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In recent years, significant progress has been made in the field of liver machine perfusion. Many large transplant centers have implemented machine perfusion strategies in their clinical routine. Normothermic machine perfusion (NMP) is primarily used to determine the quality of extended criteria donor (ECD) organs and for logistical reasons. The vast majority of studies, which assessed the viability of perfused grafts, focused on hepatocellular injury. However, biliary complications are still a leading cause of post-transplant morbidity and the need for re-transplantation. To evaluate the extent of biliary injury during NMP, reliable criteria that consider cholangiocellular damage are needed. In this review, different approaches to assess damage to the biliary tree and the current literature on the possible effects of NMP on the biliary system and biliary injury have been summarized. Additionally, it provides an overview of novel biomarkers and therapeutic strategies that are currently being investigated. Although expectations of NMP to adequately assess biliary injury are high, scant literature is available. There are several biomarkers that can be measured in bile that have been associated with outcomes after transplantation, mainly including pH and electrolytes. However, proper validation of those and other novel markers and investigation of the pathophysiological effect of NMP on the biliary tree is still warranted.
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INTRODUCTION
Due to demographic change, there is a greater need for organs and the proportion of organs from older or unhealthier donors in the donor pool is growing. This leads to an aggravation of the already existing organ shortage and amplifies the need to use organs from so-called extended criteria donors (ECD). ECD include, for example, elderly donors, livers with steatosis, or donors with other comorbidities. Organs from a donation after circulatory death (DCD) donor are categorized as ECD since organs experience a harmful period of warm ischemia prior to explantation and enter the cold storage period already with an energy debt (1). A limiting factor of using ECD liver grafts is their susceptibility to postoperative complications, especially ischemic cholangiopathies (2), which are difficult to treat and are a leading cause for re-transplantation (3, 4). The pathophysiological processes involved in these ischemic type biliary lesions (ITBL) are complex and despite extensive research not completely understood. Factors that contribute to ITBL are ischemia and reperfusion, the associated inflammatory reaction, and the detrimental effect of non-physiologic bile composition in an already injured biliary system (4, 5). A certain degree of ischemic-reperfusion injury (IRI) is inevitable and can only be mitigated (6). Various approaches to diminish IRI in comparison to the standard preservation method of static cold storage (SCS) are currently in use. Many large transplant centers have implemented machine perfusion (e.g., hypothermic oxygenated perfusion (HOPE), normothermic regional perfusion (NRP), or normothermic machine perfusion (NMP)) to reduce organ injury. Machine perfusion aims to mitigate IRI by restoring the mitochondrial function prior to reperfusion or additionally ameliorating the injury by reperfusion of the organ in absence of immune cells (7–9). All machine perfusion strategies have shown a general benefit over SCS, however, they all have advantages and disadvantages depending on the indications they are used for. In several studies, HOPE and NRP have shown favorable effects on liver function after transplantation, including the development of ITBL (10, 11). A meta-analysis showed that HOPE was able to reduce the incidence of biliary strictures compared to SCS, while NMP was not (12). However, both HOPE and NRP are limited by their ability of organ assessment and treatment options. The implementation of NMP offers the chance for pharmacological treatment and viability assessment during perfusion (Figure 1) (13–16). The possibility of evaluating the biliary injury of a liver prior to transplantation or even treating it is thrilling. However, although NMP has found its place in the clinical routine, also because of its logistical benefits, literature on pathophysiological mechanisms and solid biomarkers to assess organ function are scarce. In this regard, the biliary tree is of high interest, as ITBL leads to increased morbidity and mortality of ECD organs. The benefit of HOPE or NRP is not based on assessment and there is currently no biliary-specific assessment marker that can be measured during HOPE. Therefore, the focus of this review is to summarize the available literature on the assessment and treatment options for biliary injury during NMP.
[image: Figure 1]FIGURE 1 | An overview of the potential of normothermic machine perfusion (NMP) to assess and improve biliary injury is displayed. Several parameters have been reported to allow the assessment of biliary injury during NMP. Additionally, the first experimental studies on treating biliary injury during NMP have shown promising effects.
ISCHEMIA-REPERFUSION AND BILIARY INJURY
The diverse cells of the liver are all in different ways susceptible to one or all phases of IRI. The sinusoidal endothelial cells (SECs) in the liver for example are especially susceptible to cold ischemia (17). During reperfusion, the reintroduction of oxygen leads to an expression of danger-associated molecular patterns (DAMPs) and cytokines by SECs, and an imbalance of vasodilators and vasoconstrictors results in impaired microcirculation. DAMPs can activate Kupffer cells that secrete cytokines like tumor necrosis factor α leading to platelet adherence at SECs sending them into apoptosis (18). Cholangiocytes can handle periods of anoxia quite well compared to hepatocytes. However, they produce reactive oxygen species after reoxygenation and harbor fewer antioxidants like glutathione to compensate. Thus, bile duct cells are more susceptible to injury suffered through reoxygenation (17). Extensive damage to the bile duct epithelium can be found in almost every transplanted liver. In addition, the biliary regenerative capacity has been shown to be a crucial factor for long-term outcomes (5). The peribiliary glands (PBG) and peribiliary vascular plexus (PVP) play a critical role in the viability of the biliary system. Impaired blood supply through the PVP due to injured endothelium affects the regeneration after ischemia. The biliary progenitor cells that proliferate after damage to the biliary epithelium are mainly located in PBG deep in the bile duct walls. Whether or not the biliary system is capable to recover from IRI depends on the viability of the PBG and their blood supply through the PVP (5, 19, 20). The extra-hepatic biliary system and its connective tissue receive its blood supply only through the hepatic artery via microvascular networks. During ischemia, the endothelium is injured, therefore promoting thrombogenesis after graft reperfusion, thus further limiting blood supply (21).
The biliary tree is a complex and delicate system, damage to one part or one cell population often results in reactive changes or excessive proliferation of another. Therefore, biliary wound healing is a complex process (21). Deep wounds in the bile duct wall and consequently activation and transformation of myofibroblasts contribute to the formation of strictures. The bile itself contains growth factors and bile salts can induce several messenger pathways that either exacerbate damage or protect cholangiocytes. Bile composition and the effects of its different constituents play an important role in the pathophysiology of various cholangiopathies (21, 22) and is a potential target for therapeutic agents (23).
Ductular reaction (DR) is a form of intrahepatic wound repair mechanism (21). DR can be triggered by cholangiocyte injury in the smallest intrahepatic ducts or any change in the intrahepatic milieu, like increased pressure in the intra-biliary tract or via a strong stimulus of liver regeneration, e.g., after partial liver resection. DR is defined as hyperplasia of reactive bile duct tissue and is common in various biliary disorders. During DR transdifferentiation of various cells from the biliary tract has been described (21, 24).
IMPACT OF NMP ON BILIARY INJURY
A summary of studies that consider biliary injury in the context of NMP can be seen in Table 1.
TABLE 1 | Impact of NMP on biliary injury.
[image: Table 1]In a rat model, op den Dries et al. compared NMP with SCS of DCD and non-DCD rat livers, followed by 2 h of reperfusion. They found increased bicarbonate and pHbile and reduced GGT and LDH in the bile of the NMP group (25). Westerkamp et al. used a DCD rat model (n = 30) to compare hypothermic oxygenated perfusion (HOPE), sub-normothermic machine perfusion, and controlled oxygenated rewarming (COR) to SCS. All treatment groups showed an overall better outcome, lower levels of liver injury markers in perfusate, and better mitochondrial function. Furthermore, they showed higher bile production, bicarbonate secretion, and pHbile. Biliary injury was reduced, indicated by lower GGT and LDH in bile and by histological analysis (26).
In a porcine transplantation model that compared NMP livers to livers with long and short periods of SCS, Boehnert et al. showed reduced biliary injury, reduced LDH, and higher bilirubin, phospholipids, and bile acids in bile in the NMP group (27). In 2014, Liu et al. used a porcine model to investigate the impact of NMP on the biliary system. They described higher LDH and GGT in bile in the SCS group, lower bicarbonate in bile in the SCS group, and absent Ki67 and higher von Willebrand factor in immunofluorescence in the SCS group after reperfusion of the livers with whole blood. This indicates a positive effect of NMP on biliary injury and platelet activation, biliary regeneration, and bicarbonate secretion in porcine DCD livers (28). Mergental et al. described the NMP of 31 high-risk grafts that were deemed non-transplantable by two different surgeons (16, 29). A count of 22 livers were transplanted after viability assessment based on lactate clearance, perfusate pH, and the presence of bile production. A control group was matched in order to present the results within the framework of the centers’ contemporary outcomes. The control group did not receive high-risk grafts and comparisons were not powered to demonstrate any differences. Graft and patient survival were comparable, there was a higher incidence of early allograft dysfunction (EAD) (31.4% vs. 9.1%, p = 0.034) and ITBL in the NMP group (18% vs. 2%, p = 0.063). Only the NMP group received routine magnetic resonance cholangiopancreatography (MRCP) imaging. However, NMP was not able to prevent the development of ITBL in high-risk DCD grafts (16).
A variety of effects and benefits have been described above. These promising results all originate from non-randomized and sometimes even non-controlled trials, often with a small sample size. Recently, two larger-sized randomized controlled trials (RCT) have been published:
In 2018, Nasralla et al. published the first human RCT, comparing outcomes after NMP (n = 121) vs. SCS (n = 101). The NMP group showed 50% reduced graft injury measured by perfusate liver transaminases (p ≤ 0.001). Furthermore, a 50% lower organ discard rate (p = 0.008), resulting in a 20% increase of transplanted livers in the NMP group was observed. The reduction in MRCP diagnosed ITBL (11.1% in NMP-DCD and 26.3% in SCS-DCD grafts, p = 0.18) was statistically non-significant (30). The second human RCT was recently published by Markmann et al., they included 300 liver transplantations (randomized after initial acceptance—NMP n = 153, SCS n = 147). NMP grafts showed a reduction of EAD (18% vs. 31%; p = 0.01) and histopathologic evidence of IRI after reperfusion (6% and 13%; p = 0.004). NMP resulted in higher utilization of DCD livers initially accepted with 51% of transplanted grafts compared to 26% in the SCS group (p = 0.007). Despite the higher use of DCD organs in the NMP group, the incidence of ischemic biliary complications was reduced after 6 months (1.3% vs. 8.5%; p = 0.02) and 12 months (2.6% vs. 9.9%; p = 0.02). Ischemic biliary complications were defined as ITBL or bile leaks, which were confirmed either endoscopically or by magnetic resonance cholangiopancreatography. They did not mention if all patients or only symptomatic patients were examined (31).
In summary, several studies presented promising effects of NMP on LT in general, and partially regarding biliary complications. Additionally, NMP could increase the number of utilized organs. Nevertheless, our understanding of the mechanisms that influence biliary injury during NMP is incomplete. Many aspects of NMP are still vastly under-researched, such as the effect NMP has on cholangiocyte physiology. Existing preclinical studies investigated the effect either in animal models, which lack the equivalent of ITBL, or using discarded livers which represent a heterogeneous study group. Additionally, most clinical studies did not focus on mechanistic aspects and included ITBL development only as a secondary endpoint.
HISTOLOGICAL SCORING OF BILIARY INJURY IN LIVER TRANSPLANTATION
Possible surrogate endpoints for experimental studies are histological scoring systems. Histological tissue analysis reflects changes on a cellular level, which however cannot always be reliably translated into clinical outcomes.
Systematic histological workup of bile ducts most frequently refers to scoring systems published by Hansen et al. (32) or op den Dries et al. (5). The scoring of Hansen et al. assesses 7 features: mucosal loss, bleeding in bile duct wall, hyaline thrombi, vascular lesions, inflammation, arteriolonecrosis, and bile duct necrosis. The authors divided each feature into grades, depending on the severity of injury. The score has been developed by analyzing 93 transplanted livers of which 18 developed ITBL. Arteriolonecrosis, bile duct necrosis, vascular lesions, and intramural bleeding correlated with the development of ITBL, but arteriolonecrosis was the only parameter that was also associated with ITBL development in logistic regression analysis (32). Op den Dries et al. analyzed 128 bile duct biopsies obtained during liver transplantation. Injury severity scores were compared between grafts that later developed ITBL (16.4%) and grafts that did not. The score is a derivative of the Hansen score and assesses biliary epithelium, mural stroma necrosis, vascular injury, thrombosis, intramural bleeding, damage to periluminal and deep PBG, and inflammation. In the original publication of op den Dries et al., injury to the deep peribiliary glands and peribiliary vascular plexus was strongly associated with the development of ITBL. Contrarily, extensive loss of bile duct epithelium was observed in nearly every liver and was not indicative of ITBL development (5).
Both scores described above however have not yet been adjusted for well-known risk factors for the development of ITBL. Furthermore, it is not known to what extent a single feature of these scores contributes to the final risk of ITBL. Matton et al. selected the three histological parameters from op den Dries et al. that were predictive of ITBL development (stroma necrosis, injury to extramural PBG, and injury to PVP) to describe the bile duct injury (BDI) score. The score ranges between 0–7 and was developed in 23 human livers subjected to NMP but not transplanted, a cut-off of 4.75 was empirically defined using the median of the histological scores. The authors investigated their results prospectively in a subsequent clinical study during NMP of 6 livers of which 4 were transplanted (33). However, the level of evidence is currently not strong enough to recommend the universal application of this score for the prediction of ITBL.
The histological scoring systems discussed above can be considered useful tools if they are interpreted with the knowledge of their insufficient validation for the prediction of clinical outcomes in mind.
Furthermore, biomarkers that were identified with histological scoring systems as a surrogate endpoint for ITBL development should only translate into clinical decision-making after proper validation to prevent possibly transplantable livers from being discarded.
The accuracy of the described histologic scoring systems in predicting ITBL should be treated with caution but they offer at least a certain degree of objectivity and enable comparison of results.
BILIARY ASSESSMENT DURING NMP
Studies that focused on the assessment of biliary parameters during NMP are summarized in Table 2 and classified into animal studies, preclinical studies with discarded human livers, and clinical studies with subsequent transplantation after viability assessment.
TABLE 2 | Biliary assessment during NMP.
[image: Table 2]Two animal studies focused on predictive biliary markers during NMP for liver grafts that experienced different periods of warm and cold ischemia (34, 35). The bile/perfusate ratio (b/p ratio) of glucose and sodium (≤0.7 and ≥1.1, respectively) within 4 h of NMP was found to correlate with successful transplantation in a porcine model (35). In a non-human primate model (45′ warm ischemic time (WIT) vs. 5′ WIT) perfusate gamma-glutamyltransferase (GGT) levels discriminated between viable and nonviable livers with progressive injury. The authors concluded that GGT might be predictive of livers that are at risk of developing cholangiopathies (34). A long-term perfusion protocol for 7-day NMP was established by Eshmuminov et al. (36). The authors included 23 porcine livers of which 3 were transplanted. In a second phase 12 discarded human livers were evaluated and after 7 days of NMP 8 remained viable. The absence of bile flow despite stimulation with either tazobac, methylprednisolone, or UDCA was indicative of poor performance. B/p glucose ratio <0.7 was met by all porcine livers and the viable human livers. To use bile flow as a reliable viability criterion it should be complemented with bile composition parameters (36).
In preclinical human studies and clinical studies with subsequent transplantation that focused on biliary assessment and biliary complications the same markers frequently appeared in different constellations. Results were either validated prospectively with ITBL development or high grade of injury in bile duct biopsies as endpoints or in retrospective analysis. Biliary pH (pHbile) was one of the most used biliary markers. Proposed cut-off values were >7.48 (33), >7.5 (37), and >7.45 (14, 38). Rather than assessing absolute values several groups suggested assessing the values in bile in relation to perfusate values. Matton et al. proposed several cut-off values that were all determined during NMP of 23 preclinical livers and validated in a following clinical trial with 6 livers of which 4 were transplanted after viability assessment. Upon the determined values were a b/p glucose ratio <0.67 and LDH in bile <3689 U/L. Bicarbonate in bile of 18 mmol/L discriminated between low and high BDI [positive and negative predictive value (PPV and NPV) both >80%] (33). Van Leeuwen et al. made the observation that the bile pH, glucose, and bicarbonate of a liver that later developed ITBL were similar to the perfusate levels and proposed to use the difference between perfusate and bile as markers of biliary viability (38). Gaurav et al. assessed the bile composition of recipients after reperfusion and showed that a blood-bile glucose difference <6.5 mmol/L was predictive of ITBL development (83% sensitivity) (39). Watson et al. published a study that included NMP of 47 livers that resulted in 22 transplanted grafts after viability assessment. They discovered that differences in perfusate and bile glucose levels of <10 mmol/L indicated significant injury. A pHbile <7.5 was identified retrospectively as a cut-off that discriminated between livers that later developed ITBL and livers that did not and in livers not transplanted the cut-off discriminated between high vs. low grade of circumferential stromal necrosis (37). Van Leeuwen et al. investigated the impact of hepatectomy time on bile composition and BDI in the histology of 27 DCD livers during NMP and validated their findings in a retrospective database analysis of 273 transplanted DCD livers with the development of ITBL within 2 years as the endpoint. Livers with longer hepatectomy time showed higher BDI, lower pHbile and bicarbonate in bile (40).
Several studies measured bile composition during NMP but did not use it for assessment. Furthermore, some studies did not measure bile composition consistently making results difficult to interpret (41–43).
Although several biomarkers are already used for assessment, they can only point in a certain direction but do not enable reliable decision-making at this point. Most markers were defined in livers that were not accepted for transplantation, due to a variety of reasons. The defined cut-off values of these biomarkers have been applied in clinical trials with promising results, however, it is impossible to know at this moment if livers that did not meet the criteria would have indeed shown poor performance.
NOVEL BILIARY BIOMARKERS
Several promising experimental biomarkers assessing biliary injury have been described in the literature (Table 3). Currently, most of them are not established to be measured during perfusion. Novel biomarkers include microRNAs (miRNA) measured in different solutions as well as markers for tissue integrity and regeneration analyzed by immunofluorescence and immunohistochemistry. In 2013, Verhoeven et al. compared miRNA expression in graft preservation solution of 20 grafts that developed ITBL with 37 that did not. They found that the ratio of hepatocyte-derived (HD)miRNAs/cholangiocyte-derived (CD)miRNAs was higher in grafts that later developed ITBL (44). More recently Matton et al. investigated miRNA levels in perfusate and bile during NMP of 12 declined human liver grafts. The authors discovered that CDmiRNA-222 correlated with cholangiocellular injury and function reflected by LDH, bilirubin, and bicarbonate levels in bile. B/p glucose ratio correlated strongly with CDmiRNA-222 and HDmiRNA-122 in bile. Additionally, the ratio of HDmiRNA122/CDmiRNA222 at 30 min was predictive of injury of liver parenchyma after 6 h NMP (45).
TABLE 3 | Novel Biliary biomarkers.
[image: Table 3]In 2018, Liu et al. investigated liver function and regeneration during 24 h of NMP in 10 discarded livers. The authors described regeneration of cholangiocytes and PBG during NMP of steatotic livers indicated by increased Ki-67 staining in BD biopsies (46). In an ex vivo bile duct model, De Jong et al. investigated the regenerative reaction of stem cells from PBG to biliary injury. PBG started to proliferate and transform within the first 24 h after reoxygenation which caused an increase in cholangiocytes and forming of epithelial monolayers. As a reaction to hypoxia, hypoxia-inducible factor-1α expression was increased followed by activation of metabolic and pro-angiogenic pathways characterized by expression of vascular endothelial growth factor (VEGF) and Glut-1 (47). In 2019, Franchitto et al. published a retrospective analysis of 62 bile duct biopsies from transplanted patients and compared them to 10 donor bile duct biopsies that did not experience ischemia. The authors described more progenitor cells in PBG of transplanted ducts, also VEGF-A and VEGF-R2 expression were increased (20).
THERAPEUTIC APPROACHES DURING NMP TO IMPROVE BILIARY INJURY
An overview of therapeutic approaches targeting biliary injury can be seen in Table 4.
TABLE 4 | Therapeutic approaches during NMP to improve biliary injury.
[image: Table 4]NMP offers the unique opportunity to treat livers under near physiologic conditions outside the human body. Several experimental studies have been published. In a porcine transplantation model, Goldaracena et al. described lower alkaline phosphatase and bilirubin levels during sub-normothermic machine perfusion with different anti-inflammatory agents, among others with a protective effect on endothelial cells (48). Boteon et al. described a higher volume of bile and higher pHbile in livers treated with lipid metabolism enhancing pharmacological agents during NMP compared to standard NMP. Furthermore, liver grafts in the treatment group showed reduced activation of immune cells and release of inflammatory cytokines (49). Additionally, oxidative stress markers, macrovesicular steatosis, and tissue triglycerides were reduced. Tian et al. discovered that administration of Heme Oxygenase-1-modified bone marrow mesenchymal stem cells (HO-1/BMMSCs) during NMP of rat livers lead to improved liver function, bile duct histology, restored epithelium, and reduced cell apoptosis (50). Haque et al. investigated the reconditioning of discarded DCD livers with tissue plasminogen activator administration during NMP. The authors described lower PVP and mural stroma injury scores after treatment with a tissue plasminogen activator (51). In 2021, Sampaziotis et al. made the exciting discovery, that cholangiocyte organoids can be used to repair damage in the biliary tree independent from their region of origin. Livers that were injected with organoids produced more bile with a higher pHbile (52).
SUMMARY
Machine perfusion of liver grafts received tremendous attention in recent years, leading to a number of publications with promising outlooks. Ultimately, the research objective is a safe increase in the number of transplantable organs. To meet this goal, mitigation of IRI, therapeutic graft improvement, and graft assessment have emerged as the main machine perfusion-based approaches.
Most well-established viability assessment protocols mainly focus on hepatocellular criteria. However, biliary complications are one of the main challenges in liver transplantation and biliary viability criteria are lagging behind hepatocellular criteria. While the development of this field is very promising, one weakness has to be addressed. Without standardization of protocols, definitions, and sample collection heterogeneous data will be reported and results will be difficult to interpret. Especially regarding biliary complications, results from previous studies should be further validated in prospective studies, with clear primary endpoints and appropriate follow-up periods.
A variety of preclinical and clinical studies introduced different biomarkers which can be used to assess the injury and regenerative capacity of the biliary system. The majority of parameters were analyzed in small pilot studies that differ greatly in their study design. Markers of interest in preclinical studies were either determined in comparison to historical cohorts or correlated with surrogate parameters in form of histological grading systems and injury markers. The screening for ITBL and its definition varied widely in clinical studies with some performing routine cholangiopancreatography (MRCP or ERCP) alone and others in combination with clinical symptoms and/or cholestatic laboratory parameters. As for sample collection, a comprehensive description of methods helps to put results into context. In some cases, pHbile and bicarbonate were not reported due to contact with ambient air. Several groups suggested to cover secreted bile with mineral oil to achieve better comparability (14, 33). Nevertheless, rather than excluding results obtained with different protocols, they should be reported, and methods thoroughly described.
Currently available evidence on biliary injury from experimental and clinical studies looks very promising. First clinical machine perfusion trials reported increased graft utilization, with comparable clinical outcomes. Just recently, the benefit of NMP regarding biliary complications was highlighted in a large randomized control trial (31), further emphasized by a higher rate of transplanted DCD grafts.
However, machine perfusion has its limits and cannot yet undo extensive damage to the organ that has already occurred (e.g., after long ischemic times, etc.). Notably, it does offer the opportunity for therapeutic interventions. Only future studies will determine if therapeutic options such as organoids, mesenchymal stem cells, and novel targeted therapeutic agents can be used to further increase organ utilization.
In conclusion, normothermic machine perfusion is a thrilling opportunity to treat the organ. Each step towards the extension of the donor pool needs to be accompanied by careful graft assessment to ensure patient safety. Every additional organ available for transplantation is a gain and with further improvement in already promising biliary viability assessment, liver transplantation in the future, without its Achilles’ heel, seems within reach.
AUTHOR CONTRIBUTIONS
JD—Drafting the work and revising it critically for important intellectual content, provide approval for publication of the content. LR—Drafting the work and revising it critically for important intellectual content, provide approval for publication of the content. GB—Revising the work critically for important intellectual content, provide approval for publication of the content. DK—Substantial contributions to the design of the work, drafting the work and revising it critically for important intellectual content, provide approval for publication of the content.
REFERENCES
 1. Feng, S, and Lai, JC. Expanded Criteria Donors. Clin Liver Dis (2014) 18(3):633–49. doi:10.1016/j.cld.2014.05.005
 2. Mergental, H, Stephenson, BTF, Laing, RW, Kirkham, AJ, Neil, DAH, Wallace, LL, et al. Development of Clinical Criteria for Functional Assessment to Predict Primary Nonfunction of High‐Risk Livers Using Normothermic Machine Perfusion. Liver Transpl (2018) 24(10):1453–69. doi:10.1002/lt.25291
 3. Brüggenwirth, IMA, Porte, RJ, and Martins, PN. Bile Composition as a Diagnostic and Prognostic Tool in Liver Transplantation. Liver Transpl (2020) 26(9):1177–87. doi:10.1002/lt.25771
 4. Karimian, N, Op den Dries, S, and Porte, RJ. The Origin of Biliary Strictures after Liver Transplantation: Is it the Amount of Epithelial Injury or Insufficient Regeneration that Counts?J Hepatol (2013) 58(6):1065–7. doi:10.1016/j.jhep.2013.02.023
 5. op den Dries, S, Westerkamp, AC, Karimian, N, Gouw, ASH, Bruinsma, BG, Markmann, JF, et al. Injury to Peribiliary Glands and Vascular Plexus before Liver Transplantation Predicts Formation of Non-anastomotic Biliary Strictures. J Hepatol (2014) 60(6):1172–9. doi:10.1016/j.jhep.2014.02.010
 6. He, X, Guo, Z, Zhao, Q, Ju, W, Wang, D, Wu, L, et al. The First Case of Ischemia-free Organ Transplantation in Humans: A Proof of Concept. Am J Transpl (2018) 18(3):737–44. doi:10.1111/ajt.14583
 7. Czigany, Z, Lurje, I, Schmelzle, M, Schöning, W, Öllinger, R, Raschzok, N, et al. Ischemia-Reperfusion Injury in Marginal Liver Grafts and the Role of Hypothermic Machine Perfusion: Molecular Mechanisms and Clinical Implications. J Clin Med (2020) 9(3):846. doi:10.3390/jcm9030846
 8. Hofmann, J, Otarashvili, G, Meszaros, A, Ebner, S, Weissenbacher, A, Cardini, B, et al. Restoring Mitochondrial Function while Avoiding Redox Stress: The Key to Preventing Ischemia/Reperfusion Injury in Machine Perfused Liver Grafts?Int J Mol Sci (2020) 21(9):3132. doi:10.3390/ijms21093132
 9. Kahn, J, and Schemmer, P. Control of Ischemia-Reperfusion Injury in Liver Transplantation: Potentials for Increasing the Donor Pool. Visc Med (2018) 34(6):444–8. doi:10.1159/000493889
 10. Hessheimer, AJ, Coll, E, Torres, F, Ruíz, P, Gastaca, M, Rivas, JI, et al. Normothermic Regional Perfusion vs. Super-rapid Recovery in Controlled Donation after Circulatory Death Liver Transplantation. J Hepatol (2019) 70(4):658–65. doi:10.1016/j.jhep.2018.12.013
 11. van Rijn, R, Schurink, IJ, de Vries, Y, van den Berg, AP, Cortes Cerisuelo, M, Darwish Murad, S, et al. Hypothermic Machine Perfusion in Liver Transplantation - A Randomized Trial. N Engl J Med (2021) 384(15):1391–401. doi:10.1056/nejmoa2031532
 12. Bellini, MI, Nozdrin, M, Yiu, J, and Papalois, V. Machine Perfusion for Abdominal Organ Preservation: A Systematic Review of Kidney and Liver Human Grafts. J Clin Med (2019) 8(8):1221. doi:10.3390/jcm8081221
 13. Boteon, YL, Afford, SC, and Mergental, H. Pushing the Limits: Machine Preservation of the Liver as a Tool to Recondition High-Risk Grafts. Curr Transpl Rep (2018) 5(2):113–20. doi:10.1007/s40472-018-0188-7
 14. Vries, Y, Matton, APM, Nijsten, MWN, Werner, MJM, Berg, AP, Boer, MT, et al. Pretransplant Sequential Hypo‐ and Normothermic Machine Perfusion of Suboptimal Livers Donated after Circulatory Death Using a Hemoglobin‐based Oxygen Carrier Perfusion Solution. Am J Transpl (2019) 19(4):1202–11. doi:10.1111/ajt.15228
 15. Jassem, W, Xystrakis, E, Ghnewa, YG, Yuksel, M, Pop, O, Martinez-Llordella, M, et al. Normothermic Machine Perfusion (NMP) Inhibits Proinflammatory Responses in the Liver and Promotes Regeneration. Hepatology (2019) 70(2):682–95. doi:10.1002/hep.30475
 16. Mergental, H, Laing, RW, Kirkham, AJ, Perera, MTPR, Boteon, YL, Attard, J, et al. Transplantation of Discarded Livers Following Viability Testing with Normothermic Machine Perfusion. Nat Commun (2020) 11(1):2939. doi:10.1038/s41467-020-16251-3
 17. Noack, K, Bronk, SF, Kato, A, and Gores, GJ. The Greater Vulnerability of Bile Duct Cells to Reoxygenation Injury Than to Anoxia. Transplantation (1993) 56(3):495–9. doi:10.1097/00007890-199309000-00001
 18. Jaeschke, H, and Woolbright, BL. Current Strategies to Minimize Hepatic Ischemia-Reperfusion Injury by Targeting Reactive Oxygen Species. Transplant Rev (2012) 26(2):103–14. doi:10.1016/j.trre.2011.10.006
 19. Sutton, ME, Dries, S, Koster, MH, Lisman, T, Gouw, ASH, and Porte, RJ. Regeneration of Human Extrahepatic Biliary Epithelium: the Peribiliary Glands as Progenitor Cell Compartment. Liver Int (2012) 32(4):554–9. doi:10.1111/j.1478-3231.2011.02721.x
 20. Franchitto, A, Overi, D, Mancinelli, R, Mitterhofer, AP, Muiesan, P, Tinti, F, et al. Peribiliary Gland Damage Due to Liver Transplantation Involves Peribiliary Vascular Plexus and Vascular Endothelial Growth Factor. Eur J Histochem (2019) 63(2):3022. doi:10.4081/ejh.2019.3022
 21. Demetris, AJ, Lunz, JG, Specht, S, and Nozaki, I. Biliary Wound Healing, Ductular Reactions, and IL-6/gp130 Signaling in the Development of Liver Disease. World J Gastroenterol (2006) 12(22):3512–22. doi:10.3748/wjg.v12.i22.3512
 22. Lamireau, T, Zoltowska, M, Levy, E, Yousef, I, Rosenbaum, J, Tuchweber, B, et al. Effects of Bile Acids on Biliary Epithelial Cells: Proliferation, Cytotoxicity, and Cytokine Secretion. Life Sci (2003) 72(12):1401–11. doi:10.1016/s0024-3205(02)02408-6
 23. Wang, S-Y, Tang, H-M, Chen, G-Q, Xu, J-M, Zhong, L, Wang, Z-W, et al. Effect of Ursodeoxycholic Acid Administration after Liver Transplantation on Serum Liver Tests and Biliary Complications: a Randomized Clinical Trial. Digestion (2012) 86(3):208–17. doi:10.1159/000339711
 24. Sato, K, Marzioni, M, Meng, F, Francis, H, Glaser, S, and Alpini, G. Ductular Reaction in Liver Diseases: Pathological Mechanisms and Translational Significances. Hepatology (2019) 69(1):420–30. doi:10.1002/hep.30150
 25. Op den Dries, S, Karimian, N, Westerkamp, AC, Sutton, ME, Kuipers, M, Wiersema-Buist, J, et al. Normothermic Machine Perfusion Reduces Bile Duct Injury and Improves Biliary Epithelial Function in Rat Donor Livers. Liver Transpl (2016) 22(7):994–1005. doi:10.1002/lt.24436
 26. Westerkamp, AC, Mahboub, P, Meyer, SL, Hottenrott, M, Ottens, PJ, Wiersema-Buist, J, et al. End-ischemic Machine Perfusion Reduces Bile Duct Injury in Donation after Circulatory Death Rat Donor Livers Independent of the Machine Perfusion Temperature. Liver Transpl (2015) 21(10):1300–11. doi:10.1002/lt.24200
 27. Boehnert, MU, Yeung, JC, Bazerbachi, F, Knaak, JM, Selzner, N, McGilvray, ID, et al. Normothermic AcellularEx VivoLiver Perfusion Reduces Liver and Bile Duct Injury of Pig Livers Retrieved after Cardiac Death. Am J Transpl (2013) 13(6):1441–9. doi:10.1111/ajt.12224
 28. Liu, Q, Nassar, A, Farias, K, Buccini, L, Baldwin, W, Mangino, M, et al. Sanguineous Normothermic Machine Perfusion Improves Hemodynamics and Biliary Epithelial Regeneration in Donation after Cardiac Death Porcine Livers. Liver Transpl (2014) 20(8):987–99. doi:10.1002/lt.23906
 29. Mergental, H, Perera, MTPR, Laing, RW, Muiesan, P, Isaac, JR, Smith, A, et al. Transplantation of Declined Liver Allografts Following Normothermic Ex-Situ Evaluation. Am J Transpl (2016) 16(11):3235–45. doi:10.1111/ajt.13875
 30. Nasralla, D, Coussios, CC, Coussios, CC, Mergental, H, Akhtar, MZ, Butler, AJ, et al. A Randomized Trial of Normothermic Preservation in Liver Transplantation. Nature (2018) 557(7703):50–6. doi:10.1038/s41586-018-0047-9
 31. Markmann, JF, Abouljoud, MS, Ghobrial, RM, Bhati, CS, Pelletier, SJ, Lu, AD, et al. Impact of Portable Normothermic Blood-Based Machine Perfusion on Outcomes of Liver Transplant: The OCS Liver PROTECT Randomized Clinical Trial. JAMA Surg (2022) 157:189. doi:10.1001/jamasurg.2021.6781
 32. Hansen, T, Hollemann, D, Pitton, MB, Heise, M, Hoppe-Lotichius, M, Schuchmann, M, et al. Histological Examination and Evaluation of Donor Bile Ducts Received during Orthotopic Liver Transplantation-A Morphological Clue to Ischemic-type Biliary Lesion?Virchows Arch (2012) 461(1):41–8. doi:10.1007/s00428-012-1245-8
 33. Matton, APM, de Vries, Y, Burlage, LC, van Rijn, R, Fujiyoshi, M, de Meijer, VE, et al. Biliary Bicarbonate, pH, and Glucose Are Suitable Biomarkers of Biliary Viability during Ex Situ Normothermic Machine Perfusion of Human Donor Livers. Transplantation (2019) 103(7):1405–13. doi:10.1097/tp.0000000000002500
 34. Kesseli, SJ, Gloria, JN, Abraham, N, Halpern, SE, Cywinska, GN, Zhang, M, et al. Point‐of‐Care Assessment of DCD Livers during Normothermic Machine Perfusion in a Nonhuman Primate Model. Hepatol Commun (2021) 5(9):1527–42. doi:10.1002/hep4.1734
 35. Linares-Cervantes, I, Echeverri, J, Cleland, S, Kaths, JM, Rosales, R, Goto, T, et al. Predictor Parameters of Liver Viability during Porcine Normothermic Ex Situ Liver Perfusion in a Model of Liver Transplantation with Marginal Grafts. Am J Transpl (2019) 19(11):2991–3005. doi:10.1111/ajt.15395
 36. Eshmuminov, D, Schuler, MJ, Becker, D, Bautista Borrego, L, Mueller, M, Hagedorn, C, et al. Bile Formation in Long-Term Ex Situ Perfused Livers. Surgery (2021) 169(4):894–902. doi:10.1016/j.surg.2020.11.042
 37. Watson, CJE, Kosmoliaptsis, V, Pley, C, Randle, L, Fear, C, Crick, K, et al. Observations on the Ex Situ Perfusion of Livers for Transplantation. Am J Transpl (2018) 18(8):2005–20. doi:10.1111/ajt.14687
 38. van Leeuwen, OB, de Vries, Y, Fujiyoshi, M, Nijsten, MWN, Ubbink, R, Pelgrim, GJ, et al. Transplantation of High-Risk Donor Livers after Ex Situ Resuscitation and Assessment Using Combined Hypo- and Normothermic Machine Perfusion. Ann Surg (2019) 270(5):906–14. doi:10.1097/sla.0000000000003540
 39. Gaurav, R, Atulugama, N, Swift, L, Butler, AJ, Upponi, S, Brais, R, et al. Bile Biochemistry Following Liver Reperfusion in the Recipient and its Association with Cholangiopathy. Liver Transpl (2020) 26(8):1000–9. doi:10.1002/lt.25738
 40. van Leeuwen, OB, van Reeven, M, van der Helm, D, IJzermans, JNM, de Meijer, VE, van den Berg, AP, et al. Donor Hepatectomy Time Influences Ischemia-Reperfusion Injury of the Biliary Tree in Donation after Circulatory Death Liver Transplantation. Surgery (2020) 168(1):160–6. doi:10.1016/j.surg.2020.02.005
 41. Cardini, B, Oberhuber, R, Fodor, M, Hautz, T, Margreiter, C, Resch, T, et al. Clinical Implementation of Prolonged Liver Preservation and Monitoring through Normothermic Machine Perfusion in Liver Transplantation. Transplantation (2020) 104(9):1917–28. doi:10.1097/tp.0000000000003296
 42. Ghinolfi, D, Rreka, E, De Tata, V, Franzini, M, Pezzati, D, Fierabracci, V, et al. Pilot, Open, Randomized, Prospective Trial for Normothermic Machine Perfusion Evaluation in Liver Transplantation from Older Donors. Liver Transpl (2019) 25(3):436–49. doi:10.1002/lt.25362
 43. Weissenbacher, A, Bogensperger, C, Oberhuber, R, Meszaros, A, Gasteiger, S, Ulmer, H, et al. Perfusate Enzymes and Platelets Indicate Early Allograft Dysfunction after Transplantation of Normothermically Preserved Livers. Transplantation (2021) 106:792. doi:10.1097/TP.0000000000003857
 44. Verhoeven, CJ, Farid, WRR, de Ruiter, PE, Hansen, BE, Roest, HP, de Jonge, J, et al. MicroRNA Profiles in Graft Preservation Solution Are Predictive of Ischemic-type Biliary Lesions after Liver Transplantation. J Hepatol (2013) 59(6):1231–8. doi:10.1016/j.jhep.2013.07.034
 45. Matton, APM, Selten, JW, Roest, HP, de Jonge, J, IJzermans, JNM, de Meijer, VE, et al. Cell-free microRNAs as Early Predictors of Graft Viability during Ex Vivo Normothermic Machine Perfusion of Human Donor Livers. Clin Transpl (2020) 34(3):e13790. doi:10.1111/ctr.13790
 46. Liu, Q, Nassar, A, Buccini, L, Iuppa, G, Soliman, B, Pezzati, D, et al. Lipid Metabolism and Functional Assessment of Discarded Human Livers with Steatosis Undergoing 24 Hours of Normothermic Machine Perfusion. Liver Transpl (2018) 24(2):233–45. doi:10.1002/lt.24972
 47. de Jong, IEM, Matton, APM, van Praagh, JB, van Haaften, WT, Wiersema‐Buist, J, van Wijk, LA, et al. Peribiliary Glands Are Key in Regeneration of the Human Biliary Epithelium after Severe Bile Duct Injury. Hepatology (2019) 69(4):1719–34. doi:10.1002/hep.30365
 48. Goldaracena, N, Echeverri, J, Spetzler, VN, Kaths, JM, Barbas, AS, Louis, KS, et al. Anti-inflammatory Signaling during Ex Vivo Liver Perfusion Improves the Preservation of Pig Liver Grafts before Transplantation. Liver Transpl (2016) 22(11):1573–83. doi:10.1002/lt.24603
 49. Boteon, YL, Attard, J, Boteon, APCS, Wallace, L, Reynolds, G, Hubscher, S, et al. Manipulation of Lipid Metabolism during Normothermic Machine Perfusion: Effect of Defatting Therapies on Donor Liver Functional Recovery. Liver Transpl (2019) 25(7):1007–22. doi:10.1002/lt.25439
 50. Tian, X, Cao, H, Wu, L, Zheng, W, Yuan, M, Li, X, et al. Heme Oxygenase-1-Modified Bone Marrow Mesenchymal Stem Cells Combined with Normothermic Machine Perfusion Repairs Bile Duct Injury in a Rat Model of DCD Liver Transplantation via Activation of Peribiliary Glands through the Wnt Pathway. Stem Cell Int (2021) 2021:9935370. doi:10.1155/2021/9935370
 51. Haque, O, Raigani, S, Rosales, I, Carroll, C, Coe, TM, Baptista, S, et al. Thrombolytic Therapy during Ex-Vivo Normothermic Machine Perfusion of Human Livers Reduces Peribiliary Vascular Plexus Injury. Front Surg (2021) 8:644859. doi:10.3389/fsurg.2021.644859
 52. Sampaziotis, F, Muraro, D, Tysoe, OC, Sawiak, S, Beach, TE, Godfrey, EM, et al. Cholangiocyte Organoids Can Repair Bile Ducts after Transplantation in the Human Liver. Science (2021) 371(6531):839–46. doi:10.1126/science.aaz6964
Conflict of Interest: The 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.
Copyright © 2022 Dingfelder, Rauter, Berlakovich and Kollmann. 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/ti-35-10398-t004.jpg
Author

Goldaracena
ot al. (48)

Boteon
et al. (49)

Tian et al. (50)

Haque et al. (51)

Sampaziotis
et al. (52)

Design

Porcine transplantation model: 4 h of SNMP of 5.
livers with anti-inflammatory and endothelial-
protective agents vs. 4 h of NMP of 5 livers vs.
6hof SCS

3-day follow-up

No systematic histological scoring

6 h of NMP with vs. without a combination of
drugs that enhance lipid metabolism

5 livers per group

No BD biopsies collected

DCD rat livers with WIT = 30min received
BMMSCs, HO-1/BMMSCs, or neither during 4 h
of NMP; Transplant model

7 days postoperative folow-up

No systematic histological scoring

12 h NMP of discarded DCD fivers: 3 with tPA in
HAat t = 0.5 h compared with 7 controls; 2 split
grafts with 1 lobe tPA and 1 lobe control
Cholangiocyte organcids appiied in mouse

model and during human NMP

No BD biopsies collected

Aim

Improvement of NMP by applying strategies to
reduce the activation of proinflammatory
cascades

Efficacy of lipid metabolism enhancement during
NMP on defatting and improvement of functional
recovery

Investigate the repair effect of HO-1/BMMSCs
applied during NMP on biliary injury in & DCD rat
transplantation model; Investigation of the
underlying mechanisms

Reconditioning of discarded DCD livers with tPA
during NMP

Investigate the feasibiity of human cholangiocyte
organoids for regenerative therapy during NMP

Major findings

Serum ALP and total bilirubin levels were lower,
with significantly lower biirubin

Treatment group: Higher bile production and
higher pHye in defatted livers

Down-regulation of oxidative stress markers,
immune cell activation, and release of
inflammatory cytokines

Reduction in tissue triglycerides (38%) and
macro-vesicular steatosis (40%)

In the HO-1 group liver function and bille duct
histology was improved; cell apoptosis was
reduced; defective epithelium was restored
through a large number of regenerative cels;
Repair effect was inhibited through inhibition of
Wat signaling

Lower PVP and mural stroma injury score (0.67
and 1.3 vs. 2.0 and 2.7) using the Hansen et al.
and op den Dries et al. histological scoring
systems

Cholangiocytes of human organoids can adapt
to celular environment, extrahepatic bile duct
derived cells were able to repair intrahepatic bile
duct injury

Orgarnoid-injected livers produced bile with
higher pH and volume

ALP, alkaline phosphatase; ALT, alanine-aminotransterase; AST, aspartate-aminotransferase; BD, bile duct; BMMSC, bone marow mesenchymal stem cel; DCD, donation after
circulatory death, GGT, y-glutamyltransferase; HA, hepatic artery; HO-1, heme oxygenase-1; NIMP, normothermic machine perfusion; PVP, perivascular plexus; SNMP, subnormothermic
machine perfusion: tPA, ticsue plasminogen activator: WIT, warm ischernic time.





OPS/images/ti-35-10398-t002.jpg
Eshmuminov
et al. (36)

Watson et al. (37)

De Vries (14)

Van Leeuwen

et al. (38)

Matton et al. (33)

Ghinolfi et al. (42)

Cardini et al. (41)

Weissenbacher
etal. (43)

Van Leeuwen
etal. (40)

Gaurav et al. (39)

livers with 45 min WIT

No follow-up

7-day NMP of 23 porcine livers
with subsequent transplantation
3 h follow-up 7-day NMP of 12
human livers

NMP of 47 livers (12 DBD, 35 DCD)
22 transplanted after evaluation
Median follow-up 20 months (IQR:
8.4-24.7)

DHOPE-COR-NMP

7 primarily deciined DCD livers, 5
transplanted after viabilty testing
Median folow-up 6.5 months (IQR:
5-10)

DHOPE-COR-NMP of 16 DCD
livers, 11 transplanted

Median follow-up 12 months (IQR:
8-22)

6 of NMP of 23 (18 DCD, 5 DBD)
preclinical livers to identify cut-off
values; 6 h NMP of 6 livers in
ciinical trial to validate cut-off
values, 4 transplanted after
evaluation

Median folow-up 8.3 months (IQR:
7.6-10.1)

LT of older grafts (70 years)
randormized

10 NMP vs. 10 SCS

Follow-up 6 months

NMP of ECD organs: 34 livers
perfused; 9 livers discarded ater
evaluation during NMP

Mean follow-up 20 months (SD:
+59)

Transplantation after viabiity
assessment of 45 livers out of
55 NMP.

Follow-up 3 months

27 bile duct biopsies + bile
samples of DCD livers during NMP

Retrospective analysis of 273 DCD
transplantations with ITBL
development within 2 years as an
endpoint

Bile samples of 100 vers (35 DCD,
65 DBD) after reperfusion, 12
cases of ITBL (5 clinically relevant)
over a median follow-up period of
15 months (IQR: 11-20)

DCD livers with short and long
periods of WIT

ALT, ALP

No BD biopsies collected

Preclinical human studies

Bile flow after stimulation as a
viability criterion in long term NMP

B/p glucose ratio

No systematic BD histology

Human studies with transplanted livers

Sequential hypothermic and
normothermic perfusion, 3-months
gratt survival after viabilty testing,
and transplantation of marginal
livers that were primarily deciined
Sequential hypothermic and
normothermic perfusion as a toolto
resuscitate and assess marginal
grafts that were initially declined

Define the diagnostic accuracy of
bile biochemistry for the
assessment of BDI

Role of NMP in graft and patient
sunvival of recipients receiving
grafts from octogenarian donors

Introduce NMP into clinical
practice, avoid nighttime
transplantations, assessment of
ECD lvers

Value of biomarkers that are
measured repeatedly as predictors
for early graft function

Influence of donor hepatectomy
time on bile duct injury i histology,
bile compostion, and development
of IMBL

Retrospective analysis of bile
samples after reperfusion

PHue, bifary glucose,
difference in glucose and pH in
perfusate and bile (<10 mmol/L
suggested relevant injury),
proposed glucose challenge
Histology scoring by Hansen et al

PHoie

Blle duct biopsies were only
obtained from the two discarded
livers

No systematic BD histology
PHyie > 7.45

Histology scoring by Op den
Dries et al

PHee > 7.48
b/p glucose ratio <0.67
bicarbonate content in bile

>18 mmolL

Histology scoring adapted from
op den Dries et al. (0-7)

PHuse, glucose, bicarbonate,
sodium

Histology scoring by op den Dries
etal

Bile production and pHye Were
assessed, but no cut-off values
were specified

No BD biopsies collected

Blle production was a mandatory
criterion for DCD livers; Biiary
parameters (pH, bicarbonate,
glucose, and lactate) were only
assessed during 15 perfusions
No BD biopsies collected

Blliary bicarbonate, pH, and b/p
glucose ratio

Histology scoring

Blood-bile glucose difference,
biliary sodium, pHeze

Ble duct damage categorized
into two groups (none to mild,
moderate to severe) based on
stromal necrosis

ITBL was diagnosed by MRCP, in
patients that showed increasing
alkaline phosphatase or ciinical
symptoms

cholangiopathies

All WIT 45 livers were nonviable and
showed severe injury in the biopsies
that progressed over time, GGT but
not lactate discriminated between
viable and nonviable ivers

8 human livers were viable after 7-day
NMP; tazobac/methylprednisolone
induce bile salt independent bile flow
UDCA is an adequate bile flow
inductor; absence of bile flow despite
stimulation is indicative of poor
performance

Mean b/p giucose ratio in viable livers
was <0.5 during all perfusions

Retrospect: Peak pHys < 7.5
identified three livers that later
developed ITBL; peak pHoie < 7.5
discriminated between ivers with a
high grade of circumferential stromal
necrosis of septal bile ducts and livers
without

PHoise > 7.45 after 150 min of
perfusion used for the decision to
transplant after NMP

11MBL
Difference between bile and perfusate
pH, bicarbonate, and glucose are
more predictive of bile duct viability
than absolute values

Retrospect BDI score cut-off defined
as 4.75

Biliary LDH <3689 U/

Bicarbonate in bile has highest PPV +
NPV in discriminating between low
and high BDI

NMP group showed reduced biliary
injury in histological analysis; Not
enough power for differences
regarding graft- and patient survival
between NMP and SCS

NMP feasible for clinical practice,
logistic improvements compared to
SCS, graft evaluation possible but not
yet sufficient

No cases of ITBL

Bile parameters did not correlate with
the occurrence of EAD or with liver
function scores

1 case of ITBL

Donor hepatectomy time 50 min as
cut-off showed 17% of high BDI with
<50 min and 64% high BDI with
250 min hepatectomy time

Livers with a shorter hepatectomy
time and low BDI had more alkalotic
bile and higher bicarbonate, b/ ratio
of glucose did not differ significantly
between livers with longer and shorter
hepatectomy time

Blood-bile glucose difference of
<6.5 mmol/L showed an 83%
sensitivity and 62% specificity of
predicting cholangiopathy

No correlation between bile chemistry
and degree of bile duct damage

Sample numbers were underpowered
to show suble differences

ALP, akaine phosphatase; ALT, alanine-aminotransferase; B, bile duct; BDI, bile duct injury; b/p ratio, bile/perfusate ratio; COR, controlled oxygenated rewarming; DBD, donation after
brainstem death; DCD, donation after circulatory death; DHOPE, dual hypothermic oxygenated reperfusion; ECD, extended criteria donor; FMN, flavin mononucieotide; GGT, y-glutamyl
transferase; ITBL, ischemic tye billary lesion; IQR, inter quartie range; LDH, lactate dehydrogenase; LT, liver transplantation; MRCP, Magnetic resonance cholangiopancreatography;
NIMP, normothermic machine perfusion; NPV, negative predictive value; PNF, primary non-function; POC, point of care: PPV, positive predictive value; WIT, warm ischemic time.





OPS/images/ti-35-10398-t003.jpg
Author

Verhoeven
et al. (44)

Matton
et al. (45)

Liu et al. (46)

De Jong

et al. (47)

Franchitto
et al. (20)

Design

Graft preservation solutions of
20 grats that developed ITBL
compared with 37 that did not

NMP (6 h) of 12 declined human
liver grafts

24 h of NMP of 10 discarded
livers after 4-6 h of SCS

Ex vivo model of bile duct
biopsies from discarded donor
livers

Retrospective analysis of 62 bile
duct biopsies from transplanted
patients compared to 10 control
ducts

Aim

Assessment of mIRNA composition and ratio at

preservation is predictive of later TBL

development (defined as symptomatic and

need of intervention, confirmed by
cholangiopancreaticography)

Assessment of miRNAs in perfusate + bile of

NMP lver grafts

Characterization of pid profile and assessment
of graft function in steatotic discarded livers

PBG role in recovery of bile ducts post-ischemia

Investigation of PBG phenotype, integrty of

PVP, and expression of VEGF-A by PBG

Biomarkers

CDMRNA-30e
CDMRNA-222
CDMRNA-296
HDMIRNA-122
HDMIRNA-148a

No report on systematic BD
histology, ITBL assessed in
liver wedge biopsies
CDMRNA-222
HDMIRNA-122 and ratio

No report on systematic BD
histology

Be: volume, LDH, GGT,
bicarbonate

1-67

Scoring systems by Hansen
etal. + op den Dries et al
HIF1-a

VEGF

Glut-1

Ki-67 (proliferation)

CK19 (cholangiocytes)
Sox9 (endoderm progenitor)
Nanog (undifferentiated
Stem cells)

CFTR (mature
cholangiocytes)

VEGF-A

VEGF-R2

HF

Histological scoring system
by Hansen et al. and op den
Dries et al

Major findings

HDMIRNAS/CDMIRNAS significantly
higher in grafts that developed ITBL

CDmIRNA-222 in perfusate + bile
correlated with cholangiocelular injury
reflected by LDH in bile and
cholangiocellular function reflected by
bilirubin in bile

Ki-67 staining increased in bile duct
biopsies at the end of NMP indicating
cholangiocyte and PBG regeneration

Stem cells out of PBG can proiferate
and transform to mature
cholangiocytes atter biliry injury

PBG in transplanted ducts contain
more progenitor cells, express more
VEGF-A and VEGF-R2

BD, bie duct; CD, cholangiocyte derived; GGT, y-glutamy! transferase; HD, hepatocyte derived; HIF, hypoxia inducible factor; ITBL, ischemic type billary lesions; LDH, lactate

dehydrogenase: miRNA, microRNA, NMP, normothermic machine perfusion; PBG, peribiliary glands; PVP, perivascular plexus;

/EGF, vascular endothelial growth factor.





OPS/xhtml/nav.xhtml
Contents

		Cover

		Biliary Viability Assessment and Treatment Options of Biliary Injury During Normothermic Liver Perfusion—A Systematic Review		Introduction

		Ischemia-Reperfusion and Biliary Injury

		Impact of NMP on Biliary Injury

		Histological Scoring of Biliary Injury in Liver Transplantation

		Biliary Assessment During NMP

		Novel Biliary Biomarkers

		Therapeutic Approaches During NMP to Improve Biliary Injury

		Summary

		Author Contributions

		References









OPS/images/cover.jpg
( ESOT

é Transplant
International

Biliary Viability Assessment and
Treatment Options of Biliary
Injury During Normothermic Liver
Perfusion—A Systematic Review





OPS/images/ti-35-10398-g001.gif





OPS/images/ti-35-10398-t001.jpg
Author

Op den Dries
et al. (25)

Westerkamp
et al. (26)

Boehnert
et al. (27)

Liv et al. (28)

Mergental
et al. (16)

Nasralla
et al. (30)

Markmann
et al. (31)

MP

Normothermic

Hypothermic
Subnormothermic
Controlled
oxygenated
rewarming

Normothermic
acellular

Normothermic

Normothermic

Normothermic
vs. SC8

Normothermic
vs. SCS

Design

Aim

Preclinical animal models

Rat model

3 h preservation of 38 livers in 4
groups: non-DCD + NMP vs. non-
DCD + SCS vs. DCD + NMP vs. DCD +
SCS each folowed by 2 h of ex-stu
reperfusion

No report on systematic BD histology
Rat model

30 DOD livers in 4 groups

6 h of SCS (Ctrl) plus either 1 h of
HOPE, SNP, or COR; followed by 2 h
of ex-situ reperfusion

Scoring system by op den Dries et al
Porcine modet: 6 vers with 60 min WIT +
4hSCS +8h NMP vs. 6 ivers with
60 min WIT +12 h SCS vs. 60 min WIT +
4 SCS; al with 12 h of whole blood
reperfusion No report on systematic BD
histology

Porcine model

10 of NMP of 5 DCD livers (60 min
WIT) vs. 5 SCS livers, 24 h reperfusion
with whole blood

Scoring systems by Hansen et al. + op
den Dries et al

Impact of MP on bile duct
preservation in DCD and non-DCD
rat livers

Impact of machine perfusion on bile
duct injury comparing different
perfusion temperatures

Effects of NMP in porcine model of
combined warm and cold ischemic
injury with transplantation simulation

Impact of NMP on post-reperfusion
outcomes in a transplant simulation
model with DCD porcine livers

Human trials

Transplantation of 22 livers (12 DBD,
10 DCD) after NMP of 31 (17 DBD, 14
DCD) primarily discarded livers

compared with control group (1 = 44)
Median follow-up 542 days (456-641)
No report on systematic BD histology

Feasibiity of NMP as a method to
push the boundaries to safe
transplantation of highest risk
organs

Randomized controlled trials

Human RCT
121 NMP livers vs. 101 SCS
Follow-up 12 months

No analysis of collected BD biopsies

Human RCT
153 NMP livers vs. 147 SCS
Follow-up 12 months

No report on systematic BD histology

Effects of NMP in ciiical practice
compared to standard
procedure (SCS)

Effects of NMP in clinical practice
compared to standard
procedure (SCS)

Major findings

GGT + LDH in bile were lower in NMP group:
bicarbonate in bile and pHye higher in NMP

group; ultrastructural changes most prominent
in SCS-preserved DCD livers after reperfusion

Machine perfusion groups showed lower levels
of transaminases + LDH; higher mitochondrial
actity; better billary function: bile production,
bicarbonate secretion, pHae: lower levels of
biary injury markers: GGTyse + LDHye; andless
biliary epithelial injury in histological analysis
Reduced histologic bifary injury, reduced LDH in
bile of the NMP group; higher bilirubin,
phospholipids, and bile acids in bile of the NMP
group

Blliary LDH and GGT higher in SCS; bicarbonate
content in bile lower in SCS.

Ki67 absent, and von Willebrand factor higher in
SCS, indicating reduced biliary regeneration and
increased platelet activation in SCS fiver
perivascular plexus

Similar graft and patient survival, higher
incidence of EAD in NMP group, higher
incidence of ITBL in NMP group (18% vs. 2%)
but only the NMP group received routine
magnetic resonance cholangiopancreatography
imaging; Incidence of ITBL diagnosed by MRCP +
dinical symptoms

NMP group showed
50% lower gratt injury (iransaminases, p< 0.001)
50% lower organ discard rate (11.7% vs.
24.1%, p = 0.008), resulting in 20% increase in
transplanted livers

Reduction in bile duct complications statisticall
non-significant (11.1% in NMP DCD vs. 26.3%
in SCS DCD on radiological imaging, p = 0.18)
1 case of cinically relevant ITBL in each arm
Significant reduction of: EAD (18% vs. 31%, p =
0.01); histopathologic evidence of IRI after
reperfusion (6% vs. 13%, p = 0.004); Incidence
of ischernic bilary compiications after 6 months
(1.3% vs. 8.5%, p = 0.02) and 12 months (2.6%
V5. 9.9%, p = 0.02); Higher use of initally
‘accepted DCD livers (51% s. 26%, p = 0.007)

BD, bie duct; COR, controlled oxygenated rewarming; DBD, donation after brain death; DCD, donation after circulatory death; EAD, early allograft dysfunction; GGT, y-glutamyl
transferase; HOPE, hypothermic oxygenated machine perfusion; IRY, ischemic reperfusion injury; ITBL, ischemic type biliry lesions; LDH, lactate dehydrogenase; NMP, normothermic
machine perfusion: BCT. randomized control triak: SCS, siatic cold storage; SEC. sihusoidal endothelial calle: WIT, warm ichenic tine.
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