathchandra, P., and Fryer, P. R. (1990). Ultrastructural changes in rat lungs after 48 h cold storage with and without reperfusion. Int. J. Exp. Pathol. 71, 513–528.

Porteous, M. K., and Lee, J. C. (2017). Primary Graft Dysfunction After Lung Transplantation. Clin. Chest Med. 38, 641–654.

Preissler, G., Loehe, F., Huff, I. V., et al. (2011). Targeted endothelial delivery of nanosized catalase immunoconjugates protects lung grafts donated after cardiac death. Transplantation 92, 380–387. doi: 10.1097/tp.0b013e318226bc6b

Rancan, L., Simon, C., Sanchez Pedrosa, G., et al. (2018). Glycocalyx Degradation after Pulmonary Transplantation Surgery. Eur. Surg. Res. 59, 115–125. doi: 10.1159/000489492

Roberts, A. M., Ovechkin, A. V., Mowbray, J. G., et al. (2004). Effects of pulmonary ischemia-reperfusion on platelet adhesion in subpleural arterioles in rabbits. Microvasc. Res. 67, 29–37. doi: 10.1016/j.mvr.2003.09.003

Scalia, R., Armstead, V. E., Minchenko, A. G., and Lefer, A. M. (1999). Essential role of P-selectin in the initiation of the inflammatory response induced by hemorrhage and reinfusion. J. Exp. Med. 189, 931–938. doi: 10.1084/jem.189.6.931

Sharma, A. K., Charles, E. J., Zhao, Y., et al. (2018). Pannexin-1 channels on endothelial cells mediate vascular inflammation during lung ischemia-reperfusion injury. Am. J. Physiol. Lung Cell Mol. Physiol. 315, L301–L312.

Shuvaev, V. V., and Muzykantov, V. R. (2011). Targeted modulation of reactive oxygen species in the vascular endothelium. J. Control Release 153, 56–63. doi: 10.1016/j.jconrel.2011.03.022

Soroush, F., Tang, Y., Zaidi, H. M., et al. (2018). PKCdelta inhibition as a novel medical countermeasure for radiation-induced vascular damage. FASEB J. 2018: fj201701099.

Waehler, R., Russell, S. J., and Curiel, D. T. (2007). Engineering targeted viral vectors for gene therapy. Nat. Rev. Genet. 8, 573–587.

Walker, T., Siegel, J., Nolte, A., et al. (2011). Small interfering RNA efficiently suppresses adhesion molecule expression on pulmonary microvascular endothelium. J. Nucleic. Acids 2011:694789.

Yang, Y., and Schmidt, E. P. (2013). The endothelial glycocalyx. Tissue Barriers 1:e23494.

Zhang, D., Li, C., Zhou, J., et al. (2015). Autophagy protects against ischemia/reperfusion-induced lung injury through alleviating blood-air barrier damage. J. Heart Lung Transplant. 34, 746–755. doi: 10.1016/j.healun.2014.12.008

Zhang, J., Wang, J. S., Zheng, Z. K., et al. (2013). Participation of autophagy in lung ischemia-reperfusion injury in vivo. J. Surg. Res. 182, e79–e87.

Zhang, X., Shan, P., Jiang, D., et al. (2004). Small interfering RNA targeting heme oxygenase-1 enhances ischemia-reperfusion-induced lung apoptosis. J. Biol. Chem. 279, 10677–10684. doi: 10.1074/jbc.m312941200

Zhu, M., Wang, L., Yang, J., et al. (2019). Erythropoietin Ameliorates Lung Injury by Accelerating Pulmonary Endothelium Cell Proliferation via Janus Kinase-Signal Transducer and Activator of Transcription 3 Pathway After Kidney Ischemia and Reperfusion Injury. Transplant. Proc. 51, 972–978. doi: 10.1016/j.transproceed.2019.01.059

Conflict of Interest: The author declares that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Jungraithmayr. 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.

OPS/images/fphys-11-581420-g001.jpg
ey Lidocaine

Free radicals Activated | and

— Glycocalix B> Leukocytes Sevoflurane

degradation Shedding of \/ abolish |
s Heparan Sulfate Glycocallx

and Syndecan-1 degradation

Chemokines ?
Adhesion
Molecules






OPS/images/fphys-11-581420-g002.jpg
Immunotargeting

Catalase-binding
Antibody

IR injury | against
ACE-Receptor
— antioxidative
effect

\

\

EPO

prevents
apoptosis

Y

ACE-Receptor EPO-Receptor

Diannexin V

prevents
cell
adhesion

KATP
Channel
Agonist

prevents
membrane
depolari-
zation

SiRNA

Gene
transfer:
apoptosis
Adhesion
molecules *
Neutro-

v philes

Liposomes

Inflamma-
tory
cytokines *





OPS/images/fphys-11-581420-g003.jpg
Viral approach

Adeno-associated virus

Silicon
microparticles

—

v nanoparticles

Transcription of endothelium-
protective mediators

Non-Viral approach

IDO-expressing plasmid

* Mitochondrial function ?

:

Cell apoptosis *
Vascular permeability
Leukocyte extravasation






OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Novel Strategies for Endothelial Preservation in Lung Transplant Ischemia-Reperfusion Injury



		INTRODUCTION



		An Ambiguous Role for Autophagy Inhibition on Pulmonary Endothelium During IR Injury



		Stabilization of the Endothelial Glycocalyx From Degradation by Lung I/R Injury



		Targeting P-selectin on I/R-Injured Pulmonary Endothelium



		Immunotargeting of Angiotensin-Converting Enzyme and Antioxidant Enzymes Against Oxidative Injury



		Other Strategies to Protect the Vascular Endothelium From Lung IR Injury







		SUMMARY AND CONCLUSION



		AUTHOR CONTRIBUTIONS



		ACKNOWLEDGMENTS



		REFERENCES

















OPS/images/cover.jpg
frontiers
in Physiology

Novel Strategies for Endothelial
Preservation in Lung Transplant
Ischemia-Reperfusion Injury









OPS/images/logo.jpg
, frontiers
in Physiology





