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Abstract
Background: The shortage of organ donors is a major challenge in lung transplantation. To expand the
lung donor pool, ex-vivo lung perfusion (EVLP) has emerged as a platform for assessment and
reconditioning marginal donor lungs. In this study a stable and reproducible large animal model of
lipopolysaccharide (LPS) induced systemic in�ammation and acute lung injury (ALI) was developed.

Methods: Pigs (n=6) were anesthetized and monitored. After infusion of LPS (20 μg/kg) for 1 hour,
followed by a 90-minute response period, lungs were procured and kept on ice for 2 hours, followed by 4
hours of EVLP. Pulmonary function, in�ammatory biomarkers and edema formation were measured in
vivo before procurement and during EVLP. Pro and anti-in�ammatory cytokines were assayed in blood
and in EVLP perfusate, which were collected before and every 30 minutes after LPS administration and
EVLP.

Results: LPS infusion resulted in signi�cant hemodynamic instability, characterized by marked
pulmonary hypertension, decreased systemic blood pressure and increased heart rate. This was
associated with increased levels of TNFα, IL-10, IL-6, but no change in IL-1β. Ex vivo assessment of
injured lungs showed graft dysfunction characterized by impaired gas exchange and edema formation.
The in�ammatory pro�le showed stable but elevated TNFα levels, and continuous production of
interleukins during EVLP.

Conclusion: We describe a reproducible large animal model of LPS-induced systemic in�ammation and
ALI. EVLP alone was unable to recondition severely injured lungs. These �ndings suggest that the EVLP
platform requires adjuncts such as targeted anti-in�ammatory agents to allow reconditioning of marginal
donor lungs.

Introduction
Lung transplantation is an effective therapy for patients with end-stage lung disease1. Donor lung
availability remains a limiting factor. Based on data from a Canadian multicenter study, only 28% of
donor lungs offered were utilized2. The most common reason for organ refusal was organ function (79%
of lungs offered). However, 27% of those lungs were deemed mildly marginal. It is estimated that two-
thirds of these lungs may have been utilized, with or without alternative management approaches.
Multiple strategies have been suggested, including donation from non-heart-beating donors (also known
as donation after circulatory death), extended criteria donors and ex-vivo lung perfusion (EVLP)3–6.

Many donor lungs are injured during the acute process that resulted in the donor’s death. Sepsis results in
a signi�cant in�ammatory response within the donor. This response affects the lungs resulting in
impaired gas exchange and reduced compliance, possibly increasing the incidence of primary graft
dysfunction in the recipient7. Lungs that have been subjected to signi�cant sepsis are typically
considered unusable. The use of EVLP in reconditioning lungs has been previously described5,6,8,9.
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Since the introduction of EVLP by Steen and associates, its use continues to grow worldwide5. Bene�ts in
graft preservation and transport seem apparent, and its use should help increase the organ donor pool.
EVLP’s ability to assess graft function is well established6,8. EVLP provides clinicians with a unique
opportunity to evaluate the lungs, as well as the in�ammatory pro�le of injured grafts. Studying graft
function and monitoring in�ammatory biomarkers before, during, and after EVLP allows the development
of predictive models to con�rm the suitability of marginal donor lungs.

EVLP has the potential to recondition injured lungs. This ability, however, seems mostly theoretical.
Mehaffey et al. reported on the use of EVLP in rehabilitating sepsis-induced lung injury in a porcine
model9. The model described in that study utilizes an open atrial system with an acellular perfusate.
There have been no studies utilizing EVLP with a cellular perfusate in this settting. We seek to study the
e�cacy of EVLP using a cellular prime to recondition marginal lungs using a porcine model of
lipopolysaccharide (LPS)-induced systemic in�ammation and acute lung injury (ALI). In this publication,
we describe a large animal model of sepsis-induced lung injury that may be reconditioned using the EVLP
platform. Furthermore, we aim to use this particular model to test targeted therapied aimed at limiting the
sepsis-induced lung injury or possibly reverse it.

Materials And Methods
The experimental protocol was approved by the institutional ethical committee for animal research (CIPA
# 4I17025PFp) in compliance with the Canadian Council on Animal Care and the National Institute of
Health’s Guide for the Care and Use of Laboratory Animals.

Donor pig management

White-hybrid pigs (55–65 kg) are used in this study. General anesthesia is induced. Under continuous
electrocardiogram and blood pressure monitoring, the pigs are mechanically ventilated with an
inspiration: expiration ratio of 1:2. Respiratory rate is adjusted to keep an end-tidal CO2 between 35 and
45 mmHg. Saline solution is infused at a rate of 10 mL/kg/h.

In the control group (n = 5), after baseline measurement of the respiratory parameters and collection of
blood samples, a sternotomy is performed, and the �rst lung biopsy is collected (in-situ biopsy). After
clamping the ascending aorta, the right and left atrium are opened, and blood collected with Cell Saver
(C.A.T.S., Fresenius HemoCare Gmbh, Bad Homburg, Germany). The lungs are �ushed with 1 liter of cold
Perfadex–LPD solution (Vitrolife AB, Gothenburg, Sweden) through a cannula secured in the main
pulmonary artery. The lungs are then procured in a standard fashion and preserved in cold Perfadex for 2
hours.

In the LPS group (n=6), a right carotid artery catheter is installed for systemic arterial pressure monitoring
and blood sampling. A central line with a pulmonary artery catheter is installed in the right internal jugular
vein for measurement of pulmonary artery pressure (PAP, mmHg), blood sampling, and drug
administration. Respiratory and hemodynamic parameters are recorded continuously. An LPS infusion
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induces systemic in�ammation.  LPS (Escherichia coli; serotype O111:B4, Sigma, Saint Louis, MO, USA)
is dissolved in 100 mL saline solution and infused intravenously at a concentration of 20 μg/kg over one
hour, followed by a 90-minute observation period.  The dose of LPS was determined based on an initial
small-scale feasibility study where higher concentrations of LPS (50-100 μg/kg) over 30-60 minutes
caused deleterious effects on the lungs rendering them unsuitable for EVLP perfusion. Boluses of 1
mg/ml Milrinone are administered intratracheally to treat pulmonary hypertension. Hemodynamic
instability (mean arterial pressure, MAP < 65 mmHg) is treated with increasing the rate of saline infusion
to 15 mL/kg/h and an infusion of phenylephrine. Blood samples are collected at baseline (before LPS
administration) and at 30-minute intervals for a total of 150 minutes. The samples are centrifuged
(1500g/15 min), and plasma is preserved at -80°C for later analysis of cytokines. Blood gases, chemistry,
and metabolite contents are analyzed in the blood samples at baseline, at the end of LPS infusion, and
before lung procurement. At the end of the observation periods, the lungs are procured and �ushed with
cold Perfadex. LPS-treated lungs are compared to the lungs from the control group.

Ex-vivo Lung Perfusion Procedure

In preparation for EVLP, one cannula is secured in the main pulmonary artery and the second in the
trachea. The left atria cuff is left open per the Lund EVLP protocol10. A second biopsy (Pre-EVLP biopsy)
is performed. Lungs are weighed (pre-EVLP lung weight). A temperature probe and a perfusate sample
catheter are secured inside the left atrium. The lungs are then connected to the perfusion system.

EVLP is performed with Vivoline LS1 (Vivoline Medical AB, Lund, Sweden) using a modi�ed Lund protocol
adapted for pig lungs. The circuit is primed with 2.6 L of a perfusion solution containing human serum
albumin and 500 mL of washed red blood cells, previously collected from the donor pig during the
procurement with Cell Saver. Before reperfusion, baseline hematocrit is adjusted to 10-12%. Heparin and
antibiotics (Imipenem 100mg) are added to the perfusion solution, and pH corrected to 7.35-7.45 using
tris(hydroxyl)aminomethane (THAM).

Porcine cardiac output (CO) is estimated to be 100 ml/min/kg body weight.  The �nal target �ow used in
our EVLP protocol was 50% of CO, corresponding to blood �ow between 2.8 and 3.2 L/min. Based on the
work from Steinmeyer et al. and Roma et al., a reduced �ow rate of less than 100% of CO is more suitable
for the delicate lungs of young pigs11,12. This has been consistent with our experience. We noticed
signi�cant lung edema when utilizing a �ow rate of 100% of CO. Since we have modi�ed the protocol
with the reduced �ow rate as per Roman et al., we have seen improved outcomes using the Lund protocol.
Lung reperfusion is initiated at a �ow rate of 0.5 L/min and gradually increased to 1.0-1.2 L/min over the
�rst 10 minutes or until the temperature of the lungs reaches 25ºC. Bronchoscopy and bronchoalveolar
lavage �uid (BALF) collection are performed. The �ow rate is then increased over 30-40 minutes to 50%
CO. When the perfusate temperature reaches 32ºC, ventilation using 50% FiO2 is started in volume-
controlled mode at an initial tidal volume of 4 ml/kg of donor weight, a positive end-expiratory pressure
of 5 cmH2O and a rate of 5 breaths/min. Tidal volume is increased gradually to a maximum of 6 mL/kg.
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When a temperature of 37ºC and a target 50% �ow are reached, a recruitment maneuver is performed
with an inspiratory hold on 20 cmH2O over 1 minute and repeated hourly.

Hemodynamic and ventilation parameters

The following hemodynamic parameters are monitored and collected every 15 min:  PAP (mmHg),
perfusate �ow (L/min), pulmonary vascular resistance (PVR; Dyn.s.cm-5), and temperature (ºC).  The
ventilation parameters collected or calculated every 15 min were:  peak airway pressure (cmH2O) and
airway plateau pressure (cmH2O), airway resistance (cmH2O/l/sec), static and dynamic compliance
(ml/cmH2O) and end-tidal carbon dioxide (mmHg).

At the end of the reconditioning phase, the evaluation phase starts with disconnecting the oxygen supply
to the oxygenator, which serves to deoxygenate the perfusate using a gas mixture of 7% CO2 and 93%
nitrogen. Lung function is evaluated after ventilation with 100% FiO2. Blood gas analyses are performed
on samples collected from the left atrium. The pO2/FiO2 (P/F) ratio is calculated. Electrolytes and
metabolites are also measured in these samples and the perfusates collected at the start (T0), at 2 hours
and 3 hours of EVLP.  The lungs are then weighed (post-EVLP lung weight) to estimate total lung water
accumulated during EVLP, followed by a third biopsy (post-EVLP biopsy).

Acute Lung Injury Pro�ling

The parameters used to evaluate the acute lung injury following LPS infusion include the weight of the
graft, wet-to-dry weight ratios; the presence of edema on bronchoscopic evaluation; BALF analysis for
total protein. These parameters are measured before and after EVLP.

In�ammation Pro�ling during EVLP

Kinetics of the cytokine response is explored during two different phases: after LPS infusion in the donor
pig and during EVLP. Cytokines are measured in the serially collected arterial plasma samples and
perfusates. BALF samples that were collected using bronchoscopy before and after EVLP were also
centrifuged and used for the analysis of cytokines. Porcine TNFα, IL-6, IL-10, and IL-1β are analyzed using
kits from DuoSet® ELISA Development System (R&D Systems Inc., MN, USA).

Lung Histology

Lung tissue biopsies collected in-situ, at the end of 2-hour cold ischemic time and the end of 4 hour-EVLP
periods are �xed in neutral buffered 10% formalin solution for 24-48 hours. Biopsies were embedded in
para�n, sectioned at 5-µm thickness, stained with hematoxylin and eosin, and examined under light
microscopy for pathologic changes.

Statistical Analysis
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Data in the graphs are presented as means ± standard deviation (SD). The lung weight of the donors in
control and LPS groups was compared using the unpaired t-test. Within the LPS donor group, repeated
measures during the observation period were compared to baseline data using the paired t-test. For the
data collected during EVLP, a 2-way ANOVA test with repeated measures was used to compare the two
groups over time. Statistical analyses were performed using GraphPad Prism software (GraphPad
Software Inc, La Jolla, CA, USA), and a p-value <0.05 was considered signi�cant.

Results
First phase: LPS – infusion and in vivo evaluation

Hemodynamic changes:

No signi�cant differences were observed between the LPS group and the control group concerning
baseline pig weight and ventilation parameters before the LPS infusion.  LPS infusion caused
hemodynamic instability with an abrupt increase in PAP during the �rst 10 minutes (supplementary �gure
1).  This was followed by an increase in systolic blood pressure at 10-15 minutes and heart rate at 20-30
minutes. The baseline mean PAP was 24 ±1 mmHg.  The maximum mean PAP (52 ±2 mm Hg) was
reached at a mean of 25 minutes and then started to decrease slowly and stabilize at 32±1 mmHg by the
end of 1 hour of LPS infusion until lung procurement. Systolic blood pressure and heart rate followed the
same trend but lagged by 10 to 20 minutes. The hemodynamic changes were accompanied by a
sustained decrease in lung oxygenation capacity by the end of LPS infusion and at the procurement of
lungs (∆PO2 with FiO2 of 50%: 272 mmHg at baseline, 230 mmHg at the end of LPS infusion and 165
mmHg just before lung procurement).

In�ammation markers

Before LPS infusion, there was no signi�cant difference between the two groups for all measured
cytokines. In pigs infused with LPS, changes in circulating cytokines are summarized in �gure 1. There
were rapid increases in the plasma levels of TNFα at 30 minutes. The TNFα level peaked at 60 minutes
(1464±252 vs. 89±89 pg/ml at baseline; p 0.01). IL-10 levels began to increase at 30 minutes.  IL-10
levels reached maximum levels at 2 hours (2724±687 vs. 18±12 pg/ml at baseline; p 0.01). IL-6 showed
a gradual increase starting at 90 minutes and continued to rise throughout the observation period
(2077±364 vs. 0±0 pg/ml at baseline; p 0.01). IL-1β did not demonstrate changes.

Markers of tissue injury

Compared to control lungs, LPS-injured lungs showed a signi�cantly higher weight gain (603±34 g vs.
483±23 g; p<0.02), higher in-situ wet to dry weight ratio (5.94±0.09 g/g vs. 5.43±0.13 g/g; p<0.01), and
more proteins in BALF (69.4±15.2 pg/ml vs. 26.6±5.4 pg/ml in the control group; p<0.01) (supplementary
�gure 2). On bronchoscopy, we found no difference in the presence of edema between the two groups
before starting EVLP reperfusion.
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Second phase: EVLP phase

Hemodynamic and ventilation assessment

LPS-affected lungs showed signi�cant differences in PAP, PVR, and perfusate �ow, starting at 45 minutes
after the initiation of reperfusion (�gure 2). In control lungs, PVR was low and the targeted EVLP �ow
(3.0±0.2 L/min) was reached at low PAP (14.0±0.8 mmHg).  In LPS-affected lungs, PVR was high and
most LPS-affected lungs did not reach targeted �ow (2.9±0.2 L/min).  Ventilation parameters are shown
in �gure 3.  LPS-affected lungs showed higher airway pressures after 105 minutes reperfusion (p<0.05).
Lung compliance in the LPS-group was lower.

Blood gas analysis

LPS-affected lungs showed worse gas exchange (�gure 4).  The pO2/FiO2 ratio decreased (p<0.05)
during EVLP, with a �nal result of 270±72 compared to 499±36 mmHg in the control lungs. We found The
same pattern (p<0.001) with the pH and bicarbonate levels at the end of EVLP. 

Pulmonary metabolism assessment

Glucose and lactate were measured in the perfusates. In control lungs, glucose decreased from 12.5 ± 0.2
mmol/l to 9.5 ± 0.4 mmol/l (supplementary �gure 3). LPS-lungs showed higher glucose consumption,
with perfusate glucose decreasing from 13.7 ± 0.3 mmol/l to 5.2 ± 0.5 mmol/l (p<0.001). Starting at the 2
hours, lactate production by LPS-affected lungs was signi�cantly higher (13.3 ± 0.5 mmol/l versus
0.3±0.0 mmol/l at baseline) compared to control lungs (3.6 ± 0.5 mmol/l versus 0.3 ± 0.0 mmol/l at
baseline) (p<0.001).

In�ammatory markers during EVLP

We measured cytokines in the perfusate collected at the start of EVLP and then every 30 minutes during
the perfusion period (�gure 5). Lungs from LPS group produce a large amount of TNFα at reperfusion
(801 ± 215 pg/ml vs. 0 ± 0 pg/ml; p<0.01) which reached a maximum after 3 hours of EVLP (1561 ± 132
pg/ml vs. 71 ± 45 pg/ml; p<0.01). A signi�cant amount of IL-6 was produced during EVLP of LPS lungs,
going from 314 ± 199 pg/ml to 5779 ± 1091 pg/ml at the end of EVLP, while no IL-6 was detected in the
perfusate from control lungs. In lungs from the LPS group, perfusate IL-10 increased from 17 ± 11 pg/ml
to reach a maximum of 403 ± 155 pg/ml, while control lungs showed a small increase from 0 to 179±31
pg/ml. In LPS lungs, IL-1β was not detected in donor plasma. However, reperfusion of lungs showed an
increase from 0 to a maximum of 345 ± 104 pg/ml after 3 hours of EVLP, while no change was observed
for the control lungs.

We detected in�ammatory cytokines from LPS-affected lungs in BALF. TNFα, which was the only cytokine
detected in the �rst BALF (561±201 pg/ml), continued to increase during EVLP to peak at 866 ± 241
pg/ml. IL-6 was not detected in the �rst BALF sample but abruptly increased during EVLP to reach a
maximum of 2882 ± 560 pg/ml. IL-10 increased from 9 ± 5 p/ml to 81 ± 25 pg/ml (p<0.05) and IL-1β
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increased from 3 ± 3 pg/ml to 149 ± 57 pg/ml (p<0.05). We did not detect any cytokines in BALFs
collected from control lungs (supplementary �gure 5).

Markers of tissue injury during EVLP

In control lungs, no weight change was observed between the start and the end of EVLP. LPS-lungs
started with a higher weight (603 ± 34 g; p<0.001 compared to control lungs) and continued to gain
weight (899 ± 76 g; p<0.01 compared to pre-EVLP lung weight) (Figure 6).

The control lungs had increased wet weight during cold ischemia as measured by the wet/dry weight
ratio (5.43 ± 0.13 g/g in situ versus 5.70 ± 0.18 g/g pre-EVLP), but reconditioning caused a signi�cant
decrease by the end of EVLP (5.17 ± 0.28 g/g versus 5.70 ± 0.18 g/g; p<0.05) (Figure 6). LPS-lungs had
higher in-situ wet/dry weight ratio (5.94 ± 0.09 g/g versus 5.43 ± 0.13 g/g in control lungs; p<0.05). In the
LPS lungs, no signi�cant change in the wet/dry ratio was observed after EVLP.

Both control and LPS lungs showed minimal edema on bronchoscopy before the start of EVLP
reperfusion. By the end of EVLP, bronchoscopy revealed massive edema and �ooding in the airways in
the LPS group, but not in the control group (supplementary �gure 6).

Discussion
This study aimed to develop a reproducible large animal model of LPS-induced systemic in�ammation
and ALI that could mimic the pathogenesis of human sepsis. This model is different than previously
described models because it utilizes a cellular perfusate and an open atrial technique. Previous
publications showed similar results using cellular and acellular perfusates in humans13,14. We sought to
validate the use of cellular perfusate with an open atrial system in a large animal model of sepsis
induced lung injury. The protocol is divided into two phases; an in-vivo phase where sepsis is induced
with an LPS infusion and an ex-vivo phase, where the lung is procured and placed on EVLP. The present
study shows that a model using LPS-induced sepsis yielded an applicable and reproducible platform that
can be used to study the effect of sepsis on donor lungs.

During the �rst phase (in-vivo phase), we assessed the model’s ability to reproduce sepsis by examining
physiologic, histologic, and molecular parameters. We showed that the model reproduces changes
associated with sepsis in all three parameters. Physiologic changes are dominated by the development of
pulmonary hypertension in the LPS lungs, which was not present in the control group. Histologically, we
showed that LPS lungs had increased tissue edema and increased weight during the in-vivo phase.
Finally, we showed that overproduction of cytokines characterized systemic in�ammation in plasma after
LPS infusion, mostly TNFα, IL-10, and IL-6. These effects are similar to a more prolonged sepsis model
reported by Kubiak et al15. Similarly, the same cytokine pro�le was published in severe human sepsis and
acute respiratory distress syndrome in adults by Park16. The absence of IL-1β in plasma of pigs after LPS
infusion could be expected as previous studies showed no change in IL-1β in humans with severe
sepsis17.



Page 9/19

In the second phase of the study, the ex-vivo phase, we evaluated the lungs using EVLP. We examined
donor lungs using physiologic, histologic, and molecular parameters. From a physiologic standpoint, the
most striking feature was the increase in PVR that was demonstrated in LPS donor lungs and limited
optimal perfusion. In contrast, control lungs had much lower PVR, and optimal perfusion was uniformly
reached. In many LPS lungs, target �ows were not achieved. The increase in PVR during the ex-vivo phase
can be explained by sustained vasoconstriction caused by prolonged action of endothelin, thromboxane
and platelet activating factor18,19. The net effect of this generalized vasoconstriction in the lungs in the
LPS group culminated in hypoxia of cells and deterioration of lung metabolism.

On a molecular level, we observed that cytokines might play an important role in the initiation of lung
injury following reperfusion. We noted that during the introduction of perfusion, the cytokine pro�le is
dominated by TNFα, which showed high concentrations in the perfusate and BALF samples. TNFα has
been shown to destabilize tight junction proteins and affect cell membrane integrity in pulmonary
epithelia, and this may result in pulmonary edema later during reperfusion20. Other measured cytokines
were also increased by the end of perfusion. In line with these observations, DEVELOP-UK investigators
have very recently shown during clinical EVLP that IL-β could be linked to ALI following ischemia-
reperfusion21. They demonstrated that higher concentrations of IL-1β and TNF-α in perfusate after 30
minutes of perfusion differentiated declined lungs after EVLP from survival lungs.

It should be noted that assessing the effect of EVLP on donor lungs was not a primary aim of our study.
Since we do not have a control group that did not undergo EVLP, we can not say whether EVLP does have
a therapeutic role in the lungs subjected to sepsis. Instead, we aimed to assess the protocol’s ability to
reproduce sepsis in a large animal model using EVLP per the Lund protocol. The group from the
University of Virginia studied the ability of EVLP to rehabilitate sepsis-induced lung injury9. In their
protocol, they induced sepsis with an LPS infusion and then randomized pigs to EVLP versus standard
procurement and preservation without EVLP. They showed that physiologic and molecular parameters did
improve with EVLP. In contrast, we did not note improvements in physiologic or molecular lung
parameters with EVLP. Many possibilities may explain the discrepancy in our �ndings. First, we used a
�xed dose of LPS, whereas they used a physiologic determinant to determine the dose given. This may
have resulted in a difference in the severity of sepsis in the two studies. Second, we used a cellular prime
that contains blood from the donor, whereas they used an acellular priming �uid. Perhaps a cellular prime
may further propagate the in�ammatory response when compared to an acellular prime. However,
previous studies did not show the superiority of acellular perfusate over cellular perfusate13,14.
Furthermore, a porcine model of extended EVLP up to 24 hours showed an advantage of cellular over
acellular perfusates23. Both studies were performed in a porcine model with no sepsis. The situation may
be different in sepsis-induced lung injury, and perhaps an acellular perfusate may be preferred in this
setting. Future applications of this protocol in our laboratory will aim at assessing whether EVLP can be
used as a platform to help recondition these lungs, as well as a means to deliver other therapeutic
interventions, including ventilatory strategies, molecular targets or other interventions in an attempt to
rehabilitate these lungs.
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Conclusions
In summary, we believe that our described model can represent a reliable method of inducing and
studying sepsis induced lung injury in donor lungs in an animal model. The model includes analysis of
donor lungs on a physiologic, histologic, and molecular level. In the future, this model can be used to
study the role of EVLP as a therapeutic tool or as a platform for targeted drug and cellular therapy for the
amelioration of lung injury in donor lungs.

Abbreviations
ABG                Arterial blood gas

ALI                  Acute lung injury

BALF               Bronco-alveolar lavage �uid

CO                  Cardiac output

EVLP               Ex-vivo lung perfusion

IL-1B               Interleukin 1 beta

IL-6                  Interleukin 6

IL-10                Interleukin 10

LPS                 Lipopolysaccharide

MAP                Mean arterial pressure

PAP                 Pulmonary artery pressure

P/F                  PaO2/FiO2

PVR                Pulmonary vascular resistance

TNFa               Tumor necrosis factor alpha

ABG                Arterial blood gas

ALI                  Acute lung injury

BALF               Bronco-alveolar lavage �uid

CO                  Cardiac output



Page 11/19

EVLP               Ex-vivo lung perfusion

IL-1B               Interleukin 1 beta

IL-6                  Interleukin 6

IL-10                Interleukin 10

LPS                 Lipopolysaccharide

MAP                Mean arterial pressure

PAP                 Pulmonary artery pressure

P/F                  PaO2/FiO2

PVR                Pulmonary vascular resistance

TNFa               Tumor necrosis factor alpha

Declarations
Ethics approval and consent to participate: The experimental protocol was approved by the institutional
ethical committee for animal research (CIPA # 4I17025PFp) in compliance with the Canadian Council on
Animal Care and the National Institute of Health’s Guide for the Care and Use of Laboratory Animals.

Consent for publication: Not applicable

Availability of data and materials: Data generated or analysed during this study are included in this
published article. The datasets that are not available in the manuscript are available from the
corresponding author on reasonable reques

Competing interests: The authors declare that they have no competing interests

Funding: Funding for the research was provided by grants awarded to Dr. Pasquale Ferraro from the
Thoracic Surgery Research Foundation of Montreal

Authors' contributions: All authors (BSN, AM, CL, JFG, PL, SDS, ML, JFC, CD, NN, PF) made substantial
contributions to the conception and design of the experimental protocool

BSN, AM, CL, JFG, SDS, ML, NN and PF apsrticiapted in performing the experiments and data  acquisition

All authors (BSN, AM, CL, JFG, PL, SDS, ML, JFC, CD, NN, PF) contributed to data analysis and
interpretation of data;



Page 12/19

All authors (BSN, AM, CL, JFG, PL, SDS, ML, JFC, CD, NN, PF) have approved the submitted version (and
any substantially modi�ed version that involves the author's contribution to the study) and agreed both to
be personally accountable for the author's own contributions and to ensure that questions related to the
accuracy or integrity of any part of the work, even ones in which the author was not personally involved,
are appropriately investigated, resolved, and the resolution documented in the literature.

Acknowledgements: The authors would like to acknowledge the work of all the veterinarians and staff in
the CRCHUM animal laboratory for their work and contribution that made this protocol possible.

References
1. De Meester J, Smits JMA, Persijn GG, Haverich A. Listing for lung transplantation: Life expectancy

and transplant effect, strati�ed by type of end-stage lung disease, the Eurotransplant experience. J
Hear Lung Transplant. 2001;20(5):518-524.

2. Hornby K, Ross H, Keshavjee S, Rao V, Shemie SD. Non-utilization of hearts and lungs after consent
for donation: a Canadian multicentre study. Can J Anaesth. 2006 Aug;53(8):831-7.

3. Mason DP, Murthy SC, Gonzalez-Stawinski GV, Budev MM, Mehta AC, McNeill AM, et al. Early
experience with lung transplantation using donors after cardiac death. J Heart Lung Transplant
2008;27:561–563.

4. de Antonio DG, Marcos R, Laporta R, Mora G, Garcı´a-Gallo C, Ga´mez P, et al. Results of clinical lung
transplant from uncontrolled non-heartbeating donors. J Heart Lung Transplant 2007;26:529–534.

5. Steen S, Ingemansson R, Eriksson L, Pierre L, Algotsson L, Wierup P, et al. First human
transplantation of a nonacceptable donor lung after reconditioning ex vivo. Ann Thorac Surg
2007;83:2191–2195

�. 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 Apr 14;364(15):1431-40

7. Laubach VE, Sharma AK. Mechanisms of lung ischemia-reperfusion injury. Curr Opin Organ
Transplant. 2016;21(3):246–252

�. 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

9. Mehaffey JH, Charles EJ, Sharma AK, Salmon M, Money D, Schubert S et al. Ex Vivo Lung Perfusion
Rehabilitates Sepsis-Induced Lung Injury. Ann Thorac Surg. 2017;103(6):1723-1729

10. Wierup P, Haraldsson A, Nilsson F, Pierre L, Scherstén H, Silverborn M, et al. Ex vivo evaluation of
nonacceptable donor lungs. Ann Thorac Surg. 2006;81(2):460-6.

11. Steinmeyer J, Becker S., Avsar M, Jawad, Ho�er L, Haverich A, et al. Cellular and acellular ex vivo
lung perfusion preserve functional lung ultrastructure in a large animal model: a stereological study.
Respir Res 19, 238 (2018). https://doi.org/10.1186/s12931-018-0942-5

12. Roman M, Gjorgjimajkoska O, Neil D, Nair S, Colah S, Parmar J, et al. Comparison between cellular
and acellular perfusates for ex vivo lung perfusion in a porcine model. J Heart Lung Transplant. 2015

https://doi.org/10.1186/s12931-018-0942-5


Page 13/19

Jul;34(7):978-87

13. Nilsson T, Gielis JF, Slama A, Hansson C, Wallinder A, Ricksten SE, et al. Comparison of two
strategies for ex vivo lung perfusion. J Heart Lung Transplant 2018;37:292–298

14. Becker S, Steinmeyer J, Avsar M, Hö�er K, Salman J, Haverich A, et al. Evaluating acellular versus
cellular perfusate composition during prolonged ex vivo lung perfusion after initial cold ischaemia
for 24 hours. Transpl Int. 2016 Jan;29(1):88-97

15. Kubiak BD, Albert SP, Gatto LA, Vieau CJ, Roy SK, Snyder KP, et al. A Clinically Applicable Porcine
Model of Septic and Ischemia/Reperfusion-Induced Shock and Multiple Organ Injury. J Surg Res.
2011;166(1):e59–e69.

1�. Park WY, Goodman RB, Steinberg KP, Ruzinski JT, Radella F, Park DR et al. Cytokine balance in the
lungs of patients with acute respiratory distress syndrome. Am J Respir Crit Care Med.
2001;164(10):1896-903

17. Damas P, Ledoux D, Nys M, Vrindts Y, De Groote D, Franchimont P et al. Cytokine serum level during
severe sepsis in human IL-6 as a marker of severity. Ann Surg. 1992;215(4):356-62.

1�. Horgan MJ, Pinheiro JM, Malik AB. Mechanism of endothelin-1-induced pulmonary vasoconstriction.
Circ Res. 1991;69(1):157-64

19. Pinheiro JM, Pitt BR, Gillis CN. Roles of platelet-activating factor and thromboxane in group B
Streptococcus-induced pulmonary hypertension in piglets. Pediatr Res. 1989;26(5):420-4.

20. Wittekindt OH. Tight junctions in pulmonary epithelia during lung in�ammation. P�ugers Arch - Eur J
Physiol 2017;469(1):135–147.

21. Andreasson ASI, Borthwick LA, Gillespie C, Jiwa K, Scott J, Henderson P, et al. The role of interleukin-
1β as a predictive biomarker and potential therapeutic target during clinical ex vivo lung perfusion. J
Heart Lung Transplant. 2017;36(9):985-995.

22. Loor G, Howard BT, Spratt JR, Mattison LM, Panoskaltsis-Mortari A, Brown RZ, et al Prolonged EVLP
Using OCS Lung: Cellular and Acellular Perfusates. Transplantation. 2017;101(10):2303-2311

Figures



Page 14/19

Figure 1

In�ammatory pro�le during the induction of acute lung injury in pigs. Cytokines measured in blood
samples collected at baseline and every 30 minutes. Data are presented in percent of the maximum value
for each cytokine. The maximum cytokine values (considered 100%) are reported in the �gure
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Figure 2

Hemodynamic parameters monitored continuously and averaged every 15 minutes over 4 hours of EVLP
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Figure 3

Ventilatory parameters during EVLP
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Figure 4

ABG’s measured at the beginning of EVLP and then after 2, 3 and 4 hours. Oxygenation of the lungs is
expressed as pO2:FiO2 ratio.
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Figure 5

In�ammatory pro�le during EVLP. Cytokines measured in the perfusate collected at the beginning and
then every 30 minutes during 4 hours of EVLP.
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Figure 6

Markers of acute lung injury after EVLP
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