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Chapter 23. CO in Solid Organ Transplantation

During transplantation procedures organs from donors are exposed to a series of stressful conditions that might impair their function once transplanted into recipients. In fact, harvested organs are first subjected to ischemia during storage in preservation solutions and then undergo reperfusion during transplantation that will inevitably cause a degree of injury thus affecting organ function and viability. In addition, the immune response to the newly transplanted graft is also responsible of exacerbating tissue damage and contributing to organ rejection. Carbon monoxide (CO) generated by heme oxygenases (HO-1 and HO-2), is now recognized as an essential signaling mediator endowed of a variety of physiological effects that may be useful in the context of organ transplantation. Since scientists have developed different modes of CO delivery to biological systems, it became evident that organ transplantation is an ideal setting for testing the hypothesis that CO-based treatments could be advantageous for preventing tissue injury during grafting. This chapter will update the current knowledge on the outcome of transplantation procedures in different organs where CO was used as an adjuvant in the management of graft dysfunction and rejection.

Modes of CO delivery in organ transplantation

The increasing number of publications pointing to a protective role of endogenously derived CO in a variety of pathological disorders instilled the notion that this gaseous signaling molecule could be utilized for therapeutic applications. The first study to address this possibility was published in 1999 by Otterbein and co-workers who administered CO gas by inhalation to mice subjected to hyperoxia, a condition known to result in severe lung injury 1 .

Even though high concentrations of CO can impair O2 transport by red blood cells and ultimately O2 delivery to organs and tissues [START_REF] Piantadosi | Biological chemistry of carbon monoxide[END_REF] , it was shown that the amount of CO gas administered and the time of CO exposure (250 ppm for 72 h) were such that the transient increase in COHb (15%) was well tolerated by the animals. The data indicated that mice exposed to CO gas exhibited a higher resistance to hyperoxia and displayed a significant decrease in lung tissue damage, pulmonary edema and airway inflammation [START_REF] Otterbein | Carbon monoxide provides protection against hyperoxic lung injury[END_REF] . Few years later the same laboratory utilized CO gas in a mouse-to-rat transplantation model and demonstrated that rats exposed to CO gas (400 ppm) for two weeks after transplantation resulted in suppression of graft rejection and restoration of long-term graft survival (see below [START_REF] Sato | Carbon monoxide generated by heme oxygenase-1 suppresses the rejection of mouse-to-rat cardiac transplants[END_REF] ). The increased survival rate was associated with inhibition of platelet aggregation and reductions of thrombosis and myocardial infarction. In parallel with the development of approaches to study the effect of CO gas in experimental models, the use of 'transition metal carbonyls' as a new strategy to deliver CO for therapeutic purposes was proposed in 2002 [START_REF] Motterlini | Carbon monoxide-releasing molecules: characterization of biochemical and vascular activities[END_REF] . These compounds, termed CO-releasing molecules (CO-RMs), have the ability to release CO in a controlled fashion in vitro and in vivo and simulate the action of endogenously produced CO (see Chapter 15 for more details on CO-RMs). The pharmacological effects of one of these compounds, CORM-3, were investigated in a model of cardiac allograft rejection in mice. It was found that CORM-3 administered to mice recipients significantly protected against myocardial ischemia-reperfusion injury and prolonged heart graft survival, while an inactive CORM-3 incapable of releasing CO was without effect [START_REF] Clark | Cardioprotective actions by a water-soluble carbon monoxidereleasing molecule[END_REF] . These reports indicated that both CO gas and CO-RMs are pharmacologically active in transplantation procedures and remain to date the mostly used strategies to deliver CO for prolonging graft survival and the function of transplanted organs (see below).

CO ameliorates organ and tissue function after transplantation

The clinical success of transplantation is affected by various donor-and host-dependent factors including donor age, human leukocyte antigen (HLA) matching and duration of warm and cold graft ischemia times. Notably, the severity of tissue injury caused by ischemia reperfusion in transplanted organs is of major importance for early graft dysfunction as well as long-term transplant rejection and directly correlates with the lengths of ischemia times that activate inflammatory responses [START_REF] Land | Transplantation and Damage-Associated Molecular Patterns (DAMPs)[END_REF][START_REF] Wood | Mechanisms of rejection: current perspectives[END_REF] . While intracellular inflammatory responses in isolated individual cell types have been extensively studied and are fairly well understood, pathophysiological aspects of intercellular cooperation and cross-talk between various cell types in distinct organs are less clear. Notably, organ-specific cellular interactions appear to be important for preservation procedures of various grafts and how they can be improved by targeted interventions such as ex vivo machine perfusion [START_REF] Xu | Review of Current Machine Perfusion Therapeutics for Organ Preservation[END_REF][START_REF] Pober | Interacting mechanisms in the pathogenesis of cardiac allograft vasculopathy[END_REF] . As presented in the sections below, CO can principally interfere with various transplantation-associated pathophysiological events including ischemia-reperfusion injury (IRI), endothelial cell (EC) death and proliferation or cellular inflammatory responses, all of which are critical for acute and chronic graft rejection [START_REF] Motterlini | The therapeutic potential of carbon monoxide[END_REF] . Applications of CO and CO-RMs as a potential therapeutic strategy in the setting of various organ transplantations are discussed and pertinent findings from preclinical animal models and clinical trials are presented.

CO in the kidney

The kidney was the first solid organ transplanted in 1954 [START_REF] Sayegh | Transplantation 50 years later--progress, challenges, and promises[END_REF] and currently, transplantations of kidneys largely outnumber those of other organs (95,479 kidneys out of 146,840 total organs worldwide in 2018, see Table 1). Hence, extensive clinical experience on the various immunological and non-immunological mechanisms of graft rejection in kidney transplantation is available [START_REF] Nankivell | Rejection of the kidney allograft[END_REF] . Due to the prolonged duration of cold ischemia times in deceased donor kidneys, administration of CO gas by inhalation or CO-RMs appears to hold major promise for potential targeted interventions in this setting [START_REF] Snijder | Emerging role of gasotransmitters in renal transplantation[END_REF] .

In a preclinical model of combined rat renal and cardiac transplantation, it has been demonstrated that treatment with the heme oxygenase products, CO and biliverdin, provides protection against IRI-mediated tissue damage in both organs [START_REF] Nakao | Protection against ischemia/reperfusion injury in cardiac and renal transplantation with carbon monoxide, biliverdin and both[END_REF] . In a follow-up study the specific beneficial effects of gaseous CO were confirmed in a rat model, in which CO protected against chronic allograft nephropathy via blocking chronic fibro-inflammation [START_REF] Neto | Low-dose carbon monoxide inhalation prevents development of chronic allograft nephropathy[END_REF] . In parallel, application of CO-RM-2, a ruthenium-based metal carbonyl complex known to release CO, was also shown to counteract renal graft rejection via its anti-inflammatory effects in an allogenic rat model [START_REF] Caumartin | Carbon monoxide-releasing molecules protect against ischemia-reperfusion injury during kidney transplantation[END_REF] . Moreover, anti-inflammatory effects of low dose gaseous CO have been demonstrated to be salutary in chronic allograft nephropathy [START_REF] Nakao | Lowdose carbon monoxide inhibits progressive chronic allograft nephropathy and restores renal allograft function[END_REF] . Notably, intraoperative administration of gaseous CO during the surgical kidney transplantation procedure has been shown to protect against delayed graft function in a pig model and to restore renal function more rapidly than in controls [START_REF] Hanto | Intraoperative administration of inhaled carbon monoxide reduces delayed graft function in kidney allografts in Swine[END_REF] .

CO in the heart

Heart transplantation has emerged as an efficient therapeutic strategy in the treatment of patients with end-stage heart failure [START_REF] Taylor | Registry of the International Society for Heart and Lung Transplantation: twenty-third official adult heart transplantation report--2006[END_REF] . In contrast to kidney transplantation, in which living kidney donors are now a feasible clinical option, in heart transplantation grafts are only available from brain-dead donors [START_REF] Hoe | Heart Transplantation From Brain Dead Donors: A Systematic Review of Animal Models[END_REF] .

CO generated by HO-1 has been demonstrated to alleviate transplant rejection via inhibiting platelet aggregation in a mouse-to-rat heart transplantation model 3 . Subsequently, CO was shown to be beneficial via anti-apoptotic effects that ameliorated IRI-associated damage after transplantation [START_REF] Akamatsu | Heme oxygenase-1-derived carbon monoxide protects hearts from transplant associated ischemia reperfusion injury[END_REF] . Similarly, gaseous CO specifically protected against chronic graft rejection by preventing the formation of arteriosclerotic lesions in a rodent model of aorta transplantation [START_REF] Otterbein | Carbon monoxide suppresses arteriosclerotic lesions associated with chronic graft rejection and with balloon injury[END_REF] . Independently, other authors corroborated that CO elicited beneficial effects against IRI in a model of combined heterotopic heart and orthotopic kidney transplantation [START_REF] Nakao | Protection against ischemia/reperfusion injury in cardiac and renal transplantation with carbon monoxide, biliverdin and both[END_REF] . These findings have essentially been confirmed in a model of fully allogeneic rat heterotopic heart transplantation for low doses of gaseous CO over a time period of up to 100 days [START_REF] Nakao | Heart allograft protection with low-dose carbon monoxide inhalation: effects on inflammatory mediators and alloreactive T-cell responses[END_REF] . As an extension of these studies, a combination of CO with hydrogen was shown to have salutary effects in a syngeneic heterotopic heart transplantation model [START_REF] Nakao | Amelioration of rat cardiac cold ischemia/reperfusion injury with inhaled hydrogen or carbon monoxide, or both[END_REF] . Finally, application of CORM-3 has also been reported using a mouse model of cardiac allograft rejection. In this model, recipient mice that were administered with CORM-3 showed a prolonged survival rate with 60% of transplanted hearts still beating after 25 days, while all mice treated with the inactive counterpart showed heart rejection within 9 days from transplantation [START_REF] Clark | Cardioprotective actions by a water-soluble carbon monoxidereleasing molecule[END_REF] . Based on the published findings, it appears that reduction of inflammation and oxidative stress are important mechanisms mediating the protective effect of CO in organ transplantation [START_REF] Nakao | Application of carbon monoxide for transplantation[END_REF] .

CO in the lung

The clinical outcome in transplantation of lungs is markedly worse when compared with that of other solid organs due to the high incidence of acute graft rejection [START_REF] Hsiao | Mechanisms of graft rejection after lung transplantation[END_REF] . Moreover, because the low availability of suitable donor organs is a main obstacle in lung transplantation, major efforts aim at increasing the donor pool and the quality of lung grafts [START_REF] Young | The Future of Lung Transplantation[END_REF] , which appear to make CO an ideal candidate for potential treatments in transplantation settings of this organ.

In a rat model of orthotopic lung transplantation administration of high concentrations of CO gas had salutary effects via up-regulating a number of anti-inflammatory and anti-apoptotic genes [START_REF] Song | Carbon monoxide induces cytoprotection in rat orthotopic lung transplantation via anti-inflammatory and anti-apoptotic effects[END_REF] . Independently, others have shown in a rat model of isogeneic lung transplantation that ischemic lungs were protected by exposure to gaseous CO via inhibition of the nuclear factor Egr-1, a nuclear activator of pro-inflammatory and pro-thrombotic gene expression [START_REF] Mishra | Carbon monoxide rescues ischemic lungs by interrupting MAPK-driven expression of early growth response 1 gene and its downstream target genes[END_REF] .

Similarly, in a preclinical model of lung transplantation, low levels of CO were able to counteract IRI-mediated damage in grafted organs [START_REF] Kohmoto | Low-dose carbon monoxide inhalation prevents ischemia/reperfusion injury of transplanted rat lung grafts[END_REF] . Also of interest is a recent report on tracheal grafts transplanted in mice in which recipients were previously treated with CORM-2. Allografts treated with CORM-2 displayed a striking reduction of thickening in epithelial and subepithelial airway layers and a reduction of luminal obliteration. These positive effects in the transplanted grafts were associated with a reduction in the number of CD3+ lymphocytes and macrophages as well as a marked decrease in the expression of proinflammatory mediators such as interferon (IFN)-γ, interleukin (IL)-2 and IL-17A 31 .

CO in the liver

Numbers of liver transplantation have continuously increased in recent years and have been ranked second among worldwide transplanted organs (34,074 organs in 2018, see Table 1).

Hepatic grafts are less prone to graft rejection after transplantation if compared with other organs, because the liver is more tolerant due to its high exposure to various antigens from the gut [START_REF] Thorgersen | The Role of Complement in Liver Injury, Regeneration, and Transplantation[END_REF] .

In preclinical studies, inhalation of CO gas has been shown to be beneficial in liver transplantation, because it provides protection against IRI-induced damage as demonstrated in a rat model of orthotopic transplantation [START_REF] Kaizu | Carbon monoxide inhalation ameliorates cold ischemia/reperfusion injury after rat liver transplantation[END_REF] . Others have shown that the salutary effects of CO are mediated via down-regulating the number of Kupffer cells during the early phase after reperfusion of liver during transplantation [START_REF] Tomiyama | Inhibition of Kupffer cell-mediated early proinflammatory response with carbon monoxide in transplant-induced hepatic ischemia/reperfusion injury in rats[END_REF] . Interestingly, it has been demonstrated in a rat hepatic IRI model that the protective effects exerted by CO-RM-2 were mediated via the inflammation signaling molecule high-mobility group box 1 (HMGB1) [START_REF] Sun | Carbon monoxide ameliorates hepatic ischemia/reperfusion injury via sirtuin 1-mediated deacetylation of high-mobility group box 1 in rats[END_REF] . Furthermore, in a recent investigation CO (750 ppm) was included among a group of anti-inflammatory strategies during liver perfusion prior to transplantation in pigs [START_REF] Goldaracena | Anti-inflammatory Signaling During Ex Vivo Liver Perfusion Improves the Preservation of Pig Liver Grafts Before Transplantation[END_REF] . The authors reasoned that a combination of strategies could improve the protective effects of ex vivo organ perfusion and demonstrated that livers perfused with CO, N-acetylcysteine, sevoflurane, alprostadil at 33°C exhibited reduced IL-6, tumor-necrosis factor (TNF)-α and other damage markers during perfusion. After transplantation, livers in the treatment group displayed lower serum activity of aspartate amino transferase (a marker of liver damage) and bilirubin, suggesting a positive effect of this approach. Thus, the possibility of adding CO together with a series of compounds that could prevent an exaggerated inflammatory response and IRI during storage and after organ transplantation appears to be a promising approach.

CO in intestine and pancreas

Numbers of transplanted non-liver gastrointestinal organs such as small intestine and pancreatic islet cells are relatively low relative to other organs and, consequently, much less is known on the clinical success rate in these organs (Table 1).

In a rat model of syngeneic small intestine transplantation it has been shown that exposure to gaseous CO protected against IRI via anti-apoptotic and anti-inflammatory effects [START_REF] Nakao | Carbon monoxide inhalation protects rat intestinal grafts from ischemia/reperfusion injury[END_REF][START_REF] Nakao | Protective effect of carbon monoxide inhalation for cold-preserved small intestinal grafts[END_REF] .

Similarly, exposure to CO provided protection in a syngeneic murine marginal mass islet transplantation model and subsequent improvement of islet cell functions via anti-apoptotic effects [START_REF] Gunther | Carbon monoxide protects pancreatic beta-cells from apoptosis and improves islet function/survival after transplantation[END_REF] . These findings were essentially confirmed in a follow-up study with an allogeneic mouse islet cell transplantation model [START_REF] Lee | Heme oxygenase-1, carbon monoxide, and bilirubin induce tolerance in recipients toward islet allografts by modulating T regulatory cells[END_REF] . It has been shown that CO treatment of the donor, the islet transplants or the recipient can improve the outcome of allogeneic islet transplantation in mice [START_REF] Wang | Donor treatment with carbon monoxide can yield islet allograft survival and tolerance[END_REF] . Finally, a recent clinical trial revealed the possibility of exploiting CO as a therapeutic adjuvant to improve the outcome of islet transplantation [START_REF] Wang | Islet Harvest in Carbon Monoxide-Saturated Medium for Chronic Pancreatitis Patients Undergoing Islet Autotransplantation[END_REF] . Harvested islets from patients undergoing pancreatectomy and islet auto-transplantation were placed in control or CO-saturated solutions prior to grafting. No adverse events directly related to the use of CO were observed at 6 months post-transplantation. Moreover, subjects receiving COtreated islets had less β-cell death, decreased CCL23, and increased CXCL12 levels at 1 or 3 days post transplantation compared with controls. This pilot trial showed for the first time that harvesting human islets in CO-saturated solutions is a safe strategy in the management of pancreatectomy and islet auto-transplantation patients.

CO gas and CO-RMs in organ preservation

The growing evidence that CO gas and CO-RMs could be utilized in a controlled fashion to treat inflammation, vascular dysfunction and ischemic events in the context of organ transplantation [START_REF] Motterlini | Heme oxygenase-1 as a target for drug discovery[END_REF] prompted scientists to explore the possibility that CO could also function as an adjuvant to improve preservation of organs for transplantation. This strategy would have the obvious advantage of avoiding the systemic administration of CO while targeting the specific organs and tissues ex-vivo by simply supplementing preservation solutions with either CO gas or CO-RMs. In fact, placing organs harvested from donors in cold storage solutions is the most common procedure in clinical use and a simple and effective way to preserve and transport organs prior to transplantation [START_REF] Brook | Nonheart-beating kidney donation: current practice and future developments[END_REF] . The composition of these hypothermic storage solutions varies and, although Celsior, University Wisconsin, St Thomas and Euro-Collins solutions are the most commonly used, different formulations have been studied and optimized over the years in order to increase the preservation time and organ function once the graft is transplanted [START_REF] Fuller | Organ preservation solutions: linking pharmacology to survival for the donor organ pathway[END_REF] . It is only at the start of this century that CO gas and CO-RMs have been suggested as additives of cold storage solutions for organ preservation.

CO in kidney storage

The first report exploring how CO affects the function of an organ stored in a cold preservation solution was published by Sandouka and colleagues in 2005 [START_REF] Sandouka | Treatment with carbon monoxide-releasing molecules (CO-RMs) during cold storage improves renal function at reperfusion[END_REF] . In this study, rabbit kidneys were harvested and immediately flushed with cold Celsior solution alone (control) or supplemented with either CORM-3 or CORM-A1 (50 µM) prior to storage for 24 h at 4 C. Renal hemodynamic parameters were then assessed on the isolated kidneys using a perfusion apparatus at 37 C. The rate and amount of CO released from CO-RMs in the preservation solutions at 4 C were determined over the 24 h storage period revealing that CORM-3 liberated CO more rapidly (t½1h) than CORM-A1 (t½18h) confirming previous studies on the different kinetics of CO release between these two compounds [START_REF] Clark | Cardioprotective actions by a water-soluble carbon monoxidereleasing molecule[END_REF][START_REF] Motterlini | CORM-A1: a new pharmacologically active carbon monoxide-releasing molecule[END_REF][START_REF] Motterlini | Therapeutic applications of carbon monoxidereleasing molecules (CO-RMs)[END_REF] .

Nevertheless, the total amount of CO accumulated in the cold solution after 24 h was in the same order of magnitude (CORM-350 µM CO; CORM-A135 µM CO). Most importantly, it was found that kidneys stored in the presence of CO-RMs displayed significantly improved renal hemodynamics compared to untreated kidneys once perfused on the organ isolated apparatus. This was revealed by a marked increase in perfusion flow rate, urine flow and glomerular filtration rate, all key parameters that reflect the function of the kidney. It was also confirmed that the renal protective effects mediated by CO-RMs were due to CO liberated by the compounds since kidneys stored with inactive CORM-A1 or CORM-3 that were depleted of CO (iCO-RMs) displayed renal functions similar to control untreated organs. Moreover, this study showed that mitochondria of kidneys stored in either CORM-3 or CORM-A1 solutions were much better protected as indicated by the preservation of mitochondrial respiration, which was significantly impaired in kidneys stored with either cold solution alone or in the presence of iCO-RMs. Mechanistically, the work of Sandouka and collaborators also revealed that the effects of CO liberated by CO-RMs were mediated by soluble guanylate cyclase via the production of the second messenger cyclic guanosine phosphate (cGMP) since the increase in perfusion flow rate was abolished in kidneys stored with CORM-A1 in the presence of ODQ, an inhibitor of guanylate cyclase. Altogether, these data confirmed for the first time the feasibility of using CO-RMs and thus CO as effective adjuvants for organ preservation solutions to ameliorate renal function in the context of kidney transplantation.

In line with the experimental approach and findings described by Sandouka et al., subsequent studies also reported the use of organ preservation solutions supplemented with CO gas. Nakao and co-workers investigated whether ex vivo delivery of CO gas to the kidney would ameliorate renal injury after cold storage and transplantation. In this study, kidney transplantation was performed in rats following 24 h of cold preservation in University Wisconsin (UW) solutions equilibrated with or without CO gas (final concentration= 40 µM) [START_REF] Nakao | Ex vivo carbon monoxide prevents cytochrome P450 degradation and ischemia/reperfusion injury of kidney grafts[END_REF] . It was found that while untreated kidneys during cold storage resulted in progressive deterioration of renal function and increased inflammation following transplantation, kidney grafts preserved with CO gas had significantly less tissue injury. This was associated with increased survival of transplanted animals compared to the control group. It was also found that renal injury in the control group showed considerable degradation of cytochrome P450 enzymes and increased intracellular free heme levels, whereas CO gas-treated kidney grafts maintained their cytochrome P450 protein levels and displayed a decrease in heme-mediated oxidative stress. In a similar study published by the same group, kidneys harvested from pigs were initially stored for 48 h in cold UW solutions or UW supplemented with CO gas and then autotransplanted in a 14-day follow-up study [START_REF] Yoshida | Ex vivo Application of Carbon Monoxide in UW Solution Prevents Transplant-Induced Renal Ischemia/Reperfusion Injury in Pigs[END_REF] . The results showed that animal survival after transplantation of untreated kidneys was 80% and this was accompanied by increased fibrosis, renal tubular damage, production of inflammatory markers as well as a significant increase in serum creatinine and urea levels, specific markers of renal dysfunction. In contrast, CO gas-treated kidneys displayed a better profile with significantly less severe histopathological damage, reduced inflammation, decreased serum creatinine and urea and leading to a 100% survival of transplanted animals. More recently, a manganese-containing CO-RM (CORM-401) that has been developed to deliver CO in vivo with high efficiency [START_REF] Fayad-Kobeissi | Vascular and angiogenic activities of CORM-401, an oxidant-sensitive CO-releasing molecule[END_REF][START_REF] Braud | Carbon monoxide-induced metabolic switch in adipocytes improves insulin resistance in obese mice[END_REF] has been reported to reduce IRI associated with prolonged cold storage of renal allografts obtained from donation after circulatory death in a porcine model of transplantation. In this model, treatment with CORM-401 reduced urinary protein excretion, attenuated renal damage and prevented intrarenal haemorrhage and vascular clotting during reperfusion. In addition, CORM-401 appeared to exert anti-inflammatory actions by suppressing the activation of Tolllike receptors [START_REF] Bhattacharjee | CORM-401 Reduces Ischemia Reperfusion Injury in an Ex Vivo Renal Porcine Model of the Donation After Circulatory Death[END_REF] .

Thus, these findings strongly indicate that ex-vivo treatment of kidney grafts with CO-RMs or CO gas during cold storage may be an effective and safe strategy to reduce tissue injury during transplantation procedures.

CO in liver storage

Liver has also been investigated for its propensity to be stored successfully in cold solutions supplemented with either CO or CO-RMs prior to transplantation. Ikeda and colleagues reported that syngeneic transplantation (i.e. between animals genetically identical) of rat liver grafts preserved for 24 h in cold UW solutions containing 5% CO gas resulted in a much higher survival rate (80%) compared to control and untreated transplanted livers (32%) [START_REF] Ikeda | Liver graft exposure to carbon monoxide during cold storage protects sinusoidal endothelial cells and ameliorates reperfusion injury in rats[END_REF] . The CO-treated livers showed less damaged sinusoidal endothelial cells, which are critical for the proper function of hepatocytes, and this was associated with a marked reduction in hepatic necrosis, neutrophil extravasation, expression of adhesion molecules and decreased levels of serum alanine aminotransferase. Of interest, it has to be noted that liver grafts in UW solutions bubbled with 5% CO gas were kept in tightly sealed container for the whole cold preservation period. Soluble CO levels in these solutions were maintained in the order of 40 µmol/L and, after 18 h of cold preservation, CO levels were 18 pmol/mg of tissue compared to 0.84 pmol/mg in untreated livers.

The benefit of CO gas applied by continuous per-sufflation during liver preservation was also investigated on graft recovery in an isolated rat liver model. Livers were subjected to 18 h of cold storage with or without per-sufflation with CO (dissolved in nitrogen) at a concentration of 50 or 250 ppm and graft viability was assessed thereafter upon warm reperfusion ex-vivo [START_REF] Koetting | Gaseous persufflation with carbon monoxide during ischemia protects the isolated liver and enhances energetic recovery[END_REF] . CO-treatment significantly reduced the release of cellular enzymes such as lactic dehydrogenase and increased bile production and the energetic status of livers upon reperfusion by about 50%. These effects were associated with a reduction of free radical-induced lipid peroxidation and vascular perfusion resistance as well as improved mitochondrial ultrastructure. Similarly, Pizarro and colleagues reported a significant improvement in hepatic functions after storage of rat livers for 48 h in UW solutions supplemented with CORM-3 (50 µM) but not with its inactive counterpart (iCORM-3) [START_REF] Pizarro | Protective effects of a carbon monoxide-releasing molecule (CORM-3) during hepatic cold preservation[END_REF] .

The effect of CORM-3 was evident by a marked increase in perfusion flow and decrease in intrahepatic resistance observed when the organs were reperfused on an isolated system. CORM-3-treated livers also displayed a better metabolic capacity as indicated by augmented hepatic oxygen consumption and glycogen content, a reduced release of lactate dehydrogenase and a better assessment of histological hepatocyte structure. These findings altogether reveal that CO gas and CO-RMs limit the injury sustained by the liver during cold storage confirming the previous results obtained on the kidney.

CO in the storage of other organs

Following the reports that preservation of livers and kidneys can benefit from the addition of CO to the cold storage solutions, other organs have been investigated with similar results. For instance, bubbling CO gas (5%) into cold UW storage solutions containing either lung, intestine or vein grafts provided increased tissue protection and function when the viability of these organs were evaluated either ex-vivo or after transplantation in vivo. The major beneficial effects mediated by CO were once again manifested by decreased production of inflammatory markers, reduced cellular infiltrate and preserved vascular and tissue integrity [START_REF] Kohmoto | Carbon monoxide-saturated preservation solution protects lung grafts from ischemiareperfusion injury[END_REF][START_REF] Nakao | Ex vivo application of carbon monoxide in University of Wisconsin solution to prevent intestinal cold ischemia/reperfusion injury[END_REF][START_REF] Nakao | Ex vivo carbon monoxide delivery inhibits intimal hyperplasia in arterialized vein grafts[END_REF] . In the case of vascular graft implantation, data showed that CO up-regulated the expression of vascular endothelial growth factor and protected endothelial cells against apoptosis leading to inhibition of smooth muscle cell proliferation and thus reduced neointimal hyperplasia [START_REF] Nakao | Ex vivo carbon monoxide delivery inhibits intimal hyperplasia in arterialized vein grafts[END_REF] . These data have important implications in the clinical setting of myocardial diseases because excessive proliferation of smooth muscle cells and vascular remodeling typify the major obstacles in coronary heart by-pass surgeries and heart transplantation outcomes. Finally, the importance of CO as signaling and effector mediator for the viability of myocardial function ex-vivo has been confirmed with the use of CO-RMs.

Musameh and co-workers studied isolated rat hearts undergoing cold ischemic storage for 6 hours using St. Thomas Hospital solution that was supplemented with either CORM-3 or iCORM-3. They found that addition of CORM-3 to the preservation solution resulted in a significant improvement in systolic and diastolic function, a higher coronary flow as well as a lower release of cardiac enzymes creatine kinase and lactate dehydrogenase when compared with hearts treated with iCORM-3 [START_REF] Musameh | Improved myocardial function after cold storage with preservation solution supplemented with a carbon monoxide-releasing molecule (CORM-3)[END_REF] .

Cellular and molecular mechanisms mediating the protective effects of CO in organ transplantation

CO can affect various functions in distinct cell populations that are critically involved in graft rejection after solid organ transplantation. In particular, CO can attenuate pro-inflammatory responses in cells of the vascular system that are critical for tolerance of grafted organs [START_REF] Wood | Mechanisms of rejection: current perspectives[END_REF][START_REF] Abrahimi | Blood Vessels in Allotransplantation[END_REF] . In the following, the role of CO in various cell types that are involved in the pathophysiology of organ transplantation will be discussed.

Interaction of CO with ECs

In solid organ transplantation the endothelium is the main barrier of the grafted organ to the host immune system, because immune cells of the recipient make their first contact with the grafted organ via the endothelium [START_REF] Abrahimi | Blood Vessels in Allotransplantation[END_REF] . Moreover, pathologies related to endothelial dysfunction either caused by events before or after transplantation (eg. ischemia-dependent tissue damage or immunological graft-host interactions) may compromise graft ECs and their interplay with other cell types of the transplanted organ. Notably, the endothelium is easily accessible by gaseous transmitters via the blood circulation [START_REF] Snijder | Emerging role of gasotransmitters in renal transplantation[END_REF] .

In ECs, CO has been shown to modulate gene expression of mitogen-activated protein kinases (MAPKs) via modulating the cellular cGMP content. This effect has been proposed to occur via a paracrine mechanism because CO produced by heme oxygenase activity in SMCs appears to be responsible for this regulation [START_REF] Morita | Endothelial cell expression of vasoconstrictors and growth factors is regulated by smooth muscle cell-derived carbon monoxide[END_REF] . Moreover, others have shown that heme oxygenase-1-derived CO can prevent cell death of ECs via activation of p38 MAPK and activation of anti-apoptotic pathways [START_REF] Brouard | Carbon monoxide generated by heme oxygenase 1 suppresses endothelial cell apoptosis[END_REF][START_REF] Brouard | Heme oxygenase-1-derived carbon monoxide requires the activation of transcription factor NF-kappa B to protect endothelial cells from tumor necrosis factor-alpha-mediated apoptosis[END_REF] . Notably, the beneficial effects of low CO concentrations have recently been demonstrated to be mediated via a shift of the metabolic balance in ECs from glycolysis to oxidative phosphorylation caused by mitochondrial uncoupling [START_REF] Kaczara | Carbon monoxide released by CORM-401 uncouples mitochondrial respiration and inhibits glycolysis in endothelial cells: A role for mitoBKCa channels[END_REF] .

Interaction of CO with smooth muscle cells (SMCs)

SMCs play a critical role in transplantation, because excessive proliferation of these cells in grafted solid organs lead to transplant vasculopathy, a major cause of chronic rejection in heart and kidney transplantation [START_REF] Abrahimi | Blood Vessels in Allotransplantation[END_REF] .

CO gas modulates various complex physiological and pathophysiological regulatory pathways in SMCs. SMCs not only produce CO via heme oxygenase enzyme activity, but, in addition, CO is a critical modulator of SMC functions in graft rejection. Independently, CO has been shown to be generated via heme oxygenase-1 induction in SMCs, which, in turn, activates soluble guanylate cyclase (sGC) to produce the second messenger cGMP [START_REF] Morita | Smooth muscle cell-derived carbon monoxide is a regulator of vascular cGMP[END_REF][START_REF] Christodoulides | Vascular smooth muscle cell heme oxygenases generate guanylyl cyclase-stimulatory carbon monoxide[END_REF] . Moreover, CO has also been shown to be generated by other exogenous stimuli in SMCs including cAMPdependent activation of protein kinase A [START_REF] Durante | cAMP induces heme oxygenase-1 gene expression and carbon monoxide production in vascular smooth muscle[END_REF] . Notably, a number of key regulatory events are controlled by CO in SMCs such as cell proliferation suggesting that this gaseous molecule can play an autocrine regulatory role. For example, it has been shown that CO can specifically control proliferation of vascular SMCs in hypoxia via a sGC/cGMP-dependent pathway [START_REF] Morita | Carbon monoxide controls the proliferation of hypoxic vascular smooth muscle cells[END_REF] .

Similarly, MAPKs including p38 MAPK have been demonstrated to mediate inhibition of proliferation and migration in SMCs [START_REF] Kim | Caveolin-1 expression by means of p38beta mitogen-activated protein kinase mediates the antiproliferative effect of carbon monoxide[END_REF][START_REF] Otterbein | Carbon monoxide has anti-inflammatory effects involving the mitogen-activated protein kinase pathway[END_REF] . Moreover, a CO-activated cGMP-dependent pathway was able to provide protection against ischemic lung injury by attenuating the inflammatory response [START_REF] Fujita | Paradoxical rescue from ischemic lung injury by inhaled carbon monoxide driven by derepression of fibrinolysis[END_REF] . In addition to cGMP-dependent pathways regulation by CO may also be mediated without sGC [START_REF] Kim | Caveolin-1 expression by means of p38beta mitogen-activated protein kinase mediates the antiproliferative effect of carbon monoxide[END_REF][START_REF] Taille | Mitochondrial respiratory chain and NAD(P)H oxidase are targets for the antiproliferative effect of carbon monoxide in human airway smooth muscle[END_REF][START_REF] Kim | CO as a cellular signaling molecule[END_REF][START_REF] Song | Carbon monoxide inhibits human airway smooth muscle cell proliferation via mitogen-activated protein kinase pathway[END_REF] and the migration of vascular SMCs is inhibited in this manner [START_REF] Rodriguez | HO-1 and CO decrease platelet-derived growth factor-induced vascular smooth muscle cell migration via inhibition of Nox1[END_REF] . Finally, the CO donor CORM-3 provided protection in an in vivo mouse model of pulmonary hypertension via inhibiting the cell cycle inhibitor p21 in SMCs 77 .

Interaction of CO with macrophages

The innate immune system plays a critical role in solid organ transplantation [START_REF] Wood | Mechanisms of rejection: current perspectives[END_REF][START_REF] Fang | Innate immune mechanisms in transplant allograft vasculopathy[END_REF] . In particular, mechanisms of innate immunity associated with IRI such as cell death in response to DAMPs or signaling via extracellular nucleotides (ATP) cause transplant rejection [START_REF] Land | Transplantation and Damage-Associated Molecular Patterns (DAMPs)[END_REF][START_REF] Yeudall | Extracellular nucleotide signaling in solid organ transplantation[END_REF] .

Macrophages are key regulators of innate immune responses and have attracted major attention as therapeutic targets in organ transplantation [START_REF] Salehi | The divergent roles of macrophages in solid organ transplantation[END_REF] .

In macrophages CO has potent anti-inflammatory effects in various in vitro and in vivo settings. Specifically, CO can counteract the up-regulation of the pro-inflammatory cytokines TNF-α and IL-6, while simultaneously up-regulating the expression of the anti-inflammatory cytokine IL-10 in a p38-dependent manner [START_REF] Otterbein | Carbon monoxide has anti-inflammatory effects involving the mitogen-activated protein kinase pathway[END_REF] . Moreover, it has been shown that antiinflammatory effects of CO in macrophages are mediated via distinct signaling cascades including c-Jun N-terminal kinase (JNK) in vitro and in vivo [START_REF] Morse | Suppression of inflammatory cytokine production by carbon monoxide involves the JNK pathway and AP-1[END_REF][START_REF] Kim | Heat shock protein-70 mediates the cytoprotective effect of carbon monoxide: involvement of p38 beta MAPK and heat shock factor-1[END_REF] . As described above for SMCs, anti-inflammatory effects of CO are mediated via a sGC-dependent pathway that counteracts platelet aggregation and thrombosis in IRI [START_REF] Otterbein | Carbon monoxide suppresses arteriosclerotic lesions associated with chronic graft rejection and with balloon injury[END_REF][START_REF] Fujita | Paradoxical rescue from ischemic lung injury by inhaled carbon monoxide driven by derepression of fibrinolysis[END_REF][START_REF] Brune | Inhibition of platelet aggregation by carbon monoxide is mediated by activation of guanylate cyclase[END_REF] . Notably, anti-inflammatory effects of CO have also been shown to inhibit the formation of arteriosclerotic lesions associated with chronic graft rejection in a mouse heart transplantation model [START_REF] Otterbein | Carbon monoxide suppresses arteriosclerotic lesions associated with chronic graft rejection and with balloon injury[END_REF] . Interestingly, removal of CO from lipopolysaccharide-stimulated macrophages in cell culture by a potent CO scavenger led to an increase in the production of TNF- and ROS suggesting that endogenous CO is obligatory to maintain both redox and inflammatory homeostasis [START_REF] Minegishi | Detection and Removal of Endogenous Carbon Monoxide by Selective and Cell-Permeable Hemoprotein Model Complexes[END_REF] . These findings are supported by in vivo studies showing that hybrid compounds capable of inducing HO-1 and simultaneously releasing CO reduce macrophage activation and inflammation in mice challenged with LPS 85 .

Interaction of CO with T cells

T cells are key regulators of the adaptive immune system and are primary targets of pharmacological interventions in solid organ transplantation, eg. by various immunosuppressants [START_REF] Wood | Mechanisms of rejection: current perspectives[END_REF] . In these cells CO has independently been shown to block the production of IL-2, the key regulatory cytokine of T cell proliferation 86 87 . A principal immuno-modulatory role of HO-1-derived CO via activation-induced cell death has been demonstrated in a murine model of the T cell alloantigen response [START_REF] Mcdaid | Heme oxygenase-1 modulates the allo-immune response by promoting activation-induced cell death of T cells[END_REF] . Moreover, a regulatory role of CO in modulating regulatory T cells (FoxP3+ T cells), a subset of T cells that is crucially involved in controlling immunological tolerance, has been shown in a setting of islet transplantation [START_REF] Lee | Heme oxygenase-1, carbon monoxide, and bilirubin induce tolerance in recipients toward islet allografts by modulating T regulatory cells[END_REF] (for a review see [START_REF] Brusko | An integral role for heme oxygenase-1 and carbon monoxide in maintaining peripheral tolerance by CD4+CD25+ regulatory T cells[END_REF] ). CO-dependent immunomodulation via T cells may also be mediated via dendritic cells, a cell population that links innate and adaptive immunity.

Although not directly demonstrated for gaseous CO or CORMs, targeting of HO-1-dependent dendritic cell functions regulated specific alloreactive T cell proliferation in human and rat [START_REF] Chauveau | Heme oxygenase-1 expression inhibits dendritic cell maturation and proinflammatory function but conserves IL-10 expression[END_REF] .

More recently, the immunomodulatory protective effects of CO via a T cell-mediated mechanism have also been shown in a mouse model of cerebral malaria [START_REF] Jeney | Control of disease tolerance to malaria by nitric oxide and carbon monoxide[END_REF] and treatment of T cells with the CO donor CORM-2 inhibited ROS-dependent T cell activation in vitro and in vivo [START_REF] Yan | Carbon Monoxide Inhibits T Cell Proliferation by Suppressing Reactive Oxygen Species Signaling[END_REF] To summarize, the fact that CO beneficially affects the function of different cell types which have critical roles in organ transplantation suggests a multilayered and coordinated action of CO in improving of graft outcome and survival.

Translation of CO in the clinical settings of organ transplantation

This chapter highlighted the usefulness of CO in reducing or preventing organ dysfunction associated with transplantation. From a therapeutic perspective we can delineate two feasible strategies for the exploitation of CO in this context (see Figure 1). Essentially, the potential of CO appears to be good for organ preservation purposes, e.g. when supplemented to preservation solutions before transplantation and during the use of machine perfusion. Specific challenges in the setting of various solid organ transplantations can largely vary. For example the maximum duration period of cold ischemia and, thus, the potential storability of kidney and lung for transplantation are markedly different due to organ-specific properties. As procedures for procurement of these organs are different, it is obvious that the therapeutic potential of CO (either in its gaseous form or as CO-RM) in these settings will need to be taken into account and adapted accordingly.

CO as a clinically administered gas

Due to its known toxicity when applied at high doses, a critical question is whether and how CO may become applicable in its gaseous or solid (CO-RMs) form in the clinic. A recent study suggested the application of CO (molybdenum-based CO-RM) via a membranecontrolled Extracorporeal CO Release System (ECCORS) in the clinic. Here, the delivery of CO is exclusive to the extracorporeal blood and was shown to be precisely monitored via measurement of systemic CO-hemoglobin [START_REF] Wollborn | Overcoming safety challenges in CO therapy -Extracorporeal CO delivery under precise feedback control of systemic carboxyhemoglobin levels[END_REF] . Questions remain whether CO-hemoglobin will then donate CO to the tissue of interest or whether CO-hemoglobin per se could be protective in a systemic manner. It has also been recently shown by the same authors in a pig model of extracorporeal resuscitation that treatment with CO (via CO-RM) was associated with improvement of cardiac micro-and macro-circulation due to reduced DAMP signaling [START_REF] Wollborn | Carbon monoxide improves haemodynamics during extracorporeal resuscitation in pigs[END_REF] .

These findings suggest that comparable modes of CO administration may also be applicable in settings of solid organ transplantation. 

Table 1 Organ transplants worldwide in 2018*

 1 *A total of 146,840 organ transplants were performed in 2018 according to Global Observatory on Donation and Transplantation home page (http://www.transplant-observatory.org/).

	Organ	Kidney	Liver	Heart	Lung	Pancreas	Small bowel
	Number	95,479	34,074	8,311	6,475	2,338	163