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ABSTRACT

Objectives: Lung remains the least-utilized solid organ for transplantation. Ef-
forts to recover donor lungs with reversible injuries using ex vivo perfusion sys-
tems are limited to<24 hours of support. Here, we demonstrate the feasibility of
extending normothermic extracorporeal lung support to 4 days using cross-
circulation with conscious swine.

Methods:A swine behavioral training program and custom enclosurewere devel-
oped to enable multiday cross-circulation between extracorporeal lungs and recip-
ient swine. Lungs were ventilated and perfused in a normothermic chamber for
4 days. Longitudinal analyses of extracorporeal lungs (ie, functional assessments,
multiscale imaging, cytokine quantification, and cellular assays) and recipient
swine (eg, vital signs and blood and tissue analyses) were performed.

Results: Throughout 4 days of normothermic support, extracorporeal lung func-
tion was maintained (arterial oxygen tension/inspired oxygen fraction>400 mm
Hg; compliance>20 mL/cm H2O), and recipient swine were hemodynamically
stable (lactate <3 mmol/L; pH, 7.42 � 0.05). Radiography revealed well-
aerated lower lobes and consolidation in upper lobes of extracorporeal lungs,
and bronchoscopy showed healthy airways without edema or secretions. In bron-
choalveolar lavage fluid, granulocyte-macrophage colony-stimulating factor,
interleukin (IL) 4, IL-6, and IL-10 levels increased less than 6-fold, whereas inter-
feron gamma, IL-1a, IL-1b, IL-1ra, IL-2, IL-8, IL-12, IL-18, and tumor necrosis
factor alpha levels decreased from baseline to day 4. Histologic evaluations
confirmed an intact blood–gas barrier and outstanding preservation of airway
and alveolar architecture. Cellular viability and metabolism in extracorporeal
lungs were confirmed after 4 days.

Conclusions:We demonstrate feasibility of normothermic maintenance of extra-
corporeal lungs for 4 days by cross-circulation with conscious swine. Cross-
circulation approaches could support the recovery of damaged lungs and enable
organ bioengineering to improve transplant outcomes. (J Thorac Cardiovasc
Surg 2020;159:1640-53)
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Central Message

Normothermic support of extracorporeal lungs

for 4 days is feasible using cross-circulation

and could enhance recovery of donor lungs

and enable methods to bioengineer lungs for

transplantation.
Perspective

Conventional ex vivo lung perfusion systems

offer limited time for recovery and therapeutic

intervention in extracorporeal lungs. We

demonstrate that normothermic preservation

of extracorporeal lung tissue structure and res-

piratory function can be maintained for 4 days

using cross-circulation. This system could

serve as a platform for lung bioengineering

and organ recovery and regeneration.
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Abbreviations and Acronyms
BAL ¼ bronchoalveolar lavage
EVLP ¼ ex vivo lung perfusion
IFNg ¼ interferon gamma
IL ¼ interleukin
TNFa ¼ tumor necrosis factor alpha
XC ¼ cross-circulation
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Lung transplantation, the only life-saving intervention for
patients with end-stage lung disease, remains limited by
the shortage of usable donor organs. Although the number
of patients waiting to receive a lung transplant continues
to rise, only 20% of donor lungs meet functional criteria
for transplantation.1 This underuse of donor organs com-
bined with the rising number of patients in need represents
a major contributor to waitlist mortality.2,3

Many of the conditions that render donor lungs unaccept-
able for transplantation (eg, aspiration, infection, and pul-
monary contusions) are potentially reversible, but
conventional methods of donor lung preservation rely on
nonphysiologic cold static ischemia and preclude endoge-
nous repair and recovery.4,5 Ex vivo lung perfusion
(EVLP) aims to address these limitations by providing
initially unacceptable donor lungs with physiologic condi-
tions—normothermia, perfusion, ventilation—to recover
function outside the body to a level acceptable for trans-
plantation.6,7 Since the introduction of EVLP by Steen
and colleagues in 2001,8 EVLP platforms have demon-
strated short-term support and recovery of marginal quality
donor lungs in preclinical and clinical settings.8-11

However, EVLP has been unable to recover the majority
of unusable donor lungs, likely due to the inability of an
isolated single-organ support system to provide an appro-
priate physiologic milieu that enables endogenous repair.

Despite efforts to address the shortage of transplantable
lungs, physiologic constraints limit lung perfusion and pres-
ervation times, and thus restrict opportunities for donor or-
gan recovery and bioengineering. To overcome these
limitations, our group previously used a swine model of
cross-circulation (XC) to establish a lung support system
that extended normothermic extracorporeal support to
The Journal of Thoracic and Car
36 hours and enabled statistically significant ex vivo recov-
ery of severely injured lungs.12,13

The use of an XC system to achieve ex vivo lung recovery
mimics the clinical setting where in situ recovery of mar-
ginal quality lungs is achieved in patients placed on extra-
corporeal membrane oxygenation support for several days
after transplantation.14-16 Motivated by this clinical
practice, we hypothesize that extending the duration of
extracorporeal support from hours to days could not only
enable the recovery of damaged lungs not currently
salvageable using EVLP systems but also enable
investigation of bioengineering strategies to improve or
personalize organs before transplantation.
In this proof-of-feasibility study, we developed an extra-

corporeal lung support system capable of maintaining lungs
for 4 days using XC (Figure 1). A notable difference be-
tween this study and our previous studies, wherein swine re-
cipients remained under anesthesia for the duration of
extracorporeal support and recovery, is that we established
a configuration in which swine recipients remained
conscious throughout the procedure. Such an approach
avoids the adverse effects of anesthetic agents and recipient
immobility, provides access to nutrition ad libitum, and
models a translational setup of XC between a patient and
a donor organ. Throughout 4 days of normothermic support,
all extracorporeal lungs and conscious swine recipients
were subjected to longitudinal analyses to assess the safety
and stability of the organ support system.
METHODS
Study Design

This study received approval from the Institutional Animal Care and

Use Committee at Columbia University. In this proof-of-feasibility study,

we investigated healthy swine lungs (n¼ 3) as a reproducible experimental

input to assess the ability of the extracorporeal lung support system to

maintain the structure, function, and integrity of extracorporeal lungs for

4 days, and to establish baseline values and methodologies. The mean total

normothermic extracorporeal support time of all procedures was

100.7 � 1.2 hours.

Animals
Six Yorkshire swine (3 donor–recipient pairs, aged 4-6 months) were

used in this study. Swine lung donors had a mean weight of 43.3 kg (range,

35.7-57.0 kg), and swine recipients had a mean weight of 53.0 kg (range,

41.5-59.0 kg). No animals died in the course of this study.

Donor Lung Procurement
Swine lungs were procured in standard fashion as previously

described.12,13 The mean duration of cold static lung preservation was

4.8 � 0.6 hours.

Extracorporeal Lung Cannulation
A 20F cannula was secured within the pulmonary artery, and the trachea

was intubated with a 7.5 mm cuffed endotracheal tube, as previously

described.12,13,17 The aortic arch, serving as an endothelialized biobridge

between the lungs and the extracorporeal circuit, was secured to the left

atrial cuff with a running 6–0 polypropylene suture. A 36F venous drainage
diovascular Surgery c Volume 159, Number 4 1641
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FIGURE 1. Experimental overview of multiday extracorporeal lung support system. A, Lungs were explanted from donor swine and the pulmonary artery

(PA) and pulmonary vein (PV) were cannulated. Extracorporeal lungs were maintained in a humidified, normothermic preservation chamber and connected

to a mechanical ventilator (V) via endotracheal intubation (T). Recipient swinewere cannulatedwith a dual-lumen cannula via the right internal jugular (RIJ)

vein. After recovery from anesthesia, recipient swine were placed in a custom enclosure for the duration of the procedure. The extracorporeal circuit con-

tained a centrifugal pump (P) that cross-circulated whole blood between the recipient swine and the extracorporeal lungs. In-line sensors (S) monitored the

hemodynamic stability of the recipient swine and extracorporeal lungs during multiday normothermic support. B, Experimental timeline. Extracorporeal

lungs were maintained by normothermic cross-circulation (XC) and periodically assessed for 4 days. BAL, Bronchoalveolar lavage.
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cannula was secured to the biobridge with a 2–0 braided polyester tie.

Lungs were placed in the organ preservation chamber in prone

position in a sterile, double-lined organ basin containing warm normal

saline.

Recipient Swine Cannulation
Recipient swine underwent general anesthesia after intramuscular in-

duction with tiletamine (5 mg/kg). Cefazolin (30 mg/kg) and enrofloxacin

(5 mg/kg) were administered before skin incision and re-dosed every 8 and

24 hours, respectively. Immunosuppression was administered intrave-

nously: tacrolimus (5 mg/kg), mycophenolate mofetil (500 mg), each re-

dosed every 12 hours, and methylprednisolone (125 mg), re-dosed every

8 hours. After exposing the right internal jugular vein, a heparin bolus

(15,000 U) was administered, and the vein was cannulated with a 19F to

23F dual-lumen cannula (Avalon Elite; Maquet Cardiopulmonary, Rastatt,

Germany) (Figure 2, A and B).

XC and Extracorporeal Lung Support
Calcium gluconate (1 g) was administered intravenously to recipient

swine, and cross-circulation of blood between recipient swine and
1642 The Journal of Thoracic and Cardiovascular Sur
extracorporeal lungs was initiated, as previously described.12,13 The

extracorporeal circuit contained a pump console (Jostra HL-20; Maquet

Cardiopulmonary), disposable pump (Rotaflow Centrifugal Pump; Ma-

quet Cardiopulmonary), and continuous monitoring software (VIPER;

Spectrum Medical, Cheltenham, England). Circuit flow rate was main-

tained within a protective regime between 5% and 10% of the estimated

cardiac output of recipient swine, with pulmonary artery pressures

<20 mm Hg, and pulmonary vein pressures between 3 and 5 mm Hg

(Figure E1, A).12,13 Extracorporeal lungs were ventilated (Oxylog 3000

plus; Dr€ager, L€ubeck, Germany) (Video 1) with the following settings:

respiratory rate, 6 to 8 bpm; tidal volume, 6 to 8 mL/kg; positive end-

expiratory pressure, 5 cm H2O; inspired oxygen fraction, 40%; and main-

tained on XC for a mean duration of 1.5 � 0.1 hours before initiating re-

covery of recipient swine from general anesthesia.

Management of Recipient Swine During Recovery
From Anesthesia

Anesthetized recipient swine were transferred into a Panepinto sling

suspended within a custom enclosure (Figure E2) and allowed to recover

from anesthesia for a mean duration of 2.1 � 1.3 hours (Figure 2, C and
gery c April 2020



FIGURE 2. Experimental setup of multiday extracorporeal lung support system using a swine recipient. A, A dual-lumen cannula was placed in the right

internal jugular (RIJ) vein under fluoroscopic guidance.White arrows indicate cannula. B, The cannula was tunneled along the lateral aspect of the right neck

and secured to the dorsum of recipient swine. C and D, Following initiation of cross-circulation, cannulated recipient swine were transferred to a Panepinto

sling where they remained elevated from the enclosure floor for safe recovery from anesthesia and extubation. E, Once conscious, recipient swine were

lowered into a custom enclosure where they remained for the duration of the procedure. SVC, Superior vena cava; R, right; IVC, inferior vena cava.
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D). Following transfer to the Panepinto sling, recipient swine were weaned

from general anesthesia and administered ketamine (0.5-3.0 mg/kg) and

dexmedetomidine (0.1-0.4 mg/kg/h) as needed. When spontaneous
The Journal of Thoracic and Car
breathing was achieved, recipient swine were extubated while suspended

in the Panepinto sling, and subsequently lowered onto the floor of the

custom enclosure, where they were allowed to fully recover from
diovascular Surgery c Volume 159, Number 4 1643



VIDEO1. Normothermic maintenance of extracorporeal swine lungs with

multiday lung support system. Video available at: https://www.jtcvs.org/

article/S0022-5223(19)32146-4/fulltext.

VIDEO 3. Active enrichment of recipient swine in custom enclosure

throughout multiday lung support. Video available at: https://www.jtcvs.

org/article/S0022-5223(19)32146-4/fulltext.
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anesthesia (Video 2). Swine recipients were maintained in the custom

enclosure for 4 days (Figure 2, E, and Video 3).

Analyses of Extracorporeal Lungs and Recipient
Swine

Multiscale analyses of extracorporeal lungs were performed every

24 hours. Recipient swine were continuously monitored, and hemody-

namic and biochemical parameters were recorded every 12 hours. Detailed

methods are available in Appendix E1.

RESULTS
Extracorporeal lungs were connected to the normo-

thermic support system and periodically evaluated over
4 days (Figure 1). Recipient swine were continuously moni-
tored through behavioral observation, vital signs, and blood
samples analyses.

Extracorporeal Circuit Stability
All extracorporeal circuit parameters were maintained

within target lung-protective ranges throughout 4 days of
normothermic support. Pulmonary artery pressures re-
mained below 25 mmHg (Figure 3, A); and the transpulmo-
nary pressure gradient, the difference between pulmonary
artery and vein pressures, was maintained within the target
VIDEO 2. Transfer of swine recipient in Panepinto sling to custom enclo-

sure. Video available at: https://www.jtcvs.org/article/S0022-5223(19)

32146-4/fulltext.
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range of 5 to 15 mm Hg (Figure 3, C). Flows were main-
tained on average at 0.28 � 0.03 L/min (8%-9% of esti-
mated cardiac output18) (Figure 3, B), and the circuit had
a mean temperature of 35.1�C � 1.2�C throughout the
4 days (Figure 3, D). The pH of the perfusate stayed within
the physiologic range of 7.42 � 0.05 (Figure 3, E), and
lactate remained below 2 mmol/L until day 4, when lactate
increased slightly to 3.10 � 0.14 mmol/L (Figure 3, F).
Recipient Swine Safety and Stability
All recipient swine tolerated venous neck cannulation

(Figure 2, B), the experimental custom enclosure
(Figure 2, E), and exhibited normal food and water con-
sumption and excretion throughout all procedures. Safety
and stability were assessed bymonitoring of recipient swine
hemodynamic parameters, which were maintained within
normal ranges (mean heart rate, 112 � 18 bpm and mean
systolic pressure, 120 � 29 mm Hg), and by hemogas anal-
ysis (pH day 0, 7.36 � 0.02; pH day 4, 7.37 � 0.08) (Table
E1). Hematocrit decreased gradually over 4 days of support
(day 0, 27.2% � 16.6%; day 4, 10.7% � 2.3%) due to
repeated blood sampling from both recipient swine and
the extracorporeal circuit, and from minor transient
bleeding from repeated lung tissue sampling. The inflam-
matory response of recipient swine was evaluated by quan-
tification of serum inflammatory cytokine levels. From
baseline to day 4, mean serum concentrations of
granulocyte-macrophage colony-stimulating factor, inter-
feron gamma (IFNg), interleukin (IL) 1b, Il-1ra, IL-6, IL-
10, and tumor necrosis factor alpha (TNFa) variably
increased, with the largest increases in IL-1b (10.4-fold),
IFNg (19.2-fold), and IL-1ra (69-fold). Mean serum con-
centrations of IL-1a, IL-2, IL-4, IL-8, IL-12, and IL-18
decreased, with the largest decrease in IL-8 (14.8-fold)
(Table E2). All serum cytokine concentrations after
4 days of normothermic support were within or below
ranges reported in swine EVLP studies that provided a
maximum of 12 hours of support (Table E3).
gery c April 2020
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Functional Maintenance of Extracorporeal Lungs
Respiratory function of extracorporeal lungs was pre-

served over 4 days of normothermic support. Robust gas ex-
change with mean arterial oxygen tension/inspired oxygen
fraction values above 430 mm Hg (day 0,
439.4 � 227.1 mm Hg; day 4, 548.5 � 176.9 mm Hg)
(Figure 4, A), and dynamic compliance with mean values
above 20 mL/cm H2O (day 0, 22.2 � 1.7 mL/cm H2O;
day 4, 20.0 � 1.0 mL/cm H2O) (Figure 4, B) were main-
tained consistently for the duration of all procedures.
Mean peak inspiratory pressures increased slightly from
day 0 to day 4 (day 0, 20.5 � 0.7 cm H2O; day 4,
25.0 � 4.2 cm H2O) (Figure 4, C), but always remained
below 30 cm H2O for equivalent tidal volumes. All other
functional parameters demonstrated minimal changes
from baseline to day 4 (Table E4). Lung weight gradually
increased over 4 days (day 0, 0.84 � 0.17 kg; day 4,
1.18 � 0.07 kg) (Figure 4, D), which was likely due to
edema resulting from changes in hydrostatic pressure
caused by variations in position of conscious swine recipi-
ents (eg, prone to standing) (Figure E1, B-D).
The Journal of Thoracic and Car
Multiscale Analyses of Extracorporeal Lungs
Gross photography of extracorporeal lungs showed

normal appearance of the pleural surface with areas of
localized consolidation periodically observed in upper
lobes after day 2 (Figure 5 and Figure E3, A). Radiography
confirmed that extracorporeal lungs remained aerated, with
diffuse radiopacities in upper lobes after day 2 (Figure 5,C).
Surface thermography revealed that lobes with lower sur-
face temperatures were consistent with radiolucent areas
(Figure 5, B), suggesting that consolidated regions in upper
lobes had ventilation–perfusion mismatch with decreased
ventilation leading to increased surface temperatures.19,20

Bronchoscopy confirmed normal appearance of large air-
ways with no evidence of airway edema, erythema, or se-
cretions after 4 days (Figure 5, D). Although histologic
evaluations revealed edema in upper lobes, structural pres-
ervation of lung parenchyma, pulmonary airways, and the
vascular tree was confirmed throughout the lungs
(Figure 5, E and F, and Figure E3, B-D). Transmission elec-
tron microscopy confirmed preservation of the blood–gas
barrier with intact alveolar epithelial lining and abundant
diovascular Surgery c Volume 159, Number 4 1645
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type II pneumocytes with normal cuboidal morphology
(Figure 5, G).
Inflammation and Histopathologic Assessment of
Extracorporeal Lungs

Airway inflammation was assessed by quantification of
inflammatory cytokines in bronchoalveolar lavage (BAL)
fluid. From baseline to day 4, mean concentrations of
granulocyte-macrophage colony-stimulating factor, IL-4,
IL-6, and IL-10 trended upward but did not increase drasti-
cally, and mean concentrations of IFNg, IL-1a, IL-1b, IL-
1ra, IL-2, IL-8, IL-12, IL-18, and TNFa decreased in
BAL fluid (Figure 6, A-F, and Table E5 and E6). Notably,
the largest increase of inflammatory cytokine concentra-
tions in BAL fluid was IL-4 (5.5-fold), and the largest
decrease was IFNg (104.9-fold). To assess the degree of
injury in extracorporeal lungs, tissue samples were sub-
jected to blinded histopathologic review and assigned
lung injury scores (Figure 6, G) according to an established
injury scoring rubric (Figure E4, C). Polymorphonuclear
cells, indicators of immune response to injury, remained
low in airways but gradually increased in alveoli. Alveolar
and interstitial edema increased slightly, which was consis-
tent with the observed increase in lung weight. Neverthe-
less, the lack of significant increase in any lung injury
category score from baseline to day 4 suggests that the
extracorporeal lungs experienced minimal to no injury
over 4 days of normothermic support.
1646 The Journal of Thoracic and Cardiovascular Sur
Cellular Integrity and Function of Extracorporeal
Lungs

Pentachrome staining confirmed preservation of bron-
chial structures, including airway mucosa, smooth muscle,
cartilage (Figure 7, A), and bronchial epithelium with intact
pseudostratified epithelium and airway cilia (Figure 7, B).
In the respiratory zone, alveolar capillaries, and distal ve-
nules were well perfused (Figure 7, C), consistent with
the outstanding respiratory performance at day 4. Immuno-
histochemical staining for vascular endothelial cadherin
enabled visualization of the intact endothelial lining of pul-
monary vessels (Figure 7, E). Following administration of
nebulized methacholine on day 4, extracorporeal lungs
demonstrated rapid bronchoresponsiveness (Figure 7, H)
of airway smooth muscle (Figure 7, D). Cell viability in
extracorporeal lungs was confirmed by uptake of viability
marker carboxyfluorescein succinimidyl ester (Figure 7,
F), and cellular metabolism in the parenchyma of extracor-
poreal lungs remained within range of the metabolic activ-
ity of lungs in vivo (Figure 7, G).
DISCUSSION
In this proof-of-feasibility study, we describe an extracor-

poreal organ support system capable of maintaining the
structure, viability, and function of extracorporeal lungs
for 4 days (Figure 8). This system extends the duration of
normothermic extracorporeal lung support significantly
beyond the capability of current ex vivo lung perfusion
gery c April 2020



FIGURE 5. Multiscale analyses of extracorporeal lung maintenance and integrity. A, Photographic appearance. B, Thermographic appearance. C, Radio-

graphic appearance. D, Bronchoscopic evaluation of extracorporeal lungs throughout 4 days of normothermic support, including aerated regions (dotted

lines), and areas of local consolidation (stars). Microscopic analyses of bilateral lower lobes by hematoxylin and eosin staining. E, Low magnification.

F, High magnification. G, Transmission electronmicroscopy revealed type II pneumocytes (black arrows) with visible lamellar bodies containing surfactant,

and intact alveolar epithelial barrier (white arrows) of type I pneumocytes.
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systems, from hours to multiple days. Our hypothesis is that
homeostatic normothermic extracorporeal support for days
to weeks could offer new opportunities for the assessment,
recovery, and regeneration of donor lungs. Additionally, we
established new methods to enable multiday XC of whole
blood between extracorporeal lungs and a conscious large
animal. Our results demonstrate feasibility that lungs can
be maintained outside the body for 4 days with outstanding
preservation of respiratory function, lung tissue structure,
and cellular integrity and metabolism. Such a system offers
a developmental platform for advanced therapeutic inter-
ventions such as gene or cell therapies for extracorporeal
or intracorporeal organs.

Three newmethodologies were developed in this study: a
swine behavioral training program (Table E7 and
The Journal of Thoracic and Car
Figure E5) implemented 2 weeks before the start of XC to
acclimate recipient swine to the custom enclosure used dur-
ing the procedure, a technique to manage full recovery of
anesthetized cannulated recipient swine to consciousness
using a Panepinto sling and custom enclosure, and a novel
extracorporeal circuit configuration with a single-site
dual-lumen cannula to enable maintenance of circuit pa-
rameters within acceptable ranges. Altogether, these
methods may prove useful in future translational studies
involving the connection of conscious large animals or hu-
mans to extracorporeal circuits for organ support.
The function of extracorporeal lungs in this study was

robustly maintained throughout 4 days of normothermic
support. In comparison to previous studies, wherein swine
lungs were supported by EVLP systems for a total of
diovascular Surgery c Volume 159, Number 4 1649
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12 hours21 or 24 hours,22 lungs in this study at day 4 demon-
strated superior mean arterial oxygen tension/inspired oxy-
gen fraction (12 hours, �400 mm Hg; 24 hours, �400 mm
Hg; XC 4 days, 548 mm Hg), equivalent mean compliance
(12 hours, 20 mL/cm H2O; 24 hours, not reported; XC
4 days, 21 mL/cm H2O), and in-range mean peak inspira-
tory pressures (12 hours: 25 cm H2O; 24 hours,
15 cm H2O; XC 4 days, 25 cm H2O). IL-1b and IL-8 in
BAL fluid decreased from baseline to day 4, and were
only 1.4-fold and 2.2-fold higher, respectively, than in
healthy swine lungs after 4 hours23 of EVLP support.
Furthermore, airway concentrations of IL-6, TNFa, and
IFNg after 4 days were, respectively, 2.2-fold, 2.8-fold,
and 1260-fold lower. Altogether, these data suggest that
the overall function and condition of swine lungs after
4 days were superior to the condition of lungs placed on
12 to 24 hours of EVLP support.

An established lung injury scoring rubric12,13 was used to
assess the extent of lung injury. A comparison of lung injury
scores after 4 days of support to scores previously reported
in established swine lung models of ischemia reperfusion
injury12 and gastric aspiration injury13 revealed that lungs
after 4 days showed less injury in all categories except for
the mild interstitial edema reflected by increased lung
weight. Overall, the composite injury score at day 4 in
this study (4.6) was markedly lower than composite injury
scores reported for ischemia reperfusion injury (6.8) and
gastric aspiration (9.3) studies. When compared with recip-
ient swine lungs at the conclusion of the procedure, extra-
corporeal lungs showed only a minimal increase in mean
injury score (day 4, 4.6; recipient lungs, 3.8) (Figure E6).

The maintenance of vascular pressures within physiolog-
ical range is critical for the prevention of pulmonary edema
1650 The Journal of Thoracic and Cardiovascular Sur
and the preservation of extracorporeal lungs.24 In this study,
the pressure at the pulmonary veins was dependent on the
hydrostatic pressure difference between the extracorporeal
lungs and recipient swine, and was regulated by adjusting
the height difference between the lungs and recipient swine
(target, 10 cm). In our previous studies, this height differ-
ence was fixed, as recipient swine were anesthetized and
therefore immobile for the duration of all procedures. In
this study, recipient swine were conscious and free to stand
upright or lay prone at will, which resulted in intermittent
changes in the height difference between the extracorporeal
lungs and recipient swine. Adjustments to the height of the
lungs were therefore necessary to maintain the target height
difference of 10 cm. Controlled adjustments of lung height
were performed manually using a hydraulic lift, but were
technically challenging to perform in real time. Conse-
quently, variabilities in pulmonary vein pressures resulting
from changes in swine position, in conjunction with the
persistent prone position of extracorporeal lungs, likely
contributed to the development of dependent interstitial
edema, most notably observed in the upper lobes.

Limitations
There are several limitations to the present study. This

study involved a small number of procedures (n ¼ 3).
Although such a study size limits the opportunity for statis-
tical analyses, the results demonstrated feasibility of
normothermic support of extracorporeal lungs for 4 days.
Future studies will investigate larger numbers of lungs,
recipient swine, and a wider variety of experimental condi-
tions including increased flow rates, recovery of damaged
lungs, and therapeutic interventions. Further, because
immunosuppression was used, immunological markers of
gery c April 2020
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injury may be different than in the absence of immunosup-
pression, which may account for differences observed be-
tween cytokine concentrations in BAL fluid and serum.
Notably, several of the cytokines investigated in this study
have been shown to have both pro- and anti-inflammatory
roles,25-27 so their functions in this system are difficult to
interpret. Future studies using a multiday extracorporeal
support system could help elucidate the roles of cytokines
in extracorporeal lung support systems. Several technical
challenges remain to be resolved in the current system:
specification and regulation of a long-term extracorporeal
organ environment, controlled variability of extracorporeal
organ orientation, and appropriate ventilation and perfusion
management strategies. The inability to strictly regulate dy-
namic hydrostatic pressure changes led to the development
of edema, necessitating future development of feedback-
regulated pump controls and an automated organ height
adjustment system capable of responding precisely in real
time to dynamic changes in swine position, transpulmonary
pressure gradient, and lung weight. Although this study did
not investigate deposition of recipient cells or platelets in
extracorporeal lungs, which could result in platelet-
induced injury and chimerism, future studies of hematolog-
ic and immunologic interactions will be critical to assess the
safety of clinical translation.

Despite these limitations, this study demonstrated that
cross-circulation enables a quality and duration of
extracorporeal lung support not previously shown by
EVLP systems. The use of XC to recover damaged lungs
ex situ could be applicable in clinical settings where
patients receiving extracorporeal membrane oxygenation
fail to match suitable donor lungs. In such patients, XC of
lungs with reversible injuries for several days could enable
functional assessment, lung-protective strategies, and graft
recovery while avoiding the physiologic insult associated
with major surgical intervention and severe primary graft
dysfunction. Lungs recovered by XC would then be trans-
planted into the patient, thereby potentially decreasing the
morbidity and mortality associated with transplantation of
injured lungs. Future investigations using multiday
extracorporeal organ support could also enable advanced
interventions through immunomodulation,28,29 cell replace-
ment,17,30-33 or other bioengineering approaches,17,32,34-36

and ultimately serve as a platform to improve transplant
outcomes.

CONCLUSIONS
In this study we demonstrate the longest duration of

normothermic support of extracorporeal lungs reported to
date (4 days), with outstanding maintenance of lung tissue
and respiratory functions. We envision that this system
could be applicable in clinical settings to recover and regen-
erate damaged donor organs, and in translational research
The Journal of Thoracic and Car
settings as a platform to investigate new strategies for
lung bioengineering.
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Discussion
Dr Michael S. Mulligan (Seattle,
Wash). This is a lot of work and it is
very provocative. I have a couple of
questions and I will ask them one at a
time. Current iterations of ex vivo
lung perfusion (EVLP) platforms are
limited by several factors: they don’t
clear metabolic waste, they dilute

them; they don’t account for generated biologics; they
gery c April 2020
don’t have a plethora of homeostatic mechanisms that are
active or meaningful; they ventilate and perfuse the nonphy-
siologic perimeters; and they maintain the static position
that we know is a point of vulnerability for the development
of dependent edema.

Based on what you have learned and what you have seen,
how would you prioritize and what you offer as suggestions
for revisions of current EVLP platforms to make them bet-
ter and safer, particularly for extended perfusion times?

Dr Ahmed E. Hozain (New York, NY).
Thank you Dr Mulligan for that ques-
tion. When it comes to EVLP versus
cross-circulation, I think there is room
for both platforms. The platforms are
different and serve different purposes.
EVLP has been shown to recover mar-
ginal lungs and may facilitate treat-

ment of hepatitis C–infected lungs.

Our cross-circulation system is aimed at extending ho-

meostatic physiologic support to enable regeneration and
advanced bioengineering techniques that were not possible
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on EVLP due to its limited duration of support as it lacks
several features that you mentioned, such as metabolic
clearance and providing critical factors required for cellular
regeneration. We want to use this platform to not only
recover severely injured lungs but also to investigate
possible new therapeutics that we wouldn’t be able to do
in vivo.

Dr Mulligan. Following up on that, I got the sense in
reading your manuscript that maybe at the 4-day mark
you are bumping into your wall. You started to see
more edema, more alveolar infiltrates; you saw exten-
sion of the sort of subpleural thickening. Do you think
the revisions that you can make now can further extend
beyond 4 days, because they are allowing pneumonia to
recover, traumatic injury to recover. You may need
more time. Do you have practical steps for your next
iteration?

Dr Hozain. This was a feasibility study to extend the
duration of support to 4 days and we learned several things
along the way, especially technical issues. Variability in
static pressure in the pulmonary veins of the donor lung
The Journal of Thoracic and Car
occurred as the animal would stand or lie down and required
recurrent height adjustments to maintain a constant static
pressure. We are working on a system that would allow
for automatic adjustment to better maintain stability in pres-
sure gradients. Along these lines and as you suggested
earlier, the organ cannot lie in a static position for an
extended period of time without suffering from dependent
edema. As we extended the duration of support to 4 days,
we realized that the lungs would develop dependent edema.
We have constructed a solution to this problem and have
started testing it. The extended duration platform has forced
us to solve new problems that do not manifest in static posi-
tioning for 24- or 36-hour runs. We are confronted with
developing mechanisms to maintain the external environ-
ment of the extracorporeal organ.
Dr Mulligan. My second question relates to other organ

systems. How well do you think this technology translates
to other organ systems and what experience do you folks
have with other organs?
Dr Hozain.Our platform is adaptable to other organ sys-

tems, and we hope to present that work in the near future.
diovascular Surgery c Volume 159, Number 4 1653



APPENDIXE1. DETAILSOF PREPROCEDUREAND
PROCEDURE METHODS
Preprocedure Behavior Training of Recipient Swine

Before initiation of cross-circulation, a swine behavior
training program (Table E7) was implemented to acclimate
recipient swine to the custom enclosure (Figure E2). Target
training (ie, conditioning swine to touch nose to target when
the trainer activated an audible clicker) was initiated at least
14 days before the start of cross-circulation and was used to
encourage recipient swine to enter the custom enclosure by
day 4 of training (Figure E5, A). Initially, swine were main-
tained in the custom enclosure for up to 1 hour. Through
days 5 to 14 of training, recipient swine were maintained
in the custom enclosure for at least 2 hours per day to in-
crease comfort and familiarity with the experimental envi-
ronment. The width of the custom enclosure was
incrementally reduced to limit rotational movements
(Figure E5, B). Behavior training was essential to minimize
stress and maximize comfort of recipient swine, and thus
decrease risk of decannulation during cross-circulation pro-
cedures. Throughout the preprocedure behavior training
program, recipient swine experienced enrichment with ma-
nipulata (Figure E5, C), social interactions with procedure
personnel (Figure E5, D), and standard and high-quality
edible treats.

Management and Monitoring of Recipient Swine
During cannulation of the right internal jugular vein,

physiologic parameters of anesthetized recipient swine,
including heart rate, electrocardiogram, blood pressure
(cuff and arterial line), oxygen saturation, end-tidal car-
bon dioxide, temperature, and respiratory rate were
continuously monitored and recorded. Following recovery
from anesthesia and throughout the duration of proced-
ures, recipient swine were continuously monitored. Phys-
ical examinations to monitor and record respiratory signs
(ie, dyspnea, tachypnea, coughing, and hypoxia), change
in appetite, abnormal attitude or mentation, and signs of
pain or discomfort were conducted by a large-animal
veterinarian and animal behavior specialist at least twice
daily. Throughout the duration of cross-circulation, recip-
ient swine were maintained on a continuous intravenous
heparin infusion (initial rate, 25 U/kg/h). Activated clot-
ting time was measured and recorded hourly, and heparin
infusion rates were titrated accordingly to remain within
the target activated clotting time range of 200 to 300 sec-
onds. Recipient swine were allowed to eat, drink, sleep,
and play freely in the custom enclosure. Twice daily,
recipient swine received food (Laboratory Mini-Pig
Grower Diet; LabDiet) and water ad libitum. To prevent
interference with recipient swine activities, extracorporeal
circuit tubing was secured at the top of the custom enclo-
sure. One unit of whole blood was collected from each
donor swine and was stored at 4�C. A transfusion was

given to the recipient swine if hemoglobin decreased
below 4 g/dL.

Blood Analysis
Before recovery of recipient swine from anesthesia,

blood samples were collected from an auricular arterial
line. Following recovery from anesthesia, blood samples
were collected every 12 hours from a central venous line
placed in the left external jugular vein. Hemogas analysis
was performed using a point-of-care blood analysis system
(epoc; Siemens Healthineers). Complete blood counts,
basic metabolic panels, liver function tests, and coagulation
panels were performed by a diagnostic laboratory service
(Antech Diagnostics). Mycophenolate levels were not
measured, but FK506 (tacrolimus) levels were measured
(Architect System; Abbott). Inflammatory cytokines (gran-
ulocyte-macrophage colony-stimulating factor, interferon
gamma, interleukin (IL) 1a, IL-1b, IL-1ra, IL-2, IL-4, IL-
6, IL-8, IL-10, IL-12, IL-18, and tumor necrosis factor
alpha) in recipient swine serum were quantified in triplicate
by multiplex cytokine array (Discovery Assay Pig Cytokine
Array; Eve Technologies).

Extracorporeal Lung Monitoring
Blood samples were collected from sample ports at the

pulmonary artery and pulmonary veins every 12 hours
throughout the duration of normothermic support. Arterial
oxygen tension/inspired oxygen fraction and dynamic
compliance (Cdyn ¼ tidal volume/(peak inspiratory
pressure � positive end-expiratory pressure)) were calcu-
lated at baseline and every 24 hours. Lung weight was ob-
tained every 24 hours using a scale (Denver Instrument
Company) housed inside the organ chamber. Gross photo-
graphs of extracorporeal lungs were acquired using a
high-definition camera (Hero 5; GoPro), and radiographs
were acquired using a portable unit (PXP-16HF; United
Radiology Systems) with images captured at 2.2 mAs and
90 kVp. Thermographs of extracorporeal lungs were ac-
quired using an infrared camera (T430sc; FLIR).

Bronchoscopy and Bronchoalveolar Lavage Fluid
Analysis

Bronchoscopic assessment of the airways was per-
formed, and bronchographs were obtained at baseline and
every 24 hours. Bronchoalveolar (BAL) fluid samples
were collected by introducing a 3.8 mm flexible broncho-
scope (aScope 3; Ambu) into subsegmental bronchi of the
left and right lower lobes of extracorporeal lungs and inject-
ing sterile normal saline (5 mL) with subsequent aspiration
and collection of BAL fluid in a sterile specimen trap. BAL
fluid samples were centrifuged at 3500 rpm for 10 minutes
at 4�C. Supernatants were snap frozen in liquid nitrogen and
stored at –80�C until further processing. Inflammatory cyto-
kines (granulocyte-macrophage colony-stimulating factor,
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interferon gamma, IL-1a, IL-1b, IL-1ra, IL-2, IL-4, IL-6,
IL-8, IL-10, IL-12, IL-18, and tumor necrosis factor alpha)
in BAL fluid of extracorporeal lungs were quantified in trip-
licate by multiplex cytokine array (Discovery Assay Pig
Cytokine Array; Eve Technologies).

Extracorporeal Lung Tissue Sampling
A surgical stapler (GIA Auto Suture; Covidien) was used

to collect tissue samples from extracorporeal lungs at base-
line and every 24 hours. Tissue sampling locations were
predetermined using randomization software (randomizer.
org) (Figure E4,A and B). Tissue samples were immediately
fixed in cold phosphate-buffered 4% paraformaldehyde for
24 to 48 hours, embedded in paraffin, and sectioned at 5-mm
thickness. All sections were stained for hematoxylin and
eosin and Movat’s pentachrome by histology services in
the Department of Molecular Pathology at Columbia Uni-
versity Medical Center. All sections were examined under
light microscopy and imaged with a slide scanner
(SCN400; Leica).

Recipient Lung Tissue Sampling
After each experiment the recipient lungs were procured

via a median sternotomy, and a surgical stapler (GIA Auto
Suture) was used to collect tissue samples from recipient
lungs from all 5 lobes. Tissue samples were processed in
a similar manner to extracorporeal lungs described above.
Transmission electron microscopy. Lung tissue samples
were fixed with 2.5% glutaraldehyde, 4% paraformalde-
hyde, and 0.02% picric acid in 0.1M Na-cacodylate buffer
(pH 7.2). Samples were then postfixed with 1% osmium te-
troxide in Sorenson’s buffer for 1 hour, dehydrated, and
embedded in Lx-112 (Ladd Research Industries). Sections
(thickness, 60 nm) were prepared using an ultramicrotome,
stained with uranyl acetate and lead citrate, and examined
with an electron microscope (JEM-1200 EXII; JEOL). Im-
ages were captured with a digital camera (ORCA-HR; Ha-
mamatsu Photonics).
Histopathologic review. An experienced lung transplant
pathologist blinded to the study protocol performed all his-
topathologic review that included evaluation of lung tissue
samples from upper, middle, and lower lobes. A previously
reported lung injury scoring rubric (Figure E4, C) was used
to assess the degree of lung injury.E1,E2

Immunohistochemical staining. Following deparaffiniza-
tion, lung sections were subjected to boiling citrate buffer
(pH 6.0) for antigen retrieval and blocked with 10% normal
donkey serum in phosphate-buffered saline for 2 hours at
room temperature. Next, primary antibodies (VE-cadherin:
Abcam, ab232880; alpha smooth muscle actin: Abcam,
ab5694) were diluted 1:200 and incubated for 2 hours. Sec-
ondary antibody (Abcam, ab150077) was diluted 1:300 and
incubated for 2 hours at room temperature. Sections were

subsequently mounted, and images were obtained using a
fluorescent microscope (FSX100; Olympus).
Bronchoresponsiveness. Airway smooth muscle tone in
extracorporeal lungs was assessed after 4 days of normo-
thermic support by intratracheal delivery of nebulized
methacholine chloride (4 mg). Changes in peak inspiratory
pressures were recorded for 1 minute before and 5 minutes
after delivery of methacholine chloride.
Cell viability assay. To assess cell viability in the paren-
chyma of extracorporeal lungs, carboxyfluorescein succini-
midyl ester (eBioscience) was reconstituted in dimethyl
sulfoxide at a concentration of 1.06 M. After 4 days of
normothermic support, carboxyfluorescein succinimidyl
ester was delivered via flexible bronchoscope into distal re-
gions of left and right lower lobes of extracorporeal lungs
and incubated for 15 minutes. Lung tissue samples were
then collected, washed 5 times with phosphate-buffered sa-
line, fixed in cold phosphate-buffered 4% paraformalde-
hyde for 48 hours, embedded, deparaffinized, mounted,
and imaged using a fluorescence microscope (FSX100).
Metabolic activity assay. To assess cellular metabolism
in extracorporeal lungs, tissue samples were collected
from the parenchyma at baseline, day 2, and day 4 of
normothermic support. Tissue samples (volume:
250 mL; triplicates) were finely minced, gently homoge-
nized, and placed in a 96-well plate. Cell metabolism
assay reagent (Alamar Blue; ThermoFisher) was diluted
1:10 in DMEM supplemented with 10% fetal bovine
serum, and 100 mL Alamar Blue reagent was added to
wells containing lung sample homogenates.E3 Alamar
Blue reagent alone (100 mL) was added to wells contain-
ing no lung homogenate (negative controls). The multi-
well plate was protected from light and incubated at
37�C with gentle shaking for 2 hours. Following incuba-
tion, absorbance was measured at 570 nm and normalized
to absorbance at 600 nm. To obtain a benchmark compar-
ison of metabolic activity to healthy swine lungs in vivo,
fresh lung tissues were collected from healthy swine
immediately following thoracotomy, and metabolic activ-
ity assays were performed on both extracorporeal swine
lung tissue samples and fresh healthy swine lung tissue
samples.
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FIGURE E1. Maintenance of extracorporeal circuit parameters by height adjustments of extracorporeal lungs in response to changes in recipient swine

position. A, Target ranges of extracorporeal circuit parameters. B, Representative photographs of recipient positions: upright and prone. C, Heights of circuit

elements corresponding to recipient position. D, Extracorporeal circuit diagrams demonstrating changes in extracorporeal lung height corresponding to

changes in recipient position in order to maintain target circuit parameters. PA, Pulmonary artery; PV, pulmonary vein.
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recipient swine can move

forward/backward

open top for access 

to recipient swine 

swinging door 

(deploys as ramp)

non-slip 

flooring 
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60 cm

recpient swine cannot

rotate within cage 
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side wall
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(removable)
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FIGURE E2. Custom enclosure for recipient swine. Stainless steel enclosure featured width-adjustable sidewall to ensure swine recipients remained

comfortable and secure throughout multi-day procedures. The open top of the enclosure enabled easy access to recipient swine, cannula site, and circuit

components. Immediately following recipient feeding, urination, and defecation, the excreta pan was removed, thoroughly cleaned, and replaced to mini-

mize the presence of waste in the custom enclosure.
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FIGURE E3. Histologic evaluation of the upper lobes of extracorporeal lungs throughout 4 days of normothermic support. A, Subpleural regions. B, Pa-

renchyma. C, Pulmonary airways. D, vessels. Dotted lines outline surface of visceral pleura.
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Score 0 2 31

Airway PMN / hpf 1

Alveolar PMN / hpf 2

 Alveolar edema (%) 3

Interstitial edema 5
Interstitial infiltrate / hpf 4
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1 Airway PMN: % bronchi and bronchioles containing any neutrophils
2 Alveolar PMN: % alveoli more than half-filled with neutrophils
3 Alveolar edema: % alveoli with edema
4 Interstitial infiltrate: lymphocytes/neutrophils in interstitium around vessels and airways and in alveolar septa and pleura
5 Interstitial edema: perivascular and peribronchial spaces expanded with edematous fluid
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FIGURE E4. Randomized lung sampling and scoring rubric of lung injury score. A, Lung map used for randomized tissue sampling showing lungs were

divided into 5 lobes. B, Tissue sample locations at each time point. Sample bias was avoided by predetermining tissue sampling location before the start of all

experiments. C, Scoring rubric of lung injury scores. RUL, Right upper lobe; RML, right middle lobe; RLL, right lower lobe; LUL, left upper lobe; LLL, left

lower lobe; PMN, polymorphonuclear cells; hpf, high-power field.
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FIGURE E5. Preprocedure swine behavior training program. A, Target training with clicker (red) to encourage swine to enter custom enclosure. B,

Throughout the behavior training program, recipient swine comfort and familiarity were maintained while the width of the side wall (stars) of the custom

enclosure was incrementally decreased, limiting the ability of recipient swine to rotate during the procedure. C, Active enrichment was provided throughout

behavior training. D, Positive reinforcement was provided throughout behavior training.
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FIGURE E6. Histologic evaluation by hematoxylin and eosin stain of recipient swine lung after 4 days of normothermic support. A, Low-power micro-

scopy of parenchyma. B, High-power microscopy of alveoli. C, Airway. D, Vessels. E, Comparison of lung injury scores at day 4 of multiday support to lung

injury scores of recipient lung at the end of the procedure. PMN, Polymorphonuclear cells.
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TABLE E1. Safety and stability of recipient swine during multiday extracorporeal lung support. Analysis of recipient swine vitals, hemogas,

biochemistry, coagulation, and electrolytes throughout 4 days of cross-circulation

Parameter

Time (d)

0 1 2 3 4

Vitals

Heart rate (bpm) 88 � 9 111 � 8 113 � 51 110 � 35 140 � 42

Systolic BP (mm Hg) 97 � 14 106 � 17 155 � 9 133 � 45 89 � 37

Temperature (�F) 97.3 � 1.9 97.0 � 1.7 96.2 � 2.8 98.3 � 2.3 98.5 � 1.0

Hemogas

pH 7.36 � 0.02 7.46 � 0.02 7.45 � 0.04 7.46 � 0.05 7.37 � 0.08

Oxygen tension (mm Hg)* 274 � 34 45 � 23 39 � 16 30 � 2 42 � 3

Carbon dioxide tension

(mm Hg)

57 � 3.4 46 � 3.3 50 � 8.5 47 � 8.7 42 � 5.8

Bicarbonate (mmol/L) 32 � 1.2 33 � 1.7 39 � 15.9 34 � 3.8 30 � 3.0

Lactate (mmol/L) 1.42 � 0.49 1.58 � 0.38 1.08 � 0.27 0.91 � 0.31 3.1 � 0.14

Glucose (mg/dL) 112 � 77 199 � 49 127 � 33 177 � 55 159 � 38

Biochemical analysis

WBC (109/L) 26.1 � 19.6 18.3 � 4.2 12.3 � 6.4 14.3 � 1.9 9.5 � 5.2

% Neutrophils 47 � 11 67 � 5 53 � 14 65 � 19 68 � 12

% Reticulocytes 1 � 1 1 � 1 1 � 1 1 � 1 3 � 1

Platelets (109/L) 423 � 222.4 307 � 47.7 203 � 97.1 118 � 53.8 94 � 61.6

Hgb (g/dL) 8.1 � 4.9 7.6 � 0.8 7.9 � 3.3 4.9 � 0.6 3.1 � 0.7

Hct (%) 27.2 � 16.6 25.7 � 3.8 20.8 � 3.9 16.5 � 2.5 10.7 � 2.3

AST (U/L) 47 � 16.9 54 � 13.6 49 � 13.4 28 � 19.0 37 � 3.5

ALT (U/L) 67 � 12.3 61 � 23.2 51 � 23.4 40 � 1.2 29 � 3.6

Creatinine (mg/dL) 1.33 � 0.26 1.15 � 0.13 1.01 � 0.14 1.05 � 0.06 1.74 � 0.58

Tacrolimus (ng/mL) 0.93 � 1.04 13.37 � 9.06 20.23 � 8.93 22.37 � 8.89 15.21 � 3.83

Activated clotting time (s) 296 � 83 222 � 35 225 � 65 250 � 66 239 � 47

Electrolytes and other

Sodium (mmol/L) 136 � 3.8 141 � 2.4 136 � 1.0 136 � 1.0 140 � 2.8

Potassium (mmol/L) 7.9 � 2.9 6.3 � 2.5 5.6 � 1.1 5.6 � 1.1 5.0 � 0.5

Calcium (mg/dL) 7.8 � 0.8 7.2 � 1.1 8.1 � 0.8 8.1 � 0.8 6.4 � 1.4

Phosphate (mmol/L) 11.4 � 2.0 9.5 � 0.8 9.2 � 0.6 9.2 � 0.6 10.9 � 0.6

PTT (s) 78.6 � 47.1 78.1 � 40.3 87.2 � 61.5 64.1 � 56.0 75.5 � 63.8

PT (s) 14.9 � 1.2 14.5 � 0.8 17.0 � 5.1 10.5 � 7.0 10.4 � 5.4

Values are presented as mean � standard deviation. BP, Blood pressure; WBC, white blood cells; Hgb, hemoglobin; Hct, hematocrit; AST, aspartate transaminase; ALT, alanine

transaminase; PTT, partial thromboplastin time; PT, prothrombin time. *Oxygen tension values at day 0 were obtained while anesthetized swine were intubated and mechanically

ventilated with inspired oxygen fraction of 100%. Oxygen tension values at days 1 to 4 were obtained from a central venous catheter while conscious swine were breathing room

air.

The Journal of Thoracic and Cardiovascular Surgery c Volume 159, Number 4 1653.e10

Hozain et al Thoracic: Lung Transplantation

T
H
O
R



TABLE E2. Quantification of inflammatory cytokines in recipient swine serum

Inflammatory cytokine (pg/

mL)

Time (d)

Fold change*0 1 2 3 4

GM-CSF –y –y 8.48 � 6.5 32.68 � 57.2 9.6 � 8.3 þ9.6

IFNg 20.6 � 28.8 15.3 � 30.5 52.3 � 55.2 736.1 � 1010.9 396.3 � 477.5 þ19.2

IL-1a 2.6 � 2.3 1.4 � 2.0 2.4 � 4.0 2.5 � 4.1 1.9 � 2.0 –1.3

IL-1b 45.0 � 31.7 37.7 � 35.3 67.8 � 52.3 169.7 � 182.7 471.6 � 649.8 þ10.4

IL-1ra 930.0 � 932.7 437.7 � 250.9 294.1 � 229.9 694.7 � 523.7 65024.5 � 52388.8 þ69

IL-2 8.5 � 13.0 6.0 � 12.1 16.1 � 29.6 16.7 � 30.3 0.9 � 1.6 –7.6

IL-4 55.3 � 65.8 46.2 � 78.6 38.8 � 63.2 51.7 � 92.6 13.4 � 11.6 –4.1

IL-6 59.6 � 110.7 59.8 � 93.9 76.4 � 124.6 82.9 � 131.3 184.4 � 126.1 þ3.0

IL-8 56.3 � 47.5 –y 9.5 � 11.6 1.0 � 2.0 3.8 � 3.4 –14.8

IL-10 46.4 � 40.7 47.5 � 36.3 57.8 � 55.8 54.8 � 45.2 129.9 � 33.9 þ2.8

IL-12 672.2 � 257.4 246.4 � 87.7 375.7 � 149.0 386.0 � 171.0 625.4 � 107.2 –1.1

IL-18 673.3 � 665.6 237.4 � 191.7 178.0 � 187.2 280.6 � 128.2 320.7 � 84.6 –2.1

TNFa 12.9 � 21.9 5.0 � 6.6 8.1 � 6.4 18.8 � 30.6 22.9 � 14.7 þ1.77

Values are presented as mean � standard deviation. GM-CSF, Granulocyte-macrophage colony-stimulating factor; IFNg, interferon-gamma; IL, interleukin; TNFa, tumor ne-

crosis factor alpha. *Fold change (– or þ) represents the change in cytokine concentration from day 0 to day 4. yDash indicates cytokine value below detectable assay range.
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TABLE E3. Comparison of reported values of serum inflammatory cytokines in swine lung and ex vivo lung perfusion (EVLP) studies

Serum cytokine Reported value (pg/mL) Experimental parameter Reference

IFNg 0

900 � 1500

1300 � 1900

300 to 625

Not detected

Not detected

67.3 � 105.6

2201.8 � 1746.9

5941 � 5868.4

4 h EVLP, STEEN perfusate

4 h EVLP, STEEN þ blood perfusate

4 h EVLP, Papworth–blood perfusate

Control swine not exposed to PRCV

36 h XC

36 h XC, after 18 h cold static ischemia

Baseline, before gastric aspiration

6 h after gastric aspiration

36 h XC, after gastric aspiration; Interventional treatments

Roman and colleaguesE4

Jung and colleaguesE5

O’Neill and colleaguesE1

Guenthart and colleaguesE2

IL-1b 200 � 300

2800 � 4900

2300 � 4000

46 � 3.2

4.3 � 1.3

0 to 100

4.7 3 baseline

4200

5000

3800

1800

67.18 � 8.39

248.69 � 26.69

228.5 � 67.8

230.5 � 58.5

296.2 � 183.8

3000

4 h EVLP, STEEN perfusate

4 h EVLP, STEEN þ blood perfusate

4 h EVLP, Papworth–blood perfusate

4 h EVLP, after HCl aspiration; control (no treatment)

4 h EVLP, after HCl aspiration; Surfactant treatment

Control swine

Swine with PRRSV infection

6 h EVLP, after gastric aspiration; control (no treatment)

6 h EVLP, after gastric aspiration; aurfactant treatment

6 h EVLP, after gastric aspiration; lavage treatment

6 h EVLP, after gastric aspiration; surfactant þ lavage

treatment

36 h XC

36 h XC, after 18 h cold static ischemia

Baseline, before gastric aspiration

6 h after gastric aspiration

36 h XC, after gastric aspiration; Interventional treatments

12 h EVLP

Roman and colleaguesE4

Inci and colleaguesE6

Guo and colleaguesE7

Nakajima and colleaguesE8

O’Neill and colleaguesE1

Guenthart and colleaguesE2

Iskender and colleaguesE9

IL-6 1400 � 1500

4000 � 4100

2100 � 2100

1142 � 556.3

616 � 188.4

7 (0 to 50)

1160 (745 to 2766)

10 to125

0.2 3 baseline

49 � 91

680 � 711

0 to 60

75 to 320

2400

2800

2200

1500

36.98 � 2.21

140.96 � 10.47

25.1 � 32.2

64.5 � 26.3

101.5 � 75.5

5000

4000

9000

4 h EVLP, STEEN perfusate

4 h EVLP, STEEN þ blood perfusate

4 h EVLP, Papworth–blood perfusate

4 h EVLP, after HCl aspiration; control (no treatment)

4 h EVLP, after HCl aspiration; surfactant treatment

Baseline, before EVLP

6 h EVLP

Control swine

Swine with PRRSV infection

Control swine

Swine with ventilator-induced lung injury

Control swine

Swine with PRCV infection

6 h EVLP, after gastric aspiration; control (no treatment)

6 h EVLP, after gastric aspiration; Sufactant treatment

6 h EVLP, after gastric aspiration; lavage treatment

6 h EVLP, after gastric aspiration; surfactant þ lavage

treatment

36 h XC

36 h XC, after 18 h cold static ischemia

Baseline, before gastric aspiration

6 h after gastric aspiration

36 h XC, after gastric aspiration; interventional treatments

12 h EVLP, cellular perfusate

12 h EVLP, acellular perfusate

12 h EVLP

Roman and colleaguesE4

Inci and colleaguesE6

Adrian and colleaguesE10

Guo and colleaguesE7

Protti and colleaguesE11

Renukaradhya and colleaguesE12

Nakajima and colleaguesE8

O’Neill and colleaguesE1

Guenthart and colleaguesE2

Aboelnazar and colleaguesE13

Iskender and colleaguesE9

(Continued)
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TABLE E3. Continued

Serum cytokine Reported value (pg/mL) Experimental parameter Reference

IL-8 8700 � 1110

5100 � 3400

5600 � 6000

6000

12 to 18

0.9 3 baseline

169 � 96

149 � 240

25,000

30,000

18,000

8000

5.45 � 1.05

35.52 � 14.56

166.2 � 108.2

330.1 � 301.6

309.6 � 241.8

1400

3000

12,000

4 h EVLP, STEEN perfusate

4 h EVLP, STEEN þ blood perfusate

4 h EVLP, Papworth–blood perfusate

6 h EVLP

Control swine

Swine with PRRSV infection

Control swine

Swine with ventilator-induced lung injury

6 h EVLP, after gastric aspiration; control (no treatment)

6 h EVLP, after gastric aspiration; surfactant treatment

6 h EVLP, after gastric aspiration; lavage treatment

6 h EVLP, after gastric aspiration; surfactant þ lavage

treatment

36 h XC

36 h XC, after 18 h cold static ischemia

Baseline, before gastric aspiration

6 h after gastric aspiration

36 h XC, after gastric aspiration; interventional treatments

12 h EVLP, cellular perfusate

12 h EVLP, acellular perfusate

12 h EVLP

Roman and colleaguesE4

Kakishita and colleaguesE14

Guo and colleaguesE7

Protti and colleaguesE11

Nakajima and colleaguesE8

O’Neill and colleaguesE1

Guenthart and colleaguesE2

Aboelnazar and colleaguesE13

Iskender and colleaguesE9

IL-10 100 � 100

600 � 500

400 � 5000

31 (29 to 49)

51 (33 to 91)

<4

<4

30 to 60

75 to 160

9.62 � 0.97

13.14 � 1.33

142.8 � 84.2

149.1 � 84.3

137.5 � 138.3

450

4 h EVLP, STEEN perfusate

4 h EVLP, STEEN þ blood perfusate

4 h EVLP, Papworth–blood perfusate

Baseline, before EVLP

6 h EVLP

Control swine

Swine with ventilator-induced lung injury

Control swine

Swine with PRCV infection

36 h XC

36 h XC, after 18 h cold static ischemia

Baseline, before gastric aspiration

6 h after gastric aspiration

36 h XC, after gastric aspiration; Interventional treatments

12 h EVLP

Roman and colleaguesE4

Adrian and colleaguesE10

Protti and colleaguesE11

Renukaradhya and colleaguesE12

O’Neill and colleaguesE1

Guenthart and colleaguesE2

Iskender and colleaguesE9

TNFa 500 � 700

2400 � 2600

1600 � 1600

3800

12 to 20

3 3 baseline

113 � 47

83 � 59

7.67 � 1.12

84.76 � 14.41

26.6 � 16.9

62.2 � 57.5

180.7 � 124.1

2200

2200

200

4 h EVLP, STEEN perfusate

4 h EVLP, STEEN þ blood perfusate

4 h EVLP, Papworth–blood perfusate

6 h EVLP

Control swine

Swine with PRRSV infection

Control swine

Swine with ventilator-induced lung injury

36 h XC

36 h XC, after 18 h cold static ischemia

Baseline, before gastric aspiration

6 h after gastric aspiration

36 h XC, after gastric aspiration; Interventional treatments

12 h EVLP, cellular perfusate

12 h EVLP, acellular perfusate

12 h EVLP

Roman and colleaguesE4

Kakishita and colleaguesE14

Guo and colleaguesE7

Protti and colleaguesE11

O’Neill and colleaguesE1

Guenthart and colleaguesE2

Aboelnazar and colleaguesE13

Iskender and colleaguesE9

IFNg, Interferon gamma; EVLP, ex vivo lung perfusion; PRCV, porcine respiratory coronavirus; XC, cross-circulation; IL, interleukin; HCl, hydrochloric acid; PRRSV, porcine

reproductive and respiratory syndrome virus; TNFa, tumor necrosis factor alpha.
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TABLEE4. Quantification of functional parameters of extracorporeal

lungs over 4 days of normothermic support

Parameter Result

Arterial oxygen tension/Inspired oxygen fraction

(mm Hg)

Baseline 439.4 � 227

Day 4 548.5 � 176

Change þ109.1 � 51

Compliance (mL/cmH2O)

Baseline 22.3 � 1.6

Day 4 20.0 � 1.0

Change –1.7 � 0.6

Peak inspiratory pressure (mm Hg)

Baseline 20.5 � 0.7

Day 4 25.0 � 4.2

Change –4.5 � 3.5

Lactate (mmol)

Baseline 1.4 � 0.5

Day 4 3.1 � 0.2

Change þ1.7 � 0.3

pH

Baseline 7.36 � 0.02

Day 4 7.37 � 0.08

Change þ0.01 � 0.06

Values are presented as mean � standard deviation.
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TABLE E5. Quantification of inflammatory cytokines in bronchoalveolar lavage (BAL) fluid of extracorporeal lungs

Inflammatory cytokine

(pg/mL)

Time (d)

Fold change*0 1 2 3 4

GM-CSF 11.1 � 10.9 5.9 � 8.2 2.1 � 4.6 13.9 � 17.0 28.1 � 25.1 þ2.5

IFNg 104.9 � 192.5 7.19 � 16.1 2.1 � 4.7 3.64 � 8.1 –y –104.9

IL-1a 614.6 � 670.6 35.4 � 16.1 399.8 � 480.2 115.0 � 144.0 69.7 � 91.0 –8.8

IL-1b 4831.3 � 5898.4 1142.6 � 1065.1 5772.9 � 5662.4 3377.6 � 4347.7 2161.5 � 2457.7 –2.2

IL-1ra 4372.3 � 6104.8 725.9 � 664.2 5367.5 � 6231.2 4096.5 � 4210.2 3455.6 � 2516.0 –1.2

IL-2 4105.6 � 6311.4 420.1 � 746.6 4866.6 � 6665.0 3057.3 � 4591.0 1653.1 � 2858.3 –2.4

IL-4 4.1 � 9.2 –y 4.4 � 9.8 32.9 � 43.9 22.7 � 39.4 þ5.5

IL-6 94.7 � 117.8 466.2 � 513.3 719.6 � 859.3 684.7 � 789.6 472.1 � 817.7 þ4.9

IL-8 17797.1 � 18704.1 8382.1 � 6745.5 17069.0 � 12276.2 12260.3 � 12016.8 10917.3 � 12690.8 –1.6

IL-10 6.1 � 1.7 4.4 � 3.1 4.0 � 3.6 23.4 � 25.1 21.7 � 27.8 þ3.5

IL-12 66.6 � 92.7 16.8 � 15.9 24.5 � 32.9 63.2 � 78.2 53.9 � 83.7 –1.2

IL-18 710.4 � 959.6 146.2 � 186.0 581.2 � 779.8 186.1 � 198.6 130.0 � 215.5 –5.4

TNFa 704.1 � 965.4 126.2 � 198.5 573.2 � 786.9 158.2 � 217.0 126.3 � 218.7 –5.5

Values are presented as mean � standard deviation of cytokine concentrations in BAL fluid collected from both left and right lungs. GM-CSF, Granulocyte-macrophage colony-

stimulating factor; IFNg, interferon-gamma; IL, interleukin; TNFa, tumor necrosis factor alpha. *Fold change represents the change (– orþ) in cytokine concentration from day

0 to day 4. yCytokine level below detectable assay range.
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TABLE E6. Comparison of reported values of bronchoalveolar lavage fluid (BALF) inflammatory cytokines in swine lung and ex vivo lung

perfusion (EVLP) studies

BALF

cytokine Reported value (pg/mL) Experimental parameter Reference

IFNg 0

1260 � 520

970 � 110

5.1 � 0.7

248.2 � 87

500.4 � 13.9

1347.3 � 397.5

4 h EVLP, STEEN perfusate

4 h EVLP, STEEN þ blood perfusate

4 h EVLP, Papworth–blood perfusate

Thoracotomy only

Transplantation, after 6 h cold static ischemia

36 h XC, control (no injury)

36 h XC, after gastric aspiration; Interventional treatments

Roman and colleaguesE4

LaPar and colleaguesE15

Guenthart and colleaguesE2

IL-1b 2520 � 60

2380 � 1460

1030 � 700

323.2 � 117.9

56.1 � 34.2

851.1 � 262.8

259.5 � 87.3

28.6 � 1.2

265.1 � 43.7

50

4.4 3 baseline

44.3 � 14.4 to 831.7 � 136.6

844.2 � 98.31 to 1251.9

� 244.61500

100

1800

6142.5 � 7626.7

40,170.7 � 10,783

4 h EVLP, STEEN perfusate

4 h EVLP, STEEN þ blood perfusate

4 h EVLP, Papworth–blood perfusate

4 h EVLP, after HCl aspiration; control (no treatment)

4 h EVLP, after HCl aspiration; surfactant treatment

4 h cold static ischemia

Transplantation, after 4 h cold static ischemia and 4 h EVLP

Thoracotomy only

Transplantation, after 6 h cold static ischemia

Control swine

Swine with PRRSV infection

36 h XC

36 h XC, after 18 h cold static ischemia

24 h after gastric aspiration, control (no treatment)

4 h EVLP, control (no injury)

4 h EVLP, after gastric aspiration

36 h XC, control (no injury)

36 h XC, after gastric aspiration; Interventional treatments

Roman and colleaguesE4

Inci and colleaguesE6

Mulloy and colleaguesE16

LaPar and colleaguesE15

Guo and colleaguesE7

O’Neill and colleaguesE1

Khalif�e-Hocquemiller and

colleaguesE17

Guenthart and colleaguesE2

IL-6 1580 � 2150

1050 � 1390

280 � 160

1640 � 305.1

636.6 � 169.4

2 to 3.5

4 3 baseline

211 � 364

2198 � 1685

71.2 � 14.3 to 109.8 � 33.6

308.0 � 67.0 to 447.2 � 26.9

75

25

100

617.8 � 20.3

2358.4 � 1915.2

4 h EVLP, STEEN perfusate

4 h EVLP, STEEN þ blood perfusate

4 h EVLP, Papworth–blood perfusate

4 h EVLP, after HCl aspiration; Control

(no treatment)

4 h EVLP, after HCl aspiration; Surfactant treatment

Control swine

Swine with PRRSV infection

Control swine

Swine with ventilator-induced lung injury

36 h XC

36 h XC, after 18 h cold static ischemia

24 h after gastric aspiration, control (no treatment)

4 h EVLP, control (no injury)

4 h EVLP, after gastric aspiration

36 h XC, control (no injury)

36 h XC, after gastric aspiration; Interventional treatments

Roman and colleaguesE4

Inci and colleaguesE6

Guo and colleaguesE7

Protti and colleagueE11

O’Neill and colleaguesE1

Khalif�e-Hocquemiller and

colleaguesE17

Guenthart and colleaguesE2

IL-8 16,400 � 16,700

4860 � 4580

2080 � 220

4 h EVLP, STEEN perfusate

4 h EVLP, STEEN þ blood perfusate

4 h EVLP, Papworth–blood perfusate

Roman and colleaguesE4

(Continued)
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TABLE E6. Continued

BALF

cytokine Reported value (pg/mL) Experimental parameter Reference

1795.5 � 164.9

659.5 � 166.5

531.5 � 331.4

112.1 � 74.8

51.3 � 16.7

222.4 � 41.4

25 to 35

7.6 3 baseline

1569 � 1475

725 � 1092

0.1 � 0.1 to 3.0 � 1.0

4.0 � 0.8 to 5.47 � 1.8

10

0.4

11

2529.6 � 77.3

3188.4 � 169.2

336.8 � 447.2 to 3847.7 � 796.1

4 h EVLP, after HCl aspiration; Control (no treatment)

4 h EVLP, after HCl aspiration; Surfactant treatment

4 h cold static ischemia

Transplantation, after 4 h cold static ischemia and 4 h EVLP

Thoracotomy only

Transplantation, after 6 h cold static ischemia

Control swine

Swine with PRRSV infection

Control swine

Swine with ventilator-induced lung injury

36 h XC

36 h XC, after 18 h cold static ischemia

24 h after gastric aspiration, control (no treatment)

4 h EVLP, control (no injury)

4 h EVLP, after gastric aspiration

36 h XC, control (no injury)

36 h XC, after gastric aspiration; Interventional treatments

2 h EVLP, after 24 h cold static ischemia (control)

Inci and colleaguesE6

Mulloy and colleaguesE16

LaPar and colleaguesE15

Guo and colleaguesE7

Protti and colleaguesE11

O’Neill and colleaguesE1

Khalif�e-Hocquemiller and

colleaguesE17

Guenthart and colleaguesE2

Yamada and colleaguesE18

IL-10 120 � 160

90 � 120

10 � 2

2.7 � 0.8

63.1 � 13.1

<4

<4

3.4 � 1.7 to 19.0 � 6.6

11.8 � 4.6 to 14.1 � 1.4

11.1 � 9.7 to 46.9 � 49.7

11.1 � 9.7 to 127.6 � 72.2

4 h EVLP, STEEN perfusate

4 h EVLP, STEEN þ blood perfusate

4 h EVLP, Papworth–blood perfusate

Thoracotomy only

Transplantation, after 6 h cold static ischemia

Control swine

Swine with ventilator-induced lung injury

36 h XC

36 h XC, after 18 h cold static ischemia

36 h XC, control (no injury)

36 h XC, after gastric aspiration; Interventional treatments

Roman and colleaguesE4

LaPar and colleaguesE15

Protti and colleaguesE11

O’Neill and colleaguesE1

Guenthart and colleaguesE2

TNFa 170 � 220

360 � 510

80 � 50

1050.2 � 353.8

233.2 � 84.9

2.5 � 0.6

25.9 � 4.6

0.5 to 1.5

20.6 3 baseline

202 � 252

46 � 71

0.8 � 0.5 to 2.7 � 0.8

53.8 � 13.3 to 96.6 � 10.5

5.1 � 8.9 to 32.5 � 16.2

5.1 � 8.9 to 61.7 � 20.8

4 h EVLP, STEEN perfusate

4 h EVLP, STEEN þ blood perfusate

4 h EVLP, Papworth–blood perfusate

4 h cold static ischemia

Transplantation, after 4 h cold static ischemia and 4 h EVLP

Thoracotomy only

Transplantation, after 6 h cold static ischemia

Control swine

Swine with PRRSV infection

Control swine

Swine with ventilator-induced lung injury

36 h XC

36 h XC, after 18 h cold static ischemia

36 h XC, control (no injury)

36 h XC, after gastric aspiration; Interventional treatments

Roman and colleaguesE4

Mulloy and colleaguesE16

LaPar and colleaguesE15

Guo and colleaguesE7

Protti and colleaguesE11

O’Neill and colleaguesE1

Guenthart and colleaguesE2

IFNg, Interferon gamma; EVLP, ex vivo lung perfusion; XC, cross-circulation; IL, interleukin; HCl, hydrochloric acid; PRRSV, porcine reproductive and respiratory syndrome

virus; TNFa, tumor necrosis factor alpha.
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TABLE E7. Preprocedure training program for recipient swine. Before initiation of cross-circulation between extracorporeal lungs and recipient

swine, preprocedure behavior training was conducted for 13 days. On day 14, cross-circulation was initiated and continued through day 18

Day Activity

0 Arrival at animal housing facility where recipient swine were placed into standard housing enclosure.

1-2 Initiation of target training in swine housing enclosure. Swine conditioned to touch nose to target when trainer used clicker. Behavior

reinforced with standard quality edible treats. Duration: 1 h daily.

3 Continuation of target training in housing enclosure. Introduction of custom enclosure within the standard housing enclosure area.

Duration: 1 h.

4 Progression of target training to encourage swine to enter custom enclosure. Duration: 1 h.

Swine placed into custom enclosure and transported to operating room. Duration: 1 h.

5-13 Continuation of daily decreases in width of custom enclosure to inhibit swine from rotating within the cage while remaining

comfortable and allowing forward, backward, upward, and downward movements. Swine encouraged to remain within the

enclosure using high quality edible treats. Duration: 2 h daily.

14 Transportation to operating room where swine were anesthetized, cross-circulation was initiated, and swine were placed into custom

enclosure.

14-18 Active enrichment during multiday extracorporeal organ support studies using manipulata (ie, toys), social interactions with

procedure personnel, and standard and high quality edible treats.
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