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ABSTRACT

Objective: Lung transplantation remains limited by the shortage of healthy organs.
Cross-circulation with a healthy swine recipient provides a durable physiologic envi-
ronment to recover injured donor lungs. In a clinical application, a recipient awaiting
lung transplantation could be placed on cross-circulation to recover damaged
donor lungs, enabling eventual transplantation. Our objective was to assess the abil-
ity of recipient swine with respiratory compromise to tolerate cross-circulation and
support recovery of donor lungs subjected to extended cold ischemia.

Methods: Swine donor lungs (n = 6) were stored at 4 °C for 24 hours while recip-
ient swine (n = 6) underwent gastric aspiration injury before cross-circulation. Lon-
gitudinal multiscale analyses (blood gas, bronchoscopy, radiography,
histopathology, cytokine quantification) were performed to evaluate recipient
swine and extracorporeal lungs on cross-circulation.

Results: Recipient swine lung injury resulted in sustained, impaired oxygenation
(arterial oxygen tensionfinspired oxygen fraction ratio 205 + 39 mm Hg vs
454 £ 111 mm Hg at baseline). Radiographic, bronchoscopic, and histologic assess-
ments demonstrated bilateral infiltrates, airway cytokine elevation, and significantly
worsened lung injury scores. Recipient swine provided sufficient metabolic support
for extracorporeal lungs to demonstrate robust functional improvement (o hours,
arterial oxygen tension/inspired oxygen fraction ratio 138 & 28.2 mm Hg; 24 hours,
539 * 156 mm Hg). Multiscale analyses demonstrated improved gross appearance,
aeration, and cellular regeneration in extracorporeal lungs by 24 hours.

Conclusions: We demonstrate that acutely injured recipient swine tolerate cross-
circulation and enable recovery of donor lungs subjected to extended cold storage.
This proof-of-concept study supports feasibility of cross-circulation for recipients
with isolated lung disease who are candidates for this clinical application. (J Thorac
Cardiovasc Surg 2024;167:€106-30)
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Cross-circulation using injured recipient swine for
extracorporeal lung recovery.

CENTRAL MESSAGE

Recipient swine with impaired
respiratory function safely
tolerate cross-circulation while
enabling recovery of extracor-
poreal lungs subjected to
extended cold ischemia.

PERSPECTIVE

Lung transplantation is limited by donor organ
availability. Cross-circulation could allow patients
with isolated lung disease to recover damaged
donor lungs, enabling transplantation. Here,
cross-circulation of donor lungs subjected to
extended cold ischemia with recipient swine
with impaired lung function recovered donor
providing proof-of-feasibility for this
method to expand the donor pool.

lungs,

Scott, Jr Chair in Surgery, Shelly and Fred Kleiner Fund, Emil Mizrahi Fund, and
Livingston Lung Transplant Fund.

Received for publication May 30, 2023; revisions received Aug 18, 2023; accepted
for publication Sept 13, 2023; available ahead of print Sept 21, 2023.

Address for reprints: Gordana Vunjak-Novakovic, PhD, Department of Biomedical
Engineering, Columbia University, 622 W 168th St, VC 12-230, New York, NY
10032 (E-mail: Gv2131@columbia.edu).

Copyright © 2023 by The American Association for Thoracic Surgery
https://doi.org/10.1016/j.jtcvs.2023.09.032


Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
mailto:Gv2131@columbia.edu
https://doi.org/10.1016/j.jtcvs.2023.09.032
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jtcvs.2023.09.032&domain=pdf

Chen et al

Thoracic: Lung Transplantation: Basic Science

Abbreviations and Acronyms
BAL = bronchoalveolar lavage
CIT = cold ischemia time
ECMO = extracorporeal membrane oxygenation
EVLP = ex vivo lung perfusion

Fio, = inspired oxygen fraction
IL = interleukin
Pao, = arterial oxygen tension

El Video clip is available online.

Lung transplantation remains the only life-saving treatment
for patients with end-stage lung disease. However, the use
of donor lungs remains at 20% to 25% due to unsuitability
of most lungs for transplantation.' As a result, the number
of patients in need of lungs far exceeds the available donor
pool, contributing to significant waitlist mortality.”

Efforts to expand the donor pool include the use of ex vivo
lung perfusion (EVLP), which allows for normothermic sup-
port of extracorporeal lungs up to 12 hours and recovery of
marginal-quality lungs.”* However, EVLP provides a
limited period of homeostasis that is insufficient to enable
bioengineering strategies to recover severely damaged lungs
and lacks multisystem organ crosstalk capabilities to provide
prolonged support.”° Our group previously reported a swine
model of cross-circulation that provides a durable, physio-
logic milieu for the maintenance and recovery of both swine
and human lungs, for up to 4 days.”'” Cross-circulation al-
lows for recovery of lungs severely damaged by gastric aspi-
ration and enables bioengineering interventions such as
therapeutic stem cell delivery.'*'?

Cross-circulation has demonstrated a robust ability to
recover lungs damaged by various etiologies. However,
the question remains whether a similar level of recovery
is achievable when the recipient swine has impaired respira-
tory function. A clinical application of cross-circulation of
donor lungs and recipients with isolated lung disease could
allow recovery of declined organs ex vivo for subsequent
transplantation into the same recipient. Extracorporeal
membrane oxygenation (ECMO) as a bridge to transplant
has been described as a method of maximizing pretrans-
plant conditioning.'” Particularly for the subset of patients
already on ECMO, donor lungs may be spliced into the
extracorporeal circuit without additional invasiveness for
the recipient. However, the key difference in this clinical
configuration is the reliance on a recipient with diseased
lungs for support of the donor extracorporeal organ. This
raises the clinical question of whether a recipient with
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impaired gas exchange can safely tolerate cross-
circulation and provide sufficient metabolic support for
recovery of damaged donor lungs.

Motivated by this question, we used our previously devel-
oped model of acute lung injury via standardized gastric
acid aspiration to induce recipient swine respiratory
compromise and more specifically, impaired oxygena-
tion."' To this end, we examined the ability of injured recip-
ient swine to manage the additional metabolic demand of
extracorporeal lungs (5% of total metabolism)'* and enable
organ recovery. We elected to subject extracorporeal lungs
to 24 hours of static cold ischemia time (CIT) at 4 °C. The
effect of ischemia time on subsequent function is debated,
with some previous studies correlating CIT with early graft
function and degree of ischemia—reperfusion injury.'”'®
Extension of the acceptable preservation period may help
overcome logistical challenges of urgent versus semielec-
tive lung transplantation, as well as geographical con-
straints of organ allocation.

In this proof-of-concept study, we developed a model
with high physiologic demand from an acutely injured
recipient swine and extracorporeal lungs exposed to
24 hours of cold ischemia. Such an approach supports evi-
dence of feasibility, particularly for less-demanding clinical
contexts and allows for robust evaluation of extracorporeal
lung recovery on a functional, histopathologic, and cellular
level throughout 24 hours of cross-circulation. We hypoth-
esized that cross-circulation with injured recipient swine is
both safe and feasible and enables multiscale regeneration
of severely damaged extracorporeal lungs.

METHODS
Study Design

In this proof-of-concept study, we investigated the feasibility of cross-
circulation using injured recipient swine to recover extracorporeal lungs
subjected to 24 hours of cold ischemia at 4 °C (Figure 1, A).

Animals

Twelve Yorkshire swine (n = 6 donor—recipient pairs, 50.4 + 8.2 kg)
were used for this study, under a protocol approved by the Institutional An-
imal Care and Use Committee at Columbia University. Animal care and
procedures were conducted in accordance with the US National Research
Council of the National Academies Guide for the Care and Use of Labora-
tory Animals, 8th Edition.

Recipient Swine Lung Injury

Gastric contents were collected as previously described,'" standardized to
pH 2, stored at —80 °C, and thawed immediately before use. Animals were
intubated and ventilated for the duration of the study. A total of 1 mL kg~" of
gastric contents was delivered to the bilateral lungs by first introducing a 3.8-
mm flexible bronchoscope (aScope 4; Ambu) into the right mainstem bron-
chus 2 cm distal to the carina, and then into the left mainstem bronchus.
Lung-protective ventilation was delivered according to previously described
protocols.'” Arterial blood gas analysis was performed every 3 hours using
an Epoc point of care blood analysis system (Epocal). If the arterial oxygen
tension (Pao,)/inspired oxygen fraction (Fio,) ratio on any blood gas analysis
was >200 mm Hg, the recipient swine was re-dosed with 20 mL of gastric
contents to maintain lung injury (Table E1).
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FIGURE 1. Experimental overview and timeline. A, Donor swine lungs were procured and stored at 4 °C for 24 hours. B, Recipient swine were injured via
bronchoscopic delivery of gastric contents (standardized to pH 2) to the bilateral lungs. C, Cross-circulation was initiated between injured recipient swine
and extracorporeal lungs after 24 hours of cold storage. Continuous assessments of recipient swine and extracorporeal lung were performed. D, Experi-
mental timeline of donor lung procurement and cold storage, recipient swine lung injury, and assessment of recipient swine and extracorporeal lungs during
cross-circulation. ETT, Endotracheal tube; BAL, bronchoalveolar lavage; 1J, internal jugular.

Donor Lung Procurement Lung Storage for Extended Cold Ischemia

Donor swine lungs were procured in standard fashion as previously Lungs were placed in a sterile isolation bag containing 500 mL of cold
described.'”"" Lungs were flushed antegrade in situ with a cold Perfadex and a secondary bag with 1 L of cold normal saline, and stored on
low-potassium dextran solution (Perfadex; Vitrolife). Detailed methods ice at 4 °C for 24 hours.

are described in Appendix E2.
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Lung Cannulation

The aortic arch was sutured to the left atrial cuff as a vascular biobridge
(Appendix E1) and lungs were cannulated as previously described.'®
Detailed methods are described in Appendix E2."°

Recipient Swine Cannulation

Cefazolin (30 mg kg~'; WG Critical Care) was administered before skin
incision. Bilateral neck cutdowns were performed to expose the internal ju-
gular veins (Figure E1, C). A total of 15,000 U of heparin (Sagent Pharma-
ceuticals) was administered immediately before 16-F cannulas were placed
using Seldinger technique (Figure E1, D).

Cross-Circulation

Calcium gluconate (1 g; Fresenius Kabi) was administered immediately
before cross-circulation between recipient swine and extracorporeal lungs.
Recipient swine received 1 g of methylprednisolone (Pfizer) every 8 hours
and mycophenolate (500 mg; Genentech) every 12 hours. Extracorporeal
lungs were ventilated within 10 minutes of initiating cross-circulation
with the following settings: respiratory rate, 10 to 12 breaths/min; tidal vol-
ume, 6 to 8 mL kg~ '; positive end-expiratory pressure, 5 cmH,O; inspired
oxygen fraction, 50%. Alveolar recruitment maneuvers were performed by
increasing positive end-expiratory pressure (10 cmH,0), inspiratory hold
maneuvers, and manual recruitment maneuvers. Detailed methods are
described in Appendix E2.

Recipient Swine and Extracorporeal Lung Analysis

Multimodal analyses of recipient swine and extracorporeal lung func-
tion were performed throughout cross-circulation. Detailed methods are
described in Appendix E2.

RESULTS
Experimental Design

Extracorporeal lungs were placed on ice for 24 hours to
induce a cold ischemia injury (Figure 1, A). Meanwhile,
recipient swine underwent lung injury via bronchoscopic
delivery of gastric contents to the bilateral lungs
(Figure 1, B). Cross-circulation was initiated between
injured recipient swine and extracorporeal lungs after
24 hours of cold storage (Figure 1, C). Throughout 24 hours
of cross-circulation, multiscale assessments of recipient
swine and extracorporeal lung were performed at scheduled
intervals (Figure 1, D).

Validation of Recipient Swine Lung Injury

Chest radiographs demonstrated bilateral infiltrates and
consolidations throughout 24 hours of cross-circulation
(Figure 2, A, and Figure E2, B). Recipient swine demonstrated
impaired Pao,/Fio, ratio (205 & 39 mm Hg vs 454 £ 111 mm
Hg at baseline, paired z-test P = .006; Figure 2, B) as well as
decreased lung compliance (19.2 + 5.0 mL cmH,O ' vs
314 + 4.8 mL cmHZO_1 at baseline, paired 7 test
P = .008; Figure 2, C) and elevated peak inspiratory pressures
(24.0 £ 5.5 cmH,0 vs 19.5 £ 3.0 cmH,O at baseline, paired ¢
test P = .024; Figure 2, D) throughout the duration of the
study. A systemic inflammatory response was characterized
by increased neutrophilia compared with baseline
(52.5 + 8.0% vs 33.7 £ 5.8% at baseline, paired ¢ test
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P = .002; Figure 2, E). Bronchoscopic airway evaluation
revealed increased erythema and edema (Figure 2, F). Bron-
choalveolar lavage (BAL) fluid analysis revealed elevated
levels of inflammatory cytokines (interleukin [IL]-1e, IL-
1Ra, IL-16, IL-4, IL-6, IL-8, IL-10, IL-12, IL-18) throughout
cross-circulation, as well as increased cellularity and total
protein content (Figure 2, G-1, Table E2). Histologic analysis
demonstrated a severe inflammatory response characterized
by areas of alveolar congestion and edema with neutrophilic
infiltration (Figure 2, J). Immunohistochemical analysis of
recipient swine lungs demonstrated significantly elevated
apoptotic cell counts on terminal deoxynucleotidyl trans-
ferase dUTP nick end labeling staining and increased
CD163 + macrophage infiltration (Figure 2, K, and
Figure E2, D-F). Blinded pathologic assessment was per-
formed to generate a composite lung injury score, which
was significantly greater in injured lungs compared with
normal lungs (Figure 2, L). Additional immunofluorescence
analysis of endothelial and epithelial markers revealed loss
of expression of gap junction alpha-1 protein (Connexin 43)
and aquaporin 5, an integral membrane protein critical for wa-
ter transport (Figure 2, M-P).'*

Recipient Swine Safety During 24 Hours of Cross-
Circulation

Throughout 24 hours of cross-circulation, recipient swine
remained hemodynamically stable with normal pH on blood
gas analysis (Table 1). There was no significant difference
in serum lactate at 24 hours compared with the start of
cross-circulation (1.1 = 0.3 mM vs 2.2 £ 3.2 mM, paired
t test, P = .469). Hemolytic markers (lactate dehydroge-
nase, plasma free hemoglobin, D-dimer, fibrinogen) did
not significantly increase throughout cross-circulation
(Figure 3, A). P-selectin, an indicator of endothelial injury,
and serum apoptotic marker M30 did not increase signifi-
cantly over 24 hours (Figure 3, B). There were no significant
elevations in recipient serum inflammatory cytokines (inter-
feron-y, IL-1«, IL-1Ra, IL-18, IL-2, IL-4, IL-6, IL-10,
1L-12, IL-18, tumor necrosis factor-«) at 24 hours versus
the start of cross-circulation, despite the reperfusion of
extracorporeal lungs (Figure 3, C, and Table E3).

Functional Assessment of Extracorporeal Lungs

After 24 hours of CIT, initial Pao,/Fio, ratio of extracorpo-
real lungs was significantly impaired but improved after
6 hours of cross-circulation (138 + 28 mm Hg vs
511 &£ 105 mm Hg, paired ¢ test, P <.001) and remained sta-
ble until the 24-hour end point (Figure 4, A). Lungs initially
exhibited poor compliance and elevated peak inspiratory
pressure, which improved by 24 hours of cross-circulation
(Figure 4, B and C). Differences between pulmonary artery
and pulmonary vein hemogases demonstrated improvement
in both oxygenation and ventilatory capacities (Figure 4,
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Physiologic response to gastric aspiration
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FIGURE 2. Recipient swine response to lung injury. Recipient physiologic response after gastric aspiration: A, Radiograph of the chest at baseline before
injury and at 24 hours of cross-circulation (dotted white lines represent areas of diffuse consolidation and infiltrates); B, arterial oxygen tension (Pao,)/
inspired oxygen fraction (Fio,) ratio at 0, 12, and 24 hours of cross-circulation (dotted line indicates baseline values before lung injury); C, dynamic compli-
ance; D, peak inspiratory pressure (PIP); and E, neutrophils (% white blood cells [WBC]). Airway response to gastric aspiration: F, bronchoscopic analysis
of airways at baseline prior to injury, and at 12 and 24 hours of cross-circulation; G, fold change in bronchoalveolar lavage (BAL) fluid cytokine levels at 0,
12, and 24 hours of cross-circulation compared with normal lung; H, Kwik-Diff staining of BAL fluid smears from normal lungs and after injury at 12 hours
of cross-circulation; I, total protein in BAL fluid; and J, hematoxylin and eosin staining of injured lungs at 24 hours, with insets demonstrating alveolar
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TABLE 1. Recipient safety during 24 hours of cross-circulation

Time (h) 0 6 12 18 24

Hemodynamics

Heart rate, bpm 88 £22 76 + 6.6 66 + 20 61 + 11 68 + 31

Systolic BP, mm Hg 114 + 11 123 + 7.3 125 £ 19 127 £ 20 124 + 13

Spoa, % 96 + 1.7 96 + 2.6 97 £23 94 £33 90 £ 17

Temperature, °C 37£09 37+£03 38 £0.5 38+ 04 38+ 0.6
Hemogas analysis

pH 7.37 £ 0.07 7.40 = 0.02 7.41 £ 0.04 7.43 £ 0.04 7.34 £0.14

Po2, mm Hg 136 + 67 139 + 70 164 + 76 156 + 80 133 £ 72

Pco2, mm Hg 50 £8.1 50 + 8.8 50+ 6.5 48 + 4.1 60 £ 13

HCO3;, mM 28 + 0.6 31 £3.8 32+1.7 32 +£28 324+42
Biochemical analysis

Platelets, 10° L™ 247 + 52 243 + 62 203 + 60 213 + 46 205 + 48

Hgb/Hct, g dL™"/%

10/30 + 1.3/4.1

7.6/23 + 0.5/2.2

AST/ALT, UL 28/34 + 8.2/4.4 50/32 + 15/9.6

Creatinine, mg dL.~" 10403 1.1+£03

Lactate, mM 1.1 £0.3 0.8 + 0.1
Hemolytic markers

LDH, U1 349 £ 51 446 + 134

ACT, s 305 + 91 303 + 39

Free Hgb, mg dL ™" 52+18 6.0 £2.6

7.4/22 £ 0.9/2.2
45/31 = 11/8.2

7.0/21 £ 0.9/2.7
40/31 £9.9/6.1

6.7/20 £ 1.1/3.4
38/29 + 11/6.0

1.1 £03 1.1 £04 1.1 £04
0.7 £0.1 0.8+0.2 22+£32
411 £ 74 427 £ 60 421 £ 75
296 + 63 332 4+ 39 299 £+ 53
52+£18 54+£09 57+1.6

All values represent mean =+ standard deviation. BP, Blood pressure; Spo,, oxygen saturation; po,, oxygen tension; pco,, carbon dioxide tension; HCO3, bicarbonate; Hgb, he-
moglobin; Het, hematocrit; AST, aspartate transaminase; ALT, alanine transaminase; LDH, lactate dehydrogenase; ACT, activated clotting time.

D-F). After 24 hours, lungs demonstrated intact vasorespon-
siveness and bronchoresponsiveness after administration of
intravenous epinephrine and nebulized methacholine, respec-
tively (Figure 4, G-H).

Multiscale Recovery of Extracorporeal Lungs
Extracorporeal lungs initially exhibited focal areas of
congestion and consolidation, which significantly improved
by 24 hours (Figure 5, A). Similarly, radiographs initially
demonstrated diffuse consolidations and air bronchograms,
which largely resolved by 24 hours. On thermal imaging,
overall perfusion of extracorporeal lungs was improved
by 12 hours of cross-circulation. Bronchoscopic evaluation
revealed significant airway inflammation which initially
worsened with reperfusion, but resolved by 24 hours
(Figure 5, B). Histologic analysis demonstrated interstitial
and alveolar edema, alveolar congestion, and neutrophilic
infiltration, which largely resolved by 24 hours (Figure 5,
C). Myeloperoxidase activity, an indicator of neutrophil
activation, decreased over 24 hours compared with the start
of cross-circulation (Figure 5, H). Blinded pathologic
assessment of extracorporeal lungs demonstrated signifi-
cantly decreased lung injury score at 24 hours (Figure 5,

I). Analysis of BAL fluid demonstrated decreased protein
content and inflammatory infiltrate (Figure 5, E-F). Differ-
ences between 0 and 24 hours of cross-circulation demon-
strated mixed trends across inflammatory cytokines in
extracorporeal lung BAL fluid, with the greatest positive
fold-change in IL-6 (Figure 5, J, and Table E4). Lung
weight decreased throughout 24 hours, consistent with res-
olution of edema (Figure 5, G). At the experimental end
point, radiography with radiocontrast dye demonstrated
intact pulmonary vasculature throughout all lobes and pe-
ripheral regions (Figure 5, D).

Cellular Recovery of Extracorporeal Lungs

Alcian blue staining demonstrated marginating neutro-
phils in the epithelium and loss of mucus-containing goblet
cells at 12 hours, which recovered to a degree similar to
normal lung by 24 hours (Figure 6, A). Pentachrome and tri-
chrome staining demonstrated initially preserved ciliated
epithelium, which was lost at 12 hours in addition to neutro-
phil migration into the airway space. At 24 hours, ciliated
columnar epithelium was recovered, with similar appear-
ance to normal lungs seen (Figure 6, B and C). Damaged
extracorporeal lungs demonstrated initial high counts of

congestion, neutrophilic infiltrate, and alveolar edema. Cellular response to lung injury: K, quantification of apoptotic cells via terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) counts (P <.05) and macrophage infiltration via CD163 + cell count per high powered field (hpf) (P <.01);L,
lung injury score obtained at 24 hours, and immunofluorescent staining of M, alpha-1 protein (connexin 43 [Con 43]); N, zonula occludens-1 (ZO-1); O,
zonula occludens-3 (ZO-3); and P, aquaporin-5 (Ag-5). Box and whisker plots: lower and upper borders represent lower and upper quartiles, middle rep-
resents median, lower and upper whiskers represent minimum and maximum values. /L, Interleukin; CD, cluster of differentiation.
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FIGURE 3. Recipient coagulation and inflammatory profile. Hemolytic markers: A, D-dimer and fibrinogen, activation markers; B, P-selectin and M30. C,
Quantification of inflammatory cytokines in recipient serum over 24 hours of cross-circulation. IL-12, **#*P <.001; TNF-«, **P <.01; IL-6, *P <.05; IL-
18, *P < .05. Circles represent cross-circulation O-hour time point, and the arrow represents direction of change after 24 hours of cross-circulation. /L,

Interleukin; TNF-«, tumor necrosis factor-«.

terminal deoxynucleotidyl transferase dUTP nick end
labeling + apoptotic cells, which significantly decreased
by 24 hours (Figure 6, D, and Figure E4). CD163 + macro-
phage and neutrophil count also significantly decreased at
24 hours (Figure 6, E and F). Metabolic activity did not
change significantly throughout 24 hours (Figure 6, G).
Extracorporeal recovery of lung epithelium and endothe-
lium was assessed in the context of ischemia—reperfusion
injury. Expression of epithelial tight junction protein zonula
occludens-3 was not fully recovered until 24 hours
(Figure 6, H). Aquaporin-5 demonstrated a similar time-
scale of recovery at 24 hours (Figure 6, I). Assessment of
the pulmonary microvasculature demonstrated loss of tight
junction protein zonula occludens-1 expression, which
recovered to normal levels by 24 hours (Figure 6, J). Endo-
thelial integrity at 24 hours was further assessed by expres-
sion of connexin 43 and pulmonary microvasculature

ell2

marker CD31 (Figure 6, K and L). After 24 hours, pulmo-
nary endothelial viability was assessed by uptake of acety-
lated LDL (Figure 6, M).

DISCUSSION

We demonstrate that recipient swine with impaired gas
exchange can safely tolerate cross-circulation and enable
extracorporeal lung recovery (Figure 7). Gastric aspiration
induced an isolated acute lung injury characterized by
oxygenation deficit, impaired lung mechanics, and
significant airway inflammation. However, recipient swine
remained hemodynamically stable throughout cross-
circulation and provided sufficient metabolic support for
recovery of extracorporeal lungs after extended cold storage
and ensuing ischemia-reperfusion injury. We also
characterized the recovery of extracorporeal lungs after
24 hours of CIT. Although Iungs showed robust

The Journal of Thoracic and Cardiovascular Surgery - May 2024
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FIGURE 4. Functional recovery of donor extracorporeal lungs after 24 hours’ cold ischemia. A, Arterial oxygen tension (Pao,)/inspired oxygen fraction
(Fioy) ratio throughout 24 hours of cross-circulation. B, Dynamic compliance and C, peak inspiratory pressures (PIP) throughout 24 hours of
cross-circulation. D, Depiction of pulmonary artery (PA) and pulmonary vein (PV) sampling and E, 4po, and F, 4pco, throughout 24 hours of cross-
circulation. G, Vasoresponsiveness following intravenous administration of epinephrine into pulmonary artery after 24 hours of cross-circulation. H,
Bronchoresponsiveness following nebulized administration of methacholine after 24 hours of cross-circulation. 4po,, Change in oxygen tension;

Apco,, change in carbon dioxide tension.

improvement in gas exchange functionality by 6 hours of
cross-circulation, full histologic and cellular recovery was
not demonstrated until 24 hours.

Our use of a gastric aspiration injury model in recipient
swine represents an acute, rather than chronic, lung injury.
Although lung transplantation has been described for acute
pathologies such as refractory acute respiratory distress
syndrome, the vast majority of recipients are those with
chronic end-stage lung disease.'”*” However, in this study,
we use aspiration injury not as representation of lung pa-
thologies that require transplant but rather to specifically
recapitulate the gas exchange impairment and hypoxia
that are common features across patients awaiting trans-
plant.”’ In addition, we induced a sustained inflammatory
response via repeated delivery of gastric contents at any
time the Pao,/Fio, ratio was >200 mm Hg to maintain
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injury and sustain recipient hypoxia. Our target threshold
Pao,/Fio, ratio of 200 mm Hg after recipient swine lung
injury is intended to model the degree of hypoxia exhibited
by patients with end-stage lung disease.””

Acute lung injury, although rarely an indication for trans-
plant, carries significant morbidity and mortality.”' After
gastric aspiration, BAL analysis in recipient swine demon-
strated significantly elevated levels of IL-6 and IL-8
(Figure 2, G), which are known cytokine mediators of the
initial inflammatory response in acute lung injury and
confer significant risk of mortality.”” In addition, the
cellular apoptosis, epithelial injury, and loss of alveolar-
epithelial barrier integrity (Figure 2) seen in recipient swine
have also been associated with poor clinical outcomes.”*"**
Although this inflammatory response is more robust in
acute lung injury, it also remains a contributor to poor
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FIGURE 5. Multiscale recovery of donor extracorporeal lungs after 24 hours cold ischemia. Extracorporeal lung appearance on A, gross photography,
radiography, and thermography throughout 24 hours of cross-circulation. B, Bronchoscopic evaluation of airways through 24 hours of cross-circulation.
C, Hematoxylin and eosin staining depicting decreased neutrophilic infiltration and alveolar congestion by 24 hours of cross-circulation. D, Vascular integ-
rity on radiograph with radiocontrast dye. Red arrowhead, vein; blue arrowhead, artery. E, Quantification of protein content in BAL fluid over 24 hours’
circulation (P < .01) and F, Kwik-Diff staining of BAL fluid smears at 12 and 24 hours of cross-circulation. G, Lung weight over 24 hours of cross-
circulation. H, Myeloperoxidase (MPO) activity in extracorporeal lung tissue at 12 and 24 hours, compared with start of cross-circulation, as represented
by dotted line. 1, Lung injury scores throughout 24 hours of cross-circulation (*P < .05, **P <.01). J, Quantification of inflammatory cytokines in extra-
corporeal lung BAL fluid at 24 hours, compared with the start of cross-circulation. Alv., Alveolar; Int., interstitial; /L, interleukin.

clinical outcomes in chronic lung disease.”” Despite the
morbidity and mortality associated with acute lung injury,
the success of cross-circulation with acutely injured recip-
ient swine provides encouraging evidence that this
approach may be extended to stable recipients with long-
standing chronic disease. Our group previously described
the potential of this application for cross-circulation in pa-
tients with isolated lung disease awaiting donor organs, in

ell4

order to allocate lungs that would otherwise be declined."’
This proof-of-concept study demonstrates that recipient
swine with acute impairment of gas exchange capability
can safely tolerate cross-circulation and recover extracorpo-
real lungs, as well as provides important evidence of feasi-
bility for future clinical translation.

We also robustly characterized extracorporeal lung re-
covery following 24 hours of CIT. Although transplantation
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of donor lungs with CIT >8 hours has been associated with
increased mortality, the exact duration of acceptable CIT
has been debated for decades and clinical practices are
now rapidly changing.'”'®*® Recent work by Ali and col-
leagues””** has also demonstrated favorable outcomes of
10 °C static lung storage, even when extended to preserva-
tion times of up to 15 hours. However, 4 °C remains the cur-
rent clinical standard for cold storage. Previous work with
swine models of lung transplantation have extended 4 °C
CIT to 24 hours; however, donor lung function was only as-
sessed up to a period of 2 to 7 hours after reperfusion.””*"
Our findings demonstrate that although extracorporeal
lung gas exchange capabilities recover by 6 hours of
cross-circulation (Figure 4, A, E, and F), full multiscale re-
covery is not demonstrated until 24 hours of reperfusion.
Bronchoscopic evaluation at 12 hours demonstrated persis-
tent inflammation that was substantially improved by
24 hours, and BAL fluid analysis similarly revealed signif-
icant cellular infiltrates that were not cleared until 24 hours
(Figure 5, B and F). Lung injury severity scores were similar
between 0 and 12 hours, but reflected a significant improve-
ment by 24 hours (Figure 5, I).

Extracorporeal lungs demonstrated a mixed cytokine
profile at 24 hours, with proinflammatory cytokine IL-6 ex-
hibiting the greatest increase compared to baseline
(Figure 5, J), consistent with previous reports in extracorpo-
real lungs supported by EVLP.*" Such elevation without
concomitant detrimental effects on function and histologi-
cal recovery suggest that these proinflammatory biomarkers
may be implicated in immune cell recruitment and cell turn-
over.”> Consistently, extracorporeal lungs demonstrated
significant cellular apoptosis along with macrophage and
neutrophil infiltration after reperfusion, which substantially
abated by 24 hours (Figure 5, D-F). On histologic examina-
tion, at 12 hours lung airways demonstrated loss of mucus-
containing goblet cells and ciliated columnar epithelium
that regenerated by 24 hours to resemble normal lung
(Figure 6, A-C). Epithelial and endothelial integrity demon-
strated a similar timeline of recovery by 24 hours of cross-
circulation (Figure 6, H-L). Taken together, these findings
highlight the value of cross-circulation for robust recovery
of extracorporeal lungs beyond the initial few hours after
reperfusion.

Importantly for the recipient swine, the natural course of
extracorporeal lung ischemia-reperfusion injury in this
configuration is safe and tolerable, even in the setting of
simultaneous recipient acute lung injury. Recipient swine
remained hemodynamically stable, with normal lactate
levels throughout 24 hours on cross-circulation (Table 1).
Recipient swine serum cytokines demonstrated only a
modest increase in levels of interferon-vy and IL-4, and there
were no elevations in serum endothelial injury marker P-se-
lectin or apoptotic marker M30 (Figure 3, B and O).
Ischemia-reperfusion injury is a significant contributor to
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early graft dysfunction and morbidity and mortality after
transplant.”® However, extracorporeal lung reperfusion
after extended CIT using cross-circulation offers the
opportunity for well-tolerated lung recovery before
transplantation.

Our finding that extracorporeal lungs subjected to
extended cold ischemia can be recovered by cross-
circulation with injured recipient swine naturally begs the
question of why these organs cannot be directly trans-
planted into the recipient, circumventing the need for
cross-circulation. Particularly for severely injured donor
lungs, cross-circulation offers the opportunity to safely
perform therapeutic interventions before subjecting the
recipient to the morbidity and stress of transplantation.
For example, frequent manual recruitment maneuvers
(Video 1) and therapeutic bronchoscopy can be performed
without negatively impacting recipient gas exchange by
de-recruitment during suctioning or requiring invasive pro-
cedures. At the start of cross-circulation, we noted that
aggressive toilet bronchoscopy was necessary to clear sig-
nificant airway edema, which may not be well-tolerated
by a recipient immediately after transplantation. We
acknowledge, however, that the use of postoperative
ECMO would ameliorate many of these challenges. We
envision this clinical application of cross-circulation to be
used not as a replacement for perioperative ECMO but
rather as an adjunctive tool for rehabilitation of severely
injured donor lungs that require more intensive therapeutic
interventions and manual handling that is more feasible
ex vivo.

There are several limitations to the present study that
merit further study. First, candidates for this clinical appli-
cation of cross-circulation are likely to have chronic lung
disease. Although we hypothesize that the capability of
acutely injured swine to handle the additional demand of
extracorporeal lungs can be extrapolated to chronic disease
recipients, future work should investigate additional chal-
lenges that may be posed by chronic disease models.”*”
Second, this study addresses CIT as a barrier to donor
lung acceptability, but not other common causes of donor
lung damage such as gastric aspiration. We extended the
CIT to 24 hours to maximize the demands for recovery,
but additional studies will need to validate the ability of
injured recipients to recover severely damaged lungs from
other etiologies. Third, lungs recovered on cross-
circulation were not transplanted. Although the duration
of cross-circulation support was intended to sufficiently
capture the course of reperfusion and recovery, future
studies will investigate early and late graft function after
transplantation. Fourth, in this study we aimed to achieve
a degree of lung injury that sufficiently modeled the degree
of hypoxia exhibited by patients with end-stage lung dis-
ease, but not to a degree so severe that recipient swine
were unable to survive the experimental period. Future
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Recipient swine with impaired lung function enable cross-circulation for

recovery of extracorporeal lungs subject to extended cold ischemia
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Recipient swine with impaired respiratory function safely tolerate cross-
circulation and enable recovery of extracorporeal lungs subjected to
extended 4°C static storage, providing proof-of-feasibility for this
application to expand the donor pool.

$)rcvs S

FIGURE 7. Recovery of donor extracorporeal lungs using cross-circulation with injured recipient swine. A, Donor extracorporeal lungs were subject to
24 hours of cold storage and were placed on cross-circulation for 24 hours with recipient swine that underwent lung injury with gastric aspiration. B, Extra-
corporeal lungs demonstrated functional, multiscale, and cellular recovery despite. C, recipient lung injury. Pao,, Arterial oxygen tension; Fio,, inspired
oxygen fraction; PIP, peak inspiratory pressure.

studies modeling other etiologies of recipient lung disease CONCLUSIONS

will further clarify the threshold of injury that could poten- We demonstrate proof-of-feasibility that recipient swine
tially preclude extracorporeal lung recovery. with impaired respiratory function can (1) safely tolerate

(ZO-1) expression at 24 hours. Intact expression of K, connexin 43 (Cx 43) and L, CD31 at 24 hours of cross-circulation. M, Vascular viability indicated by
acetylated LDL (acLDL) uptake in pulmonary artery after 24 hours of cross-circulation. Box and whisker plots: lower and upper borders represent lower and
upper quartiles, middle represents median, lower and upper whiskers represent minimum and maximum values. CD, Cluster of differentiation; Hpf, high-

powered field; N, elastase, neutrophil elastase; OD, optical density.
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VIDEO 1. Manual recruitment of extracorporeal lungs on cross-
circulation. Video available at: https://www.jtcvs.org/article/S0022-
5223(23)00856-5/fulltext.

cross-circulation and (2) provide sufficient metabolic sup-
port to recover extracorporeal lungs damaged by 24 hours
of 4 °C cold ischemia. We anticipate that this feasibility
will extend to recipients with isolated chronic lung disease,
who may be ideal candidates for this application of cross-
circulation. We have robustly characterized the course of
extracorporeal lung recovery after extended CIT from a

VIDEO 2. Normothermic perfusion and ventilation of extracorporeal
lungs on cross-circulation. Video available at: https://www.jtcvs.org/
article/S0022-5223(23)00856-5/fulltext.

ell8

global physiologic scale to a cellular level, which is a
unique capability of this platform due to its durable, homeo-
static milieu. We envision that this application of cross-
circulation may increase allocation of lungs otherwise
deemed unacceptable, leading to increased utilization of
donor lungs.
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APPENDIX E1. SUPPLEMENTARY DISCUSSION
Comparison With Conventional Ex Vivo Lung
Perfusion (EVLP)

Efforts to expand the donor pool have included the use of
conventional EVLP, which has demonstrated an ability to
recover marginal quality lungs through recirculation of an
acellular or cellular perfusate. However, the duration of ho-
meostatic support provided by EVLP is limited up to 12 hours
and is insufficient for recovery of severely injured donor
lungs and cellular and histological regeneration.”' ™
Notably, EVLP lacks the homeostatic regulation provided
by the hepatic, pancreatic, renal, and neurohormonal
systems that allow for long-term support and clearance of me-
tabolites. Cross-circulation is a new approach first described
by our group, which allows for circulation of whole blood be-
tween the extracorporeal lung and a live recipient providing
multisystem physiologic regulation.”> Previous work from
our group has demonstrated that lactate concentration in the
perfusate quickly rises to 820 mM within 2 hours of
EVLP, further increasing to 12.38 mM after 4 hours of
EVLP but rapidly decreases to 2.98 mM within only 4 hours
after transitioning to cross-circulation support.”> Attempts to
modify EVLP with dialysis membranes have demonstrated
limited improvements to extracorporeal lung function, which
underscores the importance of the multisystem cross-talk that
is provided by a whole recipient.”°

In addition, the long-term support provided by cross-
circulation allows for a more robust multiscale evaluation
of extracorporeal lung recovery, which includes not only
gas exchange capability but also cellular viability, immuno-
staining analysis, and histopathologic evaluation. Previous
work from our group has described the relative deficiencies
with EVLP models in the scope of analysis during the
course of extracorporeal lung perfusion.”” Specifically,
EVLP platforms have been limited in the ability to report
on cellular viability, functional assessments such as
broncho- and vasoresponsiveness, microscopic analyses of
histologic recovery, and thorough inflammatory profile
trends, E1E2E4.E8

We believe that despite its limitations, EVLP remains an
important clinical tool and cross-circulation represents a po-
tential adjunct rather than replacement for conventional
EVLP. We acknowledge that cross-circulation may be
resource-intensive and also introduce the potential for infec-
tious issues in the donor lung. Although this study did not
examine the role of antibiotics, we believe that continued re-
dosing of antibiotics would be wise in an actual clinical
setting to protect not only the extracorporeal lungs but also
the recipient from infectious complications. We envision
that marginal quality lungs requiring only short periods of
normothermic perfusion may be recovered using EVLP,
whereas cross-circulation provides an opportunity to recover
more severely damaged lungs, particularly those requiring a
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longer period of physiologic support for cellular regeneration
or extensive therapeutic and bioengineering interventions.

Left Atrial Reconstruction Technique

Donor lungs are procured in the standard fashion as
described in detailed procedure methods in Appendix E2.
The left atrium is removed leaving a left atrial cuff, as de-
picted in Figure E1, A. Reconstruction of the left atrium cir-
cumvents the challenge of pulmonary venous outflow from
multiple pulmonary veins. Our cross-circulation technique
uses a closed left atrium, similar to the XVIVO EVLP plat-
form, in which the left atrium is reconstructed and cannu-
lated (Figure El, B). Our group implements a vascular
biobridge using donor aortic arch that is anastomosed to
the left atrial cuff, which provides an endothelialized non-
thrombogenic conduit for pulmonary venous drainage into
the extracorporeal circuit. This theoretically provides an an-
tithrombotic benefit for prevention of thrombotic complica-
tions in both the extracorporeal lung and the recipient
swine. In addition, the elasticity of the vascular biobridge
allows for increased compliance to ameliorate sudden pres-
sure changes and facilitates laminar flow."” The vascular
biobridge and pulmonary artery are subsequently cannu-
lated, and lungs de-aired prior to reperfusion with cross-
circulation (Video 2).

APPENDIX E2. DETAILED PROCEDURE
METHODS
Recipient Swine Sedation

Recipient swine (n = 6) underwent induction with intra-
muscular Telazol (5 mg kg~ '; Zoetis) and intravenous dex-
medetomidine (0.005 mg kg~ '; Zoetis). General anesthesia
was performed with continuous infusions of fentanyl citrate
(0.01 mg kg '; Hikma Pharmaceuticals), midazolam
(0.2 mg kg~' h™'; Avet Pharmaceuticals), and propofol
(3-5 mg kgf1 h™'; Pfizer). A femoral arterial line (Arrow
International) was placed for continuous blood pressure
monitoring and blood sampling. A femoral central venous
catheter (Arrow International) was placed for continuous
drug infusions.

Validation of Recipient Swine Lung Injury

Recipient swine vitals and ventilator settings were re-
corded at baseline and continuously after lung injury. Bron-
choscopy and blood sampling was performed every 6 hours
for assessment of inflammatory markers and hemolytic
markers. Inflammatory markers (interferon-vy, interleukin
[IL]-1e, IL-16, IL-1Ra, IL-2, IL-4, IL-6, IL-8, IL-10,
IL-12, IL-18, tumor necrosis factor-«) were assessed by
multiplex array (Eve Technologies). Hemolytic markers
and activation markers (D-dimer, fibrinogen, plasma-free
hemoglobin, P-selectin, M30) were analyzed using
commercially available enzyme-linked immunosorbent
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assays (Table E6). Blood samples were delivered to the
Institute of Comparative Medicine Diagnostic Laboratory
at Columbia University for complete blood count, basic
metabolic panel, liver function tests, lactate dehydrogenase,
and coagulation panels. Chest radiographs were performed
at baseline, 2 hours after injury, and at experimental
endpoint. Gross images of recipient lungs were obtained
at the experimental end point. Lung tissue samples were ob-
tained at the end point using a surgical stapler with medium/
thick reloads for histopathologic analysis and immunohisto-
chemical staining.

Donor Lung Procurement

Donor swine underwent induction and general anesthesia
in a similar fashion as recipient swine. Animals were prep-
ped and draped in sterile fashion and cefazolin (30 mg kg™ ";
WG Ceritical Care) was administered before skin incision
and median sternotomy. Then, 30,000 U of heparin was
administered before cannulation of the main pulmonary ar-
tery. After exsanguination and presence of a non-perfusing
heart rhythm, an antegrade flush with cold low-potassium
dextran solution (Perfadex; XVIVO) containing alprostadil
(25 mg kg™ '; Prostin VR Pediatric, Pfizer) was performed
via the main pulmonary artery and the superior vena cava
was ligated, and left atrial appendage and inferior vena
cava were incised. Topical cooling was performed by pack-
ing the chest with sterile ice. Lungs were inflated, the tra-
chea was stapled, and lungs were explanted and placed on
ice. The heart was removed, leaving behind a left atrial
cuff, and a retrograde flush with cold Perfadex was per-
formed via the pulmonary veins. The aortic arch was
dissected in preparation for a biobridge as previously
described and the left subclavian and brachiocephalic
branches were stapled.”>"7 5510

Lung Cannulation

The aortic arch was sutured to the left atrial cuff as a
vascular biobridge, using a running 5-0 polypropylene su-
ture (Figure E1, A). A 20- to 32-F cannula was secured in
the main pulmonary artery and a 36-F cannula was secured
in the aortic biobridge using O-silk ties (Figure E1, B). An
8 mm endotracheal tube was secured in the trachea with
0-silk ties. Cold normal saline was used to flush and de-
air the lungs. Once flushed, lungs were placed in a sterile
double-lined basin containing warm normal saline.

Cross-Circulation

Circuit elements included a pump console (Jostra HL.-20;
Magquet), disposable pump (Rotaflow centrifugal pump;
Magquet), and continuous pressure and flow monitor (VI-
PER software, G2 v1.26.4; Spectrum Medical)
(Figure El, E). Flow rates were maintained within 5%-
10% of estimated cardiac output, with pulmonary artery
pressures maintained <15 mm Hg and pulmonary vein
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pressures between 3 and 5 mm Hg. The recipient swine
was maintained on a continuous heparin infusion with
initial rate of 25 U kg~' h™', and activated clotting time
was monitored hourly using a whole-blood microcoagula-
tion system (Hemochron; Accriva Diagnostics) with target
range of 250 to 350 seconds.

Extracorporeal Lung Monitoring and Functional
Analysis

Blood samples were obtained from the pulmonary artery
and pulmonary vein cannulas every 6 hours and blood gas
analysis was performed in the same manner as for the
recipient blood samples. Dynamic compliance
(C4yn = tidal volume/[peak inspiratory pressure—positive
end-expiratory pressure]) was calculated every 6 hours.
Photographic (iPhone 13; Apple) and thermal infrared im-
ages (T430sx; FLIR) were obtained. Serial radiographs of
the extracorporeal lung were obtained using a portable unit
(PXP-16HF; United Radiology Systems). Lung weight
was recorded every 6 hours using a scale (Denver Instru-
ment Company).

Bronchoalveolar Lavage (BAL) Analysis

Bronchoscopic evaluation of the airways in both recip-
ient and extracorporeal lungs was performed every 6 hours.
A flexible 3.8-mm bronchoscope (aScope 4; Ambu) was in-
serted into the subsegmental bronchi of the left and right
lower lobes. Sterile normal saline (5 mL) was injected
and aspirated into a sterile specimen container (Busse).
pH of BAL fluid samples was measured with pH strips
(Ricca Chemical). BAL fluid sample smears were stained
using a commercially available Kwik-Diff kit (Thermo
Fisher Scientific) and imaged with a slide scanner
(BX61VS; Olympus). BAL samples were centrifuged at
3500 rpm for 10 minutes at 4 °C, and supernatants were
stored at —80 °C until further processing. BAL fluid protein
concentrations were quantified by a commercially available
protein assay (Pierce BCA Protein Assay; Thermo Fisher
Scientific).

Molecular Pathology and Cytokine Analysis

Inflammatory, hemolytic, and activation markers in
extracorporeal lungs were assessed in the same manner as
for recipient swine.

Acetylated Low-Density Lipoprotein (LDL) Uptake
Assay

To assess viability of the pulmonary endothelium at the
experimental endpoint, biopsies of the left and right pulmo-
nary arteries were obtained and placed in a 96-well plate
(BD Falcon). Acetylated LDL, Alexa Fluor 594 conjugate
(Thermo Fisher Scientific) was diluted 1:200 in DMEM/
F12K cell culture media (Corning). Then, 150 uL of media
containing acetylated LDL was added to the wells
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containing vascular biopsies. The plate was then covered
and incubated at 37 °C with gentle agitation for 4 hours.
Samples were washed 5 times with phosphate-buffered sa-
line and fixed in cold phosphate-buffered 4% paraformal-
dehyde for 24 hours. Samples were embedded in paraffin
and sectioned at 5-um thickness. Following deparaffiniza-
tion and staining with DAPI, sections were examined using
a fluorescent microscope (DMiS8; Leica).

Vasoresponsiveness

After 24 hours of cross-circulation, the extracorporeal
lung was decoupled from cross-circulation and placed on
isolated EVLP. Epinephrine (4 mg; Vedco) was adminis-
tered via the pulmonary artery cannula of the extracorporeal
lung and pulmonary artery and pulmonary vein pressures
were continuously recorded to assess vasoresponsiveness
to adrenergic stimulation.

Bronchoresponsiveness

After 24 hours of cross-circulation, nebulized methacho-
line chloride (100 mg; Methapharm) was intratracheally
administered. Peak inspiratory pressures were continuously
monitored to assess airway smooth muscle tone.

Metabolic Activity Assay

To assess metabolic activity in extracorporeal lung tissue,
samples were collected every 12 hours during cross-
circulation. Lung tissue was finely minced and placed in a
96-well plate. Alamar Blue reagent (Thermo Fisher Scien-
tific) was diluted 1:10 in Dulbecco’s Modified Eagle Me-
dium containing 10% fetal bovine serum. Then, 150 uL
of alamarBlue reagent was added to wells containing lung
tissue and empty wells (negative control). The plate was
incubated at 37 °C protected from light for 2 hours with
gentle agitation. Absorbance was measured at 570 nm and
normalized to 600 nm.

Myeloperoxidase Activity Assay

Lung tissue samples were collected every 12 hours dur-
ing cross circulation and snap frozen in liquid nitrogen
and stored at —80 °C until further processing. Myeloperox-
idase activity was quantified using a commercially available
assay (Abcam).

Histopathologic Analysis

Donor lung samples were obtained in situ, after 24 hours
of cold ischemia, and every 12 hours on cross-circulation
using a surgical stapler with medium/thick reloads. Tissue
specimens were fixed in cold phosphate-buffered 4% para-
formaldehyde for 24 to 48 hours, embedded in paraffin, and
sectioned at 5-um thickness. Tissue sections were stained
with hematoxylin and eosin, Alcian blue, trichrome, and
pentachrome by the histology services of the Department
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of Molecular Pathology at Columbia University. Histologic
evaluation of extracorporeal lungs after 24 hours of cold
ischemia and before initiation of cross-circulation is sum-
marized in Figure E3.

Immunohistochemical Staining

Tissue sections were deparaffinized and antigen retrieval
was performed with boiling citrate buffer (pH 6.0). Sections
were blocked with 10% donkey serum in phosphate-
buffered saline for 2 hours at room temperature. Antibodies
(diluted 1:100 in phosphate-buffered saline) or phosphate-
buffered saline alone (negative control) were applied to tis-
sue sections and incubated for 12 hours at 4 °C. Secondary
antibodies were diluted 1:200 and applied to sections fol-
lowed by incubation at room temperature for 2 hours.
Following DAPI staining, sections were mounted with Vec-
tashield mounting medium (Vector Laboratories) and
imaged using a fluorescent microscope (DMi8; Leica). Ter-
minal deoxynucleotidyl transferase dUTP nick end labeling
assay and additional stains for neutrophil elastase and
CD163 were performed by the histology services of the
Department of Molecular Pathology at Columbia Univer-
sity. A list of primary and secondary antibodies used is
shown in Table E5.

Blinded Pathologic Review

An experienced pulmonary pathologist blinded to study
timepoints performed histologic review of tissue samples
to generate a lung injury score according to previously
described methods.”>"*"***1% Scoring was based on
number of apoptotic cells per high-power field (hpf; 40X)
0O —><2,1 - 3-5,2 = 6-10,3 — >10), number of neu-
trophils per hpf (0 — <5,1 — 6-10,2 — 11-20,3 — >20),
alveolar edema (0 — <5% of all alveoli contained edema
fluid, 1 — 6T-25%, 2 — 26T-50%, 3 — >50%),
interstitial infiltrate (0 — none per hpf, I — <50 per hpf,
2 — 50-100 per hpf, 3 — 100 per hpf), and interstitial
edema (0 — none, 1 — 1x width vessel media, 2 —
>2X width vessel media).

Statistical Analysis and Animal Use Justification

The number of animals used in this study was calcu-
lated based on the resource equation approach as
described by Arifin and colleagues.”'' The minimum
number of animals was calculated using the following for-
mula: minimum N = 10/(r — 1) 4+ 1, where r = 5 and rep-
resents the number of repeated measurements throughout
24 hours of cross-circulation. We utilized an additional 4
animals (2 donors and 2 recipients) to obtain a final N
of 6, in order to further support proof of feasibility.
One-way analysis of variance and paired Student ¢ tests
were performed using statistical analysis software (Prism
Version 9, GraphPad).
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FIGURE E1. Operative technique and setup. A, Anastomosis of aortic biobridge to left atrial cuff. B, Cannulation of lungs via pulmonary artery (PA) inflow
and biobridge for pulmonary vein (PV) drainage. C, Bilateral cutdown exposing internal jugular veins of recipient swine and D, cannulation of internal
jugular vein via Seldinger technique. E, Operating room setup during cross-circulation.

el24 The Journal of Thoracic and Cardiovascular Surgery « May 2024



Chen et al Thoracic: Lung Transplantation: Basic Science

Baseline GC delivery Baseline

Normal lung
=7
-,“ ,
A ™ -~
SO oy = -
v E Vo' Rt <
¥ o } INES e
A .o Poni A ae® ] Ty
\’},;..b‘”""’ SN by Q:jx- 2 o ) "*“,
1 L= - ) AN ‘u:,;_. S5um
! 28m -l _ iy
Injured lung Injured lung Injured lung
‘4‘:,:; ® o v & .Qk Q,"..,
» °~ w» ﬂ‘ 2N .' .-'(.v
8 i e RV P
'3 : u—-v
. 'ﬁ
¥ o
. 0®
o} ECII
s Tt
L9 aq 030050
Y e @ s
F Lg% iise 'n

Y A
e S cEas g
1 v W ey, S E D]
895, ‘&'}‘«4‘1' A‘o,fﬁj:, o
&7 o AN R
A Pe 2
\ R RS 2
P s, EEO. oo e o
G ;' ‘g.’.',' TR e 3 40:.:\012{“"/ l

FIGURE E2. Recipient lung injury. A, Bronchoscopy at baseline and during gastric content (GC) delivery. B, Radiograph of the chest at baseline before
injury and throughout cross-circulation. C, Gross appearance of recipient lungs after 24 hours of cross-circulation. Immunostaining of D,
CD163 + macrophages and E, N. elastase, and F, TUNEL staining. G, Alcian blue staining demonstrating loss of mucus-containing goblet cells. H, Pen-
tachrome and I, trichrome staining demonstrating loss of ciliated columnar epithelium.
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FIGURE E3. Histologic evaluation of extracorporeal lung after 24-hour cold ischemia injury. A, Hematoxylin and eosin staining of extracorporeal lungs
after 24 hours cold ischemia before reperfusion. Insets demonstrate interstitial and airway infiltrates. B, Lung injury score obtained after 24 hours of cold
ischemia. C, Alcian blue (arrows represent mucus-containing goblet cells) and D, pentachrome staining demonstrating intact mucus-containing goblet cells
(represented by arrows) and E, preserved ciliated epithelium with neutrophil extravasation into airway space (represented by asterisk). F, TUNEL + cells
(positive stain represted by arrowheads) (i) and immunostaining of CD163 + macrophages (positive stain represented by arrowheads) (ii) and neutrophils
(positive stain represented by arrowheads) (iii). Quantification of G, TUNEL + cells, H, CD163 + macrophages, and I, neutrophils after 24 hours of cold
ischemia. TUNEL, Terminal deoxynucleotidyl transferase dUTP nick end labeling; CD, cluster of differentiation.

N
o
# N. Elastase+
cells/hpf

# TUNEL+ nuclei/hpf
o
o
# CD163+ cells/hpf

o
1

el26 The Journal of Thoracic and Cardiovascular Surgery - May 2024



Chen et al

Thoracic: Lung Transplantation: Basic Science

E

Oh 12h
7=
. v g >
3 . ~
3 - - i
0 & o a® Int 0 . g e A
‘v-, ‘:'_ JRK. o S \"a "
S € st , X ¥ 34 b
e o v ) % LY -
@ \ - % Y
- *® 3 -
s b &
- . 3
F %o e - \
0 '4"""- i =1 b
3 ~—._ 4
-2 25um o

2o

y |
P

60 * Kk
+ 4=
o
i £ 40
Z0
282
* C
0
0 12 24
Time (h)
B
150 —
+ u=
8 & 100
o3
O® 50
# O
Nl
0o 12 24
Time (h)
D
+ 200 —
[
@5 150
® <
s & 100
w3
= © 50
* 0
0 12 24
Time (h)
F

FIGURE E4. TUNEL, CD163, and N. Elastase stains in extracorporeal lung throughout cross-circulation. A, TUNEL staining throughout 24 hours of
cross-circulation and B, quantification of TUNEL + cell counts (*P < .05, **P <.01). C, CD163 staining throughout 24 hours of cross-circulation and
D, quantification of CD163 + cells (*P < .05). E, N. elastase immunostaining throughout cross-circulation and F, quantification of neutrophils
(*P <.05). TUNEL, Terminal deoxynucleotidyl transferase dUTP nick end labeling; CD, cluster of differentiation; N, elastase.

TABLE E1. Recipient swine gastric content re-doses

Recipient animal no.

Gastric content re-doses

1
2
3
4
5

6

3
2
2
2
7

5

Shown is a summary of number or gastric content doses for each recipient animal.
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TABLE E2. Recipient cytokines in BAL fluid

Time, h
Inflammatory cytokines, pg/mL Baseline 0 12 24
IL-1« 16.1 £ 13.1 677.1 £ 407.4 589.9 £ 318.5 530.5 £+ 136.0
IL-1Ra 67.9 £51.2 5412.2 + 765.1 10,920.0 £ 5898.1 10,324.2 £+ 5691.6
IL-18 76.4 + 64.9 23,262.2 £ 13,017.3 19,982.5 + 8423.2 25,572.8 £ 9996.3
IL-4 10.8 £ 1.6 30.9 £ 27.6 40.6 £+ 34.6 259 £222
IL-6 1.6 £1.0 1189.3 +419.8 1538.8 £+ 863.1 898.2 £473.2
IL-8 208.0 £+ 223.9 14,155.3 £ 8226.2 20,759.2 £ 3049.7 22,2447 £ 1296.9
IL-10 13.8 £7.2 559+175 93.2 £+ 30.5 241.7 + 185.7
IL-12 13.5 £ 8.9 122.7 £ 72.6 61.9 £+ 14.7 76.7 £ 49.1
IL-18 138.4 £ 62.3 634.7 + 528.6 561.3 £83.4 663.4 + 351.4
M30 144.6 £ 27.5 127.9 +£ 8.7 121.6 +£ 1.8 127.7 £ 9.5

Quantification of inflammatory cytokines in recipient BAL fluid at baseline prior to injury and throughout cross-circulation (n = 6). All values represent mean + standard de-

viation. /L, Interleukin.

TABLE E3. Recipient serum cytokines

Time (h)
Inflammatory cytokines, pg/mL 0 12 24
IFN-y 387.6 £175.9 168.6 & 19.1 3949 £+ 310.8
IL-1e 18.0 £ 11.6 18.9 £+ 14.2 169 £ 11.5
IL-1Ra 48549 +3617.2 5405.5 4+ 2963 .4 1619.8 + 816.2
IL-16 2423 +111.3 256.1 + 145.7 2332 + 1234
IL-2 149.5 + 70.6 166.1 + 72.7 133.0 £+ 50.3
IL-4 440.6 + 262.3 615.5 + 481.3 602.1 + 467.4
IL-6 261.7 + 135.6 121.0 + 38.6 1139 +41.2
IL-10 734.3 + 186.5 560.1 & 243.3 4779 + 252.7
IL-12 1153.9 +355.2 767.6 &+ 298.3 377.1 £135.1
IL-18 920.5 £ 400.5 616.8 +417.9 511.7 + 304.9
TNF-« 1129 + 425 58.7 +£33.2 38.7 +30.6
P-selectin 15.0 £ 3.2 15.6 +3.2 158 +3.4
M30 296.8 £+ 76.6 133.5 £ 36.7 1153 £23.2

Quantification of inflammatory cytokines in recipient serum throughout 24 hours of cross-circulation (n = 6). All values represent mean =+ standard deviation. /FN, Interferon; IL,

interleukin; TNF, tumor necrosis factor-«.
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TABLE E4. Cytokines in extracorporeal lung BAL fluid

Time (h)
Inflammatory cytokines, pg/mL 0 12 24
IL-1« 37.9 £30.3 422 +19.1 59.5 +£58.4
IL-1Ra 1634.4 £+ 1066.4 1048.7 £+ 1039.7 385.1 £99.9
IL-18 846.7 £ 787.5 1337.3 + 1224.1 1110.9 + 1092.4
IL-4 112+ 3.6 10.0 £ 5.4 155+ 11.6
IL-6 353 £ 30.0 1030.7 £+ 366.6 961.8 +419.8
IL-8 3212.5 £ 3333.8 2595.3 £+ 939.6 6647.8 + 5323.3
IL-10 14.6 £ 0.5 6.6 + 1.8 143 +£11.0
IL-12 219.2 £ 199.0 210.7 £ 239.6 89.9 + 59.9
IL-18 1424.3 + 1413.9 623.3 +£ 191.7 146.4 +£90.2
M30 145.5 £23.8 1243 +£5.4 128.0 £ 6.0

Quantification of inflammatory cytokines in BAL fluid of extracorporeal lungs throughout 24 hours of cross-circulation (n = 6). All values represent mean =+ standard deviation.

IL, Interleukin.

TABLE ES. Primary and secondary antibodies

Antibodies Application Catalog number Dilution
Primary
Rabbit anti-caspase 3 IHC ab13847 1:400
Rabbit anti-CD31 IHC ab28364 1:100
Rabbit anti-CD163 IHC ab28364 1:800
Rabbit anti-connexin 43 IHC ab11370 1:100
Rabbit anti-neutrophil elastase IHC ab68672 1:250
Rabbit anti-ZO-1 IHC ab216880 1:100
Rabbit anti-ZO-3 IHC ab191143 1:100
Rabbit anti-aquaporin 5 IHC ab78486 1:100
Secondary
Goat anti-rabbit IgG (594) IHC ab150080 1:200
Biotinylated goat anti-rabbit IgG IHC BA-1000 1:200

IHC, Immunohistochemistry; CD, cluster of differentiation; ZO-1, zonula occludens-1; ZO-3, zonula occludens-3; IgG, immunoglobulin G.
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TABLE E6. ELISA kit product information

Marker Application Catalog number
D-dimer Blood LS-F56441
Fibrinogen Blood MBS9308812
M30 BAL/blood MBS751241
Plasma free hemoglobin Blood MBS267146
P-selectin Blood MBS030206

BAL, Bronchoalveolar lavage.

el30 The Journal of Thoracic and Cardiovascular Surgery - May 2024



	Recovery of extracorporeal lungs using cross-circulation with injured recipient swine
	Methods
	Study Design
	Animals
	Recipient Swine Lung Injury
	Donor Lung Procurement
	Lung Storage for Extended Cold Ischemia
	Lung Cannulation
	Recipient Swine Cannulation
	Cross-Circulation
	Recipient Swine and Extracorporeal Lung Analysis

	Results
	Experimental Design
	Validation of Recipient Swine Lung Injury
	Recipient Swine Safety During 24 Hours of Cross-Circulation
	Functional Assessment of Extracorporeal Lungs
	Multiscale Recovery of Extracorporeal Lungs
	Cellular Recovery of Extracorporeal Lungs

	Discussion
	Conclusions
	Conflict of Interest Statement

	References
	Appendix E1. Supplementary Discussion
	Comparison With Conventional Ex Vivo Lung Perfusion (EVLP)
	Left Atrial Reconstruction Technique

	Appendix E2. Detailed Procedure Methods
	Recipient Swine Sedation
	Validation of Recipient Swine Lung Injury
	Donor Lung Procurement
	Lung Cannulation
	Cross-Circulation
	Extracorporeal Lung Monitoring and Functional Analysis
	Bronchoalveolar Lavage (BAL) Analysis
	Molecular Pathology and Cytokine Analysis
	Acetylated Low-Density Lipoprotein (LDL) Uptake Assay
	Vasoresponsiveness
	Bronchoresponsiveness
	Metabolic Activity Assay
	Myeloperoxidase Activity Assay
	Histopathologic Analysis
	Immunohistochemical Staining
	Blinded Pathologic Review
	Statistical Analysis and Animal Use Justification

	E-References


