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Hemodynamics and Metabolic Parameters in Normothermic Kidney Preservation Are Linked With Donor Factors, Perfusate Cells, and Cytokines
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Kidney transplantation is the best renal-replacement option for most patients with end-stage renal disease. Normothermic machine preservation (NMP) of the kidney has been studied extensively during the last two decades and implemented in clinical trials. Biomarker research led to success in identifying molecules with diagnostic, predictive and therapeutic properties in chronic kidney disease. However, perfusate biomarkers and potential predictive mechanisms in NMP have not been identified yet. Twelve discarded human kidneys (n = 7 DBD, n = 5 DCD) underwent NMP for up to 24 h. Eight were perfused applying urine recirculation (URC), four with replacement of urine (UR) using Ringer's lactate. The aim of our study was to investigate biomarkers (NGAL, KIM-1, and L-FABP), cells and cytokines in the perfusate in context with donor characteristics, perfusate hemodynamics and metabolic parameters. Cold ischemia time did not correlate with any of the markers. Perfusates of DBD kidneys had a significantly lower number of leukocytes after 6 h of NMP compared to DCD. Arterial flow, pH, NGAL and L-FABP correlated with donor creatinine and eGFR. Arterial flow was higher in kidneys with lower perfusate lactate. Perfusate TNF-α was higher in kidneys with lower arterial flow. The cytokines IL-1β and GM-CSF decreased during 6 h of NMP. Kidneys with more urine output had lower perfusate KIM-1 levels. Median and 6-h values of lactate, arterial flow, pH, NGAL, KIM-1, and L-FABP correlated with each other indicating a 6-h period being applicable for kidney viability assessment. The study results demonstrate a comparable cytokine and cell profile in perfusates with URC and UR. In conclusion, clinically available perfusate and hemodynamic parameters correlate well with donor characteristics and measured biomarkers in a discarded human NMP model.
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INTRODUCTION

Improving the quality and duration of donor kidney preservation prior to transplant may increase utility and potentially improve outcomes. Machine perfusion is at the forefront of this field (1–4), but accurate monitoring and evaluation of the kidney is essential to optimize outcomes. Currently, no biomarkers exist that can predict the usability or quality of a kidney during perfusion. Broad hemodynamic parameters such as arterial flow during hypothermic machine perfusion (HMP) with DGF and higher levels of NGAL and/or L-FABP over time have been inversely associated with estimated glomerular filtration rate (eGFR) together with an increasing intrarenal resistance (IRR) (5). Critical criteria consisting of arterial flow, macroscopic appearance of the kidney and volume of excreted urine have been incorporated into a decision-making score during normothermic machine perfusion (NMP) (6), but clearly, a prognostic marker of post-transplant function would represent a stepwise improvement to perfusion.

The kidney is equipped with a sophisticated immune compartment, hosting a plethora of non-hematopoetic cell types and a variety of both transient and resident leukocytes (7, 8). This leukocyte population remains in a steady state until an immunological challenge occurs. In the transplant setting this consists of death in the donor, surgical intervention in the donor, preservation, and finally reperfusion in the recipient. A potent inflammatory cascade ensues involving severe cytokine activation and cellular extravasation (9–11). Given this inflammatory response is initiated in the donor and continues throughout preservation, evaluating leukocyte diapedesis and cytokine secretion may identify novel biomarkers during kidney perfusion.

On these grounds, the aim of this study was to investigate if perfusion inflammatory profiles correlate with (i) donor factors, (ii) perfusion hemodynamics, (iii) the type of volume management, applying either urine recirculation (URC) or urine replacement (UR), and (iv) biomarkers of renal injury (NGAL, KIM-1, and L-FABP) in a blood-based perfusate of long-term NMP (12, 13) of discarded human kidneys.



MATERIALS AND METHODS


Donor Factors

Human kidney grafts, deemed not transplantable by all kidney transplant centers in the United Kingdom were included in this study. All organs were retrieved for the purpose of transplantation but discarded during post-procurement assessment. Donor and retrieval characteristics, kidney function parameter, and ischemia times were collected.



NMP Perfusion

After being sent to Oxford, perfusions were performed at the Institute of Biomedical Engineering, University of Oxford. The technique of NMP using discarded human kidneys was reported previously (12, 13). Briefly, hemodynamic (arterial blood flow, mean arterial pressure and IRR) and biochemical perfusion parameters were recorded. Perfusate samples were collected and processed by centrifugation at 4,000 rpm for 15 min at 4°C. The supernatant was aliquoted, snap-frozen and stored at −80°C. The study was evaluated and approved by the National Ethics Review Committee of the United Kingdom (REC reference 12/EE/0273 IRAS project ID 106793).



Volume Management

Continuous urine recirculation or urine replacement with Ringer's lactate was applied as reported previously (13, 14). Ringer's lactate was infused to replace the excreted urine as a 1:1 volume replenishment in 20 mL intervals (14). The pH was adjusted through titration with sodium bicarbonate 8.4% (5–15 mL) to the physiological level of 7.3 before kidney NMP was started. No additional sodium bicarbonate was given at any point during perfusion after kidney connection.



Biomarkers of Renal Injury

Neutrophil gelatinase-associated lipocalin (NGAL), kidney injury molecule-1 (KIM-1), and liver fatty acid-binding protein (L-FABP) levels in the perfusate samples were measured. Neutrophil gelatinase-associated lipocalin (NGAL), kidney injury molecule-1 (KIM-1), and liver-type fatty acid-binding protein (L-FABP) levels in the perfusate samples were measured by a quantitative sandwich enzyme immunoassay technique using NGAL and KIM-1 Quantikine ELISA kits (R&D systems, USA) and Human FABP1/L-FABP ELISA Kit (CMIC Co., Ltd., supplied by R&D systems) according to manufacturers' instructions (12).



Inflammatory Profiling


Luminex® Analysis

A commercially available human 13-plex magnetic bead panel (Merck Millipore, Billerica, Massachusetts, USA) was used, following the manufacturer's protocol. The plate was read using a Bio-Plex 200 system (Bio Rad, Hertfordshire, United Kingdom). Thirteen cytokines and chemokines were assessed: Interferon (IFN)-γ, Interleukin (IL)-1α, IL-1β, IL-1RA, IL-2, IL-4, IL-6, IL-8, IL-10, IL-12p40, IL-12p70, granulocyte macrophage colony-stimulating factor (GM-CSF), and tumor necrosis factor (TNF)-α (12).



Flow Cytometry

Samples of perfusate (4 ml) were collected into EDTA vacutainers, 0.4 ml dimethyl sulfoxide (DMSO) was added and well-mixed; 2 ml of this solution was then transferred into a cryogenic storage vial, moved to a CoolCell® Cell Freezing Container and stored in a −80°C freezer. Immunophenotyping of the human perfusate samples was performed on a BD LSR II flow cytometer (Becton Dickinson, Oxford, United Kingdom). Leukocytes were identified and gated as CD45+ and their viability assessed using an eFluor™ 506 viability dye (eBioscience, California, USA). Following this, a panel of antibodies was utilized to characterize T helper cells (CD3ε+CD4α+), cytotoxic T cells (CD3ε+CD8α+), double-positive T cells (CD3ε+CD4α+CD8α+), double-negative T cells (CD3ε+CD4α-CD8α-), γδ T cells (γδ+), B cells (CD3ε-CD21+), classical monocytes (CD14+CD163-), non-classical monocytes (CD14+CD163+), immature neutrophils (6D10+2B2-), mature neutrophils (6D10+2B2+), mature eosinophils/basophils (6D10-2B2+), and natural killer cells (CD335+). Cells were treated with red blood cell lysing solution (BD Biosciences, United Kingdom), washed, and resuspended in 0.3 ml of staining buffer. A 20 ml quantity of e123count beads (eBioscience, California, USA) was added and samples were analyzed for 3 min. All gating strategies and analysis were performed using FlowJo version 10.0.6 (12).




Data Analysis

The statistical testing was done with Graph Pad Prism 7 and IBM® SPSS® Statistics Version 25. A p-value of <0.05 was considered as statistically significant. Biomarker, Luminex® and flow results, donor and perfusion factors were analyzed using parametric and non-parametric tests, including Spearman rank correlation. The Bonferroni method was applied to correct for multiple testing in the correlation analyses.




RESULTS

Twelve discarded human kidneys, seven from donors after brain death (DBD) and five from donors after circulatory death (DCD), were perfused for a median (min-max) of 12.8 (6.1–24.1) h. Volume management was facilitated by replacement of the urine (UR) with Ringer's lactate in four (4/12, 33.3%) NMP kidneys, and urine recirculation (URC) was applied in eight (8/12, 66.7%) kidney perfusions.

Table 1A illustrates the demographics for perfused DBD and DCD kidneys including donor risk indices. The median (min-max) UK kidney donor risk index [UKKDRI, (16)] was 1.9 (1.1–2.87); only three kidneys had a UKKDRI < 1.35 (Table 1). Median (min-max) CIT was 20.5 (12.7–46.9) h, median (min-max) WIT was 12 (9–15) min for DCD kidneys. DBD kidneys experienced a shorter median (IQR) CIT with 17.5 (5.9) h compared to 22 (24.1) h in DCD kidneys, p = 0.05. Median (min-max) donor urine output prior to retrieval was 60 (10–350) ml/h. Median (min-max) donor serum creatinine and eGFR at the time point of retrieval were 64.5 (32–208) μmol/l and 81 (29–247) ml/min/1.73 m2.


Table 1A. Organ donor characteristics, procurement parameters, and reasons for discard of kidneys.
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The median (min-max, IQR) duration of NMP was 12.8 (6.1–24.1, 17.2) h. The median (min-max) hourly urine output during NMP was 54.4 (1.7–471.9) ml/h and the median arterial flow was 370.8 (100–787) ml/min. The median (min-max) perfusate lactate during NMP was 12.8 (4.4–20) mmol/l and the median (min-max) perfusate pH throughout the preservation period was 7.36 (7.16–7.62). A significantly longer NMP period could be achieved in kidneys with URC (n = 3 URC kidneys 12 h, n = 1 URC kidney 18 h, n = 4 URC kidneys 24 h); median (IQR) NMP time of 21 (11.4) hours with URC vs. 7.2 (3) hours with UR (n = 2 UR kidneys 6 h, n = 1 UR kidney 8 h, n = 1 UR kidney 9 h), p = 0.01.

To compare similar adequate time points between URC and UR kidneys, the time interval for perfusate analyses was the start of NMP until hour 6 of NMP as all of the perfused kidneys reached at least 6 h of NMP. Table 1B summarizes the hemodynamic and metabolic function parameters for the individual kidneys. A total of 135 perfusate samples were analyzed; 45 per assessment of NGAL/KIM-1/L-FABP, cytokines, and cells.


Table 1B. Hemodynamic and metabolic function parameters.
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Table 2 shows the first and the 6-h measurements, as well as the Δvalues for NGAL, KIM-1, and L-FABP in absolute numbers. Table 3A displays the flow cytometry analyses results for all (n = 12) perfused NMP kidneys for time points 30 min, hours 1 and 6 after NMP-start. There were significantly more T-cells, CD4+ and NKT-cells in the perfusate after 6 h of NMP compared to 30 min after NMP-start. The content of monocytes, the intermediate type, was also significantly higher at hour 6 compared to the early measurements after initiation of NMP (Table 3A). Perfusate volume in NMP-kidneys was either managed with URC (n = 8) or UR (n = 4); we compared the potential efflux of cells between these two groups, shown in Table 3B. In regards to cell type and number of cells in the perfusate, there were no significant differences detectable between URC and UR kidneys throughout 6 h of NMP. Supplementary Table 1A displays cells in the perfusate of URC kidneys up to 24 h. To visualize changes of the cell count in the perfusate over time, a heatmap comprising all 12 NMP kidneys is pictured in Figure 1A; the changes of the number of cells in perfusates of kidneys undergoing different volume management (URC or UR) are depicted in Figure 1B.


Table 2. Observed perfusate biomarker concentrations.
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Table 3A. Flow cytometry results* of n = 12 NMP kidneys.
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Table 3B. Flow cytometry results* stratified for urine recirculation and urine replacement.
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FIGURE 1. (A) Heatmap visualizing results of flow cytometry analyses (cells/ml perfusate, 500 ml overall volume) of n = 12 NMP kidneys; time points investigated: 30 min, 1 and 6 h after NMP start. Median of cell count per measured entity per time point is displayed. (B) Heatmap visualizing results of flow cytometry analyses (cells/ml perfusate, 500 ml overall volume) stratified for urine recirculation (URC) and urine replacement (UR) kidneys; time points investigated: 30 min, 1 and 6 h after NMP start. Median of cell count per measured entity per time point is displayed.


Table 4A shows the cytokine concentration measured in the perfusate after 1 and 6 h of NMP in the overall investigated cohort of 12 kidneys. Interleukin 8 was the only cytokine which increased significantly over time; p = 0.003, 95% CI of difference −21,204 to −2,633. Table 4B gives an overview of the potential effect of the type of perfusate volume management, URC or UR, on the concentration of cytokines in the perfusate. In both settings, URC and UR, IL-1ß decreased over time. There were no significant differences of ΔIL-1ß in perfusates of URC or UR kidneys between NMP-start and hour 6, p = 0.09. Supplementary Table 1B shows cytokines in the perfusate of URC kidneys up to 24 h. For visualization purposes, heatmaps for the cytokine concentration changes over time, were configured and are shown in Figures 2A,B. Figure 2A displays the development of cytokine changes over time in the overall cohort of 12 NMP kidneys, Figure 2B illustrates the stratification for URC and UR kidneys.


Table 4A. Luminex results* of n = 12 NMP kidneys.

[image: Table 4]


Table 4B. Luminex results* stratified for urine recirculation and urine replacement.
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FIGURE 2. (A) Heatmap visualizing Luminex results (pg/ml) of n = 12 NMP kidneys; time points investigated: 1 and 6 h after NMP start. Median cytokine concentration per measured entity per time point is displayed. (B) Heatmap visualizing Luminex results (pg/ml) stratified for urine recirculation (URC) and urine replacement (UR) kidneys; time points investigated: 1 and 6 h after NMP start. Median cytokine concentration per measured entity per time point is displayed.



Donor Factors in Context With Perfusate Measurements

Perfusates of DBD kidneys had a significant lower number of leukocytes (median, IQR) after 6 h of NMP compared to DCD kidneys; 99,862 (178,223) in DBD vs. 466,163 (239,703) in DCD, p = 0.02. There were less T cells (median, IQR), CD4+ and CD8+ T cells, in the perfusates of DBD kidneys after 6 h of NMP compared to DCD organs; 30,071 (22,961) in DBD vs. 102,356 (56,002) in DCD, p = 0.01.

Donor hypertension did not correlate with any of the perfusate markers measured.

Estimated glomerular filtration rate (eGFR) of the kidney donors and their corresponding serum creatinine were related with changes of IFN-γ and IL-6 over 6 h NMP without reaching significance. Perfusate NGAL after 6 h of NMP was insignificantly higher in kidneys from a donor with higher serum creatinine at the time of retrieval.

Duration of CIT did not correlate with any of the biomarkers (NGAL, KIM-1, and L-FABP), neither with number of leukocytes nor with cytokines in the perfusate. The correlations coefficients (Spearman's rho) and associated p-values are shown in Table 5; p < 0.001 considered significant according to Bonferroni correction.


Table 5. Correlation of hemodynamic and metabolic parameters with perfusate biomarker, cells, and cytokines.
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NMP Perfusion Hemodynamics

Renal arterial flow in ml/min after 6 h of NMP correlated insignificantly with the CD8+ cell count. Overall, perfusates of kidneys with higher arterial flow had lower TNF-α levels. Kidneys from donors with higher eGFR at time of retrieval developed a significantly better arterial flow until hour 6 of NMP.

Figure 3A displays a comparison of CIT and donor characteristics stratified for median (IQR) arterial flow, 303.5 (186) ml/min at hour 6 after NMP start. There was no significant difference in duration of CIT (p = 0.7) and donor age (p = 0.8) for NMP kidneys reaching higher or lower arterial flow than the median of 303.5 ml/min. Donor eGFR (p = 0.002) was higher and donor serum creatinine lower (p = 0.002) in NMP kidneys reaching a higher arterial flow than the median.
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FIGURE 3. (A) Comparison of cold ischemia time (CIT), estimated donor glomerular filtration rate (eGFR), donor serum creatinine (crea) at time point of retrieval, and donor age (age) stratified for median arterial flow (303.5 ml/min) after 6 h of NMP start; depicted values (column) of parameters are in median and IQR. (B) Comparison of perfusate NGAL, perfusate pH, perfusate lactate at hour 6 after NMP start, hourly urine excretion, and NMP duration stratified for median arterial flow (303.5 ml/min) after 6 h of NMP start; depicted values (column) of parameters are in median and IQR. (C) Comparison of NMP duration, arterial flow at hour 6 after NMP start and perfusate lactate at hour 6 after NMP start stratified for perfusate volume management (urine recirculation URC of urine replacement UR); depicted values (column) of parameters are in median and IQR.


Arterial flow after 6 h of NMP and median arterial flow correlated inversely. Perfusate lactate measured at hour 6 after NMP start was significantly lower in NMP kidneys reaching an arterial flow higher than the median of 303.5 ml/min; p = 0.004, shown in Figure 3B. The duration of NMP had no impact on reaching higher or lower median arterial flow; p = 0.6, depicted in Figure 3B.

Perfusate pH measured at hour 6 after NMP-start correlated significantly with median pH over time. There was a trend toward a more physiological pH and lower NGAL levels of kidney perfusates with higher arterial flow after 6 h of NMP. Figure 3B displays the relation of NGAL, pH and lactate, all measured at hour 6, with arterial flow. Kidneys with arterial flows higher than the median of 303.5 ml/min had non-significantly lower NGAL-perfusate levels (p = 0.07) and a more physiological pH (p = 0.06) but significantly lower perfusate lactate levels (p = 0.004).

NMP kidneys with higher arterial flow had non-significantly higher volume of hourly urine output; p = 0.7, shown in Figure 3B. There was also a link between KIM-1 levels after 6 h of NMP and the change of KIM-1 in the perfusate within the first 6 h of NMP. The correlations coefficients (Spearman's rho) and associated p-values are shown in Table 5; p < 0.001 considered significant according to Bonferroni correction.



Volume Management

The application of URC led to significantly longer periods of NMP; p = 0.01, shown in Figure 3C. There were no other significant correlations of type of volume management, URC or UR, in regard to donor (type of donor, age, cause of death, serum creatinine, and eGFR), preservation (CIT, WIT), and hemodynamic factors (arterial flow during NMP). Perfusate lactate after 6 h of NMP was comparable between URC and UR kidneys; p = 0.6, displayed in Figure 3C.

The correlation coefficients (Spearman's rho) and associated p-values are shown in Table 5; p < 0.001 considered significant according to Bonferroni correction.



Biomarkers of Renal Injury

After application of the Bonferroni correction for multiple testing, there were no significant correlation of NGAL, KIM-1, and L-FABP with other parameters measured in the perfusate. There was a connection between NGAL levels after 6 h of NMP and the concentration of GM-CSF and its change over time, ΔGM-CSF, in the perfusate. The concentration of IL-1β was non significantly higher in perfusates with higher 6-h NGAL levels. Perfusates with higher KIM-1 levels after 6 h of NMP had a higher count of non-classical monocytes. Perfusates with higher L-FABP levels at hour 6 after NMP start had also non-significantly more macrophages in the perfusate. The correlations coefficients (Spearman's rho) and associated p-values are shown in Table 5; p < 0.001 considered significant according to Bonferroni correction.




DISCUSSION

We herein report for the first time the results of measuring several biomarkers, including cytokines and leukocytes, in a normothermic human kidney perfusion model comparing a novel approach of urine recirculation (URC) to facilitate perfusate homeostasis and volume control (12, 13) with the technique of replacement of excreted urine using Ringer's lactate. Urine recirculation led to NMP durations up to 24 h and biomarker could be detected and analyses throughout these perfusions. The focus of this manuscript, however, was on the time point “hour 6” post perfusion start, as this was the latest comparable time point both, URC and UR NMP kidneys reached (17). Moreover, we focused on correlations with perfusion parameters and donor characteristics which are readily available at the time of decision making if a kidney is deemed transplantable after normothermic preservation and evaluation or declined for clinical use. This approach was chosen to examine some possible surrogate parameters, captured during perfusion, for organ viability. Our analyses were performed in a model of discarded human kidneys, therefore the important link to outcomes after successful transplantation is not available and no statements can be made in regard to estimating probable occurrence of delayed or primary non-function in the clinical setting.

The Cambridge group of Clatworthy, Ferdinand et al. (11), reported on NMP kidneys with higher inflammatory gene expression detectable in recipients who experienced prolonged DGF after receiving an NMP kidney. In their analyses, the course of 2 h NMP led to an upregulation of oxidative phosphorylation, but also an upregulation of a number of genes important for immune and inflammatory processes with NFkB induced TNF-α signaling as the major part of it (11). We detected an increase of TNF-α in perfusates in URC and UR kidneys, but the change over time was insignificant and more importantly, there was no difference at any time of perfusate TNF-α between the URC and UR kidneys. However, interestingly renal arterial flow (in URC and UR kidneys) was higher in kidneys with lower perfusate TNF-α which implicates a link between inflammatory potential of the perfusate and one of the best-studied hemodynamic parameters, especially in a pressure-fixed system in which increasing arterial flow over time is a parameter of kidney function (6, 18). In concordance with Ferdinand et al. (11), we also saw an increase of IL-8 in our perfusates over time. In line with IL-8, IL-6 increased over time in URC and UR kidneys without significant differences, but was not associated directly with any parameters identifying organ function during kidney NMP. However, both interleukins are known to be inflammatory with possible negative effects on renal parenchyma (19–21) and could be a future target for ex-situ organ treatment to prevent detrimental effects for the organ recipient. Our data revealed that IL-1β was higher in perfusates with higher content of NGAL and KIM-1 which are well-known markers for impaired kidney function and, NGAL at least, available to be measured in the clinical routine (2, 22–24). Another cytokine which could become of interest in future in a dynamic, normothermic preservation setting is GM-CSF. It is an immunregulatory cytokine which has been studied extensively recently due to its potential association with hyperinflammation in COVID-19 (25). GM-CSF is pro-inflammatory and plays a role in activation of macrophages and antigen-presenting cells (26). Whereas, in patients, as described in the literature, increased GM-CSF levels are associated with increased cytokines IL-6, TNF-α, IFN-γ, and IL-18 (25, 27), in our perfusates GM-CSF decreased over time. In perfusates with higher NGAL, GM-CSF was also higher compared to perfusates with lower NGAL which could potentially indicate less organ damage.

The Cambridge group did not detect any differences between DBD and DCD organs in terms of inflammatory gene signature they described. The only difference we could observe between DBD and DCD organs was the significant higher number of leukocytes, CD4+ and CD8+ T-cells in DCD-perfusates after 6 h of NMP compared to DBD organs; independent of URC or UR. This finding could be representing the cessation of blood flow in DCD organs and warm ischemia time prior to the start of retrieval, as the donor leukocytes have still a “route out” in DBD kidneys. In future, it will be interesting to compare DBD kidneys not only with DCD ones, but also with kidneys procured after normothermic regional perfusion.

The most relevant findings of our analyses were the clear connection of perfusate lactate, perfusate pH and urine output with several kidney function parameters in the donor as well as with published kidney injury markers as NGAL, KIM-1, and L-FABP (2). Perfusate lactate was lower the higher the arterial flow was and also, potentially important for defining timing for ex-situ organ assessment, the 6-h values of lactate, renal arterial flow and pH correlated with their respective median values. NGAL, a biomarker we would define as a routinely available biomarker (22), was also higher in perfusates with higher lactates and could be a surrogate biomarker for the donor kidney function on the circuit as it correlated significantly with donor creatinine and eGFR. Urine output during NMP, a marker implemented in the Hosgood and Nicholson score already, was associated positively with KIM-1 levels in the perfusate. In addition to our finding that biomarkers can be measured and correlated with transplant factors, overall NMP time itself did not correlate with any of the parameters measured. In particular, there was no association of a preservation period of 6 h and beyond with arterial flow and inflammatory potential of the perfusate. Such a finding could be crucial for implementing longer-term kidney NMP in the clinical routine.

Our results, gained from an ex-situ NMP setting cannot be correlated with clinical study results yet, but different cytokine and immune cell patterns do offer an important target to invest more research, particularly in forthcoming clinical use of the NMP device. The downside of performing cell and cytokine analyses solely in the perfusate and not in the tissue or from any other components in the circuit, is a limitation of our investigation, is the missing answer to the question of where the immune cells were possibly migrating to.

To summarize, clinically available perfusion parameters as perfusate lactate, pH and NGAL correlate well with donor characteristics, renal arterial flow, cytokines, immune cell changes, and KIM-1 in a discarded human NMP model. Potentially, lactate, pH and NGAL become a trinity to support decisions and fulfill the criteria to be diagnostic, predictive, and therapeutic biomarkers (28) in future for longer-term kidney NMP. In a non-transplant model long-term perfusion by applying URC was feasible and safe and also 6 h of NMP with UR seem to be applicable in a clinical transplant setting. Kidney NMP beyond 1 or 2 h might be helpful and instrumental in screening and discover markers indicating primary non-function of suboptimal organs (29). Therefore, these parameters should be considered as additional viability markers expanding the current decision-making score developed by Hosgood et al. (6).
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ABBREVIATIONS

CIT, cold ischemia time; DBD, donation after brain death; DCD, donation after circulatory death; Δ, delta; ECD, extended criteria donor; ECMO, extracorporeal membrane oxygenation; ESRD, end stage renal disease; HMP, hypothermic machine perfusion; IRR, intrarenal resistance; KIM-1, kidney injury molecule-1; LDH, lactate dehydrogenase; L-FABP, liver-type fatty acid-binding protein; NADH, nicotinamide adenine dinucleotide; NGAL, neutrophil gelatinase-associated lipocalin; NMP, normothermic machine perfusion; SCS, static cold storage; WIT, warm ischemia time.
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*Time-averaged longitudinal mean value compiled from hourly measurements over the course of the perfusion.

“Circulating perfusate volume of 500 mi.

Parts of donor and perfusion characteristics of kidneys 6, 8 and 9 without urine recirculation have been published previously (13).
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“Time-averaged longitudinal value compiled from all measurements over the course of the perfusion; perfusate volume = 500 ml.
Some NGAL, KIM-1 and L-FABP measurements of kidneys 6, 8, and 9 without urine recirculation have been published previously (13).
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Agein Sex BMIinkg/m?  Donor type Serum <GFR WITin  CiTinhours + Hypertension UKKDRIKDRI Reason for discard

years creatinine “retrieval in minutes minutes
Cretrievalin  ml/min/1.73
wmol/L m?
idney 1 59 Male 35.1 DCD 32 247 15 21416 Yes 110121 Arteriosclerosis

Kidney 2 60 Male 35.1 DCD 114 71 14 42417 Yes 1.50/1.60  Poor perfusion

Kidney 3 44 Male 414 DCD 63 120 12 46+ 59 Yes 1.22/1.13  Biopsy findings

Kicney 4 66 Female 312 DBD 208 a1 na. 1549 No 1.96/1/49  Patchy perfusion

Kidney 5 70 Female 243 DBD a4 119 na. 174+ 30 Yes 2.02/1.83  Stenosis of renal artery

Kidney 6 74 Female 248 DCD 57 0 1" 22 Yes 207/217  Lesion on partner
kidney (monomorphic
cell infilration)

Kidney 7 71 Female 281 DBD 86 56 na. 46 + 47 Yes 1.85/1.98  Anatomy, long CIT

Kidney 8 78 Female 264 DBD 79 61 na. 18422 Yes 2.87/2.38  Vascular damage

Kidney 9 7 Female 29.1 DBD 6 77 na. 2144 No 2.02/1.67  Organ size

Kidney 10 a7 Female 391 DBD 152 29 na. 12+ 41 No 121109 Vascular damage,
patchy perfusion

Kicney 11 62 Female 235 DCD 62 85 9 19+ 52 No 1.67/150  Suspicion of cancer

Kidney 12 76 Female 245 DBD 36 152 na. 15+ 26 Yes 197/128  LongCIT

B, body mass index; DCD, donation after circulatory death; DBD, donation afte brain eath; €GFR, estimated glomerular ftration rate MDRD (modifcation of et in renal cisoase); WIT, warm ischemia time; CIT, cold ischemia time.
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IL-1p
-2

IL-4

L6

L8
TNF-o

1 b
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10,000, 9,985
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45,9,007
24,872
10,214

6 h+

27,208
10,000, 7,476
1,743, 3,646
10,000, 7,481
10,000, 0
980, 1,997
10,000, 7,387
14, 164
20,9,999
10,000, 0
6,943, 4,882
17,625, 196,167
398, 295

*Number of cells in pg/mi; overall perfusate volume = 500 ml.

““Time after start of NMP, values in median and IQR (interquartile range).

p-value

0.77
=09
=09
>09
>09
=09
>09
0.94
0.94
>09
0.89
0.003
>09

GM-CSF,  granulocyte-macrophage  colony-stimulating factor; IFN, interferon; IL,
interleukin; TNF, tumor necrosis factor.
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Classical
Intermediate
Non-classical
Eosinophils
Neutrophils
NK cells
Macrophages

30 min**
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4,332, 5,681
17,692, 27,406
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3,529, 6,142

1h*
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18,821, 18,167
27,810, 26,454

4,997, 4,677
17,738, 27,009

18,017, 19,586
11,412, 11,400
5,341, 6,669
439, 742
359,217
26,342, 49,070
5,929, 18,386

6h

268,659, 356,959
58,032, 74,672
24,096, 49,5648
27,612, 25,313

7,932, 8,762
23,732, 40,729

5,547, 10,488
1,363, 1,698
2,320, 4,276
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10,883, 41,349
3,883, 5,279

p-value™

0.10
0.14
0.28
0.13
025
0.82

0.04
0.01
0.01
0.68
0.84
0.46
0.12

p-value™

0.15
0.03
0.03
0.10
0.03
031

0.96
0.03
0.97
0.23
0.99
0.88
0.81

“Number of cels in cells/mi; overall perfusate volume = 500 ml.
Time after start of NMIR, values in median and IQR (interquartie range).

‘Comparison 30min with 1 h values.
" Comparison 30 min with 6 h values.
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Kidneys without urine recirculation (n = 4)
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1 h
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3,709, 4,719

“Number of cels in celis/m; overall perfusate volume = 500 ml,

Time after start of NMF, values in median and IQR (interquartile range).
'P-value result of comparison with and without urine recirculation.
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Characteristic Measured in perfusate Spearman’s rho p-value

Donation after brain death Leukocytes hour 6 -0.710 0.01
Total T cells hour 6 ~0.759 0.004
Donor age GM-CSF hour & ~0.655 0.021
IFN-y hour 6 0588 0.04
IL-1o hour 6 0588 0.04
IL-1p hour 6 -0.709 0.01
NGAL hour 6 -0.718 0.009
ANGAL* ~0.869 <0001
CVA as cause of death AlL-1B —0.641 0.03
A2 ~0.59 0.04
Non-classical monocytes -0.747 0.009
hour 6
Donor eGFR AFN-y 0624 0.03
A6 -0.629 0.03
L-FABP hour 6 ~0.662 0.02
Aneutrophils ~0.615 0.03
Median arterial flow 0.832 0.001
Arterial flow hour 6* 0.850 <0001
pH hour 6 0592 0.04
Donor serum creatinine AFN-y ~0.661 0.02
NGAL hour 6 0.629 0.03
ANK cells 0.02
Median arterial flow 0.001
Aterial flow hour & 0.003
URC Perfusion time 0.008
IL-1B hour 6 0.009
Avrterial flow hour 6 CDB+ cells hour 6 0.03
Aneutrophils 0.005
%FoxP3 hour 6 0.03
TNF-o hour 6 0.03
Median arterial flow* <0.001*
Lactate hour 6 0.04
Median lactate 0.008
pH hour 6 0.02
Perfusate pH hour 6 Median pH* <0001
Median arterial flow 0.005
NGAL hour 6 0.03
Hourly urine output IL-1RA hour 6 0.001
Aclassical monocytes 0.04
KIM-1 hour 6 0.002
AKIM-1 0.007
NGAL hour 6 ANGAL 0.001
GM-CSF hour 6 0.02
AGM-CSF 0.03
IL-1B hour 6 0.04
median lactate 0.02
ANGAL L1 hour 6 0.03
KIM-1 hour 6 IL-1RA hour & 0.03
IL-1o hour 6 0.03
AIL-1 hour & 0.04
Aintermediate monocytes 0.04
Anon-classical 0.008
monocytes
ANK cells 0608 004
L-FABP hour 6 IL-2 hour 6 ~0.599 0.04
AL-FABP 0.711 0.009
eosinophils hour 6 ~0592 0.04
macrophages hour 6 0641 0.03
AL-FABP IL-2 hour 6 ~0.626 0.03
Aeosinophis ~0.650 0.02
A non-classical ~0.594 004
monocytes.

A, delta (diference start-6-h perfusion value); URC, urine recirculation; CVA, cerebrovasculer accident; GM-CSF; granulocyte macrophage-colony stimulating factor; IL, interleukin; IFN,
interferon; NK, natural kiler; NGAL, neutrophil gelatinase-associated lipocalin; L-FABP, iver-type fatty acid-binding protein; KIM-1, kidney injury molecule 1; TNF, tumor necrosis factor.
We applied the Bonferroni method to correct for multple testing in the correlation analyses. N = 64 correlations were tested for statistical significance, consequently, the adjusted
significance level is 0.05 divided by 64.
*P.values < 0.00078 (<0.001) were considered statistically significant.
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