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Background: Ex vivo lung perfusion (EVLP) uses continuous normothermic perfusion to reduce ischemic damage and to improve post-transplant outcomes, specifically for marginal donor lungs after the donation after circulatory death. Despite major efforts, the optimal perfusion protocol and the composition of the perfusate in clinical lung transplantation have not been identified. Our study aims to compare the concentration levels of cytokine/chemokine in different perfusion solutions during EVLP, after 1 and 9 h of cold static preservation (CSP) in a porcine cardiac arrest model, and to correlate inflammatory parameters to oxygenation capacities.



Methods: Following cardiac arrest, the lungs were harvested and were categorized into two groups: immediate (I-EVLP) and delayed EVLP (D-EVLP), after 1 and 9 h of CSP, respectively. The D-EVLP lungs were perfused with either Steen or modified Custodiol-N solution containing only dextran (CD) or dextran and albumin (CDA). The cytokine/chemokine levels were analyzed at baseline (0 h) and after 1 and 4 h of EVLP using Luminex-based multiplex assays.



Results: Within 4 h of EVLP, the concentration levels of TNF-α, IL-6, CXCL8, IFN-γ, IL-1α, and IL-1β increased significantly (P < 0.05) in all experimental groups. The CD solution contained lower concentration levels of TNF-α, IL-6, CXCL8, IFN-γ, IL-2, IL-12, IL-10, IL-4, IL-1RA, and IL-18 (P < 0.05) compared with those of the Steen solution. The concentration levels of all experimental groups have correlated negatively with the oxygenation capacity values (P < 0.05). Protein concentration levels did not reach statistical significance for I-EVLP vs. D-EVLP and CD vs. CDA solutions.



Conclusion: In a porcine cardiac arrest model, a longer period of CSP prior to EVLP did not result in an enhanced protein secretion into perfusates. The CD solution reduced the cytokine/chemokine secretion most probably by iron chelators and/or by the protecting effects of dextran. Supplementing with albumin did not further reduce the cytokine/chemokine secretion into perfusates. These findings may help in optimizing the preservation procedure of the lungs, thereby increasing the donor pool of organs.
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1. Introduction

Lung transplantation (LTX) is the ultimate treatment option for patients suffering from end-stage lung disease. However, there is a huge discrepancy between available donor organs and patients with demand, resulting in high waiting list mortality (1). To overcome this disparity, transplantation centers have extended their selection criteria (2–4), and few countries have legalized the donation after circulatory death (DCD), aside from the donation after brain death (DBD). Ex vivo lung perfusion (EVLP) has been discussed as an alternative preservation technique to improve the outcome of marginal or DCD organs. In contrast to the standard procedure, which is based on cold static preservation (CSP) and thus reduced metabolism, the donor organ is perfused with normothermic solution during EVLP (5). Therefore, EVLP reduces the cold ischemic time and the ischemia–reperfusion injury (IRI) of the organ (6). Furthermore, EVLP allows to evaluate the condition of the graft and to therapeutically treat donor organs prior to implantation (7, 8). In experimental studies and human clinical trials, EVLP has shown promising results (9–11). Still, it is not clear whether the donor organ needs to be perfused directly after procurement or if a prolonged CSP prior to perfusion is harmful to the lungs. Moreover, the optimal composition of the perfusion solution in reducing IRI has not been defined.

This study aimed to examine whether immediate EVLP (I-EVLP), after only 1 h of CSP, or delayed EVLP (D-EVLP), after 9 h of CSP, would result in different cytokine/chemokine concentrations in perfusates. We used a porcine model as an established alternative to human LTX, in which we previously demonstrated a comparable lung function of immediate vs. delayed perfusion (12). Moreover, a Custodiol-N solution supplied with dextran was shown to have a positive impact on the functional parameters of the EVLP-preserved porcine lungs (13). In the present study, we investigated the impact of modified Custodiol-N solution on cytokine/chemokine patterns in perfusates and correlated the data to oxygenation capacity measurements collected from the same lungs (12, 13). The differences in cytokine/chemokine concentrations could help identify the ideal start point of perfusion and the optimal composition of the perfusion solution to preserve the DCD lungs with reduced IRI, resulting in improved transplant engraftment, survival, and ultimately increased donor pool.



2. Material and methods


2.1. Animals

All animals included in this study received human care compliant with the “Principles of Laboratory and Animal Care” and the Guide for the Care and Use of Laboratory Animals, which was composed by the Institute of Laboratory Animal Resources and published by the National Institutes of Health (NH publication no. 86–23, revised 1996). The study only involves organ procurement from animals because none of them underwent medical treatment prior to euthanasia. According to the applicable German law (§1 VTMVO), the study was reported to the local Landesamt für Natur, Umwelt und Verbraucherschutz NRW and supervised by the Central Animal Laboratory of the University Duisburg-Essen.



2.2. Chemicals

The compositions of the different perfusate solutions are displayed in Table 1. Steen Solution™ and Perfadex™ were purchased from XVIVO Perfusion (Gothenburg, Sweden). Custodiol-N was acquired from Dr. F. Köhler Chemie (Bensheim, Germany). Pyrogen-free dextran 40 (AppliChem, Darmstadt, Germany) was added to the modified Custodiol-N solution in a concentration of 50 g/L. The D-EVLP with Custodiol-N solution supplied with dextran + albumin (D-EVLP/CDA) solution was additionally supplemented with 7 g/L of bovine serum albumin (Carl Roth, Karlsruhe, Germany). The sterilization process of the solution was performed by filtration using a 0.22 µm filter (Filtropur BT25, Sarstedt, Nümbrecht, Germany). Directly before use, a 10 ml of 10% glucose solution (G-10, B. Braun, Melsungen, Germany) was added to 1 L of the CD and CDA solutions.


TABLE 1 Composition of perfusion solutions.
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2.3. Experimental procedure

Mature domestic pigs (age = 13–15 weeks) were sedated using ketamine (30 mg/kg; i.m.) combined with azaperone (0.05 mg/kg; i.m.), and these pigs were anesthetized afterward with midazolam (0.1 mg/kg; i.v.) and ketamine (0.3 mg/kg; i.v.). This DCD model represents euthanasia without previous treatment for lung protection because the pigs were neither heparinized nor ventilated during anesthesia. Sternotomy was performed after cardiac arrest (Maastricht category III) (14), and visible safe signs of death were observed as previously described (5, 15). Warm ischemia time was on average 60 min, and the ensuing lungs were then flushed antegradely and retrogradely with 4 L of 4°C cold low potassium dextran (LPD) solution (Perfadex™; XVIVO Perfusion, Gothenburg, Sweden) added with trometamol (1 mmol/L) and heparin (100 IU/L).



2.4. Experimental groups

Through a random selection process, four experimental groups were formed. The lungs were either prepared for the following processes: (i) I-EVLP (n = 10) after 1h of technical CSP followed by perfusion, or placement in standard preservation bags for 9h in 1L of 4°C LPD solution and subsequent perfusion (delayed perfusion). For the perfusion of the D-EVLP lungs, different acellular solutions were used: (ii) Steen solution (D-EVLP; n = 8) or modified Custodiol-N solution containing either (iii) dextran alone (D-EVLP/CD; n = 8) or (iv) dextran and albumin (D-EVLP/CDA; n = 8). The Toronto protocol (6) and the perfusion system XPS™ (XVIVO Perfusion, Gothenburg, Sweden) were used to perform 4 h of EVLP on all the four groups (Supplementary Figure S1A).



2.5. Cytokine and chemokine quantification

The perfusion solution samples were obtained at the beginning of perfusion (0 h) and after 1 and 4 h of perfusion. The samples were stored at −80°C. To quantify the concentration levels of 13 soluble molecules in the perfusates at the different time points, Luminex-based multiplex assay (Millipore porcine cytokine/chemokine 13-Plex, Merck, Darmstadt, Germany) was used according to the manufacturer's instructions. Standard curves and concentrations were calculated using the Bio-Plex Manager 6.1 software.



2.6. Oxygenation capacity measurement

Oxygenation capacity is defined as the difference between the pulmonary arterial pressure and the venous oxygen pressure. In this study, it was measured hourly during EVLP by blood gas analysis of the perfusates (ABL 700, Radiometer, Copenhagen, Denmark) at an FiO2 of 1.0.



2.7. Statistical analyses

For descriptive statistical analyses, the GraphPad Prism software (version 9, La Jolla, CA, USA) was used. According to the D’Agostino–Pearson omnibus normality testing, the cytokine/chemokine concentrations were not normally distributed. Therefore, nonparametric two-tailed unpaired t-test (Kruskal–Wallis test) was used to compare the two groups. When comparing different time points between individuals of the different experimental groups, a paired t-test (Wilcoxon test) was used. For correlation analyses, Spearman test and linear regression were applied. Principal component analysis (PCA) plots and heatmaps were generated using the Qlucore Omics Explorer software (version 3.5, Lund, Sweden). Two-group or multigroup comparisons were used to identify cytokines/chemokines that differed most significantly between the experimental groups. Therefore, the data were log2 transformed and scaled to mean zero, variable one, and a threshold of 0.001. The statistical test used in each analysis and the q-value used as a cut-off are indicated in the figure legends. Significance was considered for P-values <0.05.




3. Results

To better understand the inflammatory reperfusion response induced during ischemia prior to implantation of the donor lung, we analyzed the cytokine/chemokine pattern in perfusates of the DCD lungs comparing different preservation protocols in a porcine model. The lungs were prepared for (i) immediate EVLP (I-EVLP) with Steen solution, (ii) cold storage for 9 h and subsequent EVLP with Steen solution (D-EVLP), (iii) subsequent EVLP with Custodiol-N solution added with dextran (D-EVLP/CD) alone, or (iv) subsequent EVLP with Custodiol-N solution added with dextran and albumin (D-EVLP/CDA; Table 1, Supplementary Figure S1A).


3.1. D-EVLP and I-EVLP samples separate by perfusion time point rather than by CSP duration

To analyze for a potential effect of longer CSP times on the cytokine/chemokine pattern in the perfusates, we compared the I-EVLP samples with the D-EVLP samples. Interestingly, we found protein concentrations of the immediate and delayed EVLP samples to divide by perfusion time point rather than by CSP duration in PCA, displaying comparable cytokine/chemokine concentrations in perfusates of the groups using Steen perfusion solution (Figure 1A, Supplementary Figure S1). The samples obtained after 4 h of EVLP clearly separate from the other time points and generally show higher protein concentrations (Figure 1A). Unsupervised hierarchical cluster analyses (UHC) identified nine cytokines/chemokines with significantly different levels in perfusates between the start (0 h) and the end (4 h) of perfusion, namely, the pro-inflammatory cytokines/chemokines, such as TNF-α, IL-6, CXCL8/IL-8, IFN-γ, IL-12, IL-1α, and IL-1β, and IL-10 and IL-1RA, which are known to suppress the inflammatory response (P = 0.01; Figure 1B). Perfusates of the D-EVLP and I-EVLP group contained significantly higher concentrations after 4 h of perfusion of typical Th1 cytokines (TNF-α, IFN-γ, IL-12), Th2 cytokine IL-10, pro-inflammatory factors (IL-1α, IL-1β, IL-6, CXCL8), and the regulatory IL-1RA when compared with those found in the samples obtained at the beginning of perfusion (0 h) (INF-γ only for D-EVLP). Of note, TNF-α and CXCL8 levels were already significantly elevated after 1 h of immediate or delayed EVLP (P < 0.05). For all other analytes, the main increase in concentration was detected between 1 and 4 h of EVLP (Figure 1C), which indicates an intensified secretion of the proteins by the lung, reflecting the IRI.
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FIGURE 1
D-EVLP and I-EVLP samples separate by perfusion time point rather than by CSP duration. Perfusion samples were obtained directly at the beginning (0 h) and 1 and 4 h after perfusion and assessed for cytokine/chemokine secretion by Luminex-based multiplex assays. (A) Principal component analysis of the 13 cytokines according to delayed or immediate perfusion and time point (P = 0.01 and q = 0.001) and (B) unsupervised hierarchical clustering are shown. Two-group comparisons were used to identify variables differentially expressed between the two groups. Blue color indicates lower expression, and yellow color indicates higher expression. (C) Cytokine concentrations are displayed in time response for the two experimental groups. For statistical analysis, the different time points of each group were compared using a paired t-test (Wilcoxon). To compare the D-EVLP and I-EVLP groups at the different time points, a two-tailed, unpaired t-test (Kruskal–Wallis) was applied. Data are shown as mean ± SEM; asterisks indicate P-values with *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.




3.2. D-EVLP/CD samples show a trend toward reduced protein secretion especially after 4 h of perfusion compared with the D-EVLP/CDA group

Elucidating whether albumin in addition to dextran affects the protein secretion of the allografts, we compared the cytokine/chemokine concentrations in D-EVLP/CD and D-EVLP/CDA perfusion samples. The samples were separated by analysis time point in PCA, with a significant increase in concentrations after 4 h of EVLP (Figure 2A). This finding indicates a comparable protein secretion and accumulation in the Custodiol-N groups. In line with this observation, the D-EVLP/CD and D-EVLP/CDA samples were clustered together, when comparing all four experimental groups (Supplementary Figure S1). Eight cytokines/chemokines were identified by UHC with significantly different levels in perfusates at the different sampling time points: the pro-inflammatory TNF-α, IL-6, CXCL8, IFN-γ, IL-12, and IL-1β and the anti-inflammatory IL-10 and IL-1RA (P = 0.01; Figure 2B). Interestingly, both UHC and PCA revealed a slight separation of the D-EVLP/CD and D-EVLP/CDA samples after 4 h of perfusion, showing the D-EVLP/CD samples trending toward lower concentrations when compared with the CDA samples.
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FIGURE 2
D-EVLP/CD and D-EVLP/CDA samples show separation by time point rather than by adding supplements to the perfusion solution. Samples were obtained and measured as described in Figure 1. (A) Principal component analysis of the 13 cytokines according to experimental groups and time point (P = 0.01 and q = 0.004) and (B) unsupervised hierarchical clustering are shown. Two-group comparisons were used to identify variables differentially expressed between the two groups. Blue color indicates lower expression, and yellow color indicates higher expression. (C) Cytokine concentrations are displayed in time response for the two experimental groups. For statistical analysis, the different time points of each group were compared using a paired t-test (Wilcoxon). To compare the D-EVLP/CD and D-EVLP/CDA groups at the different time points, a two-tailed, unpaired t-test (Kruskal–Wallis) was applied. Data are shown as mean ± SEM; asterisks indicate P-values with *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.


Comparing the different analysis time points for the D-EVLP/CD and D-EVLP/CDA groups, we found significant differences in protein concentrations for both groups were detected between the 0 and 1 h time points for TNF-α and CXCL8. However, the main increases were observed when comparing the samples obtained at 4 h with the samples obtained at earlier time points. Between 0 h and the end of perfusion (4 h) in both the D-EVLP/CD and D-EVLP/CDA groups, the concentrations of TNF-α, IL-6, CXCL8, IL-10, IL-12, IL-1α, and IL-1β were significantly elevated. An increase of protein concentration comparing 1 and 4 h time points in both groups was measured for TNF-α, CXCL8, IL-1α, and IL-1β. Remarkably, we detected a trend to lower concentrations and less increase in protein concentrations over time in the D-EVLP/CD group compared with the D-EVLP/CDA group. IL-1RA levels did not increase in the D-EVLP/CD group but were significantly elevated at 1 and 4 h in the D-EVLP/CDA group (P < 0.01; Figure 2C). These findings suggest less cytokine/chemokine secretion of D-EVLP/CD lungs when compared with the D-EVLP/CDA organs.

In conclusion, the D-EVLP/CD and D-EVLP/CDA samples showed no significant differences at the individual sampling time points, but a trend to lower protein concentrations in the D-EVLP/CD group was observed, indicating that there was no reducing effect of albumin on the protein secretion of the allograft.



3.3. Lowest cytokine/chemokine accumulation in the D-EVLP/CD group compared with all other experimental groups

In the next step, we dissected the differences in protein concentrations in the groups at 4 h of EVLP in more detail (Figure 3). The D-EVLP/CD samples reached significantly lower protein concentrations of TNF-α, IL-6, IL-12, IL-10, and IL-4 when compared with those in the delayed and immediate perfusion samples with Steen solution (I-/D-EVLP; P < 0.05; Figure 3). IFN-γ, IL-2, and IL-1RA were significantly less concentrated in the D-EVLP/CD samples compared with the D-EVLP (Steen) samples, but not in the I-EVLP samples. IL-1β concentrations displayed a slightly different pattern from the rest by showing significantly lower concentrations in the D-EVLP/CDA samples compared with the D-EVLP samples after 4 h of perfusion. Furthermore, IL-1β levels were significantly reduced in the D-EVLP/CD group compared with the I-EVLP group. Although significantly lower CXCL8 levels were quantified at 0 and 1 h of EVLP in the D-EVLP/CD and D-EVLP/CDA samples compared with Steen solution samples (Supplementary Figures S2A,B), no differences were detected after 4 h of EVLP, as all groups reached the highest measurable concentrations. To highlight the reduced cytokine/chemokine concentration in the D-EVLP/CD and D-EVLP/CDA groups, we performed a relative comparison of these experimental groups with the D-EVLP group. Therefore, the mean values were calculated for each group and time point. Subsequently, the mean values of the D-EVLP group were normalized to 100%, and relative percentages of the other groups were calculated. The most extensive reduction of concentrations after 4 h of perfusion was detected for IL-4 in the D-EVLP/CD group with only 3% of the compared D-EVLP concentrations. Also, IL-1RA, IL-1β, IL-2, IL-6, IL-10, IL-12, IL-18, and TNF-α have shown a reduction of >50% when comparing the D-EVLP/CD group with the D-EVLP group. The cytokine concentrations in perfusates using Custodiol-N solution supplied with dextran and albumin also displayed a relative reduction, but not as pronounced as in the D-EVLP/CD group (Supplementary Figure S3).
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FIGURE 3
Lowest cytokine/chemokine accumulation in the D-EVLP/CDA group compared with all other experimental groups. The samples were obtained and measured as described in Figure 1. Cytokine/chemokine concentrations in the different perfusion solutions are displayed for each cytokine after 4 h of perfusion. For statistical analyses comparing the concentrations in the different experimental groups, a two-tailed, unpaired t-test (Kruskal–Wallis) was applied. Data are shown as mean ± SEM; asterisks indicate P-values with *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001; non-significant differences were not labeled specifically.


These findings suggest a reducing effect of Custodiol-N plus dextran, but not albumin, on the IRI and subsequent cytokine secretion of the allograft, resulting in less protein accumulation in perfusates after 4 h of EVLP.



3.4. Negative correlation of oxygenation capacities and cytokine/chemokine concentrations in perfusates

In order to reveal the potential effects of the different EVLP solutions on lung function, we correlated oxygenation capacities, measured in perfusates of all groups during EVLP, with the cytokine/chemokine concentrations. After 4 h of EVLP, higher oxygenation capacities were found to significantly correlate with lower concentrations of TNF-α, IL-6, IL-2, IL-12, IL-4, IL-1β, and IL-18 in all four experimental groups (P < 0.01; Figure 4). This negative correlation was evident for all measured cytokines/chemokines, except for granulocyte-macrophage colony-stimulating factor (GM-CSF), when including not only the 4 h time point, but also all the time points in the analysis (P < 0.05; Supplementary Figure S4). Taken together, these findings confirmed for EVLP to reduce IRI in the donor organs as evidenced by reduced cytokine/chemokine secretion.
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FIGURE 4
Negative correlations of oxygenation capacity and cytokine/chemokine concentrations in perfusates. Perfusion samples for cytokine/chemokine quantification were obtained and measured as described in Figure 1. Oxygenation capacity (ΔpO2) was measured as described in the methods section. The different perfusates were labeled in colors; blue: D-EVLP; green: I-EVLP; pink: D-EVLP/CD; orange: D-EVLP/CDA. Correlation analyses (Spearman) of the oxygenation capacity and cytokine/chemokine concentrations after 4 h of perfusion were calculated. To highlight the negative correlation between these two variables, a linear regression of perfusion samples was performed. Asterisks indicate P-values with *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.





4. Discussion

Ex vivo perfusion is a tool to preserve and improve especially marginal donor organs prior to transplantation. Despite major efforts, the optimal perfusion protocol and the precise composition of the perfusion solution in clinical LTX have not been identified. Our study aimed to investigate whether the CSP prior to EVLP (immediate vs. delayed) and the composition of the perfusion solution (Steen solution vs. Custodiol-N solution supplied with dextran or dextran/albumin) have impacts on the cytokine/chemokine secretion of the graft during EVLP and on the inflammation of the donor organ during the preservation process. We made use of an established surrogate porcine LTX model. The protein concentrations in perfusates were quantified at different time points during EVLP using Luminex-based multiplex assays and were then correlated to oxygenation capacities (12, 13).

We did not observe significant differences in the protein concentrations in perfusates (0 h) when comparing immediate and delayed EVLP after 1 and 9 h of CSP, respectively, indicating no further ischemic injury induced due to longer period of CSP. Interestingly, also after 1 and 4 h of perfusion, the protein concentrations in perfusates of the D-EVLP and I-EVLP samples remained comparable.

Consequently, longer period of CSP prior to EVLP seemed not to impact the cytokine/chemokine secretion of the graft during reperfusion. This is in line with previous findings, demonstrating that the pulmonary function of the harvested pig lungs was not impaired after a prolonged CSP when compared with immediate perfusion (12, 16). Of the analyzed proteins, only IL-18 showed a trend toward higher concentrations in perfusates of the D-EVLP samples, although not reaching significance. Similar observations were made in a porcine liver transplant model with elevated IL-18 concentrations in perfusate after a prolonged CSP (17), and IL-18 enhances the secretion of pro-inflammatory IFN-γ (18, 19). Remarkably, we did not detect increased IFN-γ concentrations in the delayed perfusion samples, suggesting that longer period of CSP in the D-EVLP lungs did not translate into an enhanced secretion of inflammatory mediators (i.e., IFN-γ). Consequently, delayed ex vivo perfusion (9 h CSP) might represent a feasible strategy of lung preservation.

In addition, there could be beneficial effects of hypothermia on the donor organs, not only via suppression of pro-inflammatory mediators but also via enhanced secretion of tissue-protective cytokines such as IL-22 (20, 21). Moreover, lower expression of GSK-3β and reduced activation of NF-κB, two key players of the inflammatory cascade, were demonstrated in a rat model of hemorrhagic shock (22–24). Recent research focused on controlled hypothermia with stable temperatures of approximately 4°C–10°C to prevent freezing of the tissue. In this regard, it was shown that for heart and lung TX, the organs preserved with controlled hypothermia not only showed a normal perioperative function but also showed a reduced severity of primary graft dysfunction (21, 25, 26). However, our results have shown neither positive nor negative effects of longer period of CSP on the cytokine concentrations in perfusates.

Aside from the cold injury, the lung allograft is damaged upon reperfusion during EVLP and after implantation in the recipient not only through the inflammatory cascade involving immune cells but also through the response of both endothelial and epithelial cells. It was shown in several studies and in different organs that epithelial cells, as well as endothelial cells, are capable of secreting cytokines and chemokines after stimulation with danger signals or pro-inflammatory mediators (27, 28).

As a result of the ongoing IRI in the graft, cytokines/chemokines likely accumulate during 4 h of perfusion. Due to augmenting concentrations over time, the first hours of reperfusion rather than the duration of CSP seem crucial for the inflammation of the donor organ. Consequently, the aim is to optimize the reperfusion process, resulting in a reduced IRI. However, the analysis of the reperfusion upon implantation of the perfused donor organ was beyond the scope of our study. Although in a porcine model of LTX, lower cytokine/chemokine concentrations in perfusates (through EVLP combined with cytokine absorption) lead to an improved organ function even after TX (29).

Aside from the CSP duration, the chemical composition of the perfusion solutions could also affect the reperfusion process, hence potentially causing inflammation of the graft. The standard perfusion solution for EVLP is acellular Steen solution containing human serum albumin. However, in recent years, several alternative perfusion solutions have been developed, such as Custodiol-N, a modified cardioplegic solution designed for cold storage of solid organs (30–33). In contrast to the Steen solution, Custodiol-N contains the iron chelators deferoxamine and LK614, binding redox-active ions that might otherwise lead to the production of highly reactive oxygen species and subsequently lead to graft injury. A central role of iron ions in cold-induced cell injury (consisting of hypothermic injury and subsequent rewarming injury) and the protective effects of iron chelators were demonstrated in diverse cell types, including hepatocytes, endothelial cells, and cultured lung epithelial cells (34–36). Based on these observations, we hypothesize that Custodiol-N reduces the cytokine/chemokine secretion of the allograft during EVLP when compared with Steen solution, thereby reducing the inflammatory response of the transplanted graft. Therefore, another experimental group perfused with Custodiol-N, supplemented with Dextran40 (D-EVLP/CD) (33, 37), was included in our study. Along with maintaining colloid osmotic pressure, Dextran40 is known for its anti-thrombotic features and for protecting the endothelium from excessive leukocyte interactions by coating the endothelial surface (38). Finally, the perfusion solution of the fourth experimental group in our study was additionally supplemented with albumin (D-EVLP/CDA), which has been shown to stabilize and protect the endothelial glycocalyx by contributing to the endothelial surface layer (39).

Comparing cytokine/chemokine concentrations in perfusates, we observed significant differences depending on the perfusion solutions used. The groups employing Steen solution displayed higher concentrations of nearly all measured proteins when compared with groups perfused with Custodiol-N + Dextran40, with the difference being most pronounced after 4 h of perfusion. Endothelial protection by deferoxamine and LK614 possibly reduces the inflammatory reperfusion response in the lungs, although protection by other components of the solution and the protective effects on lung epithelial cells might also contribute to reducing inflammatory response. Moreover, lower concentrations of cytokine/chemokine could be the result of dextran inhibiting leukocyte interactions by coating and thereby protecting the endothelium. Yet, in the present study, it was not possible to assess the secretion of endothelial adhesion molecules (i.e., porcine intercellular adhesion molecule (ICAM) and vascular cell adhesion molecule (VCAM)) in the perfusates of the different experimental groups.

The beneficial effects of albumin on edema formation during heart perfusion were shown in a porcine study (40). Thus, we conceived that albumin could have a positive effect on the inflammation of the lungs by protecting the glycocalyx during the rewarming period. Contrary to our expectations, the addition of albumin to the perfusion solution had no reducing effect on cytokine/chemokine secretion during 4 h of EVLP since we did not detect significant differences in cytokine/chemokine concentrations at any sampling time point when comparing the D-EVLP/CD and D-EVLP/CDA groups. However, the D-EVLP/CD group showed a trend toward lower concentrations of the measured proteins. We lately reported slightly improved oxygenation capacities of pig lungs after 4 h of EVLP when perfused with Custodiol-N solution supplemented with dextran and albumin when compared with the addition of dextran only (13). The beneficial effects of albumin during prolonged period of EVLP might be due to improved oncotic support as evidenced by somewhat lower wet/dry weight ratios (13). Superior lung function in our cohort could result from the reduced inflammation due to elevated anti-inflammatory mediators (i.e., IL-10, IL-1RA) in the D-EVLP/CDA group.

Recently, it was shown that higher cytokine/chemokine levels in serum (i.e., IL-6, CXCL8) after transplantation are associated with worse clinical outcomes (41, 42). The correlation of the cytokine/chemokine concentrations with the oxygenation capacities of the lungs after 4 h of EVLP in our study revealed higher protein concentrations in perfusates to correlate with worse lung function. In line with our findings, it was shown that lower concentrations of pro-inflammatory IL-1β in perfusates are associated with better lung function 24 h post-transplantation (43). Moreover, cytokine absorption prior to LTX resulted in an improved lung function, decreased inflammation, and less primary graft dysfunction in a porcine model, underlining the importance of reducing cytokine and chemokine concentrations during preservation (29, 44, 45). Therefore, D-EVLP/CD would provide the most usable donor organs for transplantation by reaching the lowest concentrations of cytokine/chemokine in the perfusate.

In our experimental groups, the D-EVLP/CD samples contained the lowest protein concentrations of e.g. the pro-inflammatory cytokines/chemokines CXCL8 and IL-6, known to be involved in the pathogenesis of primary graft dysfunction, and the elevated levels of CXCL8 in perfusates were suggested to predict the risk of the primary graft dysfunction (42, 46). Interestingly, the concentrations of the anti-inflammatory cytokines IL-10 and IL-1RA were also reduced in the D-EVLP/CD perfusate samples, suggesting a decreased secretion of pro- and anti-inflammatory mediators in the D-EVLP/CD group. Hence, the suppression of immune cells with hypothermia will reduce not only the pro-inflammatory cytokine secretion from these cells but also the anti-inflammatory cytokine secretion (47).



5. Conclusion

A prolonged CSP (9 h) does not affect the cold injury of the lung, while the first hours of reperfusion seem to be crucial for the damage of the allograft. Moreover, Custodiol-N supplied with dextran showed a reducing effect on the cytokine/chemokine secretion, while albumin exhibited no additional effect during 4 h of EVLP. The cytokine/chemokine concentrations in perfusates of Custodiol-N solution supplied with dextran and albumin negatively correlated with the oxygenation capacities, suggesting their usage as an alternative perfusion solution to the standard Steen solution. Possibly, by using Custodiol-N solution with dextran and albumin, more organs would reach the clinically relevant threshold of oxygenation capacity of >350 mmHg, and thus the transplant volume could be increased. Along with the composition of perfusate solutions, cytokine/chemokine concentrations in perfusates can be lowered by applying cytokine absorption filters. The latter were demonstrated to improve lung function of transplanted organs due to reduced IRI (29, 44, 45).



6. Limitations

The limitation of our study is focusing on the ex vivo perfusion period. The lungs were not transplanted, and there were no available data with regard to the post-perfusion period. Moreover, we only captured the oxygenation capacities as data displaying the lung function of the grafts.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The animal study was approved by Landesamt für Natur, Umwelt und Verbraucherschutz NRW. The study was conducted in accordance with the local legislation and institutional requirements.



Author contributions

LR performed the experiments, analyzed the data, and wrote major parts of the manuscript. AK, CO, and YL performed the animal experiments. KB and JK performed Luminex-based multiplex experiments, and UR provided perfusion solutions. JFK helped in analyzing the data and wrote major parts of the manuscript. CF and MK supervised the work, designed the experiments, analyzed the data, and wrote the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the German Research Foundation DFG, SFB738, B3 (CF), the German Ministry for Education and Research BMBF, IFB-Tx BMBF 01EO1302 (CF), and the German Center for Infection Research DZIF TTU-IICH (TTU_07_822_00; CF). LR was enrolled in the StrucMed program at Hannover Biomedical Research School (HBRS) and received stipends from DZIF (DZIF_TI07_003). This publication is funded by the German Research Foundation (DFG) as part of the “Open Access Publication Costs” program.



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.

The handling editor CA declared a past co-authorship with the author CF.



Publisher's note

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



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcvm.2023.1245618/full#supplementary-material



References

1. Valapour M, Lehr CJ, Skeans MA, Smith JM, Uccellini K, Goff R, et al. OPTN/SRTR 2018 annual data report: lung. Am J Transplant. (2020) 20(Suppl s1):427–508. doi: 10.1111/ajt.15677

2. Neizer H, Singh GB, Gupta S, Singh SK. Addressing donor-organ shortages using extended criteria in lung transplantation. Ann Cardiothorac Surg. (2020) 9(1):49–50. doi: 10.21037/acs.2019.10.01

3. Aigner C, Winkler G, Jaksch P, Seebacher G, Gyorgy L, Taghavi S, et al. Extended donor criteria for lung transplantation—a clinical reality. Eur J Cardiothorac Surg. (2005) 27(5):757–61. S1010-7940(05)00069-215848310

4. Chaney J, Suzuki Y, Cantu 3rd E, van Berkel V. Lung donor selection criteria. J Thorac Dis. (2014) 6(8):1032–8. doi: 10.3978/j.issn.2072-1439.2014.03.24

5. Cypel M, Keshavjee S. Extracorporeal lung perfusion (ex-vivo lung perfusion). Curr Opin Organ Transplant. (2016) 21(3):329–35. doi: 10.1097/MOT.0000000000000320

6. Cypel M, Rubacha M, Yeung J, Hirayama S, Torbicki K, Madonik M, et al. Normothermic ex vivo perfusion prevents lung injury compared to extended cold preservation for transplantation. Am J Transplant. (2009) 9(10):2262–9. doi: 10.1111/j.1600-6143.2009.02775.x

7. Yeung JC, Wagnetz D, Cypel M, Rubacha M, Koike T, Chun YM, et al. Ex vivo adenoviral vector gene delivery results in decreased vector-associated inflammation pre- and post-lung transplantation in the pig. Mol Ther. (2012) 20(6):1204–11. doi: 10.1038/mt.2012.57

8. Cypel M, Liu M, Rubacha. Yeung JC, Hirayama S, Anraku M, et al. Functional repair of human donor lungs by IL-10 gene therapy. Sci Transl Med. (2009) 1(4):4ra9. doi: 10.1126/scitranslmed.3000266

9. Cypel M, Yeung JC, Machuca T, Yeung JC, Hirayama S, Anraku M, et al. Experience with the first 50 ex vivo lung perfusions in clinical transplantation. J Thorac Cardiovasc Surg. (2012) 144(5):1200–6. doi: 10.1016/j.jtcvs.2012.08.009

10. Cypel M, Yeung JC, Liu M, Anraku M, Chen F, Karolak W, et al. Normothermic ex vivo lung perfusion in clinical lung transplantation. N Engl J Med. (2011) 364(15):1431–40. doi: 10.1056/NEJMoa1014597

11. Koch A, Pizanis N, Olbertz C, Abou-Issa O, Taube C, Slama A, et al. One-year experience with ex vivo lung perfusion: preliminary results from a single center. Int J Artif Organs. (2018) 41(8):460–6. doi: 10.1177/0391398818783391

12. Olbertz C, Pizanis N, Baumker H, Becker S, Aigner C, Rauen U, et al. Effects of immediate versus delayed ex-vivo lung perfusion in a porcine cardiac arrest donation model. Int J Artif Organs. (2019) 42(7):362–9. doi: 10.1177/0391398819841618

13. Olbertz C, Pizanis N, Baumker H, Kalka K, Aigner C, Rauen U, et al. Use of modified Custodiol-N as perfusion solution in ex vivo lung perfusion. Am J Transl Res. (2020) 12(1):153–61.32051744

14. Thuong M, Ruiz A, Evrard P, Kuiper M, Boffa C, Akhtar MZ, et al. New classification of donation after circulatory death donors definitions and terminology. Transpl Int. (2016) 29(7):749–59. doi: 10.1111/tri.12776

15. Sanchez PG, Mackowick KM, Kon ZN. Current state of ex-vivo lung perfusion. Curr Opin Organ Transplant. (2016) 21(3):258–66. doi: 10.1097/MOT.0000000000000310

16. Mulloy DP, Stone ML, Crosby IK, Lapar DJ, Sharma AK, Webb DV, et al. Ex vivo rehabilitation of non-heart-beating donor lungs in preclinical porcine model: delayed perfusion results in superior lung function. J Thorac Cardiovasc Surg. (2012) 144(5):1208–15. doi: 10.1016/j.jtcvs.2012.07.056

17. Beetz O, Cammann S, Weigle CA, Sieg L, Eismann H, Johanning K, et al. Interleukin-18 and high-mobility-group-protein B1 are early and sensitive indicators for cell damage during normothermic machine perfusion after prolonged cold ischemic storage of porcine liver grafts. Transpl Int. (2022) 35:10712. doi: 10.3389/ti.2022.10712

18. Jordan JA, Guo RF, Yun EC, Sarma V, Warner RL, Crouch LD, et al. Role of IL-18 in acute lung inflammation. J Immunol. (2001) 167(12):7060–8. doi: 10.4049/jimmunol.167.12.7060

19. Kak G, Raza M, Tiwari BK. Interferon-gamma (IFN-gamma): exploring its implications in infectious diseases. Biomol Concepts. (2018) 9(1):64–79. doi: 10.1515/bmc-2018-0007

20. Chichelnitskiy E, Himmelseher B, Bachmann M, Pfeilschifter J, Mühl H. Hypothermia promotes interleukin-22 expression and fine-tunes its biological activity. Front Immunol. (2017) 8:742. doi: 10.3389/fimmu.2017.00742

21. Ali A, Wang A, Ribeiro RVP, Beroncal EL, Baciu C, Galasso M, et al. Static lung storage at 10°C maintains mitochondrial health and preserves donor organ function. Sci Transl Med. (2021) 13(611):eabf7601. doi: 10.1126/scitranslmed.abf7601

22. Kim K, Kim W, Rhee JE, Jo YH, Lee JH, Kim KS, et al. Induced hypothermia attenuates the acute lung injury in hemorrhagic shock. J Trauma. (2010) 68(2):373–81. doi: 10.1097/TA.0b013e3181a73eea

23. Abd-Ellah A, Voogdt C, Krappmann D, Möller P, Marienfeld RB. GSK3β Modulates NF-κB activation and RelB degradation through site-specific phosphorylation of BCL10. Sci Rep. (2018) 8(1):1352. doi: 10.1038/s41598-018-19822-z

24. Liu T, Zhang L, Joo D, Sun S. NF-κB signaling in inflammation. Signal Transduct Target Ther. (2017) 2:17023. doi: 10.1038/sigtrans.2017.23

25. Radakovic D, Karimli S, Penov K, Schade I, Hamouda K, Bening C, et al. First clinical experience with the novel cold storage SherpaPak™ system for donor heart transportation. J Thorac Dis. (2020) 12(12):7227–35. doi: 10.21037/jtd-20-1827

26. Bixby CE, Balsam LB. Better than ice: advancing the technology of donor heart storage with the paragonix SherpaPak. ASAIO J. (2023) 69(4):350–1. doi: 10.1097/MAT.0000000000001925

27. Egelkamp J, Chichelnitskiy E, Kühne JF, Wandrer F, Daemen K, Keil J, et al. Back signaling of HLA class I molecules and T/NK cell receptor ligands in epithelial cells reflects the rejection-specific microenvironment in renal allograft biopsies. Am J Transplant. (2019) 19(10):2692–704. doi: 10.1111/ajt.15417

28. Gohy ST, Hupin C, Pilette C, Ladjemi MZ. Chronic inflammatory airway diseases: the central role of the epithelium revisited. Clin Exp Allergy. (2016) 46(4):529–42. doi: 10.1111/cea.12712

29. Iskender I, Arni S, Maeyashiki T, Citak N, Sauer M, Rodriguez JM, et al. Perfusate adsorption during ex vivo lung perfusion improves early post-transplant lung function. J Thorac Cardiovasc Surg. (2021) 161(2):e109–21. doi: 10.1016/j.jtcvs.2019.12.128

30. Stegemann J, Hirner A, Rauen U, Minor T. Gaseous oxygen persufflation or oxygenated machine perfusion with Custodiol-N for long-term preservation of ischemic rat livers? Cryobiology. (2009) 58(1):45–51. S0011-2240(08)00271-X18977213

31. Fingas CD, Wu S, Gu Y, Wohlschlaeger J, Scherag A, Dahmen U, et al. Assessment of a chloride-poor versus a chloride-containing version of a modified histidine-tryptophan-ketoglutarate solution in a rat liver transplantation model. Liver Transpl. (2011) 17(6):650–60. doi: 10.1002/lt.22275

32. Wu K, Türk TR, Rauen U, Su S, Feldkamp T, de Groot H, et al. Prolonged cold storage using a new histidine-tryptophan-ketoglutarate-based preservation solution in isogeneic cardiac mouse grafts. Eur Heart J. (2011) 32(4):509–16. doi: 10.1093/eurheartj/ehq135

33. Gallinat A, Lüer B, Swoboda S, Rauen U, Paul A, Minor T. Use of the new preservation solution Custodiol-N supplemented with dextran for hypothermic machine perfusion of the kidney. Cryobiology. (2013) 66(2):131–5. S0011-2240(12)00277-523291306

34. Rauen U, Petrat F, Li T, De Groot H. Hypothermia injury/cold-induced apoptosis–evidence of an increase in chelatable iron causing oxidative injury in spite of low O2-/H2O2 formation. FASEB J. (2000) 14(13):1953–64. doi: 10.1096/fj.00-0071com

35. Pizanis N, Gillner S, Kamler M, de Groot H, Jakob H, Rauen U. Cold-induced injury to lung epithelial cells can be inhibited by iron chelators—implications for lung preservation. Eur J Cardiothorac Surg. (2011) 40(4):948–55. doi: 10.1016/j.ejcts.2011.01.052

36. Rauen U, de Groot H. New insights into the cellular and molecular mechanisms of cold storage injury. J Investig Med. (2004) 52(5):299–309. doi: 10.1136/jim-52-05-29

37. Pizanis N, Petrov A, Heckmann J, Wiswedel I, Wohlschläger J, de Groot H, et al. A new preservation solution for lung transplantation: evaluation in a porcine transplantation model. J Heart Lung Transplant. (2012) 31(3):310–7. doi: 10.1016/j.healun.2011.11.009

38. Fernandes LM, Mariani AW, Medeiros IL, Samano MN, Abdalla LG, Correia AT, et al. Alternative solution for ex vivo lung perfusion, experimental study on donated human lungs non-accepted for transplantation. Acta Cir Bras. (2015) 30(5):359–65. doi: 10.1590/S0102-865020150050000008

39. Becker BF, Jacob M, Leipert S, Salmon AH, Chappell D. Degradation of the endothelial glycocalyx in clinical settings: searching for the sheddases. Br J Clin Pharmacol. (2015) 80(3):389–402. doi: 10.1111/bcp.12629

40. Jacob M, Bruegger D, Rehm M, Stoeckelhuber M, Welsch U, Conzen P, et al. The endothelial glycocalyx affords compatibility of starling’s principle and high cardiac interstitial albumin levels. Cardiovasc Res. (2007) 73(3):575–86. S0008-6363(06)00509-817196565

41. Mal H, Dehoux M, Sleiman C, Boczkowski J, Lesèche G, Pariente R, et al. Early release of proinflammatory cytokines after lung transplantation. Chest. (1998) 113(3):645–51. S0012-3692(16)33835-19515837

42. Verleden SE, Martens A, Ordies S, Neyrinck AP, Van Raemdonck DE, Verleden GM, et al. Immediate post-operative broncho-alveolar lavage IL-6 and IL-8 are associated with early outcomes after lung transplantation. Clin Transplant. (2018) 32(4):e13219. doi: 10.1111/ctr.13219

43. Andreasson AS, Karamanou DM, Gillespie CS, Özalp F, Butt T, Hill P, et al. Profiling inflammation and tissue injury markers in perfusate and bronchoalveolar lavage fluid during human ex vivo lung perfusion. Eur J Cardiothorac Surg. (2017) 51(3):577–86. doi: 10.1093/ejcts/ezw358

44. Ghaidan H, Stenlo M, Niroomand A, Mittendorfer M, Hirdman G, Gvazava N, et al. Reduction of primary graft dysfunction using cytokine adsorption during organ preservation and after lung transplantation. Nat Commun. (2022) 13(1):4173–5. doi: 10.1038/s41467-022-31811-5

45. Iskender I, Cosgun T, Arni S, Trinkwitz M, Fehlings S, Yamada Y, et al. Cytokine filtration modulates pulmonary metabolism and edema formation during ex vivo lung perfusion. J Heart Lung Transplant. (2017) S1053-2498(17)31802-8. doi: 10.1016/j.healun.2017.05.021

46. Machuca TN, Cypel M, Yeung JC, Bonato R, Zamel R, Chen M, et al. Protein expression profiling predicts graft performance in clinical ex vivo lung perfusion. Ann Surg. (2015) 261(3):591–7. doi: 10.1097/SLA.0000000000000974

47. Saraiva M, O'Garra A. The regulation of IL-10 production by immune cells. Nat Rev Immunol. (2010) 10(3):170–81. doi: 10.1038/nri2711



OPS/images/fcvm-10-1245618-t001.jpg
D (Custodiol-N | CDA (Custodiol-N | Steen™
plus dextran) +dextran and
albumin)
Sodium
Potassium

Magnesium
Calcium
Chloride
Histidine
N-Acetylhistidine
Sucrose

a-Ketoglutarate
Aspartate
Glycine

Alanine

Tryptophan

Arginine
Deferoxamine
(umol/L)

LK 614 (umol/L)
Dextran (/L)
Albumin (g/L)
Glucose
Phosphate

PH

Osmolarity
(mOsm/L)

All concentrations are given in mmol/L unless stated otherwise.

At 20°C.

Bacistad 30 b 7.4 with sodiurm hydroxide.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Composition of ex vivo perfusion solutions and kinetics define differential cytokine/chemokine secretion in a porcine cardiac arrest model of lung preservation

		1. Introduction



		2. Material and methods



		2.1. Animals



		2.2. Chemicals



		2.3. Experimental procedure



		2.4. Experimental groups



		2.5. Cytokine and chemokine quantification



		2.6. Oxygenation capacity measurement



		2.7. Statistical analyses











		3. Results



		3.1. D-EVLP and I-EVLP samples separate by perfusion time point rather than by CSP duration



		3.2. D-EVLP/CD samples show a trend toward reduced protein secretion especially after 4 h of perfusion compared with the D-EVLP/CDA group



		3.3. Lowest cytokine/chemokine accumulation in the D-EVLP/CD group compared with all other experimental groups



		3.4. Negative correlation of oxygenation capacities and cytokine/chemokine concentrations in perfusates











		4. Discussion



		5. Conclusion



		6. Limitations



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Publisher's note



		Supplementary material



		References



















OPS/images/cover.jpg
, frontiers ‘ Frontiers in Cardiovascular Medicine

Composition of ex vivo perfusion solutions
and kinetics define differential
cytokine/chemokine secretion in a porcine
cardiac arrest model of lung preservation





OPS/images/fcvm-10-1245618-g004.jpg
4h (all groups)

TNF-a IL-6 ,_ CXCL8 IFN- -2 r=. -
30002 s0000. =051 450000, 0 30000. v 2500 IL-2 r=0.53 s0n0- L-12
-0.46 . w r=0.17 . . 2( o r=-0.55 ° FEVLP
ns. e
=2 100000} seses e == = 20000- 4000- e
E Pt * DEVLPC
2 . © D-EVLP/CDA
0000 s0000{
20 40 60 0 a0 600 20 0 600 20 400 600 20 a0 60
IL: IL-4 IL-1a IL-1B IL-1RA
15000 60201 =.0.65 f0007 r=0.30 6007 r_ 053 60007  =-0.23 20000
P o ns.
15000.
10000.
s000- A
200 400 600 20 400 600
ApO, [mmHg]  ApO, [mmHg]

70 %0 &0 20 400 60 0 a0 w0 Mo w0 &0 0 20 40 6%
ApO, [mmHg] ApO, [mmHg]  ApO, [mmHg]  ApO, [mmHg]  ApO, [mmHg]





OPS/images/fcvm-10-1245618-g001.jpg
M D-EVLP 0Oh

ED-EVLP 1h 1(69%)

[CID-EVLP 4h

M I-EVLP Oh Y
-EVLP 1h

[ I-EVLP 4h ®

p=0, [

TNF- IL-6 cxcLs IFN-y IL-2 IL-12
260007 4z 1 0000 g we 150000 20000 200 2 50007 228 - DEVLP
P = ST . rree SN
— 20000 A  30000- AL 15000- 2000+
E 100000 200
E.om 1500
E 200 100
10000 ™
so000 o0
s 1000 oo i

IL-10 IL-1a IL-1B IL-1RA IL-18 GM-CSF
80007 Ak sx so00 8007 i ap 40007 44 uuy 40007 i 51 20000 4001 5
= v
- bkt

L-4
T
6000 600 3000 £ 30004 e 15000 300
3000-
400 2000 2000 10000: 200
2000
2000 i 200 1000 1000 5000 100-

Oh 1h 4h Oh 1h 4h Oh 1h 4h Oh 1h 4h Oh 1h 4h Oh 1h 4h Oh 1h 4h

]

pg/ml
H






OPS/images/fcvm-10-1245618-g003.jpg
TNF-a IL-6 CXCL8 IFN-y
.

so0005 8 w0008 o0 so000 000
avonn u LEVLP
oo . ® DEVLP
£ @ D-EVLPIC
g 20000
o000 2000 AD- EVLPICDA
. 410000
0 o 0
1L-10 IL GM-CSF
15000 - -
* 600
gowof & o aow
E -
2
s0004 ¥ - 2000+
- 200 i
" -ﬁ-@-&ﬁ-






OPS/images/fcvm-10-1245618-g002.jpg
pg/ml

pg/ml

H D-EVLP/CDA 0h

[ D-EVLPICDA 1h

[ D-EVLPICDA 4h P
=0, ©

. D-EVLP/CD Oh B
ED-EVLP/CD 1h
[ D-EVLP/ICD 4h  1(65%) Sample
CXCl

°
2m 2.0
1.0
.0 p=0,01
-1.0
-20
TNF-a IL-6 cxcLs IFN-y IL-12
50007 &k ki 20000 & s 1600007 x4 sk 100007 . 1500 15007 % xx --D-EVLP/CD
P P S -+ D-EVLP/CDA
" 1on000 ol 1000 100
o000 E i;i
00 o i
so000 o
1000- 3000 2000+
.
1L-10 IL-4 IL1a IL-1p IL-IRA IL-18 GM-CSF
dov07 i woy #0072 e so0q ok ooy wep
3000: 600 400 w0 8000 0
00
0 oo
200 a0 a0 o
- e
o0 %
o0 0 o - il 0

ol ol
Oh 1h 4h Oh 1h 4h Oh 1h 4h Oh 1h 4h Oh 1h 4h Oh 1h 4h Oh 1h 4h









OPS/images/crossmark.jpg
(®) Check for updates.





OPS/images/logo.jpg
& frontiers | Frontiers in Cardiovascular Medicine





