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Abstract

Objective—Sepsis is the number one cause of lung injury in adults. Ex vivo lung perfusion 

(EVLP) is gaining clinical acceptance for donor lung evaluation and rehabilitation, and may 

expand the use of marginal organs for transplantation. We hypothesized that four hours of 

normothermic EVLP would improve compliance and oxygenation in a porcine model of sepsis-

induced lung injury.

Methods—We utilized a porcine lung injury model using intravenous lipopolysaccharide (LPS) 

to induce a systemic inflammatory response. Two groups (n=4 animals/group) received a 2-hour 

infusion of LPS via the external jugular vein. Serial blood gases were performed every 30 min 

until the PO2/FiO2 ratio dropped below 150 on two consecutive readings. Lungs were then 

randomized to treatment with 4 hours of normothermic EVLP with Steen solution or 4 additional 

hours of in vivo perfusion (Control). Airway pressures and blood gases were recorded for 

calculation of dynamic lung compliance and PO2/FiO2 ratios. EVLP was performed according to 

the NOVEL trial protocol with hourly recruitment maneuvers and oxygen challenge.

Results—All animals reached a PO2/FiO2 ratio < 150 mmHg within 3 hours after start of LPS 

infusion. Animals in the Control group had continued decline of oxygenation and compliance 

during the 4-hour in vivo perfusion period with three of the four animals dying within 4 hours due 

to severe hypoxia. The EVLP group demonstrated significant improvements in oxygenation and 

dynamic compliance from hour 1 to hour 4 (365.8±53.0 vs 584.4±21.0 mmHg, p=0.02; 9.0±2.8 vs 

15.0±3.6, p=0.02 mL/cmH2O).

Conclusions—EVLP can successfully rehabilitate LPS-induced lung injury in this preclinical 

porcine model. Thus EVLP may provide a means to rehabilitate many types of acute lung injury.
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Introduction

Acute respiratory distress syndrome (ARDS) is a rapidly progressive state of pulmonary 

failure affecting over 2 million patients worldwide and 500,000 in the US alone(1). An 

estimated 75% of these cases are moderate and severe requiring prolonged mechanical and 

ventilator support with almost no therapeutic options(2–4). Despite numerous clinical trials 

dedicated to regulating the pro-inflammatory response accompanying ARDS, protective 

ventilation remains the only proven therapy to consistently reduce mortality(5). The 

pathophysiologic progression of ARDS through exudative, proliferative, and terminal 

fibrotic stages results in a life-threatening ventilation-perfusion mismatch (PO2/FiO2 ≤ 300 

mmHg) and loss of compliance within affected lungs(6, 7). The multi-factorial pathogenesis 

and immunologic mechanisms underlying this rapid and potentially irreversible decline in 

lung function remain poorly understood. Circulatory shock secondary to sepsis is the leading 

causes of ARDS worldwide(1).

Ex vivo lung perfusion (EVLP) has demonstrated significant potential to assess and 

rehabilitate injured lungs for lung transplantation(8, 9). This therapy provides ventilation 

and perfusion of the lungs after excision from a donor for transplant(10). The circuit design 

is modified from clinical cardiopulmonary bypass and is utilized by our group and others for 

the ex vivo perfusion of lungs. The circuit membrane deoxygenater enables the evaluation of 

the isolated lung oxygenation capacity(8, 11). Steen solution, a physiologic solution 

containing albumin, dextran, and electrolytes, supplemented with steroids, antibiotics, and 

heparin, is used clinically for EVLP. It is an oncotic solution that may ameliorate the effects 

of lung edema, provide free radical scavenging to reduce further injury in the lung tissue and 

reduce harmful inflammation and endothelial damage(10).

Given the growing body of literature supporting the use of EVLP for evaluation and 

rehabilitation of ischemia-reperfusion injury in marginal donor lungs for transplantation, we 

sought to evaluate EVLP in other etiologies of lung injury. The current study examines the 

use of EVLP to rehabilitate sepsis induced lung injury in a porcine model of ARDS. We 

hypothesized this innovative use of EVLP will reduce pulmonary edema, clear inflammatory 

mediators, and attenuate lung injury in sepsis-induced ARDS.

Materials and Methods

Animals and Study Groups

The study protocol was approved by the University of Virginia Animal Care and Use 

Committee (ACUC) and complies with the 1996 Guide for the Care and Use of Laboratory 
Animals as recommended by the US National Institutes of Health (NIH). The investigators 

ensured all animals received humane care during the duration of the study. Farm-raised 

swine of both sexes (30–40 kg) underwent induction of general anesthesia followed by 

placement of right carotid artery catheter for blood pressure monitoring and left jugular vein 

catheter placement for vascular access and placement of Swan-Ganz catheter. The animals 

were all maintained on conventional ventilation (tidal volume 8 mL/kg, respiratory rate 12–

16 breaths/min, positive end-expiratory pressure 5 mmHg, FiO2 0.40) and pentobarbital 

infusion.
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Midline sternotomy was performed and baseline measurements of lung compliance and 

oxygenation were taken. After intravenous heparin (100 U/kg, Hospira Inc., Lake Forest, IL) 

administration, animals underwent 2 hours of intravenous infusion of lipopolysaccharide 

(LPS) until PO2/FiO2 ratio fell below 150 mmHg. Animals were then randomized to two 

groups. The experimental group (n=4) underwent excision of bilateral lungs followed by 4 

hours of left lung EVLP (EVLP group). The right lung was taken for fresh tissue samples 

and histology as a baseline measurement (ex vivo Control). The Control group (n=4) 

received 4 hours of continued in vivo perfusion and ventilator support. Airway pressure 

measurements and pulmonary vein blood gases were performed every hour during perfusion 

for left lung-specific PO2/FiO2 ratio. Hemodynamic goals were pH 7.35–7.45, base excess > 

−5, and mean arterial pressure > 55 mmHg, which were maintained with use of normal 

saline, epinephrine, and sodium bicarbonate as necessary. The left lung was explanted after 4 

hours for tissue samples and histology (in vivo Control). The animal was then euthanized.

Ex vivo Lung Perfusion

Warm back-table preparation included division of lungs and ligation of the right pulmonary 

veins at the left atrium. The left lung then underwent cannulation with an 18F arterial 

cannula tied in the left pulmonary artery, a green cannula (XVIVO Perfusion Inc., 

Englewood, CO) sewn to the LA cuff, and a 7-0 endotracheal tube was tied into the left main 

stem bronchus. Prior to initiation of 4 hours of single left lung EVLP, 500 mL of 

normothermic 5% Albumin was flushed retrograde through the LA cannula. EVLP was 

initiated on a perfusion circuit as previously described(11). The circuit was primed in the 

standard fashion with 500 mL Steen Solution supplemented with cefazolin (500 mg, APP 

Pharmaceuticals, Schaumburg, IL), methylprednisolone (500 mg, Pfizer Inc., New York, 

NY), and heparin (10,000 IU).

The circuit was perfused similar to a protocol initially described by the Toronto group with 

flow initiated at 0.2 mL/min and LA pressures maintained between 0–5 mmHg(8). However, 

contrary to their method of cold perfusion, our perfusate was pre-warmed to 37° and lung 

ventilation was begun immediately at a tidal volume of 3 mL/kg (single lung), respiratory 

rate of 8 breaths/minute, positive end-expiratory pressure of 5.0 cm H2O, and FiO2 of 0.21. 

Flow was titrated up to 8% of estimated cardiac output (100 mL/kg donor body weight) over 

the first half hour. A standard tri-gas mixture (86% nitrogen, 8% carbon dioxide, 6% 

oxygen) through an Affinity membrane (Medtronic, Eden Prairie, MN) was used to 

deoxygenate the perfusate. Samples from the left pulmonary artery inflow and LA outflow 

were collected every hour following 15-minute challenge period with 1.0 FiO2 and lung 

recruitment to PEEP of 10 for the measurement of partial pressure of oxygen (PO2). Airway 

pressures on conventional ventilation were measured hourly to calculate dynamic lung 

compliance.

Pulmonary Edema Assessment

Three samples of fresh tissue (one upper lobe, two lower lobe) were obtained and weighed 

from each lung in each of our groups (EVLP, in vivo Control and ex vivo Control). A 

vacuum oven was used to desiccate the tissues. Wet-to-dry weight ratios were calculated and 

averaged per lung to assess overall pulmonary edema accumulation.
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Measurements of Expression of Cytokines and VCAM-1

Two fresh tissue samples were obtained (upper lobe and lower lobe) from lungs in each of 

the groups. The right lung (ev vivo Control) was used to establish a baseline for 

inflammatory markers prior to EVLP and the in vivo Control was used as reference for 

inflammation after 4 more hours of perfusion. The fresh tissue was flash frozen in liquid 

nitrogen, and stored at −80°C. After homogenization using a FastPrep®-24 instrument with 

lysing matrix D tubes (MP Biomedicals, Santa Ana, CA), the total protein concentration in 

the supernatant was determined with a bicinchoninic acid protein assay (Pierce, Rockford, 

IL). Multiplex enzyme-linked immunosorbent assay (EMD Millipore, Billerica, MA) was 

used to measure cytokine levels in homogenized tissue supernatant (normalized to total 

protein).

Expression of VCAM-1 in lung tissue was assessed by Western blot analysis. In detail, 15 

ug of whole cell protein extract was electrophoresed in a 12% Bis-Tris polyacrylamide gel 

followed by transfer to a nitrocellulose membrane. The membranes were blocked for 1 hour 

in Tris-buffered saline and Tween 20 with 5% nonfat milk for 1 hour. After blocking, 

membranes were incubated with anti-VCAM-1 monoclonal antibody (1:1000; Abcam) 

overnight, followed by 3 washes. Membranes were then incubated in horseradish 

peroxidase-conjugated secondary antibody, followed by another series of washes. Protein 

was visualized by autoradiography and then analyzed by Image Analysis software (Bio-Rad, 

Hercules, CA, USA).

Histology

Lungs were fixed overnight via intratracheal instillation of 10% buffered formalin at 20cm 

H2O and four representative lung samples were taken from each lung and stored in 70% 

ethanol until paraffin embedding. After sectioning the samples one section from each lung 

sample was stained with hematoxylin-eosin (H&E) for review by a masked pathologist to 

provide lung injury scores. Each section was scored on a standard scale based on 

polymorphonuclear cells per 40× high-powered field, alveolar edema, and interstitial 

inflammation as previously described (Supplemental Table 1)(12).

Statistical Analysis

Student’s t-test, Fishers Exact Tests, and ANOVA were used to determine statistical 

significance. Prism 7 (GraphPad Software Inc., La Jolla, CA) was used to perform statistical 

calculations and all data were reported as mean ± standard error, and p<0.05 was used for 

statistical significance.

Results

Injury Model Validation

Preliminary experiments were performed to validate a commonly used porcine model of 

sepsis-induced lung injury. A two-hour intravenous infusion of LPS demonstrated a dose 

dependent decrease in PO2/FiO2 ratios in addition to a reduction in dynamic lung 

compliance over a 4-hour period (Supplemental Figure 1A and 1B).
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Lung Function and Edema

The median procedure time from warm lung harvest to initiation of ventilation and perfusion 

on the EVLP circuit was 14 minutes with an interquartile range of 12–18. Oxygenation 

(PO2/FiO2 ratios) and compliance of lungs undergoing LPS-induced lung injury 

significantly improved over the 4-hour EVLP period compared to initial performance 

(Figure 1). Compared to in vivo Controls, lungs rehabilitated with EVLP demonstrated 

major improvement in oxygenation (Figure 2). Three (75%) of the Control group animals 

did not survive a full 4 hours after lung injury due to severe hypoxia and circulatory collapse 

(median survival 3.6 hours). Lung wet-to-dry weight ratios for each group reveal a 

significant reduction of edema in the lungs rehabilitated with EVLP (4.9 ± 0.1) compared to 

the in vivo Control (6.6 ± 0.3, p=0.002) as well as the ex vivo Controls (6.0 ± 0.1, p=0.03) 

(Figure 3).

Inflammatory Markers

We demonstrated a major reduction in the expression of several biologically relevant pro-

inflammatory cytokines in lungs after EVLP compared to Cgroups (Figure 4). There is a 

higher expression of IL-1β, IL-2, IL-10, IL-12, and TNF-α in lungs from both Control 

groups compared to both the post-EVLP lung tissue and normal healthy porcine lungs. 

However, IL-4 expression trended toward higher expression in the EVLP rehabilitated lung 

tissue. Similarly, expression of VCAM-1, a leukocyte-endothelial cell adhesion molecule 

upregulated during inflammation, in lung tissue was significantly higher in both of the 

Control groups (in vivo 4,596,152 ± 2,212,658D, ex vivo 3,239,387 ± 1,352,423 D, both 

p<0.0001) compared to the EVLP group (3,8701 ± 12,438 D) and normal lung tissue 

(33,582 ± 5,046 D) by image density (Figure 5).

Lung Injury Severity Score

Histologic lung injury severity scores were lower in the EVLP rehabilitated group compared 

to the in vivo group (2.4 ± 0.2 vs 3.6 ± 0.3, p=0.01). Although the EVLP group was also 

lower than the ex vivo Controls (2.8 ± 0.2, p=0.18), this difference did not reach significance 

(Figure 6).

Comment

The present study demonstrates the rehabilitative potential of EVLP in a porcine model of 

ARDS induced by endotoxin-mediated lung injury. This previously validated model of 

sepsis-induced ARDS using systemic LPS produces a dose dependent reduction in 

oxygenation and lung compliance. These data present evidence of improved oxygenation, 

compliance, lung edema and histologic injury score with a major reduction in cytokine 

activity and VCAM-1 expression in EVLP-treated lungs. The findings in this study could 

represent a major paradigm shift in lung perfusion therapy going from an assessment tool for 

lung transplant to a rehabilitative therapy to ameliorate sepsis-induced ARDS.

Perfusion with Steen solution provides significant reduction in pulmonary edema compared 

to continued support in the injured animal. This is a key mechanism by which this technique 

improves lung function. Edema is a critical step in the formation, severity and clinical course 
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of ARDS. Decreased edema will improve the DLCO2 by reducing the distance oxygen must 

diffuse with compensatory improvement in compliance. Additionally, the statistical 

difference between the EVLP group and the ex vivo Control right lung from the same animal 

also represents a clinical difference that suggests successful rehabilitation and reduction of 

edema in these severely injured lungs.

The inflammatory profile reveals a major reduction in cytokine expression in lungs from the 

EVLP group compared to both in vivo Control and ex vivo Control, suggesting a ‘resetting’ 

of the inflammatory milieu(13, 14). The clinical implications of these changes in 

inflammatory signaling are not completely clear. It seems perfusion with Steen solution 

including steroids, antibiotics and a scavenging molecule like dextran can clear the 

inflammatory pathways and return cytokine levels closer to those seen in healthy lung 

tissue(15, 16). Additionally, the leukocyte-reducing filter in the EVLP circuit, which lowers 

the burden of circulating inflammatory cells, likely plays a role in clearing leukocytes 

implicated in many of these signaling cascades(8, 17, 18).

In addition to cytokines, VCAM1 expression in EVLP-rehabilitated lungs was significantly 

reduced compared to in vivo Control animals, indicative of attenuated vascular 

inflammation. Several studies have implicated endothelial cell proteins, like VCAM1, to 

play a major role in ARDS and associated pulmonary edema(19–21). Reducing endothelial 

permeability results in decreased pulmonary edema, leading to improved oxygenation and 

compliance. The mechanism(s) for EVLP-mediated down-regulation of inflammation is not 

clear from this study and will need further evaluation to elucidate the cellular pathways 

involved.

Importantly, histologic analysis supports the findings of lung injury attenuation by EVLP in 

this porcine model of LPS induced ARDS. The lung injury scores reflect three critical 

markers of lung injury and inflammation: alveolar edema, interstitial inflammation and 

leukocyte infiltration. While there was no statistical difference between the EVLP group and 

the ex vivo group, it is important to note that lung injury scores were lower in the EVLP 

group. This is an important distinction because both of these lungs came from the same 

animal after injury but perfusion on the circuit resulted in histologic improvement.

The limitations of this study include inherent variability between farm-raised large animals. 

Additionally, there is variability in response to LPS between animals. Each animal 

demonstrated a significant reduction in oxygenation and lung compliance; however, the 

timing of drop below our threshold of PO2/FiO2 = 150 mmHg ranged from 60 minutes to 

150 minutes. Importantly, 75% of in vivo Control animals did not survive the full 4-hour 

perfusion period due to severe respiratory failure, hypoxia, and circulatory collapse. The 

inherent differences between in vivo perfusion and ex vivo perfusion limit the ability to 

directly compare these groups. This is especially true for measuring inflammatory mediators 

in lungs perfused with an acellular solution compared to those perfused in vivo with blood. 

This difference was mitigated by the use of tissue homogenate rather than lavage fluid as 

well as the measurement of VCAM-1 expression(22). Finally, it is important to note that 

EVLP lungs were harvested warm with no Perfadex flush and quickly placed on warm 

circuit with immediate ventilation, which differs vastly from standard donor procurement for 
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EVLP. This was done to simulate an in vivo perfusion scenario where the lung could be 

isolated and perfused in the animal. While concerns about warm ischemia exist, it is 

important to note the median time from cross clamp to EVLP perfusion was 14 minutes. 

Despite these limitations, the present study represents a critical step toward in vivo 
rehabilitation of ARDS through lung isolation and perfusion techniques.

In conclusion, EVLP with Steen solution successfully rehabilitates LPS induced lung injury 

in this preclinical porcine model. Several mechanisms for lung injury attenuation have been 

identified including reduced edema, cessation of inflammatory cascades and down 

regulation of the vascular cell adhesion molecule VCAM1. These data may represent a 

critical paradigm shift in lung perfusion technology, however, further elucidation of 

underlying cellular mechanisms are required. Additionally, EVLP may provide an ideal 

platform for targeted drug, cellular, or gene therapy for further amelioration of lung injury as 

future areas of research in ARDS therapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Significant improvement in both oxygenation and compliance from hour 1 to hour 4 on 

EVLP in porcine left lung with LPS induced lung injury.
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Figure 2. 
Major improvement in oxygenation of left lungs placed on EVLP compared to left lungs 

remaining in vivo after LPS-induced lung injury.

Mehaffey et al. Page 10

Ann Thorac Surg. Author manuscript; available in PMC 2018 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Significant reduction in edema in the EVLP lungs compared to in vivo Controls (4.9±0.1 vs 

6.6 ± 0.3, p=0.002) and ex vivo Controls (4.9±0.1 vs 6.0 ± 0.1, p=0.03).
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Figure 4. 
Expression of cytokines in lung tissue homogenates
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Figure 5. 
Western blot for VCAM-1 (top) and densitometry measurements by group (bottom) 

demonstrate significantly higher VCAM-1 expression in both of the Control groups (in vivo 
4,596,152 ± 2,212,658 D, ex vivo 3,239,387 ± 1,352,423 D, both p<0.0001) compared to the 

EVLP group (38,701 ± 12,438D) and normal lung tissue (33,582 ± 5,046D).
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Figure 6. 
A. Representative lung histology (H & E staining) for each group. B. EVLP lungs had lower 

lung injury severity scores compared to in vivo Controls (2.4 ± 0.2 vs 3.6 ± 0.3, p=0.01)
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