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Treatment of injured donor lungs ex vivo to acceler
ate organ recovery and ameliorate reperfusion injury
could have a major impact in lung transplantation.
We have recently demonstrated a feasible technique
for prolonged (12 h} normothermic ex vivo lung per-
fusion (EVLP). This study was performed to examine
the impact of prolonged EVLP on ischemic injury. Pig
donor fungs were cold preserved in Perfadex® for 12 h
and subsequently divided into two groups: cold static
preservation {CSP) or EVLP at 37°C with Steen™ solu-
tion for a further 12 h {total 24 h preservation). Lungs
were then transplanted and reperfused for 4 h. EVLP
preservation resulted in significantly better lung oxy-
genation {Pa0; 531 £ 43 vs. 244 + 49 mmHg, p <
0.01} and lower ederna formation rates after transplan-
tation. Alveolar epithelial cell tight junction integrity,
evaluated by zona occludens-1 protein staining, was
disrupted in the cell membranes after prolonged CSP
but not after EVLP The maintenance of integrity of
bartier function during EVLP translates into significant
attenuation of reperfusion injury and improved graft
performance after transplantation. Integrity of func-
tional metabolic pathways during normothermic per
fusion was confirmed by effective gene transfer and
GFP profein synthesis by lung alveolar cells. In con-
clusion, EVLP prevents ongoing injury associated with
prolonged ischemia and accelerates lung recovery.
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Introduction -

Lung transplantation {LTx} is a lifesaving therapy for pa-
tients suffering from end-stage lung disease. However, the
number of patients that could benefit from LTx greatly ex
ceeds the number of donors available. Currantly, only 15%
of lungs from brain dead donors are considerad ideal for
transplantation {1); the rest are generally considered un-
suhtiable due to the injury acquired during brain death and
iCU-refated compilications. To avoid postiransplant primary
graft dysfunction (PGD, en acute lung injury that usually
manifests in the first 72 h after transplantation) {2), clini-
cians are usually very conservative in donor selection {3-B).
This translates into obiigate rationing of the procedure and
a high mortality for patients on the waiting iist (6).

The shortage of healthy lungs for transplantation demands
optimal utilization of the avaitable donor poot, and advances
in organ preservation and donor management have all
sought 1o increase the rate of organ usage from the cur
rent donor pocl. While maintaining organ viability using
hypothermic preservation has traditionally been an impor
tant prerequisite for successful outcomes after LTx {7,8),
the inhibition of cellular metabolism induced by protective
hypothermia obviates the possibility of substantial repara-
tive processes occurring during organ preservation {9). The
ideal method of preservation should facilitate the use of
exiended criteria organs, initiate reparative processes for
established donor organ injury and provide real-time quality
assessment prior to transplantation. Machine preservation
of solid organs is being proposea as a method that may
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achieve these gosls (10~14).

Ex vive lung perfusion (EVLP} is not a new concept and has
been widely used to study lung function in small animals
{15-19). It also has been shown to be & useful technique to
oriefly {1 to 2 h) evaiuate lungs from donation after cardiac
death {DCD} (20-22). However, past atiempts at profonged
machine preservation have largely failed due to inability
t0 maintain the integrity and normal barrier functions of
the vasculature and epithelial beds leading to progressive
deterioration in vascular flow and the concuirent develop-
ment of ederna {23-28). We have recenily demonstrated
successiul application of an aceliular EVLP technique in
maintaining fung viability ex vivo for an extended pericd of
time (28], Following 12 h of normothermic EVLE heaithy




pig lungs were yransplanted and demonstrated immediate
iife-sustaining function {26},

We present here a preclinical study in which we inves-
tigated whether EVLP could interrupt or ameliorate hy-
pothermic ischemic injury and improve extended lung
preservation. To achieve this, we directly compared stan-
dard cold storage in Perfadex® solution alone {our current
clinicat standard for lung presarvation) to normothermic
£VLP with Steen™ sotution over a 24 h preservation pe-
ried in a porcine LTx model. We studied the effect of each
method on posttransplant lung function, severity of ts-
sue damage (reperfusion injury), intra-alveclar coagulation
(thrombin generation) and alveolar epithetial cel fight junc-
tion integrity. Finally, as proof of active metabolic function,
we examinad the ability of EVLP lungs to synthesize an
exogenous protein after ex vivo delivery of a reporter gene
through the airways,

Materials and Methods

Study design

Animals: Yorkshire male domestic pigs (26-35 kg, Reimens Fur Ranch,
Kitchener, Ontarlo) were used under an experimental protocol approved by
the Animal Care Comimittae at the Toronto General Institute. Donor lungs
were explanted as previously described {27). The lungs were preserved with
cold static preservation (CSP) for 12 h [n = 10), and then randomly divided
into two groups, either CSP {n = 5} or EVLP {n = 8} for an additional 12 h
{CSP group: total of 24 h of ischemic aerobic hypothermic siatic preserva-
tion, EVLP group; 12 h of ischemic aerobic hypothermic static preseryation
followed by 12 h of asanguinous aerobic normothermic perfusion preser
vation]. At the end of preservation, the left iung was transplanted into 2
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recipient animal and reperfused for 4 h 1o evaluate postiransplant kung
funection in both groups,

EVLP system

The detailed aceliular EVLP technigue {(Figure 1) is described by our group
elsewhere (26). In brief, after the lungs were transferred o the Xvivo™
chamber (Vitralife, Denver, CO), the left atrial (LA) cannula was first con-
nected 10 the circuit. Flow was initiated slowly in a retrograde fashion to
de-air the pulmonary artery (PA) cannula. The PA cannula was then con-
nected to the circuit and anterograde flow started at 150 ml/min with the
perfusate (Steen™ Solution, Vitrolife) at room temparature. The tempera-
ture of the perfusate was then gradually Increased to 37°C. When 32°C was
reached {ususally over 30 min), vegntiiation was started and the perfusate flow
rate was gradually increased. The flow of gas used to deoxygenate and pro-
vide carbon dioxide to the inflow perfusate via a gas exchange membrane
was then initiatad. We used 40% of the estimated cardiac output {CO) as
the maintenance perfusate flow rate to perfuse both lungs {pigs: CO = 100
ml/kg). Mean PA pressures were maintained between 10 and 18 mmHg,
The LA pressure was maintained between 3 and 5 mmHg by adjusting the
height of the hard-shell reservoir. A protective mode of mechanica venti-
lation was applied using a tidal volume of 7 mU/kg, at 7 breaths per min,
positive end-expicatory pressure (PEEP) of 5 cmi;0 and an inspired oxygen
fraction (Fi0g) of 21%. The lungs were recruited with inspiratory holds to
a peak airway pressure (PawP) of 20 emH, O every hour. pH, pCC,, elec-
trolytes and glucose were maintained at physiologic levels in the perfusate.
At the end of 12 h of EVLP the lung block was cooled down in the circuit to
15°C. Thereahier, perfusion and ventilation was stopped (FiQ, is increased
to 50% for lung storage}, and the trachea was clamped to maintain the
jungs in an inflated state. The lungs were then stored at £°C in Perfadex®
{preimplantation period} untif trensplantation in a standard sterile organ bag
surrounded by ice.

LTx technigue in a porcine model

A horacotomy was, performed through the fourth intercostal space.
The pulmenary hilum was dissected and the left azygous veln was carefully
slevated from the left atrium and ligated, The inferior pulmonary ligament

Figure 1: Schematic of the EVLP System, The lungs are placed within the XVIVO™ chamber (Vitolife AB, Gothenburg, Sweden). The
perfusate leaves the lungs via the LA cannula and enters the resarvoir. From thers, the perfusate is pumped using a centrifugal pump
into the oxygenator and heat exchanger where it is deoxygenated by a gas mixturs 186% Ng, 8% CO; and 6% Op) and warmed to
normothermia, The perfusate then passes through a leukocyte filter before reentering the lungs via the FA cannuia for oxygenation.
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was divided. Both the right and left main pulmonary arteries were carefully
dissectad, Once the donor lung was ready, the bronchial anastomosis was
performed first with a running 4-0 prolene suture. The PA angstomasis
was performed next with a continuous 8-0 prolene suture interrupted in
two placss, The atrial anastomosis was then performed with & running 5-0
prolene suture interrupted in two places. After reinflation of the transplented
lung to a pressure of 20-25 cmbL0, the lung was ventilated normally as
the PA clamp was removed gradually, and the lung was de-aired through
the LA anastomosis.

Ex vivo lung funetion
Oxygenation capacity: ApOy/Fi0; (ApQ; = perfusate LA pU; ~ perfusate
P& pQsp, mmbg) was recorded hourly from 1 hto 12 h of EVLR

Lung function after transplantation

Blood-gas analyses were performed every hour during the reperfusion pe-
riod in samples taken from the transplanted lung's puimonary veins. Also,
at the end of reperfusion period (4 h), the right PA was occluded with
a tourniquet in order to measure function of the transplanted lung only.
This is considered 1o be the gold standard test to evaluate pulmonary graft
function. PawP were measured throughout the reperfusion period, The wet-
to-dry (WD) lung weight ratio (reflecting lung edema) was calcuated at the
end of the raperfusion period. A lung biopsy coflected from the left lower
lobe was weighed and then placed in an oven a1 85°C for 72 h to dry and
then reweighed. The ratio of the lung weight before and after drying was
caloulated.

Histopatholegical assessment of reperfusion injury of the lung
Lung tissue biopsies were collected 4 h after transplantation from the loft
lower lobe in all experiments. Biopsies were fixed in 10% buffered formatin
for 24 h, embedded in parafiin, sectioned at b um thickness, stained with
hematoxylin and easin and examined for pathological changes under light
microscopy, A pulmonary pathologist (DH) evaluated midsagittal slices of
lung sections in a randomized and biinded fashion to assess histopatholog-
ical grading of acute lung injury using the following parameters: interstitial
edema, intra-alveclar edema, hemorhage, cell infiitration and hyaline mem-
brane formation (28}, The severity of these findings was graded in a four
point scale as follows: 0, absent; %, mild; 2, moderate and 3, severe {28).
For Tcelt infiltration assessment, paraffin-embedded tissue sections (5 um)
were mounted on positively charged microscope slides. Tissue sections
were then incubated for 12 h at 60°C, deparaffinized in xyleng and rehy-
drated through decreasing concentrations of alcohel, Antigen recovery was
then performed with citrate buffer at 95°C and tissue sections were blocked
with 10% goat serurn diluted in phosphate buffer saline (PBS). After a brief
wash in PBS, mouse antihuman CD3 primary antibody {invitrogen, Carls-
bad, CAl was applied at 1:50 difution and incubated at 4°C overnight. Alexa
Fluor 556 goat anti-mouse 1gG secondary antibody linvitrogen) was subse-
quently applied at 1:200 dilution. Controls were performed by omitting the
primary antibady. Quantification was performed blindly by an independent
investigator and is shown as a mean of number of CD3* celis within five
representative fields per fung.

Intra-alveolar coagulopathy after Lix—thrombin antithrombin
complexes

Thrombin antithrombin complexes {TAT¢} were measured in bronchoalveo-
tar favage (BAL) fluid colected at 4 h after reperfusion. BAL was collected
using a flexible fiberoptic video bronchoscope. A 20 mi aliquot of normal

saline was Iinstilied into a left lower lobe segmental bronchus and aspirated

immediately with low suction (usual recovery was 10-15 mih Cell-free su-
pernatants were stored at —80°C untit analysis, TATc were measured using
an ELISA technique (Behringwerke AG, Marburg, Germany) as per manu-
factirer's instructions. TATC levels were normalized by total protein content
in the BAL fiuid sample.
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Tight junction integrity before and after transplantation

For rona occludens-1 (ZO-1} immunofiucrescent staining, cryosections of
pig lung tissue collectad before and after the preservation pericd and after
transplantation were mounted onto glass slides, fixed in precocled acetone
for & min at roor temperature and stained with anth-20-1 FITC-conjugated
antibody (Invitrogen) at 1:100 dilution overnight at 4°C, After rnounting with
GelMount medium (Biomeda, Foster City, CA), sections were examined
under a fiuorescent microscope.

Ex vivo gene fransfer studfes

in another set of experiments, pig lungs (n = 2} were transfected ex viva
with a second-generation (E1, E3 deleted) adenoviral vector {serctype B}
under the control of a cylpmegalovirus prornoter and containing the reporter
green fiucrescent protein (GFP gene {AJCMV-GFP). This gene transfer
study was designed 10 assess maintenance of preserved, active metabolic
function during normothermic preservation.

The vector was constructed at the Gena Transfer Vector Core of the Unives
sity of lowa College of Medicine, lowa City, IA. At ti@beginning of EVI.R
the vector was diluted in 10 mL of normal saline. A flexible fiberoptic bron-
choscope (Olympus® BF type 1T 20, Tokyo, Japan} was inserted through
the trachea and a catheter was inserted through the bronchoscope chan-
nel, which was used to defiver 1 mb. into each segmental bronchus. After
vector defivery, a recruitment maneuver to a PawP of 25 emH, O was per
formed and lungs were ventilated with 10 mljkg of tidal volume and 12
breaths per min for 15 min to allow for homogencus distribution of the
vehicle throughout the lung segments. GFF gene wansfer efficiency was
assessed by immunofluorescant staining of lung tissue biopsies obtained
12 h after ex vivo gene delivery. Cryosections fram frozen tissues were
prepared at 7 urm using a cryostat and mounted onto glass slides. Samples
were subjectad to air drying for 46 min, fixed in ~20°C precoocied acetone
for 5 min at room temperature and then blocked with 10% goat serum
diluted in PBS, Primary antibody (anti-GFP} was incubated overnight at 4°C,
then washed and a secondary fluorescent antibocdy was added for t hat
toom temperature. Nuclel were stained blue under ultraviclet excitation us-
ing the nuclear counterstain 4,8-diamidine-2-phenylindole dinydrochloride
{Roche Diagnostics GmbH, Mennheim, Garmany) applied for 10 min just
before the fiuorescent mounting media (DAKQ). For the detection of GFP
exprassion, anti-GFP antibody {Abcam, Cambridge, UX) at 1:500 dilution
was used in conjunction with Alexa Fluor 555 goat antlrabbit 19G sec-
ondary antibody {Invitrogen; 1:200 dilltion). Two lungs that were perfused
but not transfected served as controls.

Statistical analysis

All data are expressed as mean = standard error of the mean. For func-
tonal data comparison after transplantation between CSP and EVLE two-
ailed Student’s unpaired ttest was peiformed. Comparison of acute fung
injury scores and Tymphooyte infiltration between the two groups was
performed using the nonparametric Mann-Whitney U test.

Resulis

Lung function after transplantation
After 24 h of preservation and 4 h postiransplant reperfu-
sion, the Pa0,/FiO, was significantly higher in the EVLP

group whan comparad with CSP group (Figure 2A; EVLP: |

531 + 43 mmHg: CSP: 244 4 45 mmig; from blood sam-
ples collected from left pulmonary veins; p < 0.01). Similar
PaO4/Fi0, results were obtained from arterial blood gases
collected after occlusion of the right {contra-lateral) PA
(EVLP: 4876 = 44.7 mmbg; CSP: 169.8 £ 45.06 mmHg:
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Figure 2: EVLP atienuated injury caused duting prolonged CSP—improved posttransplant lung function. Pig lungs were recovered
and stored in Perfadex® solution (Vitrolife, Sweden) at 4°C for 12 h (baseline), After this period of CSF, lungs were either maintained
in CSP for 12 b or transferred to the EVLP system for an additional 12 h. Lung function was assessed during EVLP and hourly after
transplantation, [A) PaO.fFiC; was significantly higher 4 h after transplantation in the EVLP group when compared with CSP group
*p < 0.01). Note that lung oxygenation function was excelient during EVLP and it was comparable 1o posttrangplant function. (B} The
Pawk was significantly lowear in the EVLP group (**p < 0.001). (C) Lung edema was markedly lower in the EVLP lungs compared with
the CSP lungs, as measured using W/D weight ratio of the lung tissue (*p < 0.07),

p < 0.011 Lung oxygenation function during and at the Alveolar blood barrier integrity—20-1 cellular

and of 12 h of EVLP was excellent and, importantly, re- distribution

flected postiransplant function in this group (Figure 2A; Normal lung tissue as weall as lungs preserved with C5P for
start of EVLP ApO;: 502 £ 35 mmHg, end of EVLP ApO;: 12 h demonstrated intact Z0-1 subjunctional cytoplasmic
494 4 48 mmMg; and after 4 h of transplantation pO,: 531 plagues on immunostaining (Figure. A} However, at the .
+ 43 mmHgl. PawP was significantly lower in the EVLP and of 24 h of CSP and 4 h after transplantation, ZO-1
group 4 h after transplantation (Figure 2B; EVLP: 21 x staining was cormpletaly lost in the CSP group {Figure 6B).
0.4 rmHg; CSP: 28.7 4 0.6 mmHg; p < 0.001), Sim- in contrast, lungs subjected to 12 h of EVLP maintained
ilarly, the W/D weight ratio of the lungs measured 4 h intact peripherally localized ZO-1 staining at the end of the
after transplantation was significantly lower in the EVLP 24 h preservation and after transplantation (Figure 5Ch
lungs compared with the CSP lungs (Figure 2C; EVLP W/D:

62403, CSPW/D: 8202 p <001 Ex vivo gene transfer studies

Transbronchial GFP gene transfer was achieved during

EVLP as demonstrated by intense and diffuse distribution

Acute lung injury after LTx of the transgene product slong the alveolar walls by 12
Lungs preserved using EVLP had significantly lower acute h after ex vivo transbronchial gene delivery (Figufe GA).

lung injury scores when compared with the CSP group  Samples from nontransfected EVLP lungs showed no GFP
(Figure 383FVLP: 3.6 & 1.3 mmHg, CSP: 8 &£ 0.4 cmH:0; expression (Figure 6B].

p = 0.02) Since recipient T cells have been previousiy
shown to be a contributing component durtng the early
phases of reperfusion injury {29), we also studied infi- Discussion
fration of CD3* Tlymphooytes into the lung tissue after
transplantation. The number of CD3* Hymphocyles was
significantly less in the jung tissue of the EVLP group (Fig-
ure 3B: EVLP: 26.0 & 7.3 mmHMg, CSP: 62.6 & 16 cmH,O
CD3* cells per field; p = 0.04).

This study is the first demonstration that EVLP at normoth-
ermia provides improved extended lung preservation over
CSP alone. Carrel and Lindbergh descithed the concept
of ‘culture of whole organs’ in 1935 {30), but until re-
cently lung perfusion systems were primarily used to study
lung physiology in animals. Generally, experimental work
Intra-alveolar coagulopathy in isolated lung perfusion systems has shown progressive
TATe in the BAL obtained 4 h after transplantation were deterioration of lung function. Interventions aimed &t in-
significantly less in EVLP group (Figure 4; EVLP: 3.06 & proving lung function generally have partially improved the
1.92 mmHg, CSP 72.86 4 18.57 ng/my; p = 0.02). inexcrable downward siope of lung function over time.
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