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A B S T R A C T   

Ex vivo lung perfusion (EVLP) is a promising technology that allows the re-evaluation of donor 
lungs and has the potential to improve marginal lung reconditioning. The present study focused 
on the effects of milk fat globule epidermal growth factor 8 (MFG-E8) on the function of donation 
after circulatory death (DCD) lungs during EVLP and transplant reperfusion. Domestic swine were 
assigned to 4 groups. In the control group, the donor lungs lacking warm ischemia were preserved 
in Perfadex for 4 h. The swine in the other three groups underwent hypoxic arrest, followed by 1 h 
of warm ischemia. The DCD lungs were procured and randomly divided into three groups: cold 
static preservation (DCD-CSP) group, DCD-EVLP group, and DCD-MFG-E8 group. The left lung of 
all groups was transplanted and reperfused. During EVLP and reperfusion, lung functions and 
pathological evaluations were performed. Treatment with MFG-E8 resulted in significantly 
improved blood oxygenation. The mean pulmonary artery pressure, peak airway pressure, and 
expression of IL-1β, IL-6, and IL-12 were significantly lower but IL-10 was higher in the DCD 
-MFG-E8 group. Furthermore, the lung injury severity score, pulmonary edema, and wet-to-dry 
weight ratio were also reduced in MFG-E8-treated lungs. However, the pulmonary vascular 
resistance and expression of TNF-α did not differ from the DCD -EVLP group but were signifi
cantly lower than in the DCD -CSP group. Adding MFG-E8 into the perfusate during EVLP obtains 
optimal graft function of lungs from DCD. This finding, if confirmed clinically, can be applied to 
recondition grafts and expanded use of DCD lungs.   
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1. Introduction 

Lung transplantation (LTx) is a lifesaving treatment for patients with end-stage pulmonary disease. However, its benefit is con
strained by a significant graft shortage. Additionally, there is only 15–20 % of lungs from eligible multiorgan donors that are 
considered ideal for transplantation. To solve this problem, donation after cardiac death (DCD) donors are used in many transplant 
centers [1]. Despite its promising potential, DCD lung brings a higher incidence of primary graft dysfunction (PGD) and decreases early 
post-transplant outcomes compared to conventional donors [2]. Therefore, improving DCD lung quality before transplantation is a 
promising strategy. 

Ex vivo lung perfusion (EVLP) is a platform of normothermic lung perfusion for graft evaluation, reconditioning, preservation ex 
vivo, and it has the potential to recruit lung grafts thought unsuitable for transplantation [3]. Recently, the prospect of EVLP has been 
proved in clinical trials of marginal donor lungs. However, EVLP itself can result in organ damage due to coagulation abnormalities and 
inflammation. In addition, EVLP alone cannot improve donor lung function pathologically [4]. To overcome this problem, various 
modalities have been implemented during EVLP. 

Milk fat globule-EGF factor 8 (MFG-E8), also called lactadherin, is an anti-inflammatory glycoprotein secreted by the mammary 
gland and expressed in various types of cells. It has been demonstrated by our lab and others to attenuate inflammation and acute lung 
injury via its engaging αvβ3 integrin [5]. Moreover, MFG-E8 expression levels in plasma were manifestly lower in patients with chronic 
obstructive pulmonary disease [6]. Our recent studies have shown that recombinant human MFG-E8 (rhMFG-E8) can suppress 
thrombosis in an animal model of deep venous thrombosis by inhibiting inflammatory factors in TLR4/NF-κB signaling pathways [7]. 
Furthermore, We have also demonstrated that MFG-E8 improves lung graft function and ameliorates pulmonary graft ischemic 
reperfusion injury by inhibiting pulmonary apoptosis [8]. However, whether MFG-E8 can improve the function of lungs from non
–heart-beating donors is currently unclear. 

In the current study, we aimed to investigate whether MFG-E8 treatment during EVLP improves the function of lung grafts har
vested from a swine DCD model and to address whether this protective effect continues after LTx. 

2. Materials and methods 

2.1. Animals and experimental design 

The present study protocol was approved by the Animal Care and Use Committee (ACUC) of Huazhong University of Science and 
Technology. All animals received humane care per the “Guidelines for the Care and Use of Laboratory Animals” (National Institutes of 
Health, Publication No. 86-23, revised in 1996). 

Domestic swine of both genders (weight, 21–38 kg) were euthanized and randomly divided into four groups of 8 pigs each. The 
Heart-Beating Donor (HBD) Group served as the Control Group, the donor lungs lacking warm ischemia were procured, flushed, and 
preserved conventionally in 4 ◦C Perfadex(a low potassium dextran solution) for 4 h. In the three DCD Groups, the swine underwent 
hypoxic arrest, followed by 1 h of warm ischemia. The DCD lungs were procured and randomly divided into three groups: cold static 
preservation (DCD-CSP) group (preserved in 4 ◦C Perfadex solution for 4 h), DCD-EVLP group (4 h of normothermic ex vivo perfusion 
circuit perfused with Steen solution), and DCD-MFG-E8 group (4 h of normothermic ex vivo perfusion circuit perfused with Steen 
solution supplemented with hMFG-E8 20 μg). The left lungs of all subjects of all groups were subsequently transplanted into a size- 
matched recipient and reperfused for a continuous 4-h period in vivo. 

2.2. Porcine arrest and donor lung procedure 

Ketamine (50 mg/kg, YAOPHARMA, China) and xylazine (5 mg/kg, ASIA TALENT CHEMICAL LIMITED) were utilized for in
duction of anesthesia, and the swine were intubated and ventilated (inspired oxygen fraction (FiO2) 1.0, tidal volume 8–10 mL/kg, 
respiratory rate 14–18 breaths/min, positive end-expiratory pressure 5.0 cmH2O). Anesthesia was maintained with 3 % isoflurane 
(ecochem international chemical broker). In the three DCD groups, all donor swine had continuous cardiac monitoring until cardiac 
arrest occurred. Cardiac arrest was defined as no activity in the electrocardiogram, and the distinction between systolic and diastolic 
pressure became zero. The endotracheal tube was occluded and disconnected from the ventilator right after an Arterial blood gas 
measurement was taken, and the swine were euthanized by hypoxic arrest. After the declaration of cardiac death, the pigs were left 
untouched for 60 min at room temperature, and donor lungs were procured.A median sternotomy was performed and the main 
pulmonary artery (PA) was cannulated with a Cardioplegia cannula to deliver Prostaglandin-E1 (10 mg/kg) and cold Perfadex (XVIVO 
Perfusion Inc). The left atrial appendage was incised, the vena cavae were ligated, and the lungs were antegrade flushed with 1.5 L 
liters of 4 ◦C Perfadex supplemented with 10,000 IU of heparin. The trachea was clamped mid-inspiration, and the heart-lung block 
was excised. The heart was discarded, and the lungs were retrograde flushed with an additional 500 mL of cold Perfadex (4 ◦C) with 
heparin. For the DCD-CSP group, the lungs were preserved directly in 4 ◦C Perfadex. For the other groups, the trachea, main pulmonary 
artery, and left atrium were prepared to be cannulated with EVLP. 

2.3. EVLP 

The EVLP system was prepared and conducted in conformity with the Toronto protocol. The EVLP circuit consisted of a centrifugal 
pump (Maquet Cardiopulmonary AG, Germany), a membrane oxygenator, a heat exchanger, a venous reservoir (Sorin Group, Arvada, 
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Colo), and polyethylene tubing. The perfusate of EVLP comprised 2L of acellular Steen solution supplemented with heparin (10,000 
IU), methylprednisolone (500 mg), and cefazolin (500 mg). hMFG-E8 (20 μg, SantaCruz, Shanghai, China) was added to the perfusate 
of group DCD-MFG-E8 at the start of the ex vivo perfusion period. A funnel-shaped plastic cannula was sutured to the left atrial cuff, a 
routine plastic cannula was sewn to the main pulmonary artery, and an 8-0 endotracheal tube was secured into the trachea. Flow was 
initiated slowly at 150mL/min at 20 ◦C, and then the perfusate temperature was gradually increased to 37 ◦C over 30 min as the flow 
was titrated up to 40 % of the estimated cardiac output (100 mL/kg). As the perfusate temperature reached 32 ◦C, lungs were 
ventilated with room air (FiO2 of 0.21) with the ventilator settings (respiratory rate 7 breaths/min, tidal volume 7 mL/kg, positive end- 
expiratory pressure 5.0 cmH2O). Simultaneously, mixed gas (a mixture of 86 % nitrogen, 6 % oxygen, and 8 % carbon dioxide) was 
used to deoxygenate the perfusate and maintain a PCO2 between 35 and 45 mmHg. During the full period of EVLP, the pulmonary 
artery was maintained between 10 and 15 mmHg and the left atrial pressure between 3 and 5 mmHg, by aligning the reservoir level. 
Samples of the perfusate from the pulmonary artery inflow and left atrium outflow were collected hourly after a 10-min challenge with 
a 100 % fraction of inspired oxygen for arterial blood gas analysis. Airway pressures were measured hourly and used to calculate 
dynamic compliance. At the end of EVLP, the pulmonary artery and left atrium cannulas were disconnected from the EVLP circuit, and 
the lungs were flushed anterograde with 500 mL of 4 ◦C cold Perfadex (XVIVO Perfusion Inc). After infusion of cold Perfadex, the 
trachea was clamped to keep the lungs inflated. The left lung was separated off and stored in 4 ◦C Perfadex before transplantation. 

2.4. Lung transplantation procedures 

Recipient pigs were anesthetized and ventilated as described above for donors. Orthotopic left single lung transplantation was 
performed using a simplified continuous two-stitch suture for bronchial anastomosis as per our previous study [9]. 

2.5. Lung physiologic features during EVLP and after transplantation 

Lung functional parameters were measured every hour both during EVLP and reperfusion in vivo. The functional parameters 
included blood oxygenation (PaO2/FiO2 ratio), mean pulmonary artery pressure (MPAP), pulmonary vascular resistance (PVR), peak 
airway pressure (PAP), and dynamic lung compliance were evaluated. The functional parameters were measured using a Swan-Ganz 
catheter and the airway pressure was measured using a pressure transducer attached to the endotracheal tube. At the end of 3h of 
reperfusion, the endotracheal tube was inserted into the left main bronchus, and the right main pulmonary artery was clamped to 
evaluate only the left lung graft function. The transplanted lung was excised after 4 h of reperfusion and the swine euthanized. 

2.6. Histological assessment of the lungs 

At the end of 4h of reperfusion, specimens from the lower lobe were prepared for pathological assessment by instilled with 10 % 
buffered formalin and stained with hematoxylin and eosin. The lung sections were assessed by a pathologist per the lung injury severity 
(LIS) score, which is based on the total neutrophil counts per high power field(HPF)(score of 0,＜5; 1, 6 to 10; 2,11to20; and score of3, 
＞20), extent of alveolar edema(score of 0,＜5 %; 1, 6 %–25 %; 2, 26%–50 %; and 3, ＞50 %), and degree of interstitial infiltration 
(score of 0, none; 1, minimal; 2, moderate; and 3, severe). The wet-to-dry weight ratio was calculated as an estimate of pulmonary 
edema after reperfusion, by dividing the wet weight by the final dry weight before and after storage at 80 ◦C for 72 h. A composite score 
was calculated by summation of these 3 components. For each variable, the average of the 3 sample values was taken for group 
comparisons. 

2.7. Cytokine measurement 

On completion of EVLP and transplantation, Bronchoalveolar lavage (BAL) of the upper lobe was performed in all groups with 30 
mL of normal saline, centrifuged, and the supernatant was stored at－80 ◦C. The cytokine levels in BAL samples were measured using a 
commercially available porcine cytokine multiplex immunoassay kit (Quantibody®,antpedia, Shanghai, China) according to the 
manufacturer’s instructions. 

2.8. Statistical analysis 

All experimental results were expressed as the means standard deviation. Data containing a time component, such as PAP, MPAP, 
PVR, and repeated measures were analyzed using analysis of variance (ANOVA). For comparison of the wet/dry ratio, a Man
n–Whitney test was performed. Fischer’s exact test was employed to compare the LIS score. All data analyses were performed with 
SPSS 26.0 software (SPSS Inc, IBM). Differences were considered to be statistically significant as the p-value is less than 0.05. 

3. Results 

3.1. Lung function during EVLP 

Ventilated and perfused lungs underwent 4 h of normothermic EVLP (Fig. 1). Lung physiologic features were monitored during the 
4 h EVLP period. The oxygenation (PaO2/FiO2) (P = 0.048), mean pulmonary artery (PA) pressure (MPAP) (P = 0.034), dynamic lung 
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compliance(P = 0.038), and peak airway pressure (PAP) (P = 0.026) differed significantly between the DCD-EVLP and DCD-MFG-E8 
group at the end of EVLP. However, the pulmonary vascular resistance (PVR) in the MFG-E8 group did not differ from the EVLP group 
(P = 0.136). (Fig. 2A–E). 

3.2. Lung function after LTx 

Orthotopic left single lung transplantation was performed successfully(Fig. 3). After transplantation and 4 h of reperfusion, the 
oxygenation (PaO2/FiO2) was better in the DCD-MFG-E8 group than in the DCD-EVLP (P = 0.019) group. Lung dynamic compliance 
was also significantly better in group DCD-MFG-E8 compared with the DCD-EVLP group (P = 0.020) as well as MPAP (P = 0.036) and 
PAP (p = 0.031). Moreover, no significant differences were observed between the HBD and DCD-MFG-E8 groups. The PVR in the DCD- 
MFG-E8 group did not differ from the DCD-EVLP group but was significantly lower than in the DCD-CSP group (P = 0.001). 
(Fig. 4A–E). 

3.3. Cytokine expression 

The effect of the various strategies on the expression of cytokines in BAL samples was evaluated at the end of EVLP and transplant 
reperfusion. Compared with DCD-EVLP, a significant decrease was confirmed in levels of IL-1β(p = 0.015), IL-6(p = 0.019) and IL-12 
(p = 0.025) in the DCD-MFG-E8 Group at the end of EVLP, as well as in levels of IL-1β(p = 0.011), IL-6(p = 0.037) and IL-12(p = 0.028) 
after reperfusion in vivo, but significant increase in IL-10 (at the end of EVLP: p = 0.017; after reperfusion in vivo: p = 0.022) was 
found in the DCD-MFG-E8 Group. However, there was no statistically significant difference in TNF-α neither at the end of EVLP nor 
after reperfusion in vivo when we compared both groups. (at the end of EVLP: p = 0.147; after reperfusion in vivo: p = 0.078). There 
was no statistically significant difference between HBD and DCD-MFG-E8 in the expression of above-mentioned cytokines in BAL. 
(Fig. 5A–E, Fig. 6A–E). 

3.4. Histologic evidence of lung injury 

The light microscopic histological findings for each group are revealed in Fig. 7. The DCD-CSP group exhibited a more severe lung 
injury with extensive alveolar hemorrhage and neutrophil emigration than the other groups (Fig. 7A). As far as the histology of the 
DCD-MFG-E8 group, only a mild neutrophil infiltration within alveolar capillaries and no obvious alveolar exudates and hemorrhage 
in the perivascular space (Fig. 7B) have been noted. By contrast, neutrophil infiltration and alveolar edema were markedly reduced in 
the DCD-MFG-E8 group compared to the DCD-EVLP group (Fig. 7C), indicating that MFG-E8 treatment during EVLP attenuated these 
pulmonary histological changes. In addition, the DCD-MFG-E8 group had decreased lung injury scores (2.30 ± 1.24), compared with 
the DCD-EVLP(3.78 ± 1.50, P = 0.049)and DCD-CSP (4.90 ± 2.20, P < 0.01)groups. Significantly fewer neutrophils PMN (poly
morphonuclear leukocytes)/HPF(high power field) were revealed in the DCD-MFG-E8 group(1.72 ± 0.21) compared with DCD-CSP 
(2.51 ± 0.42, P = 0.001) and DCD-EVLP (2.05 ± 0.34, P = 0.035). The DCD-MFG-E8 group also had significantly decreased alve
olar edema (DCD-MFG-E8, 0.13 ± 0.11; DCD-EVLP, 0.26 ± 0.12; P = 0.040) and less interstitial infiltrate than the DCD-EVLP group. 
(DCD-MFG-E8, 0.77 ± 0.46; DCD-EVLP, 1.70 ± 1.02; P = 0.034) These results showed that the degree of pulmonary injury was 
statistically lower in DCD-MFG-E8 group.(Fig. 8A–D). 

Fig. 1. Lungs being ventilated and perfused.  
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3.5. Wet-to-dry weight ratio 

Compared with DCD-EVLP, the wet-to-dry (W/D) weight ratio was significantly lower in the DCD-MFG-E8 Group (2.23 ± 0.26 vs 
2.89 ± 0.30, p = 0.035), reflecting that the degree of pulmonary edema was the lowest. There were no statistically significant dif
ferences between HBD Control and DCD-MFG-E8 (1.99 ± 0.23 vs 2.23 ± 0.26, p = 0.071). 

4. Discussion 

Since the introduction of standard criteria donation (SCD), existing surgical techniques, postoperative care, and immunosup
pressive therapy have seen major improvement and have led to significant improvements in both short and long-term outcomes after 
LTx. Although SCD remains the starting point for donor evaluation, extended criteria donor (ECD) is used nowadays as the first step to 

Fig. 2. Lung physiologic features during ex vivo lung perfusion. 
A. oxygenation (PaO2/FiO2), B. lung compliance, C. mean pulmonary artery (PA) pressure (MPAP), D. peak airway pressure (PAP), E. pulmonary 
vascular resistance (PVR). The oxygenation (PaO2/FiO2), mean pulmonary artery pressure, dynamic lung compliance, and peak airway pressure 
were significantly better in the DCD-MFG-E8 group over time. The pulmonary vascular resistance (PVR) was lower in the DCD-MFG-E8 group but 
the differences did not reach statistical significance. 
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maximizing the donor pool. ECD further supports the use of EVLP and DCD lungs in patients with ABO blood group incompatibility 
[10]. Recent studies have been using cohorts of unexploited donors, for instance, ECD for potential contribution to overcoming the 
chronic organ shortage in LTx to allow safer use of lungs from high-risk donors and graft modification to match graft recipients that 
may also improve post-transplant outcomes. 

DCD is seeking to have a considerable impact on the expansion of the donor pool and compensate for the limitation of SCD. A recent 
cohort study estimated that all potential donors with controlled DCD under Maastricht classification category III could upregulate the 
lung supply up to 22.7 % for optimal donor lungs and 50 % for sub-optimal donor lungs [11].In contrast to donation after brain death 
(DBD), controlled DCD lungs are an effective and safe method with good survival outcomes, and its broad implementation over the last 
decade has been very significant. However, for donation after uncontrolled DCD, data are still insufficient, and further investigations 
are needed. 

Using a preclinical porcine model of DCD left lung transplantation, the present study attempts to assess the effect of MFG-E8 
treatment during EVLP on ex vivo pulmonary ischemia-reperfusion injury and graft function. The results demonstrate that MFG-E8 
treatment during EVLP can rehabilitate lungs from uncontrolled DCD donors (Maastricht category I) with 1h of warm ischemia to 
an admissible functional condition for successful transplantation.MFG-E8 treatment during EVLP resulted in superior pulmonary 
function (oxygenation and dynamic compliance) and post reperfusion analyses (infiltration of neutrophils and inflammatory cytokine 
expression) compared with cold static preservation and EVLP treatment of DCD lungs respectively. These findings encourage us and 
may form a foundation for new therapeutic strategies to improve donor lung utilization and expand the pool of available donor lungs. 

Today, EVLP has emerged as a platform that allows for accurate lung evaluation and improvement of lung function by providing 
oxygen and adequate nutrients [12]. Additionally, various modified techniques have been applied to improve marginal lung function. 
However, the results of the present study were contrary to our initial hypothesis regarding the benefit of EVLP itself. Compared with 
DCD-CSP, the lung physiology, and pro-inflammatory cytokine expression were not significantly better in the DCD-EVLP Group, which 
was in agreement with the report of Stone [13]. The results reflect that neither 4 h of CSP nor EVLP alone can effectively improve the 
function of the donor lung with 1 h of warm ischemia. It has been verified that cold injury impairs the function of the endothelium, thus 
leading to graft tissue interstitial edema and cell swelling following reperfusion, and early graft dysfunction [14]. In addition, whether 
EVLP itself can improve lung physiology is still controverted, as it can result in lung injury associated with the pump or mechanical 
ventilator. Therefore, in most recent reports, various medications and additional procedures such as surfactant injections, fibrinolytic 
treatment (urokinase), nitric oxide (NO) or hydrogen gas inhalation, and gene therapy (IL-10) have been applied in combination with 
the EVLP system to improve marginal lung function [15]. 

One aspect of the present study is the use of MFG-E8 in the perfusion circuit during EVLP to reduce donor lung inflammation and IR 
injury by a preclinical animal transplant model for the first time. Our laboratory has rich experience using MFG-E8 in animal models of 
lung ischemia-reperfusion injury and deep venous thrombosis [7,8]. 

During the assessment of pulmonary function during EVLP, the PaO2/FiO2 and MPAP were significantly better in the DCD-MFG-E8 
group, as well as the lung compliance and peak airway pressure (PAP). Additionally, such a better function of the transplanted lung 
during EVLP could be sustained after LTx. All PaO2/FiO2, MPAP, lung compliance, and PAP reflected superior lung function except for 
PVR. These results demonstrate that MFG-E8 treatment during EVLP exhibits significantly more protective functions than cold static 
preservation or EVLP alone. 

Lung I/R resulted from oxidative stress and a systemic inflammatory reaction because of the release of proinflammatory cytokines. 
Moreover, a pivotal aspect of lung I/R injury is an increase in apoptotic cell death of type II alveolar epithelial cells and bronchial 
epithelial cells [16]. Furthermore, lacking clearance of apoptotic cells after ischemic injury probably causes increased inflammation 
and impaired tissue repair. MFG-E8, a secretory molecule, that is mainly produced by macrophages and dendritic cells, is crucial for 

Fig. 3. Lungs being transplanted.  
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apoptotic cell clearance [17,18]. Hanayama and colleagues found that MFG-E8 plays a crucial part in the clearance of apoptotic B cells 
in the spleen and prevents proinflammatory immune responses and the development of autoimmune diseases [19]. In addition, 
MFG-E8 KO mice revealed remarkably potentiated lung inflammatory responses and apoptosis, providing evidence for the crucial role 
of MFG-E8 in lung I/R [20]. 

We have previously demonstrated that MFG-E8 has anti-inflammatory effects and can reduce the number of apoptotic cells in 
numerous preclinical models [7,8]. Our current study also found that the ischemia-reperfusion injury of DCD lungs after trans
plantation was attenuated after treatment with rhMFG-E8, as evidenced by suppressed local inflammation and decreased tissue injury. 
Therefore, one may speculate that the beneficial effect of MFG-E8 is likely a consequence of enhanced clearance of apoptotic cells. 
Thus, the reduction of apoptosis with rhMFG-E8 offers an alternative strategy to treat ischemia-reperfusion injury after DCD lung 
transplantation. 

To prove the anti-inflammatory effect of MFG-E8, we evaluated the expression levels of pro- and anti-inflammatory cytokines 
(including TNF-α, IL-1β, IL-6, IL-12, and IL-10) in the BAL sample of lung grafts. The results revealed that the expression levels of pro- 
inflammatory cytokines IL-6 and IL-12 were significantly higher in the DCD-CSP and DCD-EVLP groups. On the contrary, IL-10, an anti- 
inflammatory cytokine, was expressed significantly higher in the DCD-MFG-E8 group. Hence, we could confirm that MFG-E8 treatment 
might exhibit an anti-inflammatory effect by up-regulating anti-inflammatory cytokines and down-regulating pro-inflammatory cy
tokines by our previous result. 

Previous work from our laboratory showed that administration of rhMFG-E8 dramatically decreased the release of IL-1β and other 

Fig. 4. Lung physiologic features after lung transplantation. 
A. oxygenation (PaO2/FiO2), B. peak airway pressure (PAP), C. mean pulmonary artery (PA) pressure (MPAP), D. lung compliance, E. pulmonary 
vascular resistance (PVR). During 4 h of reperfusion, the oxygenation (PaO2/FiO2) and lung compliance were significantly better in the DCD-MFG- 
E8 group compared with DCD-EVLP group, as well as MPAP and PAP. The PVR in the DCD-MFG-E8 group did not differ from the DCD -EVLP group 
but was significantly lower than in the DCD-CSP group. 
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proinflammatory cytokines induced by pulmonary I/R injury and impeded neutrophil activation and infiltration [7,8]. The current 
study turned these findings into a preclinical porcine transplant model for the first time. IL-12 is a proinflammatory cytokine excreted 
by tissue-resident dendritic cells and macrophages, which results in increased interferon-γ by T-helper cells. In addition, IL-12, 
concomitant with IL-18, a crucial constituent of inflammasome activation, has been involved in T-cell infiltration and the 
up-regulation of matrix-degrading enzymes in pulmonary injury [21]. The present study shows evidence of a decrease in IL-12 pro
duction with rhMFG-E8 treatment during porcine EVLP. Therefore, selective implementation to downregulate IL-12 expression may be 
a promising therapy during EVLP to prevent inflammation and attenuate IR injury after lung transplantation. 

The present study manifested a significant decrease in neutrophil infiltration with MFG-E8 treatment during EVLP. In addition, the 
lung injury scores were statistically lower in the DCD-MFG-E8 group. Lower wet/dry ratios also indicated that MFG-E8 may also play a 
part in reducing pulmonary edema. Neutrophil activation and infiltration rely on various signaling pathways with a close relationship 
to both innate and adaptive immunity. We have previously indicated that MFG-E8 can down-regulate TLR4/NF-κB signaling pathways 
and attenuate neutrophil infiltration in a rat model of lung IR injury, same as in a porcine transplantation model. The present study 
shows the first evidence of an attenuation in histological changes of DCD lungs exposed to 1 h of warm ischemia with MFG-E8 
treatment during EVLP. 

Our study does have limitations. The first concern was the lack of cellular and molecular mechanisms underlying the observed 

Fig. 5. The effects of MFG-E8 on inflammation of lung grafts at the end of ex vivo lung perfusion. 
A. The expression level of interleukin (IL)-12, B. IL-10, C. IL-6, D. IL-1β, E. tumor necrosis factor-alpha (TNF-α). The expression level of proin
flammatory cytokine(IL-12, IL-6, IL-1β) was significantly lower in the DCD-MFG-E8 Group, but the expression level of anti-inflammatory cytokine 
(IL-10) was significantly higher in the DCD-MFG-E8 Group. However, there was no statistically significant difference in TNF-α between the DCD- 
EVLP and DCD-MFG-E8 group. 

P. Li et al.                                                                                                                                                                                                               



Heliyon 10 (2024) e33614

9

results. However, we would like to reiterate that rhMFG-E8’s protective effects on deep venous thrombosis and pulmonary graft 
ischemic reperfusion injury and mechanisms have already been well documented by our previous works. Secondly, there is natural 
heterogeneity present in large animal studies. Finally, the current study is limited by the fact that only one dose of rhMFG-E8 (20 μg/ 
kg) was assessed, and that treatment was initiated at the beginning of EVLP. Further investigation, including post-transplantation with 
increasing doses of rhMFG-E8, is needed to more firmly determine its therapeutic effects. 

In conclusion, using a preclinical porcine transplant model, this study demonstrates that rhMFG-E8 treatment during EVLP can 
effectively reduce the inflammatory response and IR injury of lungs from non–heart-beating donors and rehabilitate DCD lungs to an 
acceptable functional condition for successful transplantation. The results of the present study suggest that it may be possible to deliver 

Fig. 6. The effects of MFG-E8 on inflammation of lung grafts after lung transplantation. 
A. The expression level of interleukin (IL)-12, B. IL-10, C. IL-6, D. IL-1β, E. TNF-α. After transplant reperfusion, the DCD-MFG-E8 Group demon
strated significantly decreased proinflammatory cytokine (IL-12, IL-6, IL-1β) and increased anti-inflammatory cytokine(IL-10) compared with the 
DCD-EVLP group. The levels of TNF-α in the DCD-MFG-E8 group did not differ from the DCD-EVLP group but was significantly lower than in the 
DCD-CSP group. There was no statistically significant difference between HBD and DCD-MFG-E8 in the expression of above-mentioned cytokines 
in BAL. 
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rehabilitated uncontrolled DCD donor lungs to the most appropriate recipient, decrease the wait list times, and save lives. Our findings 
provide prospects for the employment of uncontrolled DCD donors in future human lung transplantation. 

Availability of data and materials 

This study’s data can be obtained from the corresponding author upon reasonable request. 
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Fig. 7. Histological findings in lung grafts(H＆E, × 100). A. DCD-CSP group. Severe lung injury with extensive alveolar hemorrhage and many 
neutrophil emigration were found. B. DCD-EVLP group. Moderate pulmonary edema and inflammatory cells infiltration were found. C. DCD-MFG- 
E8 group. A mild neutrophil infiltration within alveolar capillaries and no obvious alveolar exudates and hemorrhage in the perivascular space. 

Fig. 8. Mean lung injury severity scores of lung grafts stratified by histological feature. A. interstitial infiltrate. B. composite lung injury severity 
scores. C. alveolar edema. D. PMN (polymorphonuclear leukocytes)/HPF(high power field).The DCD-MFG-E8 group had decreased alveolar edema, 
lung injury scores, and less interstitial infiltrate compared with the DCD-EVLP and DCD-CSP groups(p < 0.05). 
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