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Abstract

Lung transplantation is the treatment of choice for patients with end-stage lung
disease. Currently, just under 5000 lung transplants are performed worldwide
annually. However, a major scourge leading to 90-d and 1-year mortality remains
primary graft dysfunction. It is a spectrum of lung injury ranging from mild to severe
depending on the level of hypoxaemia and lung injury post-transplant. This review
aims to provide an in-depth analysis of the epidemiology, pathophysiology, risk
factors, outcomes, and future frontiers involved in mitigating primary graft
dysfunction. The current diagnostic criteria are examined alongside changes from the
previous definition. We also highlight the issues surrounding chronic lung allograft
dysfunction and identify the novel therapies available for ex-vivo lung perfusion.
Although primary graft dysfunction remains a significant contributor to 90-d and 1-
year mortality, ongoing research and development abreast with current technological
advancements have shed some light on the issue in pursuit of future diagnostic and

therapeutic tools.
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Core Tip: Primary graft dysfunction is spectrum of lung injury ranging from mild to
severe depending on the level of hypoxaemia and lung injury post-transplant. It has
significant bearings on short and long term mortality and morbidity with chronic lung
allograft dysfunction playing a major part. While the pathophysiology remains
uncertain, it is felt to be a result of ischaemic reperfusion injury. The contributive
factors, risks and treatment and management options are scrutinized in this
manuscript to provide the readers with a clear insight into the enigma that is primary

graft dysfunction.
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INTRODUCTION

Lung transplantation remains the only definitive treatment for patients with end-stage
lung disease due to obstructive lung disease, fibrotic lung disease, vascular lung
disease, and other causes (e.g., infection). In highly selective conditions, it may also be
used in pulmonary malignancylll. The first successful lung transplant procedure was
performed in Toronto, 19 years after the first heart transplantation(2. In the current

, just under 5000 adult lung transplants are performed annually worldwidell.
Primary graft dysfunction (PGD) after lung transplantation represents a spectrum of
lung injury ranging from mild to severe depending on the level of hypoxaemia and
lung injury post-transplantl4l. It is characterised by radiographic findings of non-
specific pulmonary infiltrates and hypoxaemia. It represents the leading cause of early
mortality post-transplantation and phenotypically resembles acute respiratory
distress syndrome (ARDS)[4l. Prior to 2005, there was no unified definition for PGD,
making it difficult to ascertain a true incidence. Different terms were also used to
define the syndrome, indicative of possible pathogeneses, such as ischaemic-
reperfusion lung injury, primary non-functionﬁ the lung, early graft dysfunction,
reperfusion oedema, re-implantation oedema, primary graft failure, post-transplant
acute respiratory distress syndrome, acute lung injury and non-cardiogenic
pulmonary oedemaPl. There were also significantly variable rates of associated risk
factors and mortality indicating the need for a consensus definition/¢-Sl.

It is a major cause of early morbidity and mortality at 90-d (up to 23%) and 1 year
(up to 34%)Pl. Diagnosis initially relied on the degree of hypoxaemia but has since
been updated to primarily be reliant on chest radiograph findings and the degree of

support required!'l.

INTERNATIONAL SOCIETY OF HEART AND LUNG TRANSPLANTATION
ﬁGS AND 2016 STATEMENT

In 2005, the International Society of Heart and Lung Transplantation (ISHLT)

published a standardised_definition of PGD. In summary, the assessment was
7

performed by evaluating the PaO2/FiOz (P/F) ratio aa the presence of bilateral

infiltrates on a chest radiograph. These assessments are carried out at 6 h, 24 h, 48 h,
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and 72 h post-operatively and should be measured on FiO; of 1.0 with positive end-

expiratory pressure (PEEP) of 5 cmHO.

Radiographic findings of PGD are relatively non-specific including perihilar
ground glass opacities, reticular interstitial, and parenchymal opacities, alongside
perivascular thickening,.

In 2016, an updated ISHLT statement specified a ‘start’ time for the PGD clock
beginning after the removal of the PA cross-clamp of the second lung. The
commencement of reperfusion is noted to be TO with assessments performed at T24,
T48, and T72 h as per the 2005 edition. However, the absence of pulmonary oedema
on radiographic imaging should be classified as grade 0 regardless of the PaO2/FiO»
ratio. This is highlighted in Table 1 below.

Another pertinent detail is the inclusion of an adjunct for the PaO>/ FiOz ratio due
to the high incidence of missing data from the lack of partial pressure of arterial
oxygen (PaO;) measurement using oxygen saturations instead (5a0./FiOz), with
different cutoffs of 235 and 315[101,

Despite this, the consensus statement remains a work in progress with several areas
requiring further evaluation. For instance, subjects on mechanical ventilation with
FiO2 > 50% or requiring inhaled nitric oxide (iNO) beyond T48 are classified as grade
3 PGD alongside patients on mechanical circulatory support. In addition, the
definition has not taken into account the debate of single versus double lung
transplantation. In an era of increasing austerity in organ allocation, the need to
compare outcomes is of utmost importance and has been highlighted. Oto et all!1]
identified an increased rate of PGD grade 3 in recipients of single lung transplants
compared to bilateral transplants although the authors noted several differences such
as protective ventilation strategies in the single lung transplant cohort and earlier
extubation times which would invariably affect the PaO2/FiO: ratio. Their study shed
some light on the applicability of the current definition, especially in the single lung
transplant cohort. Other potential mechanisms for the higher incidence of PGD in

ingle lung transplant recipients include the admixture of poorly oxygenated blood
associated with shunting in the native lung, higher cardiac output via the relatively

lower pulmonary vascular resistance of the graft vasculature, and increased relevance
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of changes in the unilateral transplanted lung. The use of MCS may also be misleading
as the role of ‘prophylactic’ extracorporeal membranous oxygenation (ECMO)
institutions in high-risk recipients may lead to an overestimation of the true incidence

of PGD, which raises questions regarding an interventional-based severity gradel!2l.

EPIDEMIOLOGY

Early reports following the 2005 consensus definition indicated an incidence of
around 30% early post-transplant and reduced to just under 20% at T72I8l. However,
10%-20% of these patients contract the severe form, PGD grade 387 The higher
incidence of PGD reported early on is probably due to the clinical and pathological
similarities it shares with reversible pul ary oedema, ARDS, and transfusion-
related acute lung injury (TRALI). Analysis of the United Network for Organ Sharing
(UNOS)/ISHLT database (1994-2000) noted a significantly higher all-cause mortality
in all PGD vs non-PGD comparisons at 30 d (42.1% vs 6.1%, P < 0.001) and 1 year
(64.9% vs 20.4% P < 0.001) [131. A subsequent study by Diamond et al using the 2005
definition highlighted an overall PGD grade 3 rate of 30.8%, reducing to 16.8% after
the exclusion of PGD Grade 3 classifications before T48°l. Christie et all4l noted
increasing mortality with each grade of PGD. This ordinal pattern was present at all
time points following the transplant (T24, T48, T72). PGD Grade 3 had the highest
mortality which was also replicated in an analysis of biomarkers of insult severity.
Many studies have used PGD grade 3 as a dichotomous outcome when discriminating
between PGD and non-PGD due to the more distinct features i.e., prolonged
mechanical circulatory support, mechanical ventilation with FiO; > 50%, iNO or iEPO
usage, and PaO2/FiO; ratio < 200, leaving little room for ambiguity.

Given the heterogeneity in the locoregional donor, recipient, and procedural
characteristics, ascertaining the true epidemiology of the lesser grades of PGD is
slightly more challenging and remains variable. Another important consideration for

PGD is the link with chronic lung allograft dysfunction (CLAD).

CLAD

Bronchiolitis Obliterans syndrome was the term initially coined to describe allograft

5/60




dysfunction occurring after lung transplantation. Ischaemic reperfusion injury plays
a major part in the pathophysiology as highlighted in Figure 1. This syndrome has
since undergone several revisions and refinements with the most recent definition
using the umbrella term CLAD highlighting a series of phenotypes post
transplantation(?4].

According to the 2019 consensus statement, AD is defined as a substantial and
persistent decline (= 20% in measured FEV1) in the baseline. This is broadly classified
into obstructive ventilatory pattern, restrictive, or mixed[14].

The tipping point is the drop in FEV1 with/without a change in the forced vital
capacity. Secondary causes should be ruled out such as surgical complications,
infections, rejection, and mechanical obstructions (effusions, stenosis, tumours, efc)14l.
After investigating, managing, and ruling out the secondary causes, there should be
at least 3 wk between the first and 2" FEV1 readings that indicate the reduction (=
20%). The staging of CLAD is also shown in Table 3.

Pathophysiology
The exact pathophysiology behind PGD remains unclear but is thought to be a
summation of multiple insults that occur during the procurement, storage, and
implantation of the lung. Ischaemic-reperfusion injury (IRI) is thought to be a major
contributor to the pathophysiology. Native lungs have a dual vascular supply via
bronchial vessels and pulmonary circulation, alongside available oxygen from
alveolar ventilation. The pathogenic mechanism of IR] in the lungs, therefore, differs
from other end organs which are often rendered ischaemic on cessation of blood
flowl!3]. From an anatomical perspective, there is a ﬁange in the vasculature of the
lungs post-transplantation. In the native lungs, the airways are supplied by a dual
circulation derived from the bronchial arteries and the pulmonary arteryl'¢l. The post-
transplant lung has the pulmonary artery circulation surgically restored but the
bronchial anastomosis and distal airways may be exquisitely susceptible to further
ischemia and hypoxic injury due to the loss of these bronchial arteries.

On a molecular level, IRI is driven but the formation of reactive oxygen species

(ROS) (Figure 2). Traditionally, the lung is hypothermically stored to reduce the
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metabolic oxygen demand - hence reducing the rate of biochemical reactions which
results in attenuated degradation of cellular componentsl'7l. Adenosine triphosphate
(ATP) stores however continuously deplete, which inactivates the ATP-dependent
membrane pumpsl’5l. This causes accumulation of cytosolic calcium alongside
activation of inflammatory pathways causing eicosanoid formation and ROS
generation - eventually leading to more inflammation and spiraling escalation of
inflammation leading to cell deathl!s]. IRI also induces necroptosis and apoptosis in
laboratory-based studies, which also contribute to ROS formulation via accumulation

of cytosolic calcium leading to further necrosis of pulmonary epithelial cells[1920].

ROS GENERATION

During aerobic metabolism, ATP is converted to urea and xanthine by xanthine
dehydrogenase. Xanthine dehydrogenase either undergoes reversible sulfhydryl
oxidation or irreversible proteolytic modification to form xanthine oxidasel222l. This
irreversible modification occurs in IRI and breaks down hypoxanthine to ROS during
rapid reoxygenation. In addition to the pathway illustrated in Figure 2, ROS is also
generated by the NADPH (Nicotinamide Adenine Dinucleotide Phosphate) oxidase
system. It is present on the membrane surfaces of phagocytic cells, where NADPH is
oxidised to NADP*, releasing an electron into the phagocytic vacuole, where oxygen
is reduced to superoxide anions in large quantities(2ll. It plays aﬁlajor role in pathogen
killing but may also be aggravated inflammatory diseases(?!l. The superoxide anion,
hydrogen peroxide, and hydroxyl radical form part of the family of ROS, which
damage cellular membranes by lipid peroxidation/?2l as shown in Figure 3.

The inflammatory pathway is activated by ROS generation which causes a release
of proinflammatory cytokines by macrophages. Neutrophils and lymphocytes are
therefore recruited to the lung and extravasate into tissues due to increased vascular
permeability as a sequalae of the acute inflammatory responsel?’l. The macrophages
and recruited neutrophils generate more ROS alongside non-specific lysis proteins
like proteolytic enzymes, lysozymes, and lactoferrin_which contribute to cell
damagel?3. Leukocytes can also mediate IRI through the elaboration of elastases and

proteases, production of inflammatory cytokines, and neutrophil aggregation causing
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plugging of capillaries and no-reflow phenomena with endothelial damagel?4.

ENDOTHELIAL DAMAGE

In addition to the activation of inflammatory pathways via neutrophil activation, the
pulmonary endothelium also contributes to the pathophysiology of PGD. TNF-a and
IL-1P are non-specific pro-inflammatory cytokines that promote molecule adhesion to
the endothelial surface. Several processes have been implicated in the propagation of
this chemotaxis including upregulation of receptors for advanced glycation end
products?’l, platelet aggregation(?], and increased levels of intercellular adhesion
molecule-1 (ICAM-1)[7l. These promote the migration of macrophages and
polymorphonuclear cells into the air spaces in the lungs.

During LIRI, the processes above occur resulting in the extravascular displacement
of leukocytes through chemotaxis-induced migration. The reperfusion causes cell
depolarization which disrupts the homeostatic mechanisms within the endothelium.
Pulmonary artery pressure during reperfusion was shown to have a significant effect
on the endothelial wall with an increased likelihood of developing Grade 3 PGD in
patients with higher PA pressures in a cohort of patients with idiopathic pulmonary
fibrosis (38.5 + 16.3 mmHg vs 29.6 + 11.5 mmHg for patients without PGD [mean
difference, 8.9 mmHg (95%CI, 3.6-14.2); P = 0.001]1?8l. Recipient leukocyte depletion
attenuated this effect, implicating the circulating host leukocytes in the
pathophysiology as demonstrated by Schnickel ef all24]. In addition, some studies have
identified the role of donor innate lymphoid cell subsets with some protective against
PGD and some associated with PGDI?.

Other studies have also shown that increased left-sided cardiac pressures have a
detrimental effect and increase the risk of PGD development, further inculpating the
role of endothelial integrity in the pathophysiology. Porteous et all% noted that
pregperative diastolic dysfunction measured by echocardiography increased the risk
of Grade 3 PGD. These patients had significantly higher mPAP and pulmonary
vascular resistance. Li et all3 noted a similar finding using LVEDP and mPCWP as a
surrogate for increased left-sided pressures. The Toronto group highlighted a higher

incidence of ECLS use post-transplant in patients with preoperative signs of diastolic
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dysfunction/®2.

RISK FACTORS

Multiple risk factors have been identified through various studies since the PGD
consensus definition. We have identified donor, recipient, and procedural variables

as follows.

DONOR-SPECIFIC RISK FACTORS

Donor smoking history
Donor history of cigarette smoking is perhaps the best-reported risk factor of PGD. It
has been associated with PGD in multiple studies/®?3. In a large North American
multicenter study, a positive donor smoking history was independently associated
ith PGDIL. In addition to PGD, the United Kingdom national data revealed inferior
post-transplantation survival showed inferior survival by donor history of smoking
at 30 and 90 d after transplantation and sustained for up to 3 years post-transplant!34].
In addition, these patients also had a significantly higher perioperative morbidity with
longer ICU and in-hospital length of stayl34l. Despite no mention of PGD in the study,
one can infer that a high proportion of early morbidity and mortality would be directly
related to PGD. The authors however did note that the survival benefit to recipients
of smokers” lungs compared to those remaining on the waitlist and waiting for a non-
smoking donorP4l.

The exact role of smoking in the pathophysiology of PGD remains elusive. Ware et
al noted that smokers’ lungs had a higher incidence of pulmonary edema (408 vs 385
g, P = 0.009), lower median PaO,/FiO; ratios (214 mmHg vs 266 mmHg, P = 0.02),
higher levels of pro-inflammatory chemokine 1L-8 levels, and lower Surfactant Protein
D (SP-D) levels but similar rates of alveolar fluid clearancel®]. However, they noted a
lower rate of alveolar fluid clearance in heavier smokers (= 20 pack-years)5l. Higher
IL-8 levels were also noted by Kuschner et allPél in smokers’ lungs vs non-smokers'
lungs.

Oxidative injury with the generation of ROS may be potentiated by donor exposure

to cigarette smokel¥l. Lipid peroxidation is a ROS-mediated chain of reactions that,

9/60




once initiated, results in an oxidative deterioration of polyunsaturated lipids(®l.
Biomarkers of lipid peroxidation such as thiobarbituric acid reacting substances are
increased in bronchoalveolar lavage fluid of smokers (both acute and chronic)
compared to non-smoking controls/®l. It is therefore conceivable that the lungs of
smokers are more susceptible to IRl due to the increased accumulation of the

byproducts of lipid peroxidation!?7],

DONOR ALCOHOL CONSU ION

Chronic alcohol consumption has been linked with an increased risk of developing
ARDS based on a metanalysis of 17 case-controlled and cohort studies with a total of
177674 patientsl®l. Extending this to lungs for transplantation was reproducible in one
study which showed 8.7 times greater odds of developing severe PGD following lung
transplant compared to recipjents whose donors did not consume alcohol after
controlling for other variables (P =0.0190)/4!l. However, there was no difference in risk
of developing PGD in recipients of donors with moderate alcohol consumption as
compared to donors with no alcohol usel*!l. The same study also showed worse acute
lung injury post-transplant with poorer gas exchange and a trend of poorer survival
following transplantation when lungs from heavy alcohol consumers were
implanted(*ll. Heavy alcohol use in donors was also related to a higher rate of PGD in
another rea)spective single-center studyl“l. Heavy intake of alcohol is also linked
with other high-risk behaviors including road traffic accidents, violencel4*#4], and self-
injuries including suicide attempts!*], thus, at risk of trauma and subsequent brain
death, representing a significant proportion of donors. The exact pathophysiology of
this is speculative but is probably a combination of poor mucociliary clearance, a
degree of epithelial dysfunction, and impaired immune responses in the alveolar
spaces which increases the susceptibility to oxidative stressorsi#ll. There is also
evidence that chronic alcohol abuse impairs surfactant production in pneumocytes,
impairing the epithelial barrier function(4l. There is also some evidence of glutathione
depletion which increases susceptibility to oxidative stressors such as reperfusion
injury post-cold ischaemic storagel¥’l. Animal models have been utilized to

demonstrate the effects of modulating ischaemia-reperfusion. In a rat tracheal
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transplant model, alcohol intake increased inflammatory signaling with transforming

growth factor-beta (TGF-) and interleukin 13 (IL-13), which may induce fibrosisl4l.

DONOR éaE

Donor age is a significant risk factor for PGD in other organs such as the heart!#],
kidney, liver, and pancreasl5. Analyzing the American Organ Procurement and
Transplantation Network database, Baldwin et all®'l noted that there was a higher risk
of graft failure at 1 year when using lungs from donors < 18 years old and > 65 years,
and echoed by De Perrotl®l. This was not reproduced in other studies by the
Pittsburgh groupl®3 and the Hannover groupl4. T%ZUM ISHLT Working Group on
Primary Lung Graft Dysfunction Report noted that recent data suggest the age-related

risk of PGD is lower than previously believed and restricted to the extremes of ages!®l.

PULMONARY EMBOLISM

In the 1990s, 2 case reports were published describing the impact of donor-related

pulmonary emboli diagnosed by lung biopsy after transplantation from fat emboli
following multiple fractures iba donor for an RTAS and cerebral embolil56l
respectively. Oto et al showed a significant association between donor pulmonary
embolism and PGD in lungs!57l. On multivariate analysis, PGD rates following lung
transplantation were 20.6-fold (P = 0.0002) higher with fat emboli and 4.8-fold (P =
0.02) with pulmonary embolism compared with those who received lungs without
pulmonary embolism/5l. In a subsequent study by the same authors, emboli were
diagnosed using retrograde flushing of the pulmonary arteries at the time of retrieval.
They noted that donor death due to trauma with fractures and a smoking history of
more than 20 pack-years were significant risk factors for pulmonary embolism!%l. The
pathophysiology suggested by the authors is the failure to correct the ventilation-
perfusion mismatch by the denervated lung in addition to a localized inflammatory
response which may aggravate the IRI. They noted increased interstitial infiltration
and opacities on chest radiographs in up to 93% of lungs post-transplantation.
However, studies examining donor causes of death have shown no differences

between donors with traumatic causes of death vs non-traumaticl>l,
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SI1ZE MISMATCH

A likely issue that may account for PGD includes lung size mismatch, or specifically
undersizing(®l. This is thought to be due to the changes in the pulmonary vasculature
and potentially detrimental tidal volumes during mechanical ventilation. The
undersized pulmonary vasculature provides increased resistance and thus a higher
pulmonary artery pressure at reperfusion which is thought to be a contributing factor.
The Lung Transplant Outcome Group noted that donor undersizing (Donor Lung <
Recipient Lung) rather than donor sex or race conferred an increased risk as male
lungs were generally larger than females360l. A quotient called the predicted dopor-
recipient total lung capacity ratio (donor pTLC/recipient pTLC) of <1 was noted asa
risk factor for PGD post-bilateral lung transplantation(®]. In addition, a recent study
by the Toronto group noted that patients with donor pTLC/recipient pTLC ratio of 2
0.8 or < 1.2 for double lung transplantation significantly improved overall survival
and CLAD-free survivall6ll. This benefit however was not noted in the single lung

transplant group.

RECIPIENT SPECIFIC RISK FACTORS

Aetiology of disease

The causative pathology of lung disease has alsoﬁen implicated as a risk factor for
PGD. Diamond et all®! noted that patients with pre-operative sarcoidosis (OR: 2.5;
95%CI: 1.1-5.6; P = 0.03) or pulmonary arterial hypertension (OR: 3.5; 95%CI: 1.6-7.7;
P = 0.002) were at an increased risk of developing PGD. Pulmonary hypertension is
linked to right ventricular dysfunction and the sudden peripheral vascular resistance
reduction in the transplanted lungs may result in endothelial shear stressors, further
worsening the reperfusion injury. However, similar findings were not noted in
patients with cystic fibrosis regardless of pulmonary hypertension based on ISHLT
database findings, indicating a disease process rather than the presence &ele\rated
pulmonary pressures may be causativel®?. Fang et al noted that secondary pulmonary
hypertension in patients with idiopathic pulmonary fibrosis (IPF) was independently

associated with PGD development. This could be explained by the progressive nature
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of the disease and implicate the role of vasoactive mediators (e.g., Endothelin-1,
fibroblast growth factor) which have been linked with the pathogenesis of IPFI%3. The
restrictive pattern of lung disease may also result in smaller-than-predicted total lung
capacity. This causes progressive changes to the chest wall which may result in poorer
graft function due to the irreversible mechanics of remodeling within the recipient’s

chest wall to accommodate the ‘shrinking’ lungl6463],

Body mass index
‘

A raised body mass index (BMI) was previously shown to be a risk factor for
prolonged ICU length of stay and mortality in lung transplant recipients(66.67].
Diamond et al also conducted a large cohort study and showed a direct relationship
between a raised BMI and PGDI’l. Specifically, the odds ratio for developing PGD
increased to 1.8 for BMI 25-30 and 2.3 for BMI > 30.

This may be directly related to the technical surgical challenges inébese recipients
alongside the inflammatory milieu produced during IR. Leptin is a protein encoded
by the obese gene located on human chromosome 71681, It is classically noted to be a
hormone due to its effects in regulating food intake and energy exposure. In addition,
it is also a member of the type 1 cytokine family. Other conditions such as type II
diabetes are associated with hyperleptinemia and acquired resistance to signaling
through the leptin receptors!®l. Serum levels of leptin are directly correlated to BMI
and are increased in sepsis and ARDS, suggesting a pathogenic contributionl?. A
study by Jain et all”!l showed that lung leptin levels were increased in mice with acute
lung injury. The Lung Transplant Outcomes Group then published data on over 500
patients who underwent transplantation for either COPD or ILD indicating a higher
risk for PGD in patients with higher plasma leptin levels. In their study, the graphical
depiction showed a stark increase in the risk of PGD with an inflection point noted
just above 10 ng/mL. The associations between leptin and PGD were stronger when
the cardiopulmonary bypass was not used(”2l. The role of other modulators such as
resistin and adiponectin have been postulated in the past from work done in animal

models but have yet to be translated into clinical practicel7l.
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Previous plﬁrodesis or pleural diseases

In humans, two pleurae (visceral and parietal) line the thoracic cavity and lungs. The
pleurae are serous membranes that fold back onto themselves to form a two-layered
membranous structure with a small amount of pleural fluid which plays a role in
transmitting movements of the chest wall to the lungs during respirationl7l. Pleural
symphysis or pleurodesis is a commonly performed procedure for the treatment of
pneumothoraces and effusions. The team at the University of Pittsburgh noted that
tients with prior pleurodesis had the highest Eidence of severe PGD, alongside
other early post-operative complications such as re-exploration for bleeding, phrenic
nerve injury, chylothorax, and respiratory complications!”. Although the post-
operative rate of other complications was also increased in patients with prior thoracic
surgery, the increased rate of PGD was specific to pleurodesis alone. On multivariate
analysis, they noted an increased risk of death post-transplant in patients with
prolonged cardiopulmonary bypass (CPB) time, chemical pleurodesis, and high
transfusion requirements (> 20 units). The technical challenges intraoperatively due
to the multiple adhesions post pleurodesis, combined with heparinization during CPB
contribute to the high transfusion requirements, making elucidation of the exact
pathophysiological mechanism difficult. The Harefield group noted that recipients
with pleural disease defined as pleural thickening, plaque, or fibrosis either confirmed
on a computed tomographic scan during assessment for transplantation or detected
intraoperatively at the time of the transplantation, had worse 3-mo mortality and a
trend toward poorer 30-d mortality despite similar CPB usage, albeit with
significantly higher transfusion ratesl?el.

Extracorporeal life support as a bridge to transplant

The use of extracorporeal life support (ECLS) preoperatively increases the risk of PGD
postoperativelyl77.78l. While the use of ECMO for treatment for severe PGD is well
established, its use preoperatively as a bridging strategy to transplantation has been
condemned in the past due to poor outcomes!”!. Analysis of the UNOS database in
2012 identified that only 1.3% of patients transplanted were bridged with ECMOIS0L.

Unadjusted survival of these patients was significantly worse compared to non-
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bridged recipients!®!l. The increased acuity and deconditioning of these recipients due
to the inability to mobilize and multiple pre-transplant interventions potentially
creates a hostile environment for the donor graft/®?l. It should be noted that the current
devices used for ECLS last longer and are less prone to malfunctioning (improved
oxygenators and circuits)®3, Center-specific outcomes also denote improved survival
with ECLS pre-transplant in larger, more experienced centers with similar survival

outcomes to non-bridged patients reported, supporting its use in the current eral8485l.

PROCEDURAL

ECLS during implantation

Lung transplantation can be performed with or without ECLS. CPB was tE traditional
method for intraoperative cardiopulmonary support to permit low-pressure
reperfusion in cases of severe pulmonary arterial hypertension, failing oxygenation,
poor hemodynamic tolerance, or acute bleeding from major vessels!8¢l. Caveats of the
use of CPB include its proinflammatory effects and the associated complications of
full systemic heparinizationl8l. Other techniques that are now more commonly used
to avoid the use of CPB include transplantations with the use of ECMO support or
transplantations with single lung ventilatign without ECLSI®l.

In most institutions worldwide, ECLS is reserved for patients who cannot tolerate
single-lung ventilation, complex patients, or those who become haemodynamically
unstable during the procedure. ECMO has, by and large, replaced CPB in this setting.
CPB has been linked with the activation of cytokines, leukocytes, and the complement
cascade alongside a higher transtusion requirement and postoperative coagulopathy
probably secondary to the higher levels of anticoagulation required[6280l, Several
reasons have been cited such as the increased good-activating surfaces present in the
CPB tubing, venous reservoir, oxygenator, and cardiotomy compared to ECMO
circuits which are closed circuits, without venous reservoirs or additional cardiotomy
suction thereby eliminating the air-liquid interface and avoiding blood being washed
and returned(®”l. Newer ECMO systems have increased biocompatibility by using
heparin-coated tubing with polymer-coated centrifugal pumps and oxygenators,

permitting prolonged usage pre and post-transplant with limited metabolic
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derangement!¥’l. When CPB was used, patients had longer intubation times, higher
rates of PGD, and reduced survivallé2l. However, it should be noted that the use of
CPB is also often linked with adverse donor-recipient characteristics, which may not
directly infer causality. A metanalysis compaing the use of ECMO and CPB
highlighted that CPB was more likely used in patients with severe pulmonary
hypertension, increased risk of intraoperative bleeding, and combined cardiac
defectslsél.

Moreover, in a recent Austrian study, Hoetzenecker ef all®! compared bilateral lung
transplantations performed without ECLS with those performed with the routine use
of intraoperative ECMO support. The authors favoured central venoarterial ECMO
intraoperatively and converted it to peripheral femoral ve&arterial cannulation
postoperatively if this was deemed necessary. They reported improved 1-, 3-, and 5-
year survival compared to non-ECMO patients (91% vs 82%, 85% vs 76%, and 80% vs
74%; log-rank P = 0.041) along with a trend towards a reduced incidence of grade 2
and 3 PGD_in the intraoperative ECMO group. The authors attribute these findings to
the ability to ventilate patients with low tidal volumes and low ventilation pressures
(protective ventilation conditions) during the implantation of the second lung,
hemodynamic stability even with extensive heart manipulation, and shorter operation

times by reducing unnecessary hands-off periods.

Ischaemic timegd donation after circulatory death

Ischaemic time has been shown to be a risk factor for PGD in multiple studies for other
solid organsl891l, The link between ischaemic time and PGD in the lungs, however, is
slightly less prominent. Multiple studies have published conflicting findings in this
respect!®2951. One reason for this could be due to the variability in reporting ischaemic
times across the different centers(®l. Thabut et all?2l noted that prolonged ischaemic
time led to increased tissue oedema and poorer 30-d survival. Snell ef all’l noted that
in their series in the early 90s, ischaemic times exceeding 5 h led to poorer survival (P
= 0.02, hazard ratio: 3.44, 95%CI: 1.12-9.8). Gammie showed no differences in early
survival and late (3-year) survival with increased ischaemic timel*l. A recent Swedish

study noted that there were early differences in outcomes with increasing ischaemic
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times alongside increased mortality of up to 24% within 5 years for every 2 h of
ischaemic time increment(*1.

The lungs also have shown to be less affected by ischaemia compared to the other
organs as noted by the good outcomes of lungs procured in donation after circulatory
death (DCD)MWI, There is also a probable threshold ischaemic time for the
development of ischaemic reperfusion injury which is dependent on both warm and
cold ischaemic times. Conflicting results may therefore be attributed to the variable
definitions of ischaemig time which is even more variable in the DCD cohort!11],
Although DCD donors (Maastricht Category III) are not affected by the catecholamine
surge and inflammatory milieu after brainstem death, they are exposed to several
different ischaemic insults. After the withdrawal of life-sustaining therapy (WLST)
during the process of procurement, the donor becomes h emic and hypercarbic.
The functional warm ischemia time ensues after WLST when the systolic blood
pressure is less than 50 mmHg, with some centers also utilizing the oxygen saturations
< 70% as a cut-off. There is then a ygiversal stand-off period of 5 min before organ
retrieval commencement!!®2, This warm ischemia is associated with intracellular
acidosis, activation of the Na*/H* exchanger causing accumulation of intracellular
Ca?* worsening IRI. Reducing warm ischemia remains challenging during DCD lung
procurement.

A bronchoscopic examination is usually performed and any aspiration is suctioned
while the retrieval is happening. As the perfusion fluid is delivered, cyclic ventilation
is performed to evenly distribute the preservation fluid followed by inflation to about
50%-75% of the lung capacity and a retrograde flush. Rat model studies have shown
that inflation of the lungs with oxygenated air ensures the integrity of pulmonary
surfactant alongside improved epithelial fluid transport(103.104]. Healey et all103] recently
published a case series of uncontrolled DCD donors and noted no PGD in their cohort,
probably signifying a degree of tolerance towards ischaemia. Another study showed
an increased incidence of PGD early on, but similar rates at 6 h onwards between DCD
and DBD lungs!'®l. The Harefield group had a similar finding with an increased PGD
incidence in their propensity-matched analysis in the DCD groupl!%7l. One reason to

explain this could be the lack of assessments and optimization in DCD donors
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compared to DBD donors!'8l. A metanalysis from 2015 showed similar outcomes from
DCD and DBD lung donationsl1%l. It should be noted that DCD lungs remain an
underused resource and are still growing with preservation techniques for other
organs such as the thoracoabdominal normothermic regional perfusion and ex-vivo

lung perfusion (EVLP) postulated to increase its usel1Vl.

Polytransfusion

A metanalysis highlighted polytransfusion of blood products to be a risk factor for
PGDI62l. Although the exact relationship remains unclear, it is probably a combination
of increased technical difficulty which invariably results in increased transfusion
requirement (111, a degree of TRALIM2], a result of a significant IRI resulting in an
ARDS type presentation or systemic inflammatory response (SIRS)[®l. Each of these
has been implicated and may play a role in accentuating the severity of IRL In
addition, the need for transfusion shares some co-linearity with other risk factors such
as primary pulmonary hypertension and the use of CPBI&2l. Therefore, it is difficult to
elucidate whether this occurs due to causality or as a response to the abovementioned
insults. The transfusion of red blood cells (RBC) alone is associated with increased
mortality in a study in Zurich113l. RBC transfusion is also associated with an increased
amount of soluble receptors for advanced glycation end products (sRAGE), which is
a marker of alveolar epithelial injury!?51. On the other hand, intraoperative use of fresh
frozen plasma has been shown to increase mortality[!13], albeit these were more often

used in sicker patients/!14].

Timing of surgery

In 2018, a multicenter group published a unique study that highlighted an increased
risk of PGD in lungs reperfused between 0400-07591'13]. Following the pilot study of
25 patients, a larger retrgspective cohort study of 563 patients revealed a significantly
increased risk of PGD g: 1.12, 95%CI: 1.03 to 1.21; P = 0.01) on univariate binary
logistic regression and OR: 1.299, 95%CI: 1.004 to 1.681; P = 0.046 on multivariable

binomial logistic regression. There were no differences in ischaemic times or operation

lengths although they could not directly account for operator fatigue. The authors
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attributed the results to “internal desynchrony between donor and recipient as a result

of organ preservation’ The circadian clock oscillations were thought to play a part in
this and using a mouse model, the authors showed delayed oscillation for lungs that
were kept in cold storage compared to lungs maintained at 37 C. The authors
highlighted the role of the clock protein, REV-ERBa which has previously been
studied for its role in regulating neuroinflammation/''¢, and poorer outcomes
follow'ﬁ cardiac surgeryl!7l. We currently know that the nuclear receptor REV-ERBa
is involved in the cell-autonomous mammalian circadian
transcriptional / tranEtional feedback loops as transcriptional repressors and hence
indirectly mediates regulation of metabolic, neuronal, and inflammatory functions
including bile acid metabolism, lipid metabolism, and production of inflammatory
cytokines!8l. In an animal model, Cunningham et all'15] noted that in a panel of PGD
biomarker gene expression was repressed by a synthetic REV-ERBa ligand.
Conversely, 6 out of 7 biomarkers in this panel however demonstrated increased
expression of macrophages in REV-ERBa knockout micell15]. Tho it is of interest,
its current role remains limited to experimental research, although‘-é introduction of
normothermic ex-vivo perfusion devices may change the timing of the surgical aspect

of transplantation.

Retransplantation

The association between PGD and re-transplantation is not well established with some
centers highlighting no differences in the rates of PGD compared to primary
transplants119120], but others generally highlighting poorer survival outcomes
especially if used in patients with severe PGD at the primary transplantlt19121.122]
Outcomes were also similar in single or bilateral lung transplantation during the re-
transplant irrespective of the primary transplant(123]. The true incidence of PGD in the
re-transplant setting is perhaps under-represented due to the higher incidence of
secondary causes which include chest wall bleeding due to significant adhesions,

coagulopathy, and infections, all of which preclude a diagnosis of PGDI!19],

TREATMENT AND PREVENTION
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Treatment of PGD is primarily supportive with the exception of severe PGD which
requires circulatory support (ECMO). The challenge with PGD is usually establishing
a diagnosis as mild and moderate PGD (Grade II and III) may often be mistaken for
other conditions such as pulmonary oedema, TRALI or superimposed infection.

Treatment management is therefore directed at managing the ARDS-type picture.

Lung protective strategies and low tidal volume ventilation

The target tidal volumge for low tidal volume ventilation (LTVV) is usually 4-8 mL/kg
calculated based on predicted body weight (PBW)I'24, This is calculated using the
following formula for

PBW males =50 + 0.91 (centimeters of height - 152.4)

PBW females = 45.5 + 0.91 (centimeters of height - 152.4)

Itis performed using a volume-limited assist control mode and the plateau pressure
is usually kept below 30 ecmH-0 with PEEP which usually starts at 5 cmH20 and is
titrated upwards. The ventilation should be set at < 35 breaths/min to mimic the
baseline minute. It is important to reassess the patient and increase or decrease tidal
volume based on the plateau pressure. A summary of the Acute Respiratory Distress
Syndrome Network trial on LTVV settings is included in Table 4.

The reasoning behind LTVV is lower tidal volumes may attenuate some of the
alveolar overdistension and the release of inﬂammatorydnediators induced by
mechanical ventilationl124125]. The ARDS network trial noted that patients randomized
to the ]éW group had a lower mortality rate vs the control group (IV = 12 mL/kg
PBW) (31% vs 39.8%, P = 0.007) and more ventilator-free days within the initial 28 d
(12+11dwovs 10 £ 11 d, P_=0.007)124l. A Cochrane review noted a reduction in 28-d
mortality (27.4% vs 37%, : 0.74, 95%ClI: 0.61-0.88) and in-hospital mortality using
LTVV for ARDS compared to normal ventilation (34.5% vs 43.2%, RR: 0.80, 95%CT:
0.69-0.92)126].  Evidence regarding volume-controlled ©vs pressure-controlled
ventilation remains controversial in the management of patients with ARDSI27L
Protective lung ventilation strategjies are advocated for PGD given its similarities with
ARDSI%I Its role may also be extended to_donors with the group in Missouri

identifying donor lung-protective ventilation with a tidal volume protocol of 6 to 8
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mL/kg of donor ideal body weight and plateau pressure < 30 cmH>O with lower
incidence of PGDI128],

Reperfusion strategies

During reperfusion, the ischaemic lung is suddenly exposed to the recipient’s
circulation whereby there is rapid recruitment of neutrophils and ongoing
propagation of ROS which as described above, results in a cascade of events heralding
a viscous cycle of oxidative stress with increased vascular permeability and
pulmonary hypertension['8l. Rapid reperfusion is also associated with mechanical
stress failure of the alveolar/capillary barrier[129].

Hence altering the reperfusion process is a strategy to enervate PGD. The UCLA
group utilized a modified reperfusion strategy by using buffered leukocyte-depleted
blood and reperfused at the pressure of < 20 mmHg before cross-clamp release and
noted a reduction in IRI in their cohort!!3l. Leukocyte depletion has since been utilized
with EVLP in several ani models with similar outcomes(131.132],

Diamond et all%l noted that the odds ratio for PGD increased by 10% for every 10%
increase in FiO» at the time of reperfusion. However, it should be noted that this may
have been a response to poor oxygenation during reperfusion, hence implying an
association rather than causality. However, to date, no studies have been conducted

examining FiO; at reperfusion as a risk factor for PGD.

aled NO usage
NO has been investigated as a therapeutic option for the prevention or treatment of
PGD due to its pulmonary vasodilatory effects(!33l. Given the effect of pulmonary
hypertension, NO is believed to attenuate the effects of reperfusion. There is however
a lack of randomized studies showing the survival benefit of the ubiquitous use of NO
in treating PGD. Benefits noted from studies with ARDS did not result in improved
mortality['34]. Moreno et alll%] publishedﬁ only clinical study which elucidated a
reductign in PGD by inhaled NO administration. The authors noted a significantly
lower incidence of PGD in the iNO group vs the control group (17.2% vs 45%) (P <
0.035) alongside significant reductions in IL-6 (in blood at 12 h), IL-8 (in blood and
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BAL at 12 and 24 h), and IL-10 (in blood at 12 and 24 h and BAL at 24 h)['*l. In
Moreno's study, iNO was commenced at the beginning of surgery and continued for
48 h postoperatively. Similar findings were noted by Yerebakan in their cohort with a
similar length of iNO administrationl!3l. Other studies have not shown similar
outcomes with the caveat that iNO was used either before reperfusion or at the
beginning of the case and not as prolonged as Moreno’s group!'¥l. The beneficial
effects of NO may be transient and therefore not result in reductions in mortality[13s].
Current evidence does not support the widespread routine use of NO for PGD
prevention, although these studies were underpowered to detect minuscule

differences in outcomesl12l.

Prostaglandin E1

Prostaglandin E1 (PGE1) causes similar vasodilatory effects on pulmonary circulation
and may therefore improvegygenation. In addition, it may also play a role in
attenuating IRI by reducing the expression of certain mediators such as IL-12 and
TNF-a and increasing the expression of IL-10, an anti-inflammatory mediator(13%]. The
use of PGE1 has been proven in ARDS with improvements in oxygenation and
reduction in PA pressures!!2l. Hypotension was also a key feature in the metanalysis.
Several studies have noted the benefits of using injected PGE1 during organ retrieval
in transplantation. The Pittsburgh group noted an improvement in long-term survival
following a change in their protocol in 1994 to include PGE1 addition to the graft
preservation fluid'4l, Similarly, a group from Taipei noted that the addition of PGE1
to preservation fluid during pulmonary artery flushing resulted in the increased

attenuation of IRI[41],

Inhaled prostacyclin analogue (PGI»)

As with PGEL, iloprost is a prostacyclin analogue that primarily functions as a
pulmonary vasodilator. In addition to the benefits of PGE1, PGlzalso plays a role in
inhibiting neutrophil adherence to improve endothelial integrity(142l and in reducing
platelet aggregationl!43l. Animal model studies have also shown some benefit in

ameliorating IRI14.145], However, its use in the treatment and prevention of PGD is
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limited to a single retrospective study by Lee et all'®®l. In a propensity-matched
analysis, patients who were administered inhaled iloplﬁst immediately after
reperfusion of the grafted lung had significantly lower severity of pulmonary
infiltration on postoperative days (PODs) 1 to 3 compared to the non-intervention
arm. The PaO,/FiO; ratio was also significantly higher in the treatment group
compared to the control group (318.2 £ 74.2 mmHg vs 2759 £ 65.3mmHg, P = 0.022
on POD 1; 3514 +58.2 mmHg vs 295.8 £ 53.7mmHg, P =0.017 on POD 2; and 378.8 £
51.9 mmHg vs 320.2 £ 66.2mmHg, P = 0.013 on POD 3, respectively). Finally, PGD3
prevalence was significantly lower on POD1 [2 (6.7%) vs 9 (30%), P = 0.042], POD2 [1
(3.3%) vs 8 (26.7%), E 0.026] and POD3 [0 (0) vs 6 (20%), P = 0.024]. It should be noted
however there was a higher rate of PGD1 (mild) in the iloprost arm of the study on all

3 di43]. Larger prospective studies are needed to validate the above findings.

Surfactant

The surfactant depletion theory is another potential pathogenetic mechanism of PGD.
In a prospective open-label randomized study, a study based in Israel investigated the
role of surfactant therapy post bronchial anastomosis!'*®l. The authors noted that
patients who received surfactant had improved mean PaO, /FiO; (418.8 £ 123.8 mmHg
vs 277.9 £ 165 mmHg, P = 0.004) post-operatively, lower PGD grades (0.66 v5.1.86, P =
0.005), fewer cases of severe PGD (1 vs 12, P < 0.05)['4¢]. The same group then published
a case series of 5 patients with severe PGD treated with surfactant instead of
ECMOI], They noted a significant improvement in PaO»/FiO; ratios within h of
treatment (pretreatment mean PaQO»/FiOz vs post-treatment PaO2/FiO2 (98.8 + 21.7

mmHg vs 236.8 £ 52.3 mmHg, P = 0.0006) who were still alive 6 mo post-treatment.

ECMO

ECMO is usually reserved for PGD grade 3 refractory to medical treatment. Outcomes
post-ECMO are better with early initiation (< 24 h)[12148]. The use of Veno-Venous
ECMO (VV-ECMO) is currently preferred over Veno-Arterial ECMO (VA-ECMO) if
the patient is haemodynamically stable due to the complications attributed to VA-
ECMOI"2, The Pittsburgh group noted survival after both VV-ECMO and VA-ECMO

23/60




were similar at 30 d, 1 year, and 5 years (58% vs 55%, P = 0.7; 42% vs 39%, P = 0.8; 29%

vs 22%, P = 0.6)[1*]. The Duke group noted that their VV-ECMO patients had better
survival and medium-term outcomes, with all VV ECMO patients were successfully
weaned from ECMO support, but only 50% (7 of 14) of the VA ECMO survived
weaning (P = 0.02). The 30-d graft and patient survival for the VV ECMO group was
87.5% vs 0 in the VA-ECMO group!™l, In a subsequent study, the same group noted
their VV-ECMO survival to be 82% at 30 d, 64% at 1 year, and 49% at 5 years which is
arguably better compared to the previous report!!®l. The poor outcomes for VA-
ECMO are probably multifactorial, ranging from the severity of the SIRS response
which necessitated VA-ECMO in the first place to the genuine complications
attributed to VA-ECMO. Peripheral VA-ECMO has significant limb ischaemia
complications reported to be around 16.9% (95%CI: 12.5%-22.6%) with a 10.3% risk of
fasciotomy or compartment syndrome (95%CIL: 7.3%-14.5%) and lower limb
amputation rate of 4.7% (95% CI: 2.3%-9.3%)[152],

The incidence of neurologic complications for VA-ECMO was 13.3% (95%CI: 9.9%
to 17.7%), acute kidney injury, 55.6% (95%CI: 35.5% to 74.0%) with almost half
requiring renal replacement therapy [95%CI: 46.0% (36.7% to 55.5%)] [1521. The risk of
bleeding COElications in VA-ECMO is 46.0% (95%CIL: 36.7% to 55.5%) with re-
exploration for bleeding or tamponade reported around 41.9% (95%CI: 24.3% to
61.8%) alongside a significant infection rate of 30.4% (95%Cl: 19.5% to 44.0%) in the
post-cardiotomy cohort alonel'®2. The risks of the above in the post-transplant setting
have not been noted via a metanalysis but one can only assume the risks of renal
impairment and infections to be higher with the administration of

immunosuppressive medications.

Delayed chest closure

Delayed chest closure (DCC) was initially thought to be a marker for PGD with one
study identifying patients with increased CXR changes as being at risk for DCCI53L. It
is perhaps a surrogate marker for prolonged CPB usage, challenging intraoperative
conditions, and polytransfusion. The Pittsburgh group showed no increased mortality

in this group despite the increased PGD incidence, potentially indicating that DCC
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may be of benefit in these sub-select groups of patients as long as the skin closure
method was applied['54l. They noted that acute lung oedema, oversized grafts, and
coagulopathy were the most common reasons for DCC followed by haemodynamic
instability. The authors noted that improved the haemodynamics and physiology of
lung allogratts especially when LPVV with high PEEP was utilized('>4. There is a
delicate balance between the physiological and haemodynamic benefits vs the loss of
the barrier function against infections, particularly in an immunosuppressed

patient(154],

Aprotinin
Aprotinin iéa nonspecific serine protease inhibitor that has shown evidence of
attenuating ischemia-reperfusion lung injury by inhibiting the inflammatory response
and suppressing NADPH oxidasel!5%]. Using a rat model, the team from Tokyo noted
at by using aprotinin in the flush preservation solution during organ retrieval, and
18-h lung preservation at 4 ‘C followed by normothemic reperfusion with blood, the
malondialdehyde (MDA) and IL-8 levels in the lung tissue after reperfusion were
reduced in the aproé'm'n group. The aprotinin-treated lungs also showed significantly
better oxygenation throughout the reperfusion period('53. This preservative effect of
aprotinin was also confirmed by the prevention of an increase in peak airway pressure
in aprotinin group. They highlighted 2 key isguies which were: cold ischemic
preservation followed by reperfusion results in interstitial edema and neutrophil
extravasation into alveoli, secondly, aprotinin prevented these pathological
changes!'5]. Similar outcomes were reproduced from 2 other animal model studies/15%-
158] Bittner et al and the Leipzig group then translated this into a clinical study
whereby 59 patients were managed perioperatively with aprotinin infusion using a
historical cohort for comparison159l. Despite advancing donor age in the aprotinin
group and longer ischaemic times, the incidence of post-transplant reperfusion injury
was markedly lower than in the historical cohort!!®l. There were however several
limitations to their study including the use of a historical cohort, alongside the
multiple interventions used by the team during the aprotinin study, namely iNO

usage, and controlled reperfusion.
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Prone ventilation

Prove ventilation involves the delivery of mechanical ventilation with the patient in a
prone position!'®l. The oxygenation is improved due to improved lung perfusion and
reduced lung compressionl'61l. It is a technique that is used as part of the lung-
protective strategy to improve survival in severe cases of ARDS with some studies
showing improvements, especially in the COVID-19 pandemicl'¢21%], Tts role in lung
transplantation however is slightly more limited due to the incision sites which tend
to be via sternotomy or clamshell for bilateral lung transplants although posterolateral
thoracotomies can also be performed. A team in Padua, Italy, utilized high-frequency
percussive ventilation (HFPV) along with proning to good effect in 3 patients with
infiltrates on CXRI'®]. They noted a gradual improvement in the clearance of
secretions without needing endotracheal intubation in all 3 of their patients. They also
noted that HFPV accommodated volume distribution without overinflating
compartments with low time constants thus potentially having a protective role

against alveolar hyperinflation[164.

EVLP

Prior to EVLP, 4/5 of donor lungs expressed some degree of potential injury therefore
not considered suitable for transplantation, limiting the donor pooll'¢>. Another major
limitation of transplantation_is prolonged cold storage during transport and its
perceived effects on IRI[66l. Normothermic ex vivo lung perfusion is a novel way of
organ preservation, evaluation, and potential reconditioning of donor lungs. EVLP
allows for perfusion of the donor lungs using an ex vivo circuit (Figure 4).

There are currently 3 EVLP protocols that have been described, the Lund protocol,
the Organ Care System protocol, and the Toronto protocol. The differences between
the protocols are highlighted below in Table 5.

There are several EVLP kits available that differ in size, function, and portability.
The specifics of these are outwith the remit of this review. EVLP was initially used by
Steen et all167] for the first human lung transplant using a DCD lung assessed by EVLP

and the first successful lung transplant of an initially unacceptable donor lung
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reconditioned gx vivo in 2000. This proof of concept was then expanded to prolong
the EVLP time up to 12 hl168l by the Toronto group. The usage of an acellular perfusate
as per the Toronto Protocol is to mitigate the haemolysis of RBCs which may in itself
precipitate IRI with the release of pro-inflammatory cytokinesl!®l. Haemolysis of
RBCs also causes results in increased plasma volumes of AGEs (advanced glycation
end-products), a finding noted in oxidative conditions and is associated with disease
severity inflammatory conditionsl!”?l, Since then, numerous trials have been
conducted to show equivocal results to that of cold storage. This includes the NOVEL
lungl171], HELP[1%5], and INSPIRE[72l. The HELP trial showed an increased rate of

at 72 hin lungs that underwent EVLP but this did not meet statistical significance (15%
vs 30.1%; 95%CI: —2.6% to 32.8%; P = 0.11) although the study was not powered to
calculate differences in PGD. Severe PGD rates were similar in both arms[l®5l. The
NOVEL lung trial noted a higher number of severe PGD cases in the EVLP group
[EVLP vs Control (21.4%, n =9 vs9.5%, n =4), P = 0.2] although this study too was not
powered for PGD outcomesl7ll. Survival in both studjes was similar between the
groups. The UK-based DEVELOP-UK study indicated a higher rate of early severe
PGD in the EVLP arm, but rates of PGD did not differ between groups after 72 h171.
The requirement for ECMO support was higher in the EVLP arm than in the standard
arm (7/18, 38.8%) vs (6/184, 3.2%), P < 0.001)1173]. The study however was concluded
early and non-inferiority analysis of survival could not be performed. The EXPAND
study was a wgle-arm trial that studied the role of EVLP using the OCS Lung for
procurement of extended-criteria donor lungs from brain-death donors, and donors
after circulatory death, which are seldomly used for transplantation. The primary
efficacy endpoint was a composite of patient survival at day 30 post-transplant and
absence of primary graft dysfunction grade 3 (PGD3) within 72 h post-
transplantation'7#. The aythors chose a prespecified objective performance goal
(OPG) of 65% based on a PGD3 within the initial 72 h post-transplant rate of 30%
&'5%(31: 28.2%-33.3%) for standard-criteria donor lungs as noted by Diamond et all°l.
The primary effectiveness composite endpoint of patient survival at day 30 post-
transplant and no PGD3 within the initial 72 h was achieved in 43/79 patients (54%)

and did not meet the prespecified OPGI'74. When investigating this, they noted a
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perceptibly high rate of PGD3 of 44% (35/79 patients) within 72 h. At 72 h, post-
transplantation, the severe PGD rate dropped to 6% (5/79) and moderate or severe
PGD rate of 16% (13/79) which were comparable to the control group in INSPIRE[74].
These findings were also noted in the DEVELOP-UK study where the baseline severe
PGD rate was 88.9% and dropped to 27.8% at 72 h[173],

There is a disproportionate number of severe PGD cases following DCD
procurement and EVLP. This could be a result of the prolonged functional warm
ischaemic time as described above. Another explanation could be the 48% rate of CPB
usage in the EXPAND trial (38/79 recipients).

It should be noted that despite the rate PGD associated with EVLP at the time of
writing, these were lungs that were unlikely to be used. Given the 98.7% (78/79
patients) 30-d survival rate of lungs transplanted in the EXPAND study, EVLP has a
major role to play in expanding the donor pool for lung transplantation!'74l. It remains
a viable avenue for studies on preconditioning, attenuation, and mitigation of IRI in

the near future.

FUTURE HORIZONS

Given our current understanding of PGD and the role of IRI in its pathogenesis,
several experimental studies have been conducted to attenuate these. The search for a
biomarker however remains elusive. Several biomarkers have been suggested
including RAGE, plasminogen activator inhibitor-1 (PAI-1)[175], IL-8[176], endothelin-1
(ET-1)771, ICAM-1127], proadrenomedullin (proADM)[78], and several others have
been mooted but none have made the transition to routine clinical practice. A list of
studied biomarkers is available in Table 6.

Shabh et all'7] utilised a panel of biomarkers to improve the predictive value for PGD
and survival by using a combination of biomarkers derived from the alveolar
epithelium (sRAGE, SP-D), coagulation cascade proteins (PAI-1 and protein C), and
vascular endothelium (ICAM-1). Ongoing research is needed to improve
discriminatory value for PGD to allow better resource provision for these patients in

the intensive care setting.
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Stem cell therapy

EVLP has allowed therapeutic interventions to donor lungs prior to implantation.
Using IL-8 as a biomarker for inflammation, the Toronto group created an animal
model using porcine lungs preserved for 18 h followed by 12 h of EVLP
conditioning[18%]. In the treatment arm, mesenchymal stromal cells were used in the
pulmonary artery. They noted a significant reduction in IL-8 levels in the perfusate in
the intervention arm compared to the control group. A similar study had also been
conducted where by McAuley et alll81l whereby lungs that were rejected for
transplantation were reconditioned using mesenchymal stromal cell administration
into the perfusate in the intervention group increased alveolar fluid clearance in the
experimental group compared to the control group. A more recent study also showed
using amnion-derived mesenchymal stem cells added to Steen Solution during EVLP
resulted in further attenuation of IRI effects thus improving the efficacy of EVLPII82].
Mesenchymal stromal cells also demonstrated IL-10 attenuating properties in an
animal model on sepsisl'83]. Whilst still at an experimental stage, stem cell therapy may

provide tangible treatment options in the near future.

haemic preconditioning
Ischaemic preconditioning (IPC) is an i_nterventiﬁ whereby brief intermittent
ischaemic episodes are induced interspersed with reperfusion either at the site of
interest (IPC) or at a distance from the site of interest (remote ischemic
preconditioning, RIPC)[184. The evidence for IPC or RIPC has resulted in mixed
outcomes with favourable results in some studies('*>!58] but with little clinical benefit
in othersl189-191, Many animal models however have shown a reduction in acute lung
injury following IPC or RIPC[92-1%] The Dutch group performed a series of lung
transplants using rabbits and a variety of IPC strategies and noted that the lungs that
underwent increasing bouts of ischaemic preconditioning had less oedemal'%él. The
authors hinted at an additional benefit for repeated cycles of IPC[1%l. Randomised
studies on RIPC in lung resections have shown a decreased incidence of acute lung
injury in the intervention groupl!8197]. A randomised pilot study was performed by

Lin et all'%] on 52 patients to study the effects of RIPC using a tourniquet on the lower
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limb of the recipient and noted no statistically significant differences in PaO2/FiO»
ratios or panel of inflammatory markers at different time points. They concluded that
there was no significant benefit of RIPC although the incidence of IRI/PGD was lower
than expected[!%l. In their subsequent publication, the Australian group however
noted thataPC is feasible and despite not reaching statistical significance, they noted
a trend to improvements in P/F ratio and PGD grade seen at virtually all time points
during the first 72 h after lung transplantation!’®?l. Given the negligible cost of the
intervention, a multicenter randomized study could well highlight whether RIPC has

a role in lung transplantation.

Pharmacology
Pharmacological interventions to attenuate IRI have been suggested in recent times.

Adenosine A>A receptor agonist - regadenoson is a drug that was intended for use
for its coronary vasodilatory effects during stress testing in myocardial perfusion
scans(200l. Animal models have shown success in using Adenosine A>A agonists with
EVLP in reducing IRI201203]. A recently completed Phase I study was also published
with no dose-limiting toxicities observed and no mortalities reported2*l.

al-antitrypsin (AAT)-is a plasma proteinase inhibitor that has a protective function
for proteolytic enzymes produced by inflammatory cells®l. In a rat model, lungs
primed in AAT had decreased weight and allograft necrosis compared to the control
group (primed in albumin highlighting a poterﬁl role in ameliorating IRI[205l. When
used in addition to lung preservation fluid, reduced the extent of primary graft
dysfunction and early neutrophil responses after extended storage for 18 hat 4 ‘C and
4-h reperfusion in another rat model studyl20¢l. Interestingly, there were similar
findings in proteinase 3/neutrophil elastase (PR3/NE) double-deficient mice,
highlighting a potential pathogenetic pathwgy2001.

Cl-esterase inhibitor (C1-INH) - In ARDS, the blood coagulation contact system and
the complement systpﬁ are activated, leading to capillary leakage and the
pathognomic sequalae. Activation of the contact as well as the complement system is
regulated by a common inhibitor, CI-INH2”l. A canine model study indicated that

C1-INH administration prevented hypoxemia, activation of the complement system,
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and decreased expression of leukocyte adhesion molecules alongside inflammatory
cell infiltratel208].

The Hannover group initially reported 2 cases whereby C1-INH was used to good
effect!2?7]. They reported their experience in using it in PGD3 patients whereby it was
administered in the operating theatre once 3 was suspected 2], When comparing
the 3 groups (control vs C1-INH vs PGD3 CU stay was longest in the PGD3 cohort and
prolonged in C1-INH patients compared with the control group [29 (2-70) vs 9 (2-83)
vs 3 (1-166) d, P = 0.002]. The C1-INH-treated-group had a one-year survival of 82.5%
which was better than the PGD3 cohort (71.4%)[209].

Gene therapy

The Toronto group described one of the earliest attempts at using adenovirus-
mediated gene therapy in 199912101, They then successfully demonstrated that the
adenoviral-mediated human IL-10 (hIL-10) gene to donor rat lungs 24 h before lung
retrieval reduced IRI and improved post-transplant graft function!1l. Following the
development of EVLP, they were able to administer the adenoviral-mediated hIL-10
gene intrabronchially with 12 h of EVLP and noted significantly better gas exchange,
lower histologic inflammation score, and less interferon-gamma production when
compared with non-treatment groups/?'?l. This will perhaps be an avenue clinical
application of gene therapy to optimise donor lungs and improve outcomes post-lung

transplantation.

CONCLUSION

PGD remains a life-threatening complication post-transplantation. The
pathophysiology is not fully understood but ischaemic-reperfusion injury is almost
certainly implicated. Diagnostic criteria make classification easier, however, it is still
lacking an encompassing biomarker. Animal models and preclinical studies have
played vital roles in helping us understand the pathophysiology and engineer
therapeutic options which will hopefully translate to clinical benefits in the near
future. The role of EVLP is still in its infancy with multiple conditioning, treatment,

and assessment options available for research opportunities to guide our ongoing
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understanding of this condition.
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