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Abstract

Primary graft dysfunction (PGD) after lung transplantation is a multi-factorial syndrome of
postoperative lung injury that is similar to the acute respiratory distress syndrome. PGD is a major
risk factor for chronic lung allograft dysfunction and perioperative death®3. Pulmonary surfactant
dysfunction is frequently seen in PGD and contributes to respiratory failure*®. Surfactant is
primarily comprised of lipids, of which phosphatidylcholine (PC) species predominate.
Dipalmitoylphosphatidylcholine (DPPC) is the most surface-active species that normally represents
over half of all airway PC content’. Combining electrospray ionisation tandem mass spectrometry
with deuterium labelling of Kennedy’s PC synthetic pathway can assess surfactant phospholipid flux,
with a molecularspecificity that differentiates between lipids with unique functions®. This technique
was used to quantify perioperative phospholipid metabolicdisruptioninlungtransplantation. The
same technique was usedinanexvivohumanlung model toisolate the pulmonary contribution to
systemic phospholipid metabolism, and evaluate Kennedy pathway integrity during ex vivo lung
perfusion (EVLP).

Airway DPPCcontent was severely reduced aftertransplantation, and was associated withimpaired
oxygenation. Variationsin Kennedy pathway activity were associated with impaired graft function
for months after transplantation. Perioperative flux of phospholipids, like DPPC and
polyunsaturated PCspecies, werestrong predictors of poor postoperative lung function. Deuterium
labelled ex vivo experiments confirmed continued Kennedy pathway dependent surfactant
phospholipid synthesis during EVLP, and could represent a protective mechanism against PGD in
clinical EVLP®. Ex vivo lungs secreted a different phospholipid profile into the perfusate that is
enriched with polyunsaturated PCwhen compared to the airways, providing compelling evidence of
the previously hypothesized basolateral phospholipid secretion by the alveolar epithelium%2,
These polyunsaturated PCspecies are precursors of numerous inflammatory mediators, and could
contribute to PGD!?%4, Continued investigation of phospholipid flux through the Kennedy pathway

couldidentify novel biomarkers and therapeutictargetsin lung transplantation.
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1 Introduction

The first record of a successful lung transplant in animals was performed in 1946 by Vladimir
Demikhov?®®. The first ‘survivor’ of human lung transplantation (single lung) was later recorded in
1963 by James Hardy, and the patient survived for 18 days aftersurgery®. However, it was not until
the advent of newerimmunosuppressive agents, such as cyclosporine, that meaningful long-term
survival was achieved following lung transplantation in the 1980s'”. The first successful heart-lung
transplant was performed by Shumway, Wallwork, and Reitz for a patient with pulmonary
hypertension in Stanford in 19811%; before the Toronto Lung Transplant Group went on to develop

the techniquesforsingle and doublelungtransplantationinthe late 1980°s192°,

Lung transplantation can prolong life and dramatically improve quality of life in carefully selected
patients with advanced respiratory disease?!. International registry data show a 5 year survival of
54% following double lungtransplantation, and the biggest cause of death afterlungtransplantation
isthe development of chroniclungallograft dysfunction (CLAD)?2. Primary graft dysfunction (PGD) is
a multi-factorial syndrome of postoperative lung injury that is a major risk factor for the

development of CLAD and perioperative death®.

Ischemia-reperfusion injury (IRI) is a major contributor to the development of PGD, which shares
many clinical and pathological similarities with the Acute Respiratory Distress Syndrome (ARDS) %3, As
in ARDS, surfactant dysfunction is frequently seen in PGD after lung transplantation®®23-25,
Pulmonary surfactant is primarily comprised of lipids, of which phosphatidylcholine (PC) species
predominate. Dipalmitoylphosphatidylcholine (DPPC or PC16:0/16:0) is the most surface -active
species that normally represents over half of all airway PC content’. This thesis will explore the
underlying mechanisms behind the development of perioperative lung injury following lung
transplantation, and characterise the perioperative disruptionin pulmonary phospholipid biology in

both transplantrecipientsandina complimentary human exvivo platform.
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1.1 Clinical Problem

1.1.1 Primary Graft Dysfunction (PGD)

The diagnosticcriteriafor PGD are based onthe American-European Consensus Conference (AECC)
definition of ARDS - Table 1-122%27, PGD by definition occurs in the first 72 hours following lung

transplantation affecting 10-25% of lung transplants?2,

Grade Chest radiograph pulmonary oedema Pa0,/FiO, ratio (mmHg)
PGD Grade 0 No Any
PGD Grade 1 Yes >300
PGD Grade 2 Yes 200 to 300
PGD Grade 3 Yes <200

Table 1-1: The diagnostic criteria for Primary Graft Dysfunction (PGD)
Exclusion criteria for the diagnosis of PGD include; hyper-acute rejection, venous anastomotic obstruction,
cardiogenic pulmonary oedema, and pneumonia

PGD is associated with a substantial decrease in both early and late survival, with an all-cause
mortality rate of 42.1% at 30 days following surgery®. Notonlyis PGDimmediately life-threatening
to lungtransplantrecipientsinthe early perioperative period?!, PGD also adversely affects medium
to long-term lungfunction and outcomes®. Giventhe clearassociation between PGD and long-term
outcomes??, every effort must be made to minimise postoperative lunginjuryin orderto maximise

the longevity of the graft and the recipient.

IRl is a complex process mediated by oxidative stress, electrolyte disturbance, inflammation and
subsequent celldeath®?. Cellinjury aftertransplantation resultsin the release of damage-associated
molecular patterns (DAMPs) that activates the innate immune response in the recipient, further
contributing to the development of both acute and chronic graft dysfunction3!33. Whilst IRl is a
major contributor, there are many other factors which also contribute to the pathogenesis of PGD
that include donorbrain death, aspiration, ventilator associated lunginjury (VALI), inflammation and
immune responses??733-35_Furthermore, numerous risk factors for PGD have been identified that are
seemingly unrelated to IRI, such as blood transfusion requirements, recipient diagnoses, recipient

obesity, donorage, donorsmoking & alcohol intake, and genetic polymorphisms3,
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1.1.1.1 Similarities with ARDS

PGD afterlungtransplantation shares many clinical and pathological similarities with ARDS seen in
the general ICU population?3738, Both conditions are characterised by the acute development of
poor pulmonary compliance, poor oxygenation, diffuse infiltrates on chest radiography, and a
histological appearance termed diffuse alveolar damage (DAD)22%%, Like PGD, ARDS is also
associated with long-term impairment of lung function*!. ARDS and PGD also share multiple risk
factors; which include smoking, obesity, fluid administration, transfusion of blood products and

possibly the use of cardiopulmonary bypass**#°

ARDS is a common cause of acute respiratory failure that afflicts 20-85 per 100,000 in the general
population and carries a mortality of 30-60%°°. ARDS almost always necessitates mechanical
ventilation that inevitably exacerbates lung injury. Despite half a century of research, protective
ventilation strategies that mitigate ventilatorassociated lunginjury (VALI) are the only interventions
to confer survival benefit®!. Biochemical, radiographic and epidemiological evidence suggest that
even “protective” ventilation willinduce further lunginjury>>3. ARDS causes surfactant depletion
which leaves the lung vulnerable to the injurious effects of positive pressure ventilation by
exacerbating the development of atelectasis and oedema in the lung*. The phospholipid
composition of pulmonary surfactant is also altered in patients with both established ARDS and
those who are at risk of developing ARDS, with arelativeincrease inthe amount of lysoPCspeciesin
relation to DPPC. Whilst previous studies have attempted to quantify the altered phospholipid
composition that could contribute to surfactant dysfunction in ARDS>°, the changes in surfactant

phospholipid compositionin PGD are largely unknown.

Given the many similarities between ARDS and PGD, the recommendations onthe management of

PGD and protective ventilation after lung transplantation have been extrapolated from studies on
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ARDS?*°¢, Therefore, elucidating the pathogenesis of PGD could be extrapolatedback into ARDS in

the general intensive care population.

Human in vivo models of ARDS have traditionally looked at other patient cohorts that will
predictably develop acute lunginjury through the effects of intraoperative one-lungventilation and
cardiopulmonary bypass®’. Giventhe predictabledevelopmentoflunginjury aftertransplantation
and the many clinical and pathological similarities between PGD and ARDS, lung transplantation
could become a valuable human modelforresearchinto both ARDS and VALI.

1.1.1.2 Ventilator-associated Lung-Injury (VALI)

VALI is both a risk factor for and a major determinant of outcomes in ARDS, and is the result of
volutrauma, barotrauma, atelectrauma, and subsequent biotraumathat occuras a consequence of
positive pressure ventilation®%4%8, Volutrauma and barotrauma refer to the physical injury
sustained by the lungs when exposed to excessive tidal volumes and positive airway pressures;
whereas atelectotrauma results from cyclical opening and closing of recruitable lung units. The

subsequentinflammatory response that followsis often referred to as biotrauma®>*>4,

Mechanical ventilation can add a furtherinsulttothe alreadyinjured lungandisakeydeterminant
of outcome in patients with ARDS>°°#°, Despite the wealth of research on VALI that has been
conducted in the general ICU population, data on the topic are extremely limited in the lung
transplant cohort®®. Limited data suggest that injurious ventilation in the donor is a risk factor for
the subsequent development of PGD®%3, but the effects of VALI in the recipient are largely

unknown?®®.

Lung transplant recipients require invasive ventilation postoperatively, sometimes for prolonged
periods. VALl developsinlungsthat have already suffered some otherform of insult®*. Hence, after
transplantation, IRl and VALI may combine with other risk factors like blood transfusion to cause
ARDS®4%¢_ Pulmonary surfactant dysfunction will make the lungs particularly susceptible to

developing severe VALI, by promoting alveolar collapse and exposing the lung to increasing shear
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stress associated with atelectotrauma®’. Not only does surfactant depletion increase the risk of
VALI, injurious ventilation strategies may also cause further damage to the pulmonary surfactant
system®88°, Experimental models suggest that both endogenous surfactant’® and the exogenous
supplementation of surfactant may protect the lung against the deleterious effects of mechanical
ventilation’*73, However, the beneficial effects of supplemental surfactant in animal models and
neonatal Respiratory Distress Syndrome (RDS) have not translated into the prevention of VALl in
adult patients with ARDS; thisis discussed in more detail in section 1.2.10.174,

1.1.1.3 Managementof PGD

There is a paucity of clinical data to support specific treatments or management strategies in
patients with PGD. Guidelines on the topichave been mainly extrapolated fromstudies in ARDS in
patients who have notreceived alungtransplant®’>. Protective ventilation (inboth the donor and
recipient) to prevent VALl is the cornerstone of PGD management®27677 |tis generally accepted that
extracorporeal membrane oxygenation (ECMO) may be required as a rescue strategy forthose with
severe postoperative lunginjury (PGD grade 3)7¢. United Network for Organ Sharing (UNOS) registry
data and several case series support the use of ECMO within the first few days of developing PGD,
although the 6-month survival rate for this subset of patients is reduced to approximately 62% 2.
Prophylactic postoperative ECMO to preventthe development of PGD could be beneficial in selected
high-risk patients with severe pulmonary artery hypertension by allowing controlled reperfusion of
the lung, and possibly by facilitating protective ventilation; the role of prophylactic ECMO use to
prevent PGD through protective ventilation in the widertransplant cohort requires further study 7920,
Inhaled Nitric Oxide (NO) or prostacyclin may have a role as salvage therapy for severe PGD,

refractory hypoxaemiaand pulmonary artery hypertension, but dataare very limited’>.

Different preservation techniques during organretrieval caninfluence the development of PGD in
the recipient; combined antegrade and retrograde flush with asolution like Perfadexinorgans that
have an ischemic time under 8 hours decreased the effects of IRl and protected the lungs from
PGD”>.
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Ex vivo lung perfusion (EVLP) has recently emerged as clinical tool for the assessment and
reconditioning of human lungs for clinical transplantation®!. EVLP allows for prolonged organ
preservation times®?, with successful transplantation after 4-6 hours of ex vivo supportin one clinical
case series®, and experimental models demonstrating organ viability after 12 hours of ex vivo
support®*. The Organ Care System (OCS) is a mobile method of perfusing the lungs outside the body,
that can also facilitate the transfer and evaluation of organs before clinical transplantation®. EVLP
has the potential to expand the donor pool of organs by allowingthe detailed ex vivo assessment of
‘marginal’ or ‘high-risk organ offers that may have been otherwise rejected, particularly in cases of
donation aftercardiacdeath (DCD)#3#5. The use of EVLP to recondition marginal organs and prevent
the incidence of PGD afterimplantation by reducing cold ischemia (or other undefined mechanisms)
isan exciting prospect, butthisrole is uncertain and remains the subject of ongoingclinical trials?2®.
Beyond the potential expansion of the donor organ pool, EVLP presents an opportunity to deliver
targeted therapiesto prevent the development of PGD, potentially even therapies that are too toxic
to be delivered in vivo®’#8, Experimental models of EVLP with injured lungs have shown that the
combination of lung lavage with exogenous surfactant replacement can substantially improve
postoperative graft performance®. The clinical role of exogenous surfactantreplacement therapy

remains a promising tool forthe treatment of PGD that warrants continued research”>769°,

1.2 Pulmonary surfactant biology

1.2.1 The alveolar epithelium

Alveolartype 2(AT2) cells synthesise pulmonary surfactant which reduces alveolar surface tension.
Surfactantis a highly regulated lipid:protein complex, of which phosphatidylcholine (PC) isthe most
surface-active constituent. By reducing the surface tension of the alveolar lining fluid, surfactant

helpsto preventthe development of airway and alveolar collapse and pulmonary oedema®92,
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Alveolartype 1cells (AT1) are vulnerable toinjury; Alveolartype 2 cells (AT2) are more resistant to
injury and will dedifferentiate, spread, migrate and proliferate to recover the denuded basement
membrane before undergoing apoptosis and differentiation back into type 1 and 2 cell
phenotypes®. In clinical trials, the recovery of epithelial cell dependent alveolar fluid clearance
correlated with patient outcomes®*. Whilst the AT2 cells can survive prolonged periods of hypoxia,
reoxygenation after periods of hypoxia has been associated with significant cellinjuryand death in
vitro®>. In neonatal RDS AT2 cells fail to differentiate adequately before a gestational age of 34

weeks resulting in post-partum surfactant deficiency, severe respiratory failure and sometimes

death®®.

Figure 1-1: Electron microscopy of AT2 cell of a lung transplant recipients
Biopsy taken from patient 1. LB- Lamellar bodies. Electron micrograph produced by Dr Rosalba Romano
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Surfactantis initially synthesised in the endoplasmicreticulum, before undergoing post-translational
alterations in the Golgi apparatus. Surfactant is then transferred within the cell in multivesicular
bodies, prior to storage in the lamellar bodies (Figure 1-2). Fusion of the lamellar bodies with the
cellular membrane results in exocytosis of surfactant from the AT2 cells®’. Cyclical stretch of the
alveolarepithelium through ventilation has animportantrole in up-regulating surfactantsecretion,
possibly mediated through the mechanosensitive influx of Ca2*°8°°. Once secreted from AT2 cells,
phospholipids arrange into the form of tubular myelin in the alveolar space. Surfactant is then
recycled, taken up by alveolar macrophages and by the AT2 cellsinto multivesicularbodies - Figure
1-298100101 Recycling of surfactant from the alveolar space is regulated by the orphan G-protein
coupled receptor GPR116 in the AT2%2, and regulated by granulocyte colony stimulating factor

(GM-CSF) in alveolar macrophages03:104,

. _'_'_'—\_H_\"""—\-\_,
Alveolar airspace ___f’/r

Alveolar Macrophage

““Tubular myelin ¢/ En
|

AT1 cell ) AT1 cell

Basal membrane

and interstitial space

Endothelial cell

Plasma / Perfusate

Figure 1-2: Simplified schematic of surfactant metabolism at the alveolar epithelium
CT choline transporters. AT2 alveolar type 2 cell. LB lamellar bodies. MVB Microvesicular bodies, ER
Endoplasmic reticulum, G Golgi. Ex exocytosis, En Endocytosis. AT1 Alveolar type 1 cell. DPPC
Dipalmitoylphosphatidylcholine. RBC Red blood cell
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The uptake of choline by the alveolar epitheliumis mediated by cholinetransporter-like protein 1
(CTL1)%5, 1t is likely that sodium-coupled transporters are responsible for apical transport of
phospholipids from the alveolar epithelium in to the alveolar space, whilst sodium-independent
transporters are located in the basolateral surface of the pulmonary epithelium to facilitate the
uptake of choline fromthe plasma by AT2'°¢, The ATP-binding cassette (ABC) family of transporters
move multiplesubstrates across the cellular membrane®’. In vitro models suggest that ABCA3 is an
important mediator of ATP dependant uptake of choline phospholipids into the epithelium, the
subsequentformation of the lamellar bodies*®, and for surfactant protein processing®®. ABCAlis
anotherlipid transporterthatalso contributesto lipid homeostasisinthe lung, andis also expressed

on the alveolarepithelium?*?°.

1.2.2 Surfactant composition

Four surfactant proteins (SP) have been identified, termed SP-A, SP-B, SP-C, and SP-D. Surfactant
proteins have multiple roles in surfactant metabolism, as well as antimicrobial and anti-
inflammatory properties'!’. Surfactant proteins become incorporatedintothe network of tubular
myelin in the alveolar lining fluid, interacting with the lipid components, contributing to surface
tensionreduction, facilitatingadsorption at the air-liquid interfaceand spreading of the lipid layer
across the air space!?!13, Surfactant proteins are essential for surfactant function, and deficiency
can lead to fatal respiratory failure!!*®, However, this project will primarily focus on the

phospholipid component of surfactant.
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1.2.3  Phospholipid nomenclature

Phospholipids classes are defined by their ‘head group’ (e.g. PC — phosphatidylcholine, Table 1-2),
and by any attached fatty acid chains (usually two fatty acid chains are present). Fatty acids are
classified by the number of carbon atoms and the number of double bonds that are present??’,
DPPCcontainsa phosphatidylcholine head attached to two palmiticacid moieties, with each palmitic
acid moiety containing 16 carbon bonds without any double bonds?**. Usingthis convention, DPPC

could also be represented as follows:

Fatty acidin Fatty acidin
snl position sn2 position

PC| 16:0/| 16:0

Lipid class Description of fatty acid
PC = Phosphatidylcholine Carbon atoms: Double bonds

Figure 1-3: Shorthand notation for phospholipids
For example, DPPC is also known as PC16:0/16:0. Sn — stereospecific nhumber,
PC - Phosphatidylcholine

Q (6]
0 X o//P\

Figure 1-4: Structure of DPPC.
DPPC has a mass of 733.5622 and it consists of two palmitate chains attached to a PC head. Each palmitate
chain has 16 carbon atoms with no double bonds — hence the alternative name of PC16:0/16:0

1.2.4 Phospholipid classification

85-90% of surfactantlipids contain a phosphate group (phospholipids), about 5-10% of lipids contain
a carbohydrate group (glycolipids), and 5-10% of lipids have no charged/polargroup (neutral lipids).
Dipalmitoyl phosphatidylcholine (DPPC or PC16:0/16:0'*%) is the most abundant phospholipid in

pulmonary surfactant and has the greatest effect on surface tension!°l. The inherent amphiphilic
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nature combined withitstwo non-branching saturated fatty acid chains allows DPPCto form highly

compressible monolayers, which probably accounts

foritsability tolowersurface tensionin alveolar

surfactant311%120 Typical surfactant compositionis summarised in Table 1-27497.121.122,

Percentage of total weight

Lipid

85-90%

Protein

10-15%

Percentage of lipid content

Phospholipids 85-90%
Neutral lipids 5%
Glycolipids 5-10%
Percentage of phospholipid content

PC 68%

-DPPC or PC16:0/16:0 -Up to 60% of PC content
PG 10%
PE 5%
Pl 4%
PS 2%
SM 4%

Table 1-2: Composition of surfactant.

Abbreviations: Dipalmitoyl phosphatidylcholine (DPPC),

phosphatidylcholine (PC), phosphatidylgycerol (PG),

phosphatidylethanolamine (PE), phosphatidylinositol (Pl), phosphatidylserine (PS), and sphingomyelin (SM),

Whilst only present in relatively small quantities in man, other phospholipid classes like PG may

indirectly reduce surface tension by facilitating alveolar adsorption of surfactant (i.e. spreading and

adherence of the surfactant layer along the alveolar wall)'*®. Neutral lipid species (such as

cholesterol) may alsoincrease the fluidity of the surfactantlayerin the alveoli,and help re-spreading

of the film during normal ventilation %123,

1.2.5 PCsynthesis

PCissynthesised by three pathways:

1. Kennedy’s CDP-choline pathway (de novo PCsynthesis)—section 1.2.5.1

2. land’sacyl remodelling pathway (conversion of PCspecies) —section 1.2.5.2

3. PE Methylation pathway (exclusiveto the liver) —section 1.2.5.3
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DPPC is the most abundant and surface active of all the PC species, and its deficie ncy has been
demonstrated in other forms of acute lung injury; therefore, DPPC will be the phospholipid of
primary interest in this thesis?>. In the human lungs, most de novo PC synthesis is in the form of
PC16:0/18:1 and PC16:0/18:2, with acyl remodelling of these phospholipids into DPPC through the
action of phospholipase A, (PLA,) and lyso-PC acyltransferase-1 (LPCAT1)101124125 - Approximately
55% of all DPPC is synthesised through PC remodelling, and the remaining 44% is from de novo

synthesis'?. These pathways willbe discussed in greater detail.

1.2.5.1 TheKennedy Pathway
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Figure 1-5: The Kennedy Pathway.

ADP —Adenosine diphosphate, ATP — Adenosine triphosphate, CMP — Cytidine monophosphate, DAG — Diacylglycerol, AAG —
Alkyl-acyl glycerol, PP Pyrophosphate. R groups typically consist of a fatty acid acyl group of varying chain length and
saturation
Eugene Kennedy was an American biochemist who was the first to describe the major pathway of PC
synthesis in 1956'%%, The Kennedy pathway takes place in the endoplasmic reticulum and Golgi
apparatus of virtually every mammalian cell, and is responsible for the synthesis of most

phospholipids'?®1?’, Choline is converted into cytidine-diphosphocholine (CDP-choline through the

sequential action of choline kinase and phosphocholine cytidyltransferase, before combining with
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diacylglycerol (DAG) in areaction mediated by cholinephosphotransferase to produce awide range
of phosphatidylcholine lipid species!??12¢, Whilst some DPPC is produced de novo by the alveolar
epitheliumthroughthe Kennedypathway, most DPPCisremodelled from other phospholipids via

Land’s cycle22128,

1.2.5.2 land’sacylremodelling cycle

Bill Landsisa nutritional biochemist originally from the University of Michigan, who first described
the pathway responsible for the remodelling of phospholipids into different species through a
process of deacylation (via phospholipase A, (PLA,) enzymes) and reacylation (via

lysophosphatidylcholine acyltransferase) - Figure 1-6*2°.
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Figure 1-6: Land’s Cycle
Also known as the Acyl remodelling pathway. In this example PC16:0/18:2 is remodelled into PC16:0/16:0 after receiving a
palmitoyl moiety donated by CoA(16:0) through the action of lysophosphatidyicholine acyltransferase

Palmitate is readily remodelled in the lungs fortransferto phosphatidylcholine!*°, and so Land’s acyl

remodelling acyl remodelling pathway is the source of most DPPCin the airway 22128,
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1.2.5.3 PEMTpathway
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Figure 1-7: PEMT Pathway
Sequential of Phosphatidylethanolamine (1. PE) by Phosphatidylethanolamine N methyltransferase (PEMT) into
phosphatidylmonomethylethanolamine (2. PMME), phosphatidyldimethylethanolamine (3. PDME), and then
into phosphatidylcholine (4. PC). Methyl groups are donated from the conversion of S-adenosylmethionine (S
AdoMet) into S-adenosylhomocysteine(S-AdoHcy)
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Thirty percent of PC species are synthesised in the liver through the sequential methylation of
phosphatidylethanolamine (PE), mediated by the action of Phosphatidylethanolamine
N-methyltransferase (PEMT) as shown in Figure 1-7131132_ This PEMT pathway is unique to the
hepatocyte, and typically produces a more diverse range of PC species that contain more

unsaturated long-chain fatty acids (like arachidonic acid)*33.

1.2.6 Surfactantabnormalitiesin lung injury

Surfactant dysfunction was quickly established as an important contributor in the pathogenesis of
ARDS, soon after the first descriptions of the syndrome were published?32439, The surfactant
abnormality associated with ARDS has several pathological characteristics. The dysfunctional
surfactantfoundin patients with ARDS produces an alveolarfilm with reduced surface elasticityand
increased surface tension?#!3, whichincreases the tendency for unstablealveolarunitsto collapse
on expiration'3®, This functionalimpairmentis probably the result of changesin both the functional

composition of surfactantand in inhibitory factors.

An extensive analysis of pulmonary surfactant sampled from ARDS patients at autopsy demon strated
arelative reductioninthe DPPC contentand PG class phospholipids with a greater predominance of
sphingomyelin and PS species when compared to healthy controls!*®. The total amount of
phospholipids retrieved from bronchoalveolarlavage of patients with ARDS was also considerably

reduced when compared to healthy controls?®’.

1.2.7 Mechanism of surfactant dysfunction in lung injury

All aspects of surfactant metabolism from synthesis to degradation are vulnerable in the acutely
injuredlung. Thereisaninflux of inflammatory cellsinto the airspace of injured lungs that release
enzymes that could impair surfactant function®®. For example, neutrophil elastases, other

proteolytic enzymes and secretory PLA, are increased and could degrade surfactant proteins and
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phospholipids'3®!3°,  Complementary in vitro studies suggest that PLA, mediated surfactant
dysfunction is driven by two mechanisms, the loss of surfactant phospholipids through hydrolysis
and the generation of toxic lysophospholipids*®-142, Lysophospholipids are potent inhibitors of
surfactantfunction, asthey are capable of penetrating the phospholipid film and disrupt the normal

fluid properties of surfactant!*3.

Neutral lipid species (such as cholesterol and triglycerides) have animportant physiological role in
preserving normal surfactant function (section 1.2.2)11%123 Elevated neutral lipids as reportedin the
airways of patients with ARDS*, inhibited surfactant function and raised surface tension in

experimental invitro models#°,

Once surfactant dysfunction has been established, increasing surface tension will cause alveolar
collapse and result in the formation of a pressure gradient that promotes the continued influx of
plasma and the development of pulmonary oedema’*®. The influx of plasma proteins such as
albumin, fibrinogen, and haemoglobin®” can further inhibit surfactant function by preventing
adsorption of phospholipids along the alveolar wall**®, Surfactant proteins, especially SP-A, can
reverse the inhibitory effects of plasma proteins in vitro*°. However, neutrophil elastases released
in ARDS patients could degrade these protective surfactant proteins and remove this defence

mechanism against surfactantinhibition'®,

Cell membrane phospholipids that have beenreleased through the action of PLA, can appear in the
alveolar space in ARDS, and could also act as a surfactant inhibitor through a similar concept of
competitive adsorption along the alveolar wall, displacing surfactant phospholipids that would

otherwise lowersurface tension*3.

Surfactant kinetics studies in ARDS suggest that whilst there is a reduction in the amount of
surfactant phospholipids in the airways, the turnover of phospholipids is increased in these
patients3715% it could be hypothesized that this increased turnover reflects increased surfactant

degradationintheinjuredlung, and possibly acompensatoryincreaseinsynthesis®*!, In contrast,
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similarinvivo pulse chase experiments have shown a marked reductionin PCmetabolismin the first
days of life in neonates at risk of RDS?°2, and presumably reflects the decreased synthetic ability of
the immature AT2 cells. Despite the many clinicaland pathological similaritiesbetween ARDS and
neonatal RDS, complementary studies into surfactant kinetics have demonstrated contrasting
patterns of phospholipid metabolism. The impact of lung transplantation on pulmonary surfactant
phospholipid kinetics remains to be seen, and the application of these techniques is discussed in

greaterdetail insection 1.3.5 and throughout this thesis.

1.2.8 Mechanisms of surfactant dysfunction following lung transplantation

As with other forms of lung injury, surfactant dysfunction following transplantation is associated
with poor pulmonary compliance and oxygenation, and probably contributes to the development of
PGD*30153 The mechanisms described in section 1.2.7 that contribute to surfactant dysfunction in
other forms of acute lung injury could also exist in PGD, but there are relatively few studies that

have investigated any mechanisms that might be unique to lungtransplantation.

Rat models of lung transplantation show that IRI causes the “disintegration” of the tubular myelin
that lines the alveolar wall following the influx of pulmonary oedema fluid (Figure 1-2), with
clumping of surfactant instead of a smooth and even distribution along the alveolar wall. In this
model, IRl induced ultrastructural changes in surfactant that were also associated with impaired
pulmonary compliance; pathophysiology that is frequently seen in acute lung injury and PGD¢,
Prolongation of the ischemictime further exacerbated the IRl mediated surfactant dysfunctionseen
in a canine model of lung transplantation, with decreased surfactant proteins, changes in
phospholipids class composition, and an alveolar influx of plasma proteins that may have

functionally inhibited surfactant function .
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Whilst surfactant proteins in the alveoli would normally protect surfactant from inhibition and
degradation by serum proteins, these too are deficient after lung transplantation; leaving the

pulmonary surfactant system further exposed to disruption after surgery>+1%,

The routine sacrifice of the bronchial circulation during the bilateral sequential single lung
transplantation technique may cause further injury to the AT2 cells as the pulmonary epithelium
becomesincreasingly dependent on the pulmonary circulation!®®, andsoit could be hypothesised
that perioperative changes in blood supply would further compromise surfactant metabolism

followinglungtransplantation.

Oxidative stress represents an imbalance between reactive oxygen and nitrogen species and
antioxidant defences, which leads to direct damage to proteins, DNA, and lipids®®’. Lung
transplantationisasource of substantial oxidative stressin the early perioperative period**¢, which
contributes to IRl and PGD*>%-161, QOxidative stress may impair surfactant phospholipid synthesis in
the AT2 cells®2. In vitro AT2 exposure to oxidised lipoproteins will induce a protease-mediated
cleavage of phosphocholine cytidylyltransferase, which is the rate-limitingenzyme in the Kennedy
pathway of phospholipid synthesis'3'64, Surfactant producingtype 2 alveolarepithelial cells (AT2) in
vitro undergo significantinjury and cell death on reoxygenation after 72 hours of hypoxia®?,and may
contribute to surfactant deficiency after transplantation. AT2 cells that survive IRl appeared swollen
and oedematous with decreased numbers of lamellar bodies where surfactantis stored **2 If the AT2
cellsdoes survive the IRI, surfactant synthesis could be impaired by various preservation fluids and

techniques, and the continued exposure to oxidative stress 162165 166,

Perioperative IRl generates reactive oxygen species (ROS) and reactive nitrogen species (RNS) that
react with and damage surfactant phospholipids3°167.168, The protein component of pulmonary
surfactantis alsosusceptibleto the effects of oxidative stress through protein oxidation, nitration,
and carbonylation®®917° Whilst not routinely used for all lung transplants, inhaled NO is used to

treat pulmonary hypertension and hypoxaemia after transplantation, but can also degrade
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pulmonary surfactantin experimental models of lung transplantation . The surfactant toxiceffects
of inhaled NO are probably the result of nitrosative stress, as NO metabolites like peroxynitrite

raised surface tensionin an experimentalinvitro model %2,

1.2.9 Assessment of surfactant dysfunction in lung transplantation
Several techniques have been used to demonstrate surfactant dysfunction in both animal models

and human studies of lung transplantation®173;

Direct measurements of surface tension - The Bubble Surfactometer can assess surface tension
through the Laplace equation by measuring the pressure gradient across a bubble of fluidY4. There
isa significantincrease in surfactant surface tension within hours of lungtransplantation in animal

models and patients*!°3,

Small aggregate/large aggregate (SA/LA) ratio - Centrifugation separates surfactantintolarge and
small aggregates’®. LAslowersurface tension and are comprised of tubular myelin, lamellar bodies,
and large vesicles. LAs degrade into SAs, which have little effect of surface tension?’®. The
degradation of LAsinto SAs s driven by several mechanisms; oxidative inactivation®’, surface area
cycling, and enzymatic degradation!’””. Animal models of lung transplantation demonstrated an
increase in the SA/LA ratio within hours of transplantation, especially in organs with prolonged
ischemictimes®®. The SA/LA ratio and surface tension may remain elevated foryears following lung

transplantation in humans, implyingthe prolonged persistence of surfactant dysfunction?’3.

Quantitative analysis of alveolar fluid and surfactant composition - Using chromatography to
measure the surfactant phospholipid content from bronchoalveolar lavage fluid (BALF) inan animal
model demonstrated reduced levels of phosphatidylglycerol following lung transplantation. The
amount of surfactant protein A in the BALF was also significantly reduced in the same animal
model®*3. Whilstthe total concentrations of phospholipids were not changed in one human study of

lungtransplantation, individual phospholipid species were not assessed’3,
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1.2.10 Surfactantreplacementtherapyin adults

1.2.10.1 Failurein adultlung injury

Neonatal respiratory distress syndrome (RDS) is characterised by surfactant depletion, and
exogenous surfactanttherapy has become the standard of care for premature neonates with RDS 22,
As with neonatal RDS, surfactant dysfunction has been demonstrated in adults with ARDS?.
Surfactant dysfunctionin ARDS contributes to alveolar collapse and the development of pulmonary
oedemaand pneumonial™!79, Giventhe many clinical and pathological similarities with neonatal
RDS, it has led to the theory that exogenous surfactant therapy may also be beneficial in adult ARDS.
However, two meta-analyses have failed to demonstrate any convincing benefit from exogenous

surfactantin adult ARDS80.181,

There are numerous theories as to why surfactant therapy hasfailed to translate into adult practice.
The surface area of adult lungs is much greater than the infant lung, and existing exudative lung
injury present stiff challenges for surfactant delivery. Determining the optimal dose, delivery
method, and subsequent recruitment manoeuvres to ensure adequate distribution of exogenous
surfactantis problematic’®?. Several surfactantinhibitors are seenin ARDS that may not be present
neonatal RDS, and increased concentrations of exogenous surfactant could be required to overcome

those inhibitory effects!®,

Unlike neonatal RDS, ARDS is a heterogeneous syndrome with many possible causes, soitis possible
that there will also be marked heterogeneity in the surfactant biology amongst ARDS patients.
Contrasting patterns of phospholipid metabolism between ARDS and neonatal RDS could potentially
explain the failure to translate surfactant replacement therapy neonatal RDS into adult ARDS, as

discussedinsection 1.2.774137.152.184 " |n theory, phenotyping surfactant phospholipid metabolism in

adults with ARDS could identify patient subsets which would benefit from exogenous surfactant

therapy’®.
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Table 1-3: Reports of surfactant use in human lung transplantation.
A PubMed search was performed with the keywords “surfactant” and “lung transplant”. All reports of
surfactant use in human lung transplantation have been included. 7 clinical reports were identified, with a

total of 55 transplant recipients. Abbreviations; PGD — Primary Graft Dysfunction, FEV1 — Forced Expiratory

Volume in 1 second, ICU LOS — Intensive Care Unit Length of Stay, PFTs — Pulmonary Function Tests.
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1.2.10.2 Surfactantreplacementtherapyin clinical lung transplantation

Whilst there have been some promising results with exogenous surfactant therapy for both PGD
prophylaxis and treatment, they are mostly limited to case reports or small case series (Table 1-3);

the role of surfactantreplacementin transplantation requires further study22.

1.2.11 Experimental modelling of phospholipid biology

In vitro cell culture of AT2 has confirmed that they are capable of independent PC synthesis, as
would be expected from most mammalian cells that utilise the Kennedy pathway. However, cell
culture experiments have thus farfailed to replicate the fullrange of phospholipids species in the
proportions found in vivo!®l. Synthesis of some phospholipids requires interaction between multiple
different cell types and has been termed ‘transcellular biosynthesis’!°°. Leukotrienes (and other
eicosanoids — 20 carbon PUFA species containing oxygen) probably depend on transcellular
biosynthesis, which could be difficult to re plicate within in vitro experiments comprised of a single

cell-linet®?,

Most experimental models of phospholipid biology inthe alveolar epithelium have focused on the
airway secretion of phospholipids into the airways that reduce surface tension. Both invitro cellular
modellingand animal experiments have implied that the alveolar epitheliumis capable of selectively
secreting different phospholipids into the airways and the circulation, but thisproposed theory of
basolateral phospholipid efflux has never been conclusively provent®!; little is known about any

pulmonary contribution to phospholipids in the systemiccirculation.

In vitro modellingis further limited by the technical challenges of recreating the mechanically mobile
environment created in the lungs during respiration, especially as surfactant release depends on
ventilation!®2, The effects of ventilation can be replicated in animal models, ex vivo organ
preparations, and evenin cell culture plates with deformable silicoelasticmembranes exp osed to
cyclical stretch®”193194, Mechanical stretch of the pulmonary epithelium causes surfactant lamellar

body exocytosis of phospholipids in adose-dependent fashion, by mobilisingintracellular calcium
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stores®¥1%°, Amplitude, timing, and variability of alveolar stretch will affect the release of surfactant
phospholipids by the alveolar epithelium, processes that are further attenuated by paracrine
effects'®¢198, Cyclical stretch of the alveolar epithelium will induce several enzymes promoting both
de novo synthesis and acyl remodelling of DPPC; specifically, enzymes thatinclude LPCAT, P LA,, CDP-
choline:cholinephosphotransferase!®®, These effects of ventilation may not be limited to surfactant
phospholipid species like DPPC;itis possible that mechanical stretch associated with breathing could

also promote the release of eicosanoid-based mediators from the lungs into the circulation®°,

Given it has been shown that a single deep breath causes a substantial increase in alveolar
surfactant phospholipids, the mechanical effects of ventilation must be consideredinany model of
alveolar phospholipid biology'%1%5, In vivo animal models can address some of these issues and
have provided valuable data on pulmonary phospholipid biology, but interspecies variation in
pulmonary phospholipid biology must also be considered when establishing animal models to reflect
the considerable variation in the phospholipid classes and PG content in surfactant between

201 Lung size could also be an important consideration in animal

different mammalian species
models of phospholipid biology when considering trials of exogenous replacement therapy, as
differencesinorgan size (andits associated challengesin surfactant delivery) could have contributed

to the failure to translate exogenous surfactant replacement from neonatal RDS into adult critical

care 182,202 .

The gold standard model for research into human pulmonary phospholipid pathobiology would

theoretically have the following attributes:

e Faithfully replicates the physical effects of breathing
o Foritsessential role in phospholipid metabolism and the effects of VALI
e Maintainsa preserved alveolar & vascular architecture

o Forcontinued apical and basolateral phospholipid secretion
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e Maintains cell-cell interactions that would be expected in the lungs
o For preservedtranscellular biosynthesis and paracrine signalling
e Capable of producing a comparable range of phospholipids expectedin man
o Acknowledgingthe mammalianinterspecies variability in phospholipid content
e Canreliablyreproduce injuryinapredictable pattern
e Replicatesthe challengesindrugdelivery encounteredinadult humanlungs
o i.e.lungsofacomparable size and shape fortherapeuticstudies of surfactant

replacement, and similartherapeuticmodels that depend on effective delivery

1.2.12 Other biological functions of phospholipids

There are a theoretical 6455 different glycerophospholipids species, without including the many
potential isomers?®, The biological roles for mostlipids can be separated into four broad categories:
1) formation of membranes, 2) lipid messengers, 3) creating hydrophobic environments, and 4)
energy storage and otherapplications2®. Avery brief overview of otherlipid functions is provided
for completeness, butacomplete reviewof lipid biology is beyond the scope of this thesis.

1.2.12.1 Cellmembranes

The phospholipid bilayeris the key component of the widely accepted fluid mosaic model of cellular
membranes?®>. Membrane phospholipids are of a wide range of different classes and species, which
vary with the functional needs of the membrane?°. Sphingolipids, PE, and PC species represent
most of the phospholipids that form cellular membranes?°”2°¢,  Phospholipids also form the
membranes of intracellular organelles like the mitochondria2®® and changes in mitochondrial cell
membranes have beenimplicated in apoptosis and cell death?%. The biology of mitochondrial and
cell membrane dysfunction is a vast topic that is beyond the scope of this thesis, and will not be

discussedinfurtherdetail.
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1.2.12.2 Cellular messengers

It is thought that phospholipid PUFA is mobilised from the cellular membranes following the
activation of the PLA, family of enzymes?!°. Lipid peroxidation of PUFA species released by cells
injured by ischemiaand reperfusion will create oxidised phospholipids and exposed phosphocholine
that will act as DAMPs and trigger the innate immune response 2?12, presumably through IgM
binding with subsequent activation of the lectin-mediated complement cascade and dendriticcellsin

the transplant recipient?®,

Once released from membrane phospholipids, PUFA species can then become a wide range of
inflammatory mediators. Arachidonic acid is one example of a PUFA which enters the
cyclooxygenase (COX) pathways where it is converted into a wide range of eicosanoid-based pro-
inflammatory mediators?'?'#, |n contrast, eicosapentaenoicacid (EPA) and docosahexaenoic acid
(DHA) are w-3 PUFA species thatare metabolised into arange of specialized pro-resolving mediators
like resolvins, protectins, and maresins2®®, The balance between pro-inflammatory and pro-resolving
lipid mediators probably plays a crucial role in the development of the systemic inflammatory
response syndrome (SIRS), and the subsequent compensatory anti-inflammatory response syndrome
(CARS) inall forms of critical illness?%217, Breakdown-products of many phospholipids can create a
wide range lipid second messengers that are important in the pathogenesis of lung injury and
include sphingosylphosphorylcholine, sphingosine-1-phosphate, ceremide, diacylglycerols, and

lysoPCspecies?®224,

Intact phosphatidylcholine species can themselves act asinflammatory mediators, perhaps one of
the best known is platelet activating factor (PAF). PAF (PC016:0/2:0 - Figure 1-8) was the first PC
species discovered to act as an intercellular messenger that triggers coagulation cascades and
stimulates avigorous inflammatory response from leukocytes and endothelial cells (amongst many
otheractions)?25225, Aswith all other PCspecies, PAF synthesis is tightlyregulatedvia the Kennedy

CDP-choline pathway and Land’s Acyl remodelling cycle; however, oxidative degradation of other PC
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species will yield phospholipid products that can also bind with the PAF-receptorandinduce similar

biological effects?’.

Figure 1-8: Platelet activating factor
PCo016:0/2:0, also known as 1-hexadecyl-2-acetyl-sn-glycero-3-phosphocholine/platelet activating factor (PAF)

1.2.12.3 Hydrophobicenvironments

Lipids are by definition hydrophobic substances that are soluble in non-polar solvents??,
Hydrophobicity is the force that stabilises protein structure, extracellular matrices, and membranes;
and drives the formation of phospholipid bilayers and monolayers?2923°, Phospholipids are polar
moleculesthat will naturally form a monolayeratthe air-liquid interface with the hydrophobic acyl
chains orientated towards the airspace, which is then embedded with the hydrophobic surfactant

proteins SP-Band SP-Cand further contributes to the stability of the phospholipid layer°-22,

Elsewhere inthe body, bileacids and phospholipids act as a surfactantin the gastrointestinal tract
that facilitates the absorption and micelle formation of dietary fat, fat-soluble vitamins, and
essential fatty acids?3*23%, Chronicaspiration of bile acids can be particularly problematic following
lungtransplantation, andis associated with poor postoperative graft functionand the development
Of CLAD236’237.

1.2.12.4 Energystorageand otherfunctions

Lipids are an important energy source during times of acute physiological stress or fasting?3%, and the
fat-solublevitamins (A, D, Eand K) are essential micronutrients for health?°; the nutritional role of

lipidsisalsobeyondthe scope of this thesis and only mentioned for completeness.
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Beyondtheirroleinthe reduction of surface tension in pulmonary surfactant, there is avast range of
lipids with essential roles in both health and critical illness??, and this has understandably prompted
the desire to seek a greater understanding of the wider lipidome 204240241 ‘The ability to study the
lipidome has been greatly enhanced by technological advancements in mass spectrometry, which

are discussed in more detail in section 1.3.

1.3  Mass spectrometry

1.3.1 Applicationin lipidomic profiling

Previous attempts at analyses of lipid classes and species were both labour-intensive and technically
challenging?*?. But with the advent of electrospray ionisation tandem mass spectrometry (ESI-
MS/MS) it has become possible to quickly analyse hundreds of lipid species through the direct
infusion of a sample into the mass spectrometer, without prior chromatographic separation,
allowing the development of so-called ‘shotgun lipidomics’2%*. Fragmentation of lipids inside the
mass spectrometer through collision-induced dissociation can also provide further information on
phospholipids’ structure, as found in tandem mass spectrometry?®*. ESI-MS/MS is the primary
technique usedinthisthesis, and so brief overview of the technologyis provided with illustrative

examples of its applicationin the field of lunginjury.

1.3.2 Basic principles
The Bligh and Dyer method of lipid extraction is frequently used to prepare samples for lipid analysis
with mass spectrometry?*3, Extracted lipids can then undergo separation in a chromatography

column priorto feedingintothe mass spectrometer, orthey can be infused directly.

Mass spectrometers analyse samples by charting the relative abundance of various ions against their

mass/charge ratio (m/z) and are made of three basiccomponents; anion source, a massanalyser,
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and a detector?**. Whilst there are many variations on this theme, ESI-MS/MS is primarily used in

this project.

1.3.3 lon source: Electrospray ionisation

Analysis of a sample requires the generation of gas phase ions that can pass through the mass
analyser to the detector?**. The use of electrospray ionisation with mass spectroscopy was
described by Yamashita and Fenn both in 1984%%°, which earned Fenn the Nobel Prize?*®. An
electrical field is applied to a small flow of liquid to produce the so-called electrospray, creating

charged droplets of ions that can be sampled by a mass spectrometer - Figure 1-9204247,

Mass Analyser

Capillary Tip

Figure 1-9: Principle of electrospray ionisation in ES-MS/MS (Positive ion mode)
lllustration prepared in collaboration with Dr Hannah Skene, adapted from Han and Gross 2005294
1.3.4 Massanalyser: the quadrupole
Once the sample hasbeenionised, itis delivered toa mass analyser. Whilstseveral different types
are available, this project willuse aquadrupole mass analyser. Asions pass through the quadrupole,
an electrical field allows ions with a specificm/z (mass/charge ratio)to pass through to the detector,

whilstall otherions are filtered out - Figure 1-10%%4,

Electrical Field

O e bt
lon Source - FE —0 [j E]O oo - Detector

Figure 1-10: Schematic of a quadrupole mass detector.

Four poles are electrically connected. Electrical fields are applied to pairs of poles which will maintain a stable
trajectory forions of a given mass:charge (m/z) ratio, depending on the voltage ratio. Only ions that maintain a
stable trajectory from the ion source will reach the detector. Illustration prepared in collaboration with
Dr Hannah Skene, adapted from Glish and Vachet 2003244
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When multiple quadrupoles are used inseries to furtherenhance ion detectionitistermedtandem
mass spectrometry. By connectingthree quadrupoles togetherinseries, the firstquadrupole (Q1)
can select out a parent ion of interest, which is then fragmented by the second quadrupole (Q2),

before the daughterfragments are then sorted by the third quadrupole (Q3) —Figure 1-11248

I Qi Collision cell (Q2) Qa3 I

L 1 K

sCe® .0 s O ® 0500 _
lon Source .oo[?gg.o.%{‘ 0000000000000000 D;%go.o%‘ﬁ’%..oo'“ cecescecceccoecoecn| Detector
.OQO‘O T ]
°

L] [ | [ ! '| I

Collision gas supply

Figure 1-11: Tandem Mass Spectrometry
Three quadrupoles are connected in series. Introduction of gas into Q2 results in collision-induced dissociation
(CID) of ions filtered by Q1. lon fragments leave the collision cell and are then filtered by their m/z in Q3,
producing spectra of those fragmented ions. Q1: Quadrupolel, Q2: Quadrupole 2, Q3: Quadrupole 3.
Illustration prepared in collaboration with Dr Hannah Skene, adapted from Milne et al 2006248

Fragmentation in tandem mass spectrometry can filter out signals that only contain functional
groups of interest, forexample the polar phosphocholine moiety foundinPCand SMlipid species,

providing structural dataand greatly enhancing the sensitivity and specificity of the technique242%°,

1.3.5 Isotopic labelling of surfactant phospholipids

Isotopiclabelling of choline was the key method that allowed Kennedy to discover his eponymous
pathway that is responsible for the majority of phospholipid synthesis in mammalian cells?!?6,
Experiments based on the labelling of the CDP-choline pathway can continue to provide a dynamic
assessment of phospholipid flux that is not possible with static measures of phospholipid
content?*252,  Unlike Kennedy’s in vitro radioactive labelling experiments that used unstable
isotopes 3P and 1%C, stable isotope labelling with deuterium s easy, accurate, and completely safein

man&?126,

Combining ESI-MS/MS with stable isotope labelling of the Kennedy PCsyntheticpathway with D9-

choline (deuterated PC precursor) allows the in vivo assessment of surfactant phospholipid flux,
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providing molecular specificity that can differentiate between many lipids with unique biological

functions®?>3; a technique that has been utilised in healthy volunteers and the critically ill

alike7,137,254,255
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Figure 1-12: Deuterium labelling of the Kennedy CDP-choline pathway.

Nine hydrogen atoms are replaced with deuterium (highlighted in red) resulting in any labelled choline having
an m/z ratio that is 9 greater than naturally occurring choline. As the labelled choline moves through the CDP -
choline pathway, any newly synthesised PC species will also become enriched with deuterium with similar
effects on m/z ratio. Compare with the unlabelled Kennedy CDP-choline pathway described in Figure 1-5

Previousisotopelabelling experiments suggest that surfactant phospholipid turnoverisincreased in
ARDS; given the clinical and pathobiological similarities with PGD following lung transplantation it

would seem logical toinvestigate whetherthisis also the case in this cohort37:15°,

The primary objective of this thesis will be to apply these lipidomictechniques to perioperativelung
transplantrecipients, to assess the impact of IRl on the Kennedy Pathway, phospholipid biology, and
pulmonary surfactant. These techniques have also been applied to a complementary isolated ex vivo
perfused and ventilated human lung model to further investigate the pulmonary contribution to
systemicphospholipid metabolism, and to explore the protective mechanisms of clinical ex vivo lung

perfusion (EVLP) in transplantation.
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1.4

Hypotheses

Otherfactors, e.g.
infection

[ VAL

Oxidative stress

Damaged pulmonary
surfactantsystem

Lung injury and
poor clinical
outcomes

Figure 1-13: Hypothesis.
IRl and VALl (amongst over contributing factors) generate oxidative stress that damage the
surfactant system and cause lung injury. IRl — Ischemic reperfusion injury. VALl — Ventilator
associated lung injury

Kennedy pathway dependant pulmonary surfactant phospholipid metabolism is disrupted in lung

transplantation, which has an adverse effect on clinical outcomes afterlung transplantation.

1.5 Objectives

Establish the viability of lipidomic profilingin perioperative lung transplantation

Utilise stable isotope labelling of the Kennedy pathway with ESI-MS/MS to explore changes
insurfactant phospholipid metabolism following lung transplantation

Explore associations between lipid flux and clinical outcomesinlungtransplantation
Examine fora link between oxidative stress and disrupted phospholipid metabolism

Utilise stable isotope labelling to assess the integrity of the Kennedy pathway duringexvivo
lung perfusion

Explore pulmonary surfactant phospholipid metabolism using ahuman ex vivo platform



2 Methods

2.1 Materials

Material

Source

4-hydroxynoneal (rabbit polyclonal)
acetonitrile

All solvents—HPLC grade

Ammonium acetate

Ayasdi Workbench Platform

Bovine serumalbumin (3%)
Butylated Hydroxy Toluene (BHT):
DAPI (4',6-diamidino-2-phenylindole)
Deuterated methyl-D9cholinechloride
EDTA vacutainerblood tubes

ENO-20 NOx analyser

EVLP Disposable circuit tubing
FalconTest Tubes

FlUl distribution of ImageJ v1.51n
Formicacid

Freedom EVO® Platform

Goat anti mouse Alexa Fluor594

Goat anti rabbit Alexa Fluor 594
Hemoxygenase 1(HO-1-mouse monoclonal)
LSM 880 confocal microscope

mass spectrometry glassware
MassLynx™ version 4.0

Microsoft Office 365

Nitrotyrosine (NT-mouse monoclonal)
Organ Care System and solutions
Perfadex

Permafluor

Phospholipidsinternal standards
SPSS Statistics V24

Steensolution

Ultrapure water, Nanopure Diamond
Vivoline Ex vivo lung perfusion system
Xevo TQ-Mass spectrometer

Biorbyt. Cambridge, UK

Thermo Fisher Scientific(Life technologies), Waltham, MA - USA
Thermo FisherScientific (Lifetechnologies), Waltham, MA - USA
Thermo Fisher Scientific(Life technologies), Waltham, MA - USA
Palo Alto, CA-USA.

Sigma-Aldrich. Poole, UK

Sigma-Aldrich. Poole, UK

Sigma-Aldrich. Poole, UK

CK GAS Products. Hampshire UK

Becton, Dickinson and Company — Franklin Lakes, NJ USA

Eicom (Amuzalnc.) San Diego, CA-USA

Maquet. Sunderland, UK

Becton, Dickinson and Company — Franklin Lakes, NJ USA
Wayne Rasband, National Institutefor Health - USA

Thermo Fisher Scientific(Life technologies), Waltham, MA - USA
Tecan Group. Mannedorf, Switzerland

Thermo Fisher Scientific(Life technologies), Waltham, MA - USA
Thermo Fisher Scientific(Life technologies), Waltham, MA - USA
Biorbyt. Cambridge, UK

Zeiss. Oberkochen, Germany

Thermo Fisher Scientific(Life technologies), Waltham, MA - USA
Waters, Milford, MA-USA

Microsoft, Redmond, WA-USA

Biorbyt. Cambridge, UK

OCS —TransMedics, MA. USA

XVIVO Perfusion AB. Goteborg, Sweden

Beckman Coulter. High Wycombe, UK

Avanti PolarLipids. Alabaster, AL- USA

IBM North Castle, NY-USA

XVIVO Perfusion AB. Goteborg, Sweden

Thermo FisherScientific (Barnstead Thermolyne). MA - USA
Vivoline Medical AB, Lund. Sweden

Waters, Milford, MA-USA

Table 2-1: Materials
Materials used during this project and their source
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2.2 Clinical study
This was a single-centre clinical pilot observational study to evaluate perioperative changes in

phospholipid metabolismin patients undergoing lungtransplantation.

2.2.1 Approval

Ethical approval was granted by the Riverside NRES committee in London (Research Ethics
Committee approval reference 13/L0/1052 — See appendix 7.3) and the Royal Brompton & Harefield
Research Office provided NHS Management Permission for Research (R&D reference 2013LS001H —

See appendix 7.4)

2.2.2 Samplesize

As this was a pilot observational study, aformal power calculation was not performed 2°¢. Whilst a
sample size of 12 is acceptable for most pilot studies?*’, the larger number of 40 patients was
selected to furtherenhance the statistical power forthe study cohort based on the historical annual

transplantactivity at Harefield Hospital.

2.2.3 Inclusion criteria

2.2.3.1 Inclusion criteria:

e Adultpatients undergoing bilateral lung transplantation

2.2.3.2 Exclusion criteria:

e Singlelungtransplantrecipients
e Patientsunderthe age of 18

e Patientsextubatedintheatre

2.2.4 Entry Procedure

All patients on the active waitinglistfor bilateral lung transplantation who metthe inclusion criteria
(section 2.2.3) were provided with a patient information leaflet (see appendix 7.7). Patient
information leaflets were provided during hospital attendances, admissions to Harefield Hospital, or

they were mailed to their home address. After confirming with the patient that they have had
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enough time to study the information sheet and discuss the study with research staff, the patient
was invited to confirm their consent to participate in the study by signing the study consent form
(see appendix 7.8). Study consentformswere signed priortosurgery forlungtransplantation, if it
had not already been signed on a previous hospital visit. Consent forms were copied in triplicate;
one copy was given to the patient, one copy was filled in the patient notes, and one was stored in

the Study Masterfile.

2.2.5 Administration of D9-choline

Sample were collected from the first 10 patients without the administration of D9-choline, to
confirmthe ability to measure the phospholipids of interest before proceedingto the perioperative
labelling of transplant recipients. The subsequent group of 30 patients received an infusion of
choline that has been labelled with 9 atoms of deuterium ([methyl-D9] choline chloride — 99%
enrichment). D9-Choline was stored in a temperature regulated fridge until required. Afterthe
collection of baseline samples, at the end of surgery D9-choline (3.6ml/kg admission body weight)

was infused through acentral line over3hours, as previously described?®.

2.2.6 Patient Sample collection

2.2.6.1 Sampletimetable

Samples were taken from transplant recipients according to the following timetable (Table 2-2),

immediate sample handling and processing is described in section 2.4.1.

On waiting | Start of | Completion | 1-3 6hrs | 12 hrs | 24 hrs | Then daily, untilfree
list surgery | ofsurgery hrs from ventilation

Screening & invitation IZ

Informed consent |ZI

Blood

&
&

Lung biopsies

Blind bronchial
aspirates

D9-Choline infusion* M

Table 2-2: Time table for sample collection from lung transplant recipients
*Only the final patients were allocated to receive the postoperative infusion of D9-choline



2.2.6.2 Bloodsampling

Blood samples were taken from pre-existing arterial or central venous cannulae into 6ml| EDTA
(Ethylenediaminetetraaceticacid) Vacutainers®.

2.2.6.3 Blind bronchialaspirates

Regular endotracheal suctioning is routine practice for all ICU nurses looking after intubated
patients. This procedure is carried out many times every day as required to clear secretions from the
lungs. A closed-suction systemis attached to the endotracheal tube of all lung transplant recipients.
The suction catheter was advanced to the maximal level, 20mls of normal saline was flushed into the
catheter (approximately 5mm diameter and 60cm long), and then all saline/secretions were

aspirated back through the catheterinto suction traps.

Previous work from our collaborators in Southampton has shown that lipidomic profiles and
measures of flux based on deuterium enrichment are identical between blind aspirates from
endotracheal tubes andthe bronchoalveolarlavage fluid in patients with ARDS. and the resultsfrom

these two samplestypes have been puttogetherandtreatedidentically in this study’.

2.2.6.4 Bronchoscopicsampling

Fibreopticbronchoscopy isaroutine procedure aftertransplantation, toinspect the anastomoses, to
clear secretions from the lung, and to take samples for microbiology. The technique typically uses
150 to 240 ml of 0.9% saline for a bronchoalveolar lavage (BAL), or 20 to 40 ml for bronchial
washings. Surplus samples obtained from bronchoscopy were retained for analysis; however,
fibreopticbronchoscopy was only performed at the discretion of the clinical team and the technique

was not standardised.
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2.2.6.5 Lungbiopsies

Lung biopsies weretaken atthe discretion of the operating consultant surgeon. Smalllungbiopsies
were taken from the donated lungs before and after implantation, aiming for tissue samples of
approximately 5-10mm in diameter. If lung biopsies were considered appropriate by the consultant
transplant surgeon, the parenchyma was sampled at two perioperative time points; the 1 biopsy
was taken shortly afterthe lungs were removed from cold storage, the 2" biopsy was sampled from
the same lobe immediately prior to closure of the chest. Due to the variable duration of surgery,

there was a variable period of in vivo organ reperfusion between the two biopsies.

2.3 Exvivo study

This project was a pilot single-centre laboratory-based experimental study on surplus human tissue
that has beenremoved from deceased organ donors that cannot be used forclinical transplantation,
with the intent of creatinga human model of pulmonary phospholipid biology, and demonstrating

the ex vivointegrity of the Kennedy pathway.

2.3.1 Approval

Ethical approval was granted by the Riverside NRES committee in London (Research Ethics
Committee approval reference 14/L0/0326 — See appendix 7.10) and the Royal Brompton &
Harefield Research Office provided NHS Management Permission for research (R&D reference
2013LS002H — See appendix 7.11. Permission for research was also granted by the NHS Blood &

Transplant Research office —See appendix 7.12.

2.3.2 Samplesize
As previously discussed for the clinical study in section 2.2.2, this ex vivo study was a pilot

observational project and a formal power calculation was not performed?°®,
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233

2.33.1

2.33.2

234

Inclusion criteria

Inclusion criteria

Lungs that come with the assentfromthe next of kin to the use of surplustissue forresearch
Lungs that have been donated into the transplant programme, but subsequently found to be
unfit for this purpose following a period of ex vivo assessment: for phospholipid analysis
with D9-choline labelling

Lungs sustained on ex vivo support that are suitable fortransplantation: were used for the

retention of surplus clinical samplesonly

Exclusion criteria

Lungs that have been resected without a sufficient length of pulmonary artery to allow

cannulation and perfusion

Lungs that have been resected without a sufficient length of airway that will allow intubation

and ventilation

Lungs that could not be sustained on ex vivo support forat least two hours

Entry procedure

Prior to clinical organ retrieval, the next of kin were specifically asked if they believe that the

potential organ donor would have agreed to surplus tissue to be used for research purposes.

Transplant coordinators documented if the next of kin had provided their assent for the retention

surplustissue forresearch. Retrieved lungs were 'link-anonymised' withan NHSBT donor number,

and identifiable information on the donor could only be accessed through this number by transplant

coordinatorsviathe NHSBT database. NHSBT held all assentformsthat were signed by the next of

kin (NOK) and were not directly accessible by staff at the transplant centre. Harefield Transplant

coordinators confirmed NOK assent for research through the NHSBT donor database and informed

researchers whilst maintaining the anonymity of the donor and their family. Only organs that had
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beenresected fromthe donorwith the primary intention for clinical transplantation were used for

this project; no organs were removed from donors with the primary intention of research.

2.3.5 Exvivo platforms

Two ex vivo platforms were in clinical use during the study period, the Vivoline Ex Vivo Lung
Perfusion system, and the TransMedics Organ Care System. Human lungs that have been harvested,
but later declined for clinical transplantation were retrieved using established local surgical
protocols, as previously described elsewhere?®®, If lungs were sustained on either Vivoline EVLP or
the TransMedics OCS systems, they remained on that system using the previously established clinical
protocol for ex vivo support, to prevent any further ischaemic insults to the tissue. All ex vivo

systems followed the same basic schematic described in Figure 2-1. The PA (pulmonary artery) is

Ventilator

Endotracheal Tube

— Caontainer

Perfusate
Deoxygenator or
Choygenator

Cannulated
pulmonary artery

Purfusate freely
drains from the
remnants of the
pulmonary veins/left
atrium in to a

perfusate reservoir

Perfusate
heaterfcooler

Figure 2-1: Simplified schematic of ex vivo lung perfusion (EVLP)

1) The Reservoir and circuit is primed with perfusate. 2) A cardiopulmonary bypass pump drives the perfusate around the
circuit and pulmonary vasculature. 3) After the perfusate leaves the pump, it passes through a counter-current heat-exchanger,
providing control over the perfusate temperature. 4) Before entering the lungs, the perfusate will pass through membrane
oxygenator, which can also deoxygenate the perfusate. The membrane oxygenator/deoxygenator is not needed in
experimental EVLP, if analysis of gas exchange is not required. 5) Perfusate is then pumped into the pulmonary artery,
circulates around the pulmonary vasculature, before leaving the lungs via an opened left atrium. Perfusate then flows freely
into the perfusate reservoir, before recirculation. 6)Once the lungs are warmed, a ventilator will drive air/oxygen in and o ut of
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cannulated and connected to a warmed perfusion circuit including a pump and membrane
oxygenator/deoxygenator, whilst the tracheaisintubated and attached to a ventilator.

If the organs were declined for transplantation following ex vivo assessment in cold storage, they
were thentransferredtothe Vivoline EVLP system. Ex vivo support protocols were not standardised
across this study, and clinical EVLP techniques were determined by the consultant transplant
surgeon. Perfusatestypicallyincluded eithera proprietary OCS solution, Perfadex, or Steen solution,
supplemented with heparin, THAM (tromethamine), calcium chloride, sodium bicarbonate, glucose,
actrapidinsulinas determined by the clinical team. Perfusates onthe OCSwouldtypically include
cross matched packed red cells, but the Vivoline perfusate was often acellular. Data on ex vivo

pulmonary physiology is summarisedin section 4.3.1.1.

2.3.6 Sampling

Samples were collected at hourly intervals fororgans that had beenrejected fromtransplantation,
until the end of the experiment (section 2.3.8). Perfusates and bronchial washings weresampled at
the same time. Organs that were still undergoing ex vivo assessment as a potential candidate for
clinical transplantation were sampled as clinically indicated, on the direction of the transplant
surgical team. Immediate sample handling and processing is described in section 2.4.1.
Corresponding dataon pulmonary physiology was also recorded, and summarisedin section4.3.1.1.
2.3.6.1 Perfusatesampling

Cellular perfusate from the OCS system was aspirated from the circuit into 6ml EDTA Vacutainers,
acellularperfusates were sampledin 5ml syringes and transferred directly into Falcon containers.
2.3.6.2 Bronchoscopicsampling

Bronchial washings were taken via bronchoscopy after instilling 20-40mls of 0.9% saline and
transferredinto Falcon containers. The middlelobe was typically selected forbronchial washings,
unlessthere were macroscopicsigns of injury tothatlobe, in which case the leastinjured lobe was

selected forbronchial washings.
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2.3.7 Administration of D9-choline
A 50mg bolus of D9-choline was injected into the organ perfusate forlungsthathadbeen rejected

for clinical transplantation, after the collection of the baseline samples

2.3.8 Study Endpoints
The experimentis concluded once any of the following criteria are achieved.
e Severe pulmonary oedema
e Depletion of perfusate reservoir
All surplus human tissue was disposed of in full accordance with The Trust’s established clinical

guidelines.

2.4  Sample Processing
2.4.1 Initial sample processing

24.1.1 Fluids

The addition of butylated hydroxytoluene (BHT) to samples has become departmental standard
practice for lipidomic profiling'®’. Previous studies into markers of oxidative stress in lung injury

have alsoroutinely added BHT to samples without adverse effects?>92%,

All samples were immediately supplemented with BHT at the bedside after collection, prior to
transferonice to the laboratory. 4mg of BHT was added forapproximately every 5ml of sample that
was collected fromthe patients. Prefilled ampules of BHT were created from a stock solution of 2g
of BHT in 100ml of methanol; 20ul of stock solution was then dissolved in 500ul of 0.9% saline and
loaded into Eppendorf tubes before sample collection (8mg/ml BHT solution). All samples were
centrifuged at 1500rpm for 10 minutes at 4°C, before the supernatant was aspirated into 500pl
aliquotsand frozento -80°C. Bronchial washings were also filtered through sterilegauzetoremove

debrisand mucus, before centrifugation.
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24.1.2 Tissue

Alllung biopsies were immediately placed onice and transferred to laboratory forinitial processing
without delay. Parenchymawas divided into pieces and fixed in formalin, before it was processed
through ethanol, xylene, and embedded into paraffin wax. Tissue biopsies werealsosnap-frozen in

liquid nitrogen, preserved in glutaraldehyde, and embedded into Optimal Cutting Temperature

(OCT) Compound for future collaborative projects.

2.4.2 Lipidextraction

2.4.2.1 InternalStandards

Stock solutions of internal standards were suspended in asolution of:

e DCM (dichloromethane) 60.2%

e Methanol 32.4%

e Ultrapure Water 7.4%

The addition of internal standards to samples priorto lipid extraction is summarised in Table 2-3.

Lipid Bronchial washings Blood
and ex vivo perfusate

DMPC 10 nmol 1 nmol

LHPC 1 nmol 0.1 nmol

DMPG 2 nmol 0.2 nmol

DMPE 4 nmol 0.4 nmol

DMPA 1 nmol 0.1 nmol

Amount of lipid added to each sample prior to lipid extraction. DMPC - dimyristoylglycerophosphocholine,
DMPG - dimyristoylglycerophosphoglycerol, LHPC - heptadecanoylglycerophosphocholine, DMPE —

Table 2-3: Internal standards

dimyristoylglycerophosphoethanolamine, DMPA - dimyristoylglycerophosphate

2.4.2.2 Bligh and Dyertechnique

Robot assisted lipid extraction canimprove both sample throughput and analytical reproducibility,
and this approach was extensively utilised during this thesis (Figure 2-2)%%1. Samples were
transferred to borosilicate glass tubes once thawed to room temperature, before the internal
standards were added to the samples. Robot-assisted lipid extraction was performed with the
Freedom EVO® Platform using a modified version of the Bligh and Dyer method?*3. All samples were

transferredinto borosilicate glass tubes in 500l aliquots, except for plasmawhichwastransferred
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in 100 pl aliquots with 400 pl of 0.9% saline. The robot added 300ml of 0.9% saline, 2ml of
methanol, and 1ml of dichloromethane to each sample. Samples were shaken vigorously before
centrifugation at 3,000RPM for 10 minutes at 10°C. Supernatants were decanted into new
borosilicate glass tubes afterremoval of the protein content. Afurther 1ml of dichloromethane and
ultrapure distilled water were added before the samples were centrifuged again at 3,000RPM for 10
minutes at 10°C. Robot-guided separation of the layers took place, before the lipid phase was
transferred to mass spectrometry bottles and dried under continuous low flow nitrogen at 37°C.
Dried lipid extracts were capped, labelled and frozen at -80°C pending analysis with mass
spectrometry. One negative control sample of 0.9% saline was introduced to every batch of 23
samples and subjected to the same lipid extraction and analytical processes, to exclude cross

contamination.

freedom evo

Figure 2-2: The Freedom EVO Platform
Configuration of the Freedom EVO Platform, used for robot assisted lipid extraction

2.5 Assays
2.5.1 Mass Spectrometry
Electrospray lonisation Tandem mass spectrometry (ESI-MS/MS) was used to measure phospholipid

contentand deuterium enrichmentforall samples. Dried down lipid extracts were reconstituted in
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200 pl methanol with 100mM Ammonium Acetate, and stored in the automated sample loaderat 4°C
priorto automated loopinjectionintothe instrument at a flow rate of 10ul/min. Two mobile phase
solvents were used ataratio of 1:1, and all lineswere primed for4minutes ata flow of 4ml/minute
before the analysis of the first sample:

e SolventA; UP-H,0with 10mM ammonium acetate

e SolventB: methanol with 100mM ammonium acetate
Scans were performed in full positive and full negative ionisation mode, followed by breakdown
scans for precursors fragments with a m/z 184 and 193 (phospholipids containing either naturally
occurring choline orthe deuterium labelled choline respectively). To prevent crosscontamination,
the whole instrument was flushed priortoinjection of the next sampl e with acleaning solution that
comprised of 60% Methanol, 30% DCM, and 10% Formic acid. Precursor scans for fragments with
m/z 184* and 193" following collision induced dissociation were used to identify phospholipid
species containing naturally occurring and deuterium labelled cholinerespectively. The instrument
configuration is described in Table 2-4. Mass spectra were analysed with MassLynx™, and with

custom-made departmental software as described in section 2.6

Instrument conditions Value
Capillary energy 2.8KV
Cone energy 30V
Source temperature 150°C
Desolvation gas flow 300L/Hr
Desolvation temperature 70°C

Table 2-4: Experimental conditions of mass spectrometer

2.5.2 Nitric oxide metabolite profiling

Stable metabolites of NO (nitrate and nitrite) were measured with a combination of High
Performance Liquid Chromatography (HPLC) and the Griess reaction. Concentrations of NO
metabolites were measured by absorbance at 540nm with spectrophotometry, after generating a

standard calibration curve.
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Sodium nitrate and sodium nitrite were dissolved in ultrapure water to create 59uM nitrate and
58uM nitrite stock solutions, and were used to calibrate a standard curve following sequential
dilution; concentrations forthe standard curve ranged from 1uM to 58/59uM.

100uL of plasma was dissolved in 100uL of methanol, vortexed for 1 minute before centrifugation,
and the supernatant was transferred into vials. Samples were injected into the ENO-20 NOx
analyserwhere nitrates and nitrites were separated with high performance liquid chromatography.
Nitrites react with the acidified Griess reagent to generate diazo compounds which are detected by
absorbance at 540nm using spectrophotometry. Nitrates were converted to nitrites with a
cadmium/copper alloy-based reduction column, before detection with the same Griess reagent

spectrophotometry technique.

2.5.3 Measurement of free thiols

Free thiols were detected by absorbance at412nm with spectrophotometry followingthe addition
of dithionitrobenzoic acid (DTNB) to plasma that had been diluted 1:4 with a 0.1M Tris buffer.
Concentrations were calculated against a calibration curve usingan L-cysteine standard solution, and
corrected for plasma protein concentrations.

A 10mM stock solution of cysteine (10ml of 0.1M Tris 10mM EDTA pH 8.2 buffer) was used to
calibrate a standard curve following sequential dilution; concentrations for the standard curve
ranged from 0.976uM to 10000uM. 75uL of plasma was mixed with 225ulL of the 0.1M Tris pH 8.2
bufferand 90uL of the prepared samples were placedintriplicateinto a 96 well plate; the corrected
absorbance at 412nm was calculated by subtracting the absorbance at 630nm.

20uL of 1.9nM DTNB ina phosphate buffer (pH7) wasincubated with the sampleson aplateshaker
in the dark at room temperature for 20 minutes before absorbance was measured again; the
corrected absorbance at 412nm was again calculated by subtracting the absorbance at 630nm.
Values were averaged across the triplicated readings, and the concentration of free thiols was

determined by comparing the difference in pre- and post-DTNB incubation corrected absorbance
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against the values generated from the standard curves. Free thiols were corrected for the total

protein concentrationinthe plasma.

2.5.4 Immunohistochemistry imaging

Priorto immunofluorescence staining, 5um thick paraffin wax sections of Lungtissue were dewaxed
and rehydrated in water. Antigen retrieval was carried out by immersing the slide s in 0.1M citrate
buffer (pH6), microwaved for 10 minutes, and then leftin the same bufferforafurther20 minutes
before washing with water. To reduce non-specific binding, the slides were incubated with 3%
bovine serum albumin (BSA) for 30 minutes. Specimens were then incubated overnight in a moist
chamber with antibodies against Hemoxygenase 1 (HO-1-mouse monoclonal), Nitrotyrosine (NT-
mouse monoclonal), and 4-hydroxynoneal (4-HNE-rabbit polyclonal); all antibodies were used at
1:50 dilution, except for HO-1 which was used at 1:100 dilution. Negative controls were incubated
with 3% BSA in phosphate buffered saline (PBS). After thorough washing, all the specimens were
incubated with secondary antibodies, goat anti rabbit Alexa Fluor 594 for rabbit polyclonals and goat
anti-mouse Alexa Fluor 594 for HO1 and NT for 1 hour at 1:1000 dilution. After washing several
times with PBS, sections were incubated with DAPI (4',6-diamidino-2-phenylindole - 1:20000) and
specimens were mounted using Permafluor. Stained sections were imaged with confocal
microscopy. Quality control was ensured by regularly inspecting negative controlsforstaining with

the secondary antibody.

2.6 Data

2.6.1 Clinical data

Routinely collected clinical data were recorded from the medical records for correlation with
biological samples. Clinical data were directly transcribed from the Trust IT systems into the study
database, with a focus on perioperative oxygenation, length of stay, and postoperative graft

function. The diagnosis of primary graft dysfunction was made using The International Society for
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Heart and Lung Transplantation 2005 Diagnostic criteria?, which was based on the P/F ratio, the
presence of diffuse interstitial infiltrates on chest radiographs, with the absence of an alternative
diagnosis (such as pneumoniaorheartfailure). Chestradiographs were reviewed forthe presence
of diffuse infiltrates and alternative diagnoses by ablinded consultant radiologist with experience in

thoracic transplantation; asample data entry form can be found in appendix 7.9.

Clinical data Notes
Recipient data
Study number Link-anonymised identification number

Recipient diagnosis

Use of cardiopulmonary bypass

Surgical access

Use of ex vivoreconditioning
Duration of surgery
Complications

Use of tracheostomy

Blood gases

Ventilator settings
Duration of ventilation
Length of stay (LOS)
Spirometry

Date of death (if applicable)

Age
Height/weight
Gender

Mode of donor death

Primary indication fortransplantation

Off pump or with cardiopulmonary bypass
Clam-shellor minimally invasive surgery
Either EVLP or OCS
Time in minutes

e.g.needforsurgical re-exploration
To facilitate weaning from ventilation

Taken at the time of lipidomic sampling

At the time of blood gases; mode, airway pressures, FiO,
Time inhours
Valuesforboth ICU and Hospital LOS
FEV, and FVC, absolute and percentage of predicted values
During 1-year of follow-up

Donorand recipient data

On the date of transplantation
Values forboth donorand recipient
Values forboth donorand recipient

Donordata

Cardiac or brain-stem death. Value fordonor

Table 2-5: Clinical data collection

A summary of clinical data that was collected, with supporting notes. All data refers to recipient variables,
unless specified otherwise. EVLP — Ex vivo lung perfusion. OCS— Organ Care System. LOS — Length of stay. ICU
— Intensive Care Unit. FEV1 — Forced Expiratory Volume in 1 second. FVC — Forced Vital Capacity

Study files (such as case report forms and consent forms) were storedinalockedand secure office

that were only accessible to NHS Trust research staff. Participants were link-anonymised on
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enrolment, and were allocated a unique study number which could be traced to their hospital
number. The document of this linkage was only accessible to named research staff members. The
research was conducted to ensure the confidentiality of personal data, in compliance withthe Data
Protection Act 1998262 and the NHS Code of Confidentiality?3. Allidentifiable datawere treated in

accordance with the Caldicott Principles.

2.6.2  Processing of mass spectra

Mass spectra were initially generated with MassLynx™ version 4.0 (Waters, Milford, MA-USA). Mass
spectra were processed and analysed with software developed in the Southampton Centre for
Biomedical Research as previously described®?, which included corrections for adduct formation and
natural isotope distribution before lipid identification and quantification againstinternal standards.
This software was written by Dr Grielof Koster (Southampton Biomedical Research Unit) in Visual
Basic and run in Excel. In summary the first step of the software extracted the raw data from the
summation of peak areas, before correcting for background noise forall mass spectra. The second
step of the analysis assigned a phospholipid species identity based on the m/z(mass/charge ratio)
for every peak. Phospholipid identification included automatic corrections for the distribution of
naturally occurringisotopes (like *3C) and adduct formation following ionisation (i.e. the combination
of sodium with the ion of interest). Internal standards were subtracted from all spectra, and used to
quantify phospholipid concentrations. Phospholipids are then presented as their concentration,

theirrelative abundance, and their deuterium label incorporation.

2.6.3 Immunohistochemistry image analyses

Five images at 20x magnification were assessed as a set for each biopsy, and all images were
reviewed for quality control by ablinded assessor. Specifically, images were reviewed foradequate
exposure, technical failures, and artefact; the author was blinded to the origins of the images during
this process. Technically inadequate images were removed from the study. Biopsyimage sets were

excluded from analysis if there were fewerthan 3 images available forany one tissue sample.

60



The area of tissue staining with the primary antibody was calculated automatically using a bespoke
algorithmthat was writtenin Imagel macro script. Images were analysed usingthe FlJI distribution
of Imagel v1.51n (Wayne Rasband, National Institute for Health - USA). Immunofluorescence images
were automatically splitintoimages masks that eitherrepresented signals generated by the primary
antibody or the tissue as a whole, using an approach that has been adapted from the principles
described by Kaczmarek?®4. The key steps processed by ourbespoke macroincluded: 1) calculation
of the percentage area of the biopsy area that stained with the primary antibody, 2) correction for
auto fluorescence using digital image subtraction, 3) adjustmentforthe total areain theimage field
containing any stainable tissue as opposed to air in the alveolar space. Automatically generated
values were averaged across the set of 5 images for each biopsy (median), before un-blinding of the

data and subsequent analysis.

2.6.4 Statistical analyses
All data were stored in Excel spreadsheets and Access databases. Basic statistical analyses were
performed with IBMSPSS Statistics, and topological dataanalyses were performed with the Ayasdi

Workbench Platform.

2.6.4.1 Datapresentation andanalysis

Unless otherwise stated, datawere presented asthe median and interquartilerange, and analysed
usingthe appropriate non-parametrictest. When anormal distribution has been confirmed, the use
of the relevant parametric tests is highlighted accordingly. Two-tailed p-values are reported
throughout, with values of <0.05 considered as statistically significant.

Methods designed to control the family wise error rate (such as the Bonferroni method) would
result in an unacceptably high rate of type 2 errors, and are inappropriate for this kind of dataset
265266 Calculation of the false discovery rate is also inappropriate for this form of pilot dataset, as
additional candidate phospholipid species will notincur additionaltime, labour, or other costs with
subsequent studies based on an ESI-MS/MS platform?¢7; on that basis, the unadjusted raw data of all

candidate speciesis presented?®>?,
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3 Results: Phospholipid profiling in clinical lung transplantation

3.1 Introduction

3.1.1 Background

90% of pulmonary surfactant is comprised of a diverse mixture of phospholipids'®. Clinical lung
transplantation is associated with postoperative surfactant dysfunction that could contribute to
primary graft dysfunction (PGD) aftersurgery®, yet the underlying phospholipid biology has not been
studiedinthis cohort!’3. Kennedy’s CDP-choline pathway is the source of most de novo synthesis of
phosphatidylcholine (PC), whichis the predominant class of phospholipid speciesin surfactant 1126,
Dipalmitoyl phosphatidylcholine (DPPC, also referred to as PC16:0/16:0) is the most abundant and
surface active of all the PC species in pulmonary surfactant, and DPPC disruption has been
associated with acute lunginjuryinthe general (non-transplant) ICU population?>!37, Changesin PC
kinetics have been associated with acute lung injury in the general population?®’, and therefore
investigation of DPPCflux in perioperative lung transplantation is alogical step fora cohort at risk of

developingacute lunginjury following ischemia and reperfusion?.

Perioperative changes in DPPC after lung transplantation were investigated using electrospray
ionisation tandem mass spectrometry (ESI-MS/MS) combined with stable isotope labelling of
Kennedy’s CDP-choline pathway to assess PC flux in this unique cohort’?t, ESI-MS/MS has the
ability measure to large numbers of unique lipid species, offering the opportunity for a
comprehensive characterisation of the perioperative lipidome following lung transplantation. In
addition to the focussed analyses of airway DPPC, other phospholipid species have also been
screened for potential futureinvestigation. Large datasets provide unique challenges, and so a novel
topological dataanalysis platform was applied to explore the temporalchangesin the lipidome of

transplant recipients?®®,
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Study of phospholipid biology immediately after lung transplantation could provideinsightsinto the
pathogenesis of Primary Graft Dysfunction (PGD) after lung transplantation, identity novel

therapeutictargets, and could be extrapolated into the wider population with acute lunginjury®*,

3.1.2 Hypothesis
Lung transplantationis associated with changes in pulmonary surfactant phospholipid metabolism,

whichinturn affectsclinical outcomes.

3.1.3 Chapter objectives

e Describe the study cohort

e Reporttheimmediate perioperative impact onthe lipidome of transplant recipients

e Presentacase report of extended serial measurementsinairway DPPC fora lungtransplant
recipient with aprolonged ICUstay

e Explore perioperative phospholipid kinetics in transplant recipients through stable isotope
labelling of the Kennedy pathway

e Explore the association between perioperative changes in phospholipids and subsequent

clinical outcomes afterlungtransplantation
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3.2 Methods

Patients were recruited from the lung transplant waiting list. Blind bronchial aspirates and plasma,

samples were collected, processed stored as described in Table 3-1, and in sections 2.2.4 & 2.2.6.

On waiting Startof | Completion | 1-3 6 12 hrs | 24 hrs | Then daily,
list surgery | ofsurgery hrs hrs until free from
ventilation
Screening & invitation M
Informed consent M

Blood

MM

Lung biopsies

Blind bronchial
aspirates

NN
NIKN

MMM M

D9-Choline infusion* M

Table 3-1: Study timetable
Timetable of events for all patients enrolled onto the study. Note that the first ten patients did not receive
Methyl-D9 choline chloride. ivi- Intravenous infusion.

Anonymised clinical datawere storedin astudy database. Lipids were extracted using the modified
Bligh & Dyer method, prior to analysis with ESI-MS/MS (see section 2.5.1). Samples were scanned
for precursors of m/z 184 and m/z 193 (P184 and P193 respectively), and this chapter will deal
exclusively with phospholipids that are detectable on those precursor scans. Mass spectra were
processed and analysed with our departmental software, which included corrections for adduct
formation, natural isotope distribution and subsequent identification and quantification of lipid
speciesfromtheirm/zratio. Followingthe identification of lipid species, analyseswere performed
with Microsoft Excel and IBM SPSS. Topological analyses were performed using the Ayasdi Machine

Intelligence Platform —see section 2.6.
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3.3 Results

3.3.1 Clinical characteristics of the study cohort

3.3.1.1 Patientrecruitment

84 patients on
active waiting list
consented for study

30 patients
allocated to receive

D9-choline

10 patients -
unlabelled protocol

27 patients
completed D9-
choline infusion

3 Patients unable to
receive D9-choline*

Figure 3-1: Patient recruitment summary
Flow chart of study patients. *1 patient suffered catastrophic postoperative bleeding, D9-choline infusion was
stopped before completion to allow ongoing therapy as patient was returned to theatre. D9-choline was not
available for 2 patients who would have otherwise been allocated for deuterium labelling.

There were nosignificantadverse events that were related to any of the study procedures. Thefirst
10 patients of the study were a pilot group that were studied without the deuterium label, to ensure
the adequacy of sampling techniques to obtain the necessary lipidomicdata, priorto the start of the
deuterium labelling experiment. Afterlipidomicprofilingwas confirmed inthe first 10 patientsto be

feasible, administration of the deuterated choline label commenced forthe remainder of the cohort.
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3.3.1.2 Patientcharacteristics

A basicsummary of the study cohort’s key clinical characteristicsis presented in Table 3-2.

Recipient indication for transplantation

Alpha 1 antitrypsin deficiency (n) 5
COPD (n) 13
CF (n) 10
Non-CF Bronchiectasis (n) 3
Diffuse interstitial lung disease (n)

Failure of previous lungtransplant (n) 2
Operative details

Ex vivo organ support (n) 5
Need for cardiopulmonary bypass

On-pump (n) 16
Off-pump (n) 24
Surgicalapproach

Clam-shell(n) 25
Minimally invasive (n) 15
Duration of surgery (minutes) 320 (272.5 - 427.5)
Surgical re-exploration (n) 4

Postoperative recovery

Duration of postoperative mechanical ventilation (hours) 44.5 (18.25 - 510)
Recipients receiving atracheostomy (n) 13
Intensive care unit LOS (days) 5.5(3-22)
Hospital LOS (days) 31.5 (20 - 54.5)
Deaths withinthe first year after surgery (n) 5

Table 3-2: Summary of the clinical characteristics of the study cohort
Median values are reported (interquartile range). COPD — Chronic obstructive pulmonary disease. CF — Cystic
fibrosis. LOS — Length of stay

Our previously published data reported an average duration of mechanical ventilation after
transplantation of approximately 3 days®®. The average duration of mechanical ventilation in the
study cohort was under 2 days, which reduces the number of subsequent samples collected from
each patient and affects the lipidomic data presented in section 3.3.2.. A shorter duration of
mechanical ventilation curtails serial sample collection from the lower respiratory tract following

extubation. This limits the assessment of deuterium incorporation and the ability to comment on
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temporal changesin phospholipid profiles after lung transplantation; theseissues are illustrated and

later discussed in sections 3.3.2.4, 3.3.2.5, and 3.4.3. Study cohort mortality was in keeping with
figures available from international registry data (section 3.4.2)%2,

3.3.1.3 Postoperative graft function — P/F ratio

In the early perioperative period (the first 3 days), primary graft dysfunction has been reportedin
accordance with the ISHLT guidelines?. The severity of PGD, is largely based on arterial blood gas
criteria, using the ratio of the arterial oxygen tension and fraction of inspired oxygen (P/F ratio —
summarisedinsection 1.1.1). The presence of PGD grades 1-3 is described for each of the first three

days after surgeryin Figure 3-2.

[ =
o N B o

Number of patients

o N B oy

Arrival Day 1 Day 2 Day 3

Grade 1 PGD Grade 2PGD ® Grade 3 PGD

Figure 3-2: Postoperative primary graft dysfunction
The number of study patients with Primary Graft Dysfunction in the first 3 days after surgery. The criteria for
diagnosis are based on the chest radiograph, combined with blood gas and clinical parameters, as described
elsewhere. The first bloods gas was sampled on arrival at the Intensive Care unitimmediately after the
conclusion of surgery (Arrival, day 0). The blood gas with the lowest p/f ratio

Prevalence of PGD decreased overtime, with the mostsevere PGD primarily occurringinthe first 24
hours of arrival on the ICU. 23% of patients (9 patients) developed severe Grade 3 PGD during the
firstthree days aftersurgery, comparedto an incidence of 35% in our previously published reports

(appendix 7.2)%C.

67



3.3.1.4 Postoperative graft function - Spirometry

Pulmonary function was measured over first year after surgery, at routine postoperative follow -up

appointments (summarised in Figure 3-3).
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Figure 3-3: Pulmonary function for the whole study cohort after lung transplantation
Box and whisker plot, demonstrating median, interquartile range, and range. FEV ;1 after surgery expressed as a
percentage of the recipients predicted values (panel A), and in litres (panel B). FVC after surgery expressed as a
percentage of the recipients predicted values (panel C), and in litres (panel D)

On average, patients achieved 72% of their predicted FEV; at 3 months following surgery. FEV,
remained relatively stable at 6, 9 and 12 months after surgery, with an average predicted FEV , of

75%, 76%, and 74% respectively, with similartrends observed forthe FVC -Figure 3-3.

3.3.1.5 Keyfindings - patient characteristics

e Mortality for the study cohort was similar to established registry data.
e Theincidence of PGD and duration of mechanical ventilation were lower when compared to

a historical cohort.
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3.3.2 Massspectrometry data

3.3.2.1 Typicalexamples of spectra generated from precursor scans from samples taken from lung
transplantrecipients aftersurgery.

Typical spectra that have been generated from the plasma and airways are shown below. Peaks at

678 correspond tothe internal standard that was added to each sample priorto lipid extraction.

PC16:016:0  PC16:0/18:2 PC16:0/18:1

1007 DPPC 758 | 760
734
PC18:0/18:2
= 4 786
PC16:0/16:1
732
Internal Standard PCE%M:U
PC14:0/14:0
678
D_

mfz
680 590 700 710 720 730 740 750 760 770 780 790 800

D9-PC16:0/18:1
100 789

D9-PC16:0/16:0
D9-DPPC

743
D9-PC16-0/1182

767
D9-PC16:0/161
#F 741

D9-PC18:018:2
795

D9-PC16:0/14:0
715

miz
680 690 700 710 720 730 740 750 760 770 780 790 800

Figure 3-4: Typical spectra from airway samples
Typical spectra generated from bronchial washings of a lung transplant recipient who has received the D9-
choline label. Top panel - Precursor 184 scan, bottom panel - Precursor 193 scan. Y-axis: Signal intensity (%),
normalized at 100% to the most abundantion. X-axis: mass charge ratio (m/z)
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Figure 3-5: Typical spectra from plasma samples
Typical spectra generated from the plasma of a lung transplant recipient who has received the D9-choline label.
Top panel - Precursor 184 scan, bottom panel - Precursor 193 scan. Y-axis: Signalintensity (%), normalized at
100% to the most abundantion. X-axis: mass charge ratio (m/z)

Note the lack of saturated PC in the mass spectra from the plasma sample, when compared to the

spectragenerated from airway samples.

These spectraillustrate the detection of phospholipids that have been synthesised from the labelled
D9-choline. Phospholipids synthesised from D9-choline have an m/z that is 9 greater than

phospholipids synthesised from naturally occurring choline.
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To put the data into context and aid in the interpretation, typical spectra from the BAL of healthy
volunteers are illustrated in the following figure (Figure 3-6 - reproduced from earlier work

conducted by Prof Postle’s group)**’.
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Figure 3-6: Mass spectra of the bronchoalveolar lavage from a healthy volunteer
Panel A: precursor scan P184, Panel B: precursor scan P193. Y-axis: Signal intensity (%), normalized at 100% to
the most abundantion. X-axis: mass charge ratio (m/z). Reproduced with permission, from earlier work
conducted by Prof. Postle’s group, originally published by BioMed Central under Open Access37.

Examiningthe spectragenerated from the airways of atransplantrecipientin comparison with the
typical spectrafrom the airways of a healthy volunteerreveals obvious differences. Thereis a clear
deficiency in the peaks at 734 (corresponding to DPPC) in the transplant recipient, with a similar
deficiency seeninthe peakat 743 onthe matching P193 scan (correspondingto D9-labelled DPPC).
Thisreductionin the relative abundance of DDPCis highlighted again across the whole study cohort

inthe followingsection (3.3.2.2).
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3.3.2.1.1 Keyfindings — typical mass spectra
e Examplesare provided of the mass spectragenerated fromthe airways and the plasma

e Newlysynthesised PCwere identified by deuterium labelling

3.3.2.2 Perioperative phospholipid composition in lung transplant recipients —Airways

The relative abundance of the major species is shown from washings taken immediately after
surgery Figure 3-7. As expected, PC16:0:16:0 was the most abundant species in the bronchial

washings. However, there were two strikingabnormalities:

1) There was a marked reduction in the relative abundance in airway DPPC after
transplantation when compared to values from healthy volunteers (DPPC typically accounts

for 40% of all PC content)®3?

2) The abundance of DPPCwas highly variable.

This reduction in airway DPPC could also be clinically significant, as it was associated with initial

difficulties oxygenating patients after transplantation (see section 3.3.4: Table 3-8).
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Figure 3-7: Postoperative airway lipid profile — relative abundance
Box and whisker plot. Relative abundance of the phospholipid species detected on a precursor 184 scan in the
airways of patients immediately after lung transplantation

Focussing on those deficiencies in airway DPPC, the relative abundance is charted for the whole
cohort overtime following surgery. Thereisacontinued fallinairway DPPCdowntoa nadir at day
5, after which levels start to recover slowly. The median abundance of airway DPPC at baseline forall
patients was 23.26%, in contrast to a median abundance of 10.76% at 5 days (Mann-Whitney 2-

tailed p=0.000).

73



—
<
I
|
[

[

Relative abundance of airway DPPC (%)

<
I

8]

MN=34 N=20N=9 N=8 N=9 N=8 N=6 N=7 N=T N=7 N=7

LTI

o1 2 3 4 5 6 7 8 9 10

Days post-op

Figure 3-8: Trends in airway DPPC after surgery - whole cohort
Box and whisker plot. Y axis - the median relative abundance of DPPC (PC16:0/16:0), with the range and
interquartile ranges. X axis — time after surgery in days (non-linear scale). The relative abundance of airway
DPPC is then charted against time after surgery forthe whole cohort. The red line illustrates the relative
abundance of airway DPPC that is typically seen in healthy volunteers. The number of samples available for
analysis at each timepoint is listed along the top of the x-axis. DPPC — Dipalmitoylphosphatidylcholine

It is important to highlight that not all patients who provided samples at baseline remained

intubated at 5 days. Given only 8 patients remained ventilated and therefore able to provide

samples at 5 days, those patients have been investigated in closer detail. Evaluating the changes

over time within these selected patients, we still see that there is a substantial and statistically

significant fall in the relative abundance of DPPC from an average of 19.65% at 12 hours following

surgery to 10.76% (Figure 3-9: Wilcoxon signed ranks, 2-tailed p=0.017).
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Figure 3-9: Postoperative trends in airway DPPC — patients needing prolonged respiratory support
The relative abundance of DPPC in the sub-group of patients who remained intubated at 5 days (n=8). DPPC
levels from 12 hours and 5 days are compared for this sub-group. The red line illustrates the relative abundance
of airway DPPC that is typically seen in healthy volunteers.

3.3.2.3 Perioperative phospholipid composition in lung transplant recipients —Plasma

Whilst the measurement of phospholipid concentrations in bronchial washings is limited by the
unknown dilution factor associated with the technique, measurements of concentrations are
possible for plasma. As it was possible to collect samples before and after transplantation, a

comparison of those measurementsisalso presented.

The preoperative concentrations of the most abundant phospholipids are describedinFigure 3-10.
The most notable difference between plasma and the bronchial washings is that the plasma was
relatively devoid of saturated PCspecies that were foundin the airways, and the plasma has a higher

content of PC species containing unsaturated and polyunsaturated fatty acids (PUFA) (as expected).

The species with the highest concentration in the plasmais PC16:0/18:2, followed by PC16:0/18:1,

PC18:0/18:2, and then PC16:0/20:4.
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Figure 3-10: Preoperative plasma lipid profiles — concentrations
Box and whisker plot. Concentration of the most abundant phospholipid species

detected on a precursor 184 scan on the plasma of patients prior to lung transplantation

—

Figure 3-11: Preoperative plasma lipid profiles — relative abundance
Box and whisker plot. Relative abundance of the top phospholipid species detected
on a precursor 184 scan in the plasma of patients prior to lung transplantation
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Presenting plasma phospholipids as their concentration and their relative abundance shows a
comparable distribution of the major species. Again, the species with the greatest relative
abundance in the plasma is PC16:0/18:2, followed by PC16:0/18:1, PC18:0/18:2, and then

PC16:0/20:4; this pattern was seen both pre-and post-transplant.
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Figure 3-12: Postoperative plasma lipid profile — relative abundance
Box and whisker plot. Relative abundance of the top phospholipid species detected on a precursor 184 scan in
the plasma of patients immediately after lung transplantation

A general decrease isseeninthe concentration of all the major phospholipidsinthe plasma during
lung transplantation. Figure 3-13 shows the change in concentration in each patient in plasma
samplestakenimmediately after chest closure. PC16:0/18:2 demonstrated the largest intraoperative
fall in concentration, followed by PC16:0/18:1, PC18:0/18:2, and then PC16:0/20:4 (i.e. the most
abundant species illustrated in Figure 3-10). Whilst there was a generalised reduction in the
concentration of all the major plasma phospholipid species, there were only subtle changes in the
relative abundances of some phospholipid species that are observed during lung transplantation

(Figure 3-14 & Table 3-3).
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Figure 3-13: Intraoperative changes in plasma lipid concentration
Median change in amounts of each PC species measured before and after transplantation in the plasma
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of lung transplant recipients

Figure 3-14: Intraoperative change in plasma lipid abundance
Immediate perioperative changes in the relative abundance of the top phospholipid species found in the plasma



Median perioperative change in relative

Species abundance (% abundance) p-value
ASM16:0 -0.230 0.000
APC16:0/16:1 0.035 0.834
APC16:0/18:3 0.033 0.232
APC16:0/18:2 0.373 0.115
ASM20:0 0.074 0.013
APC16:0/18:1 1.258 0.000
APC16:0/20:5 -0.013 0.293
APC16:0/20:4 -0.136 0.152
APC18:1/18:2 -0.278 0.004
ASM22:1 -0.058 0.023
APC18:0/18:2 0.130 0.786
ASM22:0 -0.070 0.025
APC18:0/18:1 0.181 0.000
APC18:1a/20:4 -0.072 0.000
APC16:0/22:6 0.044 0.346
APC18:1/20:4 -0.101 0.025
APC18:0/20:4 0.111 0.550
ASM24:2 -0.115 0.000
APC18:0/20:3 -0.054 0.044
ASMR24:1 -0.220 0.000
APC18:0/22:6 -0.014 0.647

Table 3-3: Intraoperative change in plasma lipid abundance

Median intraoperative changes in relative abundance of plasma lipid species. Wilcoxon signed ranks test with

2-tailed p-values

3.3.2.3.1 Keyfindings — lipid profiles during lung transplantation

DPPCwas markedly reducedin the airwaysimmediately after lung transplantation

Levels of airway DPPC continued to fall in those patients who remained intubated for the

first 5 days

The relative abundance of airway DPPC was highly variable

There was an immediate fall in the plasma concentration of all PC species during lung
transplantation

Plasma contains more unsaturated and polyunsaturated PCspecies compared to the airways
(as expected)

A description of the lipidomeis provided for the plasmaand airways of perioperative lung

transplantrecipients
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3.3.2.4 Acasereportofextended seriallipidomic measurements after transplantation during a
prolonged ICU stay

As the average duration of ventilation after transplantation was under two days, most study

participants provided fewer than 6 bronchial washings that sampled DPPC contentintheirairways.

A case study of airway DPPC data is presented from one lung transplant recipient who had a
prolonged stay on the ICU. Without corresponding samples at similar time-points from other
transplantrecipients, comparisons and most statistical analyses are not possible. However, this case
report has been presented to highlight the temporal changes in DPPC, to aid subsequent data

interpretation and to highlight the challenges of measuring DPPC with bronchial washings.

Patient 12 was a 34-year-old female who underwent bilateral sequential lung transplantation from a
brain-dead donor for non-CF bronchiectasis, her postoperative recovery was hindered by the
development of Grade 2 PGD, recurrent episodes of chest infections and presumed acute cellular
rejection. She died from multi-organ failure on Day 85 after transplantation. Sequential

measurements of DPPCare presented for heradmission.

3.3.2.4.1 Airway DPPC
When airway DPPC data are presented as an absolute amount (nmol in 500ul samples), there is no

discernible pattern - Figure 3-15.
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Figure 3-15: Case study —amount of DPPC in bronchial washings
Amount of DPPC in bronchial washings over the duration of one patient's prolonged ICU stay following lung
transplantation
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Figure 3-16: Case study —relative abundance of DPPC in bronchial washings
Relative abundance of DPPC in bronchial washings over the duration of one patient's prolonged ICU stay
following lung transplantation
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If the relative abundance of airway DPPC is charted for this patient, there appears to be a trend
towards recovery of a near normal proportion of DPPCafter one month, which then decreased again

to verylow levels before the patient’s death (Figure 3-16).

Followingthe introduction of the D9-choline label, itis possible to assess DPPCby the percentage of
lipid that has incorporated the choline label. In contrast to the previous figures of abundance and
concentration, charting the incorporation of the deuterium label into DPPC produces a very clear
line; with peak incorporation taking place between 1 and 4 days after transplantation, before
undergoing an exponentialdecay - Figure 3-17. Thisvery clear trend suggests that measurements of
airway D9-DPPCenrichmentare notsubject to the same variability seenin measurements of airway
abundance or concentration. Itisimportantto note that it was not possible to collectsamplesfrom
this patientbetween days 2 and 3, makingit difficultto commenton peak deuterium enrichment for

this patient.
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Figure 3-17: Case study —D9-DPPC incorporation in bronchial washings
Proportion of D9-choline incorporation into DPPC in bronchial washings over the duration of one patient's
prolonged ICU stay following lung transplantation
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3.3.2.4.2 PlasmaDPPC
Concentration, relative abundance, and percentage deuteriumincorporation in PC16:0/16:0 has also

been charted forthe plasmainthe same patient inthe followingthree figures (Figure 3-18to Figure
3-20). Whilst PC16:0/16:0 was not particularly abundant in the plasma (never above 1% in this
patient), plasmalevels for this patient have been shown for comparison againstthe corresponding

airway measurements.
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Figure 3-18: Case study —amount of DPPC in plasma
Amount of DPPC in the plasma over the duration of one patient's prolonged ICU stay following lung
transplantation
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Figure 3-19: Case study —relative abundance of DPPC in plasma
Relative abundance of DPPC in the plasma over the duration of one patient's prolonged ICU stay following lung
transplantation
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Figure 3-20: Case study —D9-DPPC incorporation in plasma
Proportion of D9-choline incorporation into DPPC in the plasma over the duration of one patient's prolonged
ICU stay following lung transplantation

3.3.2.4.3 Mappingof deuterium labelled species
To assess deuterium labelling of the other measured phospholipids over the course of her

admission, the data have been presented as a heat-map to highlight the most abundant species

containingthe deuterium label.

All phospholipid species identified within the detection threshold of theinstrument on precursor
193 scans are displayed, with lipids arranged along the x-axis in order of ascending m/z ratio;
therefore, each vertical line represents one phospholipid species measured in the many samples
collected fromthis patient. The full list of lipids that are detected by the instrument are summarised
inappendix 7.13. All samples collected for this patient are displayed, with samplesarranged along
the y-axisinorder of time aftersurgery (non-lineary-axis); therefore, each horizontal line represents
one sample collected from the patient, with the many phospholipid species measured by
ESI-MS/MS. The colour of each pixel reflects the concentration of deuterated phospholipid species,
expressed as acentile of all deuterium phospholipid concentrations for the study cohort. Thus, each
pixel of the heat map represents the amount of deuterium labelled, phospholipid species at one
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sample time-point, expressed as a centile for the study cohort. The heat-map wasinterrogated for
phospholipids with the mostintenselocalisation of the deuterium label, and highlighted accordingly.
The lowerthreshold of the 55" centile provided an acceptable lower limitfornoise, based on data

fromunlabelled samples.
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Figure 3-21: Deuterium label heat map — Plasma and bronchial washings from one patient
Amount of deuterium label within each lipid species detected across all bronchial washing samples taken from
one patient who had a prolonged stay on the ICU. Each horizontal line represents one sample. Time after
surgery increases vertically down the y-axis. Phospholipid species detected by the instrument are listed in order
of increasing m/z ratio from left to right along the x axis, and the complete list of species is detailed in appendix
7.13. Each pixel represents the deuterium label content of one phospholipid species. Colour represents amount
of lipid containing Deuterium label, expressed as a study centile, species are highlighted with the greatest
perioperative deuterium enrichment. Top panel — bronchial washings. Bottom panel — plasma samples

Looking at these heat maps, the lipid species that tend to contain the greatest amount of the
deuterium label contain fatty acids with chain lengths of either 16 or 18 carbon atoms and varying

degrees of saturation. Looking at the plasma, deuterium incorporation is also seen in the
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arachidonic acid containing species (such as PC16:0/20:4), and faint deuterium incorporation into
several lyso-PC species is also noted, seen at the far left of the heat-map. Halfway through the
patient’s stay on the ICU, there is aslight shiftin the localisation of the deuterium signal from PC
species containing 16 & 18 length fatty acid towards lyso-PC species in the bronchial washings.

Deuterium labelled lyso species were generally more apparentin the plasmaheat map.

3.3.2.4.4 Keyobservations—case study
e Unlabelled DPPC concentrations measured in blind bronchialwashings are highly variable

e Thereislessvariability inthe measured values of the relative abundance of airway DPPC

e Measurement of deuterium incorporation in airway DPPC is not subject to the variability
seen in measurements of concentration and relative abundance, and provides consistent
readingsovertime

e lllustratingdeuterium labelled PCspecies as a heat map istrialled forone patient, and will

be applied forthe rest of the cohort in the nextsection

3.3.2.5 Deuterium labelled species across the study cohort

3.3.2.5.1 Mappingofdeuteriumlabelled species

As study patients were ventilated for an average of 2 days, the in-depth analyses presented in
section 3.3.2.4 are not possible for all the study patients. Instead, the same heat map approach of
displaying deuterated phospholipid has been used for the whole study cohort to illustrate the

localisation of the deuterium label across the whole study (as described in section 3.3.2.4.3).

86



Phospholipid species (increasing m/z) |:>

Time

PC16:0/14:0 T T

PC16:0/16:1 & PC16:0/16:0 55th- 75th 99th
PC16:0/18:2 & PC16:0/18:1 centile centile centile
PC16:0/20:4

Figure 3-22: Deuterium label heat map — Bronchial washings from the whole study cohort
Amount of deuterium labelled lipid species detected across all bronchial washing samples taken from the entire
study cohort. Each horizontal line represents one sample. Time after surgery increases vertically down the y-
axis for each patient. Phospholipid species detected by the instrument are listed in order of increasing m/z ratio
along the right axis, and the complete list of species is detailed in appendix 7.13. Each pixel represents the
deuterium label content of one phospholipid species. Each horizontal white line represents a new patient.
Colour represents amount of lipid containing Deuterium label, expressed as a study centile, species are
highlighted with the greatest perioperative deuterium enrichment.
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Figure 3-23: Deuterium label heat map — Plasma samples from the whole study cohort
Amount of deuterium labelled lipid species detected across all plasma samples taken from the entire study
cohort. Each horizontal line represents one sample. Time after surgery increases vertically down the y-axis for
each patient. Phospholipid species detected by the instrument are listed in order of increasing m/z ratio along
the right axis, and the complete list of species is detailed in appendix 7.13. Each pixel represents the deuterium
label content of one phospholipid species. Colour represents amount of lipid containing Deuterium label,
expressed as a study centile, species are highlighted with the greatest perioperative deuterium enrichment.
Species with consistent deuterium enrichment are highlighted. Species with the appearance of deuterium
enrichment in unlabelled patients are highlighted as artefacts.
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The following observations can be made by examiningthe localisation of the deuteriumlabel in the
plasmaand the bronchial washings across the whole cohort. Most deuteriumlabelisagain seenin

phospholipid species containing 16 and 18 carbon fatty acids.

In the plasma, the deuterium label is localised in multiple PC species containing unsaturated and
polyunsaturated PC species. Deuterated labelling is more apparent in saturated PC species (like
DPPC) inthe airways when compared tothe plasma. The plasmashowsa faintsignal fordeuterium
labelled lysoPCspeciesinthe plasma, whichisless apparentin the airways. Examining the deuterium
heat-map also helps to exclude artefacts from subsequent analysis, i.e. highlighting species that give

the appearance of deuterium enrichmentin patients who did not receive the D9-choline label.

3.3.2.5.1.1 Keyfindings —deuterium mapping
e Many phospholipid species are consistently labelled with deuterium across the study cohort

following D9-choline administration
o Especiallyin PCspecieswith 16and 18 chain length fatty acids

e A noveltechnique forrepresenting dynamiclipidomicdatasets has been presented

3.3.2.5.2 Deuterium enrichment
As described in section 1.3.5, deuterated choline labelling reveals the synthetic activity of the

Kennedy CDP choline pathway. Previous datahave established thatdeuteriumenrichmentreaches

a peak at 24-48 hours®*7,

Due to a relative lack of samples beyond 2-3 days after choline administration, it is difficult to
demonstrate that the peak enrichment has been observed for most patients. The median duration
of ventilation was 44.5 hours (interquartile range 18.25-510), and so the 12-hour time-point has
been usedfora comparison of deuterium enrichment, as samples were available for 75% of patients

at this time-point and this enabled meaningful statistical analyses. Deuterium enrichment is
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standardised at the 12-hour time-point across the whole study cohort, and presented for all
phospholipid species identified in Figure 3-7 and Figure 3-12; species are presented in Table 3-5,

rankedin order of theirdeuterium enrichment.

The most striking observations from Table 3-5 are that deuterium enrichment is highly variable
amongst the PC species, and enrichment is not related to content. If Table 3-5is compared to the
lipid profiles presented in Figure 3-7 and Figure 3-12, high levels of deuterium enrichment can be
seeninbothveryabundantspeciesandin minorphospholipid species that appearinlow quantities.
To illustrate this point further with DPPC, it is the most abundant phospholipid in the bronchial
washings but ranks as 26" fordeuterium enrichment out of the 34 phospholipid species measured in

the airways.
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Plasma species
D9PC16:0/16:1

Median incorporation at

12 hours

1.116279573

D9PC16:0/18:3

0.847273749

D9PC16:0/18:2 0.635079397
D9PC16:0/18:1 0.628207633
D9SM20:0 0.52449622
D9PC16:0/20:5 0.465662836
D9PC16:0/20:4 0.464705204
D9PC18:1/20:4 0.406845363
D9PC18:1/18:2 0.36979647
D9SM22:1 0.35308052

D9PC16:0/22:6

0.349478977

D9P(C18:0/18:2

0.306990848

D9SM24:2 0.272044875
D9PC18:0/20:4 0.214958153
D9SM24:1 0.176849874
D9PC18:0/18:1 0.165536261
D9SM22:0 0.1476941

D9PC18:0/20:3

0.141773881

D9PC18:0/22:6

0.137696549

D9PC18:1a/20:4

0.133921534

D9SM16:0

0.113203088

Table 3-4: Ranking of species by deuterium
incorporation
The median incorporation of deuterium after 12

hours into the top species within the plasma (table
on the left) and airways (table on the right). Species
are now ranked in descending order of deuterium
incorporation

Median incorporation at

Airway species 12 hours

D9PC14:0/16:1 1.013673103
D9PC16:0/18:3 0.954849809
D9PC14:0/18:2 0.890518264
D9PC18:0/22:6 0.652058576
D9PC16:0/20:5 0.594241616
D9PC18:0a/18:1 0.552099824
D9SM20:0 0.54932636
D9PC18:1/18:2 0.531123504
D9PC16:0/18:1 0.497966679
D9SM22:1 0.496339793
D9PC16:0/18:2 0.493698865
D9PC16:0a/18:2 0.467659852
D9PC16:0/16:1 0.428895971
D9PC16:0/22:6 0.413528292
D9PC18:1a/20:4 0.41334709
D9PC18:0/16:0 0.405615891
D9PC18:0/18:2 0.401835421
D9PC18:0a/16:0 0.397098918
D9PC18:1/20:4 0.394441848
D9PC18:2a/18:1 0.37172755
D9PC16:0/20:4 0.366834373
D9PC16:0/14:0 0.351589039
D9PC18:0/18:1 0.327374338
D9PC16:0a/18:1 0.31317567
D9PC18:0a/18:2 0.282875076

D9PC16:0/16:0

0.275436764

D9PC16:0a/20:4

0.268355594

D9SM24:0

0.25662806

D9PC18:0/20:4

0.243222473

D9PC16:0a/16:0

0.230396283

D9P(C18:0/20:3

0.219567903

D9SM24:2 0.195698756
D9SM24:1 0.148802592
D9SM16:0 0.135778228

The determinants of deuterium enrichment are evidently differentin the airways and the circulation.

Using DPPC as an example shows that deuterium enrichment is significantly different in the

circulation when compared with thatin the airways. - Figure 3-24.
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Figure 3-24: D9-choline incorporation into DPPC in the plasma and airways

Box and whisker plot. Comparison of D9 enrichment of DPPC in the plasma and the bronchial washings, 12

332

hours after the administration of the D9-choline label. p=0.006, 2-tailed Wilcoxon Signed Ranks Test

.5.2.1 Keyfindings — deuterium enrichment

Deuterium enrichmentis highly variable amongst different phospholipid species
Phospholipids that are highly enriched with deuterium are not necessarily the most
abundantspecies

Factors that determine deuterium enrichment differ between the airways and the
circulation

o Thisconceptis exploredin more detailin chapter 4

92



3.3.3 Topological data analyses

Large lipidomic datasets can be difficult to interpret; especially if data is available from many
patients, for many species, over many time-points. Topological dataanalyses have been employed
toillustrate the changingtrendsinthe lipid profile overtime afterlungtransplantation. The relative
abundance of plasmaspecies (unlabelled data) were entered with clinical metadata (as described in
Table 2-5) into the Ayasdi Topological data analysis (TDA) platform to further explore lipidomic
changesovertime. Atopological model of the data was created using variance normalized Euclidean
metrics with L-infinity centrality lens (resolution 55, gain 3). The blue flare represents samples taken
prior to transplantation, whereas the red flare was comprised of samples that were taken an

average of 22 days aftersurgery.
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Figure 3-25: Topological data analysis of all plasma samples
TDA Network of plasma phospholipids from all patients at all time-points.

Generated by performing Topological Data Analysis (TDA) on plasma phospholipids expressed as a relative
abundance with the Ayasdilris software platform (ayasdi.com). Nodes in the network represent clusters of
plasma samples and edges connect nodes that contain phospholipid species in common. Nodes are coloured by
the average value of their samples for the time-point of sampling (days after surgery). TDA network was
created with variance normalized Euclidean metrics with L-infinity centrality lens (resolution 55, gain 3)
The red flare of samples is largely comprised of samples that were taken a long time after surgery, whilst the
blue flare on the network is largely comprised of samples from early time points obtained prior to
transplantation or soon after surgery - Figure 3-25. The model was interrogated to determine the lipidomic
differences between these early and late sample clusters, and some of those differences are summarised in
Table 3-5.
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Species Relative abundance % Relative abundance % p-value KS Score
early sample cluster late sample cluster

PC16:0/18:1 12.7 22.0 2.56e-13 1

PC16:0/16:1 0.802 3.86 5.24e-13 0.971
PC16:0/18:3 1.14 2.4 5.24e-13 0.971
PC18:1/20:4 3.64 1.69 5.24e-13 0.971
SM24:1 2.09 1.07 5.24e-13 0.971
PC18:0/20:4 6.48 2.52 7.96e-13 0.964
PC18:0/22:6 1.48 0.415 7.96e-13 0.964
SM16:0 3.32 2.26 2.98e-12 0.941
SM22:0 1.05 2.26 2.98e-12 0.941
SM22:1 1.51 1.14 4.00e-12 0.935
PC18:1a/20:4 1.01 0.467 4.00e-12 0.935
PC16:0/20:4 10.9 6.35 1.48e-11 0.912
SM24:2 1.11 0.699 1.48e-11 0.912
PC16:0/22:6 4.87 1.52 2.26e-11 0.905
PC16:0/18:2 22.7 30.7 1.5%-10 0.870

Table 3-5: Temporal changes in plasma phospholipids

Differences in the abundance of selected phospholipids between the early and late sample clusters from the
topological model in Figure 3-25. KS = Kolmogorov—=Smirnov. Numbers highlighted in blue signify a group with a

greater abundance of a lipid species, red signifies a group with a lower abundance of the lipid species.

A similarapproach has been used with the phospholipid data obtained from the bronchial washings,

and TDA modelling has been used to explorethe changesin lipid profiles overtime across the study

cohort. The top phospholipid species found within every bronchial washing have been expressed as

their relative abundance, and entered into the topology platform using variance normalized

Euclidean metrics with L-infinity centrality lens (resolution 48, gain 3).
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Figure 3-26: Topological data analysis of all airway samples
TDA Network of airway phospholipids from all patients at all time points.

Generated by performing Topological Data Analysis (TDA) on airway phospholipids expressed as a relative
abundance with the Ayasdilris software platform (ayasdi.com). Nodes in the network represent clusters of
airway samples and edges connect nodes that contain phospholipid species in common. Nodes are coloured by
the average value of their samples for the time-point of sampling (days after surgery). TDA network was
created with variance normalized Euclidean metrics with L-infinity centrality lens (resolution 55, gain 4)

As with the plasmasamples, the topological model has identified acluster of samples with similar
lipid profiles that are associated with later time-points. The model was interrogated for lipidomic
features that distinguished this late sample cluster against the remainder of the network.
Statistically significant differences in species with a KS score above 0.5 are reportedin Table 3-6. The
red cluster of samplesin Figure 3-26 was taken at an average of 21 days aftersurgery, in contrast to
the remainderof the network which contained samples taken atan average of 5 days aftersurgery.
This cluster of late samples tended to have a greater abundance of saturated PC species
(PC16:0/16:0 and PC16:0/14:0) and PC16:0/16:1, whilst all other airway species decreased in their

relative abundance (Table 3-6).
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Species Relative abundance % Relative abundance % p-value KS Score
late sample cluster ~ remainder of network

PC18:0/18:2 4.12 6.66 5.37e-13 0.785
PC18:0/20:3 0.380 0.830 5.37e-13 0.770
PC18:1/20:4 0.600 1.34 5.37e-13 0.706
PC18:0/20:4 0.720 1.90 5.37e-13 0.686
PC18:0/22:6 0.140 0.370 5.37e-13 0.668
PC16:0/16:0 32.9 17.3 5.37e-13 0.653
SM22:1 0.400 0.760 5.37e-13 0.653
PC16:0/18:2 7.26 10.7 5.37e-13 0.637
PC16:0/16:1 11.8 6.97 5.37e-13 0.636
PC16:0/14:0 4.33 3.41 5.37e-13 0.635
PC16:0/22:6 0.390 1.00 5.37e-13 0.620
PC16:0/20:4 1.62 3.59 5.37e-13 0.616
SM24:2 0.330 0.660 5.37e-13 0.607
PC18:0/18:1 1.18 2.07 5.37e-13 0.601
PC18:1/18:2 2.79 4.17 5.37e-13 0.599
PC18:1a20:4 0.370 0.720 2.87e-13 0.556
SM24:0 0.280 0.480 1.43e-12 0.528

Table 3-6: Temporal changes in airway phospholipids
Differences in the abundance of selected phospholipids between the late sample cluster and the remainder of
the network from the topological model in Figure 3-26. KS = Kolmogorov-Smirnov. Numbers highlighted in blue
signifies a group with a greater abundance of a lipid species, red signifies a group with alower abundance of
the lipid species.
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Figure 3-27: Topological data analysis of deuterium incorporation in 12-hour airway samples
TDA network of D9-choline incorporation into airway species from all labelled patients at 12 hours.
Neighbourhood lens with cosine metrics, resolution 25 and gain 5. Coloured by predicted FEV1 at 3 months,
blue for the lowest and red for the highest
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Focusing on deuteriumincorporation at the 12-hour postoperative time-point, another TDA network
has been createdin Figure 3-27, and subsequently interrogated for changes associated with poor
postoperative graft function. Asmall cluster of samples (blue) wasidentified as having particularly

poor graftfunction at 3 months, and the network was interrogated for distinguishing lipidomic

features.
Species D9 incorporation % D9 incorporation % p-value KS Score
Low FEV; cluster remainder of network

PC16:0/16:1 0.917 0.353 0.0209 0.750
PC16:0/14:0 0.599 0.292 0.0397 0.700
PC16:0a/16:0 0.576 0.195 0.0397 0.700
PC16:0/16:0 0.557 0.262 0.0397 0.700
PC1 6:0/1 8:1 0.941 0.362 0.0397 0.700
PC18:0a/18:2 0.348 0.215 0.0397 0.700
PC18:1/20:4 0.774 0.382 0.0397 0.700

Table 3-7: Candidate phospholipid species for investigation into markers of postoperative spirometry
Differences in the abundance of selected phospholipids between the poor graft function cluster and the
remainder of the network from the topological model in Figure 3-27. KS = Kolmogorov—-Smirnov. Numbers
highlighted in blue signifies a group with a greater abundance of a lipid species, red signifies a group with a
lower abundance of the lipid species.

Lipid species with statistically significant differences in D9-incorporation between the poor graft
function cluster and the remainder of the network are highlighted in Table 3-7. Whilst the initial
hypothesis was focused on perioperative changes in airway PC16:0/16:0 (DPPC), Table 3-7 has

highlighted 6 additional species within the airways as candidates for furtherinvestigation.

A similar TDA network was created for D9 labelled plasmasamples obtained 12 hours aftersurgery,

and interrogated for lipids associated with poor graft function at 3 months.
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Figure 3-28: Topological data analysis of deuterium in corporation in 12-hour plasma samples
TDA network of D9-choline incorporation into plasma species from all labelled patients at 12 hours.
Neighbourhood lens with cosine metrics, resolution 25 and gain 5. Coloured by predicted FEV1 at 3 months,
blue for the lowest and red for the highest

A small 3-node cluster of samples associated with poorlung function was selected fromthe bottom
of the TDA network in Figure 3-28. In this instance, D9-incorporation was highlighted as a
distinguishing feature for only two plasma phospholipid species. Within the poor FEV ; cluster, D9-
incorporation was reduced in SM24:2 (KS0.8, p=0.0120), and increased for PC18:1/18:2 (KS0.75,

p=0.0209).
3.3.3.1 Keyfindings - TDA
e TDA couldbe usedto presentthe temporal changesinlarge lipidomicdatasets

e TDA could be usedto identify phospholipids of interest for further study

3.3.4 Associations between lipid profiles and postoperative clinical outcomes
As airway DPPC is the primary target for investigation, levels have been compared against

perioperative P/F ratios and postoperative pulmonary function tests for the study cohort. Again,
focussingonthe 12-hour time point, Table 3-8 reportsthe DPPCas bothits relative abundance and

its proportion of D9-choline incorporation.
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12 Hour airway samples PC16:0/16:0 D9PC16:0/16:0

Correlation p-value Correlation p-value
coefficient coefficient
Minimum P/F T24 438" 0.029 -0.020 0.924
Minimum P/F T48 0.272 0.188 0.082 0.696
Minimum P/F T72 430 0.032 -0.083 0.693

Table 3-8: Association between DPPC and perioperative P/F ratio
Correlation between DPPC early perioperative P/F ratio. Columns on the left refer to the relative abundance of
DPPC within the airways 12 hours after surgery, Columns on the right refer to the proportion of D-choline
incorporation into airway DPPC at 12 hours. The lowest P/F ratio is recorded for each p atient over the first
three postoperative days, before correlation with DPPC data. Correlation coefficients refer to Spearman’s Rank
tests. P values are two tailed, and p<0.05 are highlighted in red.

12 Hour airway samples PC16:0/16:0 D9PC16:0/16:0
Correlation p-value Correlation p-value
coefficient coefficient

3 month FVC (litres) -0.216 0.348 -0.312 0.169

3 month FVC (% predicted) -0.240 0.294 -497" 0.022
3 month FEV1 (litres) -0.108 0.642 -0.257 0.260

3 month FEV'1 (% predicted) -0.178 0.440 -522 0.015
6 month FVC (litres) -0.255 0.265 -0.197 0.391

6 month FVC (% predicted) -0.332 0.141 -.456" 0.038
6 month FEV1 (litres) -0.103 0.656 -0.166 0.473

6 month FEV'1 (% predicted) -0.166 0.471 -0.376 0.093
9 month FVC (litres) -0.043 0.870 -0.169 0.516

9 month FVC (% predicted) -0.189 0.468 -511 0.036
9 month FEV1 (litres) 0.156 0.551 -0.199 0.445

9 month FEV1 (% predicted) 0.059 0.823 -0.434 0.082
12 month FVC (litres) -0.056 0.816 -0.186 0.431

12 month FVC (% predicted) -0.180 0.446 -0.337 0.146
12 month FEV1 (litres) -0.159 0.504 -0.148 0.5633

12 month FEV'1 (% predicted) -0.236 0.316 -0.254 0.280

Table 3-9: Association between DPPC and postoperative spirometry
Correlation between DPPC and spirometry for the first year. Columns on the left refer to the relative
abundance of DPPC within the airways 12 hours after surgery, Columns on the right refer to the proportion of
D-choline incorporation into airway DPPC at 12 hours. Correlation coefficients refer to Spearman’s Rank tests.
Two tailed p values are reported, and p<0.05 are highlighted in red.
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Having observed the trend between D9-choline incorporation into DPPC and postoperative graft

function, this concept has been exploredinfurtherdetail.

The study cohort was divided into low and high lung function groups, using the median FEV; at 3
months (72.5%) as the cut-off. The low graft function group had a statically higher proportion of
D9-choline incorporation into DPPC at 12 hours, when compared to the high graft function group

(0.457% vs 0.161%, p=0.003* - two-tailed Man Whitney test).
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Figure 3-29: Differences in D9-DPPC incorporation by ) ) )
postoperative spirometry Figure 3-30: D9-DPPC incorporation as a

Box and whisker plot of the proportion of D9 predictor of below-average graft function

incorporation into DPPCat 12 hrs post- Receiver operator characteristics of D9
transplantation. Patients with above average FEV incorporation into DPPCG? a predictor of
(right) vs below average FEV (left) at 3 months below average graft function at 3 months

Receiver operator characteristics for D9-DPPC incorporation as a predictor of poorer graft function

at 3 monthsreveal anarea underthe curve of 0.844 (95% confidence interval 0.678-1.000, p=0.004).

TDA networks have identified several additional candidate lipid species that might be associated
with pooroutcomes, and so they have also been evaluated fortheirability to predict belowaverage
postoperative graft function at 3 months as above. Receiver operator characteristics are displayed

for the additional lipid species identified in Table 3-7.
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Deuterium | Area under p-value 95% Confidence Interval
incorporation at curve Lower Bound Upper Bound
12 hours
D9PC16:0/16:1 .756 .031 562 951
D9PC16:0/14:0 773 .021 .566 .979
D9PC16:0a/16:0 773 .021 .584 961
D9PC16:0/18:1 818 .007 .651 .985
D9PC18:0a/18:2 .828 .006 .654 1.000
D9PC18:1/20:4 .870 .002 718 1.000

Table 3-10: D9-PC incorporation as a predictor of below-average graft function — Multiple species
Receiver operator characteristics for 12-hourdeuterium incorporation into multiple airways species as a

predictor for below average graft function. Area under the curve, p-value, and 95% confidence interval for
species described in Figure 3-31
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Figure 3-31: D9-PC incorporation as a predictor of below-average graft function — Multiple species
Receiver operator characteristics for 12-hourdeuterium incorporation into airways species identified in Table
3-7 as a predictor for below average graft function
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3.4 Discussion

3.4.1 Summary of key findings
e Airway DPPC is reduced after lung transplantation, and continues to fall for 5 days in the
patients who remain intubated.
e The relative abundance of DPPC is highly variable, and is associated with impaired
oxygenation after lung transplantation.
e Deuteriumenrichmentis highly variableamongst phospholipid species, and differs between
the airways and circulation.
e Deuterium enrichment of DPPC and PC18:1/20:4 are predictors of below average
postoperative graft function.
o Deuterium heat-maps and topological data analyses are novel techniques for interpreting
lipidomicdatasets.
This study provides the first detailed description of the perioperative changes in phospholipids in
clinical lung transplantation; specifically including unique data on a wide range of distinct
phosphatidylcholine lipid species and phospholipid kinetics. Lung transplantation immediately
changesthe lipidomicprofile inthe airways of lung transplant recipients, and further changes can be
seen during postoperative recovery. The most striking finding is the marked reduction of DPPCin
the airwaysimmediately after lung transplantation. This decline inairway DPPCcontinued over the
first 5 days after lungtransplantation forsome of the sickest patients, and serial measurements of
airway DPPC could be of value as the reduction in airway DPPC was associated with P/F ratios.
Stable isotope labelling experiments have demonstrated increased perioperative DPPCfluxthrough
the Kennedy pathway in patients who develop impaired graft function after surgery, and could
provide prognostic information that is unavailable from static measurements of important
phospholipids. Noveltechniques of interpreting lipidomicdata have been presented, and could be

of value in identifying lipids of interest in subsequent studies (like airway PC species containing
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arachidonic acid). Lung transplantation causes variability in Kennedy CDP-choline pathway
dependent metabolism that is associated with poor graft function, and is worthy of continued

investigation.

3.4.2 Study cohort characteristics

The study cohort’s one-year survival rate of 88% is comparable to the international registry one-year
survival rate of 80%22. The incidence of severe PGD for the study cohort was 23%, which is lower
than the 35% incidence of Grade 3 PGD that has been previously reported forourinstitution®®. The
3-month predicted FEV; of 72% was similar to the 69% that has been previously reported for our

institution®®.

Our previous work has recorded amedian duration of postoperative mechanical ventilation of just
underthree days®®, yetthe duration of postoperative ventilation in the study cohortwasjust under
two days (Table 3-2). As patients were extubated sooner than expected, the number of
postoperative samples obtained from each patient was lowerthaninitiallyexpected. Because peak
deuterium incorporation is typically seen at about 2-3 days after in vivo administration of the D9-
choline label, it has not been possible to calculate peak D9-DPPC incorporation for most lung

transplantrecipients enrolled on this study”!7,

3.4.3 Perioperative changes in phospholipids

3.4.3.1 Airway phospholipids

On inspection of spectra from the airways of postoperative lung transplant recipients, there is a
marked reduction in airway DPPC abundance, when compared to historical spectra from healthy
volunteers - Figure 3-4and Figure 3-6. Previousstudies have shownthat DPPCtypicallyaccountsfor
50% of all PC species in healthy volunteers 7, which is considerably higher than the average of

23.26% that was seen for our postoperative lung transplant recipients. Not one patient included
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within this study had a relative DPPC content that reached 45% on completion of surgery ( Figure
3-7). Furthermore, those few patients who required prolonged invasive mechanical ventilation
experienced furtherfallsin theirairway DPPC content up to day 5 afterlungtransplantation ( Figure
3-8 & Figure 3-9). Itisnot possible to say from this data if this continued fall in DPPC content would
be seen in those healthier transplant recipients who were extubated after two days, or if thisis a
finding that would be confined to a sicker sub-set of patients who require prolonged invasive
ventilation. Without examining airway phospholipids of healthier recipients after extubation at
comparable time-points, itis not possible to generalise the continued fallsin DPPC content to the
wider perioperative lung transplant population. Lowerlevels of airway DPPCwere associated with
poor P/Fratio after lungtransplantation (Table 3-8), and so the mechanisms behind thisfallinDPPC

should be explored.

The case report in section 3.3.2.4 presented serial measurements of DPPCin one patient over an
extended period of time, and suggested airway DPPClevels started to recoverafterreachinga nadir
at one week aftertransplantation. Sadly, afterairway DPPClevels recovered to 40% of PC content,
there was anothersteady decline in airway DPPCuntil the patient’s death. Limited conclusions can
be drawn from a single case report, but it would further support the hypothesis that airway
phospholipids will vary overthe course of an ICU admission —as highlightedin Figure 3-8and Figure

3-9.

Describing the temporal changes for many lipid species across many patients is challenging.
Topological data analyses offer a novel approach for dealing with large and complex datasets, and
TDA networks have been used to provide an alternative method illustrating the changes in the
lipidome over time in this very heterogeneous dataset, as illustrated in Figure 3-25 to Figure 3-26.
The TDA networks are also limited by the small number of sick patients, and so conclusions must be

drawn with caution. Acknowledgingthe limitations of observingchangesinasmall heterogenous

104



group, TDA networks showed that surfactant phospholipids (PC16:0/16:0, PC16:0/16:1, and
PC16:0/14:0) returned to predominance over the course of 3 weeks for those patients who
remained intubated, with values that were nearing those seen in healthy volunteers’. The
advantage of the TDA network is that it will also highlight temporal changes of relatively minor
phospholipid species that have not previously been of interest; however, the potential lipidomic

applications of the TDA platform will require continued investigation.

Chapter 4 provides a description of DPPC in the airways of lungs sustained ex vivo, prior to
transplantation, and DPPC levels were consistently better than the levels seen in airways of
postoperative lung transplant recipients - see section 4.3.2.1. These data suggest that there is a
pathological derangement of DPPC metabolism in the transplanted lung, after itis reperfusedin
vivo; possibly either decreased synthesis orincreased degradation. Asthe Kennedy’s CDP choline
pathway is a major source of DPPC synthesis, measuring PC flux through this pathway with stable
isotope labelling could provide valuable insights and this is discussed in greater detail in section

3.4.4.

3.4.3.2 Plasma phospholipids

Lung transplantation is associated with an immediate fall in the concentration of all the major
circulating phospholipids. Perioperative haemodilution could explain the reduced concentration of
circulating phospholipids following intravenous fluid resuscitation, but the subtle changes in the
relative abundance of several species imply that other factors may have also contributed to the
perioperative changesin phospholipid composition (Table 3-3). Similarly, ARDSisassociated with a
prompt fall in circulating plasma PC species when compared to healthy controls2®®. That study did
not demonstrate any recovery in plasma phospholipids overthe 96 hour study period, but our data
suggest that follow-up for 3 weeks might be necessary to see plasma phospholipid recovery. As

previously stated in section 3.4.3.1, the study design limits the conclusions that can drawn from this
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dataset;itis difficulttosayif the observed temporal changesin plasma phospholipids would be seen
inthose healthiertransplantrecipients who were extubated aftertwo days, or if thisis a finding that
would be confined to a sicker sub-set of patients who require prolonged invasive ventilation. The
plasmadoesshow a trend for increasinglevels of PC16:1/18:1 and decreasing PC18:1/20:4 overtime
(section 3.3.3). Unlike observations from ARDS patients, perioperative lung transplantation was not

associated with anincreased plasma concentration of PC16:0/18:1%%°(Figure 3-14).

There are differences in the phospholipid composition of plasma compared with airway
phospholipids; the airways have agreater proportion of saturated PCspecies, whilstthe plasma has
a greateramount of unsaturated PC. DPPCis notabundantin the plasma, representinglessthan 1%
of circulating PC species with concentrations that range between 1-5nmol/ml (Figure 3-18 and Figure

3-19).

3.4.4 Label incorporation

Phosphatidylcholine and sphingomyelin species are synthesised from choline via the Kennedy
pathway. Phosphatidylcholine and sphingomyelin phospholipids will generate choline fragments
witha m/z 184 following collision induced dissociation (CID)in the Q2 quadrupole in ESI-MS/MS, and
thus appear onscans for precursors of m/z 184 fragments (P184 scan). D9-choline (cholinelabelled
with 9 atoms of deuterium) is 9Da heavier than naturally occurring choline, and so phospholipids
synthesised from labelled choline are 9Da heavier, generate 193m/zfragmentsfollowing CID, and
appear on P193 scans (184 + 9 = 193). The detection of the D9-choline label on the P184 and P193

scans isillustratedin Figure 3-4 & Figure 3-5.

The proportion of deuteriumincorporation foreach speciesis determined by 3variables: synthetic
rate, catabolic rate, and the baseline amount of the species at the time of label introd uction.

Species with high synthetic and catabolic rates will have a greater proportion of deuterium
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incorporation, and thus one could think of deuterium incorporation as areflection of phospholipid

turnover.

If surfactant dysfunction were exclusively the result of DPPC depletion because of diminished
synthesisthrough the Kennedy pathway, deuterium enrichment would be diminished or delayed; as
is the case in neonatal RDS?>2. Instead, patients with poor postoperative graft function had
increased deuterium enrichment of theirairway DPPC, implyingincreased flux through the Kenne dy
pathway. Thisis in keeping with previous ARDS studies that also demonstrated increased deuterium
enrichment of DPPC when compared to healthy volunteers®°°2%°, This is also in keeping with a
mouse model of acid aspiration, which used an alternative deuterium labelling technique to

illustrate increased DPPC metabolism in responseto acute lunginjury®>:.

3.4.4.1 Relationship between incorporation and content

The four most abundant phospholipids in the plasma were (in descending order) PC16:0/18:2,
PC16:0/18:1, PC18:0/18:2, and then PC18:0/20:4 (section 1.3.3). However, the four plasma species
with the greatest deuterium incorporation were PC16:0/16:1, PC16:0/18:3, PC16:0/18:2, and
PC16:0/18:1 (section 3.3.2.5.2, againin descending order). Therefore, high levels of PCflux through

the Kennedy pathway is not limited to the most abundant phospholipid species.

Similarly in the airways, lipid flux does not always directly correlate with the abundance of
phospholipids. DPPC is the most abundant airway phospholipid, yet relatively low levels of
deuterium enrichment were seen compared to otherspecies -section 3.3.2.5.2. These discrepancies
imply that there are additional mechanisms beyond the Kennedy pathway that influence pulmonary
phospholipid homeostasis, and PC metabolism through Land’s acyl remodelling cycle could account
for some of these discrepancies’#1%137 _|tis known that over half of DPPC is synthesised through PC
remodelling'??, perhaps these minor species with high proportions of deuterium enrichment are

rapidly converted into other species like DPPC soon after their initial synthesis via the Kennedy
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pathway. An alternative explanation is that these minor PC species undergo rapid metabolism
because they are synthesised for some other biological role, like the synthesis of lipid based
inflammatory mediators?%. Increased deuterium enrichment of these lessabundant phospholipids
isassociated with poor graft function, so furtherstudy of these phospholipidswould be justified —

section3.3.4.

3.4.4.2 Airways and circulation

PC flux is different in the airways and the circulation, as evidenced by the varying proportions of
deuteriumenrichmentin lipid species measured in samples from different compartments. DPPCis
not abundant in the plasma, yet deuterium enrichment is greater in plasma DPPC than in airway
DPPC - Figure 3-24. Table 3-5 also illustrates this discrepancy for other phospholipids; 12 hour
deuterium enrichment of PC16:0/16:1 is 1.16% in the plasma, but only 0.43% in the airways. 12

hour deuterium enrichment of PC18:0/22:6 is 0.138% in the plasma, but only 0.652% in the airways.

Phospholipid contentis very differentin the airways and the circulation, suggesting that there are
different homeostatic mechanisms regulating phospholipid content in those two compartments.
The liver is a major source of circulating polyunsaturated PC via the Phosphatidylethanolamine N-
methyltransferase pathway (PEMT), which could account for some of these differencesin PCflux 133,
In vitro and animal experiments have led to the hypothesis that basolateral phospholipid effluxfrom
the pulmonary epithelium could transport unsaturated PCfromthe lungsintothecirculation, and

thisconceptis exploredin greaterdetail in the next chapter®'?,

3.4.5 Associations between lipid profiles and clinical outcomes
Perioperative lung injury in the form of PGD has a lasting association with graft function and
survival?l, and these data suggest that disrupted surfactant metabolism could represent one

contributing mechanism. DPPC is the most abundant and surface active of all the pulmonary
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surfactant phospholipids, and so it was hypothesised that perioperative changesinDPPC would be

associated with clinical outcomes.

Decreased airway DPPC abundance is associated with impaired postoperative oxygenation, as
measured by the P/F ratio — the major determinant of PGD. In contrast, increased DPPC flux is
associated with poor postoperative graft function, an associationthatis presentfor9months after
surgery - section 3.3.4. Measures of phospholipid flux and abundance are each associated with

different clinical outcomes, and so both parameters could hold prognosticvalue.

Changesin phospholipid flux through the Kennedy pathway are associated withimportant clinical
outcomes followinglungtransplantation. Furtherstudy of this pathway could shed new insights into
surfactant biology inthe injured lung, offer new clinical biomarkers of lunginjury, andidentify new
therapeutic targets for investigation. The perioperative changes in DPPC metabolism after
transplantation, and their subsequent association with adverse clinical outcome measures are
compellingevidence in support of the original hypothesis: “Lungtransplantationisassociated with

changesin pulmonary surfactant phospholipid metabolism, which in turn affects clinical outcomes.”

However, ESI-MS/MS presents the opportunity to measure a vast range of phospholipid species
beyond DPPC; providinginsightsinto the widerlipidome and generating new hypotheses forfurther
investigation. The TDA platformidentified several unsaturated and polyunsaturated PC speciesin
the airways as potential markers of poor postoperative graft function. PC18:1/20:4 is one of the
species identified by the TDA platform that contains arachidonic acid, and could be a better
predictor of postoperative graft function than DPPC. PC species are a source of arachidonic acid,
which is synthesised during acute inflammation and has been previously indicted in the
development oxidative stress mediated acute lunginjury?’°. Asarachidonicacidisbelievedtohave a

role in pulmonary inflammation, oxidative stress, and neutrophiland monocyte activation?:279, the
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identification of this species as a potential biomarker of poor graft function after lung

transplantationis of greatinterest.

In summary, measures of both phospholipid abundance and flux through the Kennedy pathway
could provide valuable prognosticinformation, and TDA could help identify otherphospholipids as

candidatesforfurtherstudy.

3.4.6 Limitations of the experimental methods

3.4.6.1 Impactofstudydesign

Logistical constraints prevented sampling from recipients after endotracheal extubation. The
resulting variable number of time-points for each patient limits the ability todraw comparisons or
conclusions, thisis particularly the case for samples collected from patients who required prolonged
periods of respiratory support because of the lack of samples from healthier recipients for
comparison. Thisissue hasbeen partially addressed by focussing analyses onastandardised time -
pointthat provides sufficient timefordeuterium enrichment of newly synthesised phospholipids,
before too many study participants have left the study because they have been extubated and can

no longer provide airway samples.

3.4.6.2 Surrogateclinicalendpoints

The small size of this pilot study cohort precludes using either CLAD or mortality as a study endpoint.
However, as the median survival after lung transplantation is 5.8 years, further analyses in the

association between lipid profiles and mortality could becomefeasible in afew years?2.

Postoperative spirometry and P/F ratio have been used as surrogate clinical end points as they are

the major determinants of CLAD and PGD respectively. Having identified a correlation between

110



phospholipid metabolism and graft dysfunction, it will now be possible to perform the relevant

power calculation forthe subsequent studies using these data.

3.4.6.3 Lung function

Absolute values for FEV, and FVC in litres are greatly influenced by the size of the donor and the
recipient. Postoperative lungvolumes (specifically the total lung capacity) will soon approach the
recipients’ predicted values after surgery, irrespective of the donor size?’1?72, Referring to
spirometry as a percentage of the recipients’ predicted value offers a convenient and readily

available method to adjustvalues of lung function for the size of the recipient (and donated lungs).

Chroniclungallograft dysfunctionisroutinely assessed by measuring the patients’ spirometry after
surgery?’3, Itishas been previously observed that nearly all of the postoperative improvement in
lungfunctionisseen withinthe first 3months aftersurgery?’2. One can only speculate as to why
the association between D9-DPPC incorporation and lung function is lost after 9 months. It is
possible that subsequent postoperative events that can affect postoperative graft function willstart

to exerta greaterinfluence beyond 9 months, such as episodes of infection & acute rejection.

3.4.6.4 Bronchialwashings

The addition of an internal standard into samples priorto ESI-MS/MS analysis allows the calculation
of phospholipid concentrations. However, limitations of the sampling technique make the
measurement of airway concentrations very problematic with bronchial washings because of the
variable and unknown dilution factor. When airway DPPCdatawas presentedasaconcentration in
the bronchial washings for one patient over time, the data points are highly erratic without any
discernible pattern (Figure 3-15). Measuring DPPC concentrations in blind bronchial washings
provided little usable information, with a seemingly random distribution of values over time.

Previous studies have used paired measurements of ureain the plasmaand bronchial washings as an
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internal standard to adjust for the variable dilution factor?’4; this approach could be used for

phospholipid measurementsin the airways.

The problems of variable dilution can be partially overcome by presenting lipid datafrombronchial
washings as their relative abundance. Because the relative abundance only considers the lipid
componentof the samples, the variable addition of saline (or any otheragueous solvent removed by

the Bligh and Dyertechnique) isimmediately disregarded from the analyses.

Airway contamination with blood could give the appearance of reduced airway DPPC by flooding
mass spectrawith plasmaPCthat are also detectable on P184 scans. Contaminatingbloodisrichin
polyunsaturated PCspecies but has a relatively poor DPPC content, and this could resultin artificially
reduced measurement of airway DPPC when expressed as a relative abundance. However, it is
unlikely that the low levels of airway DPPC after surgery are an artefact that is the result of
intraoperative bleeding, as a continued fallin DPPCwas demonstrated for 5 days after surgery — long
after any intraoperative bleeding would have stopped. Airway bleeding could be assessed by
measuring the haemoglobinin the bronchial washings, but thisis complicated by the fact that cell -

free haemoglobinin the alveoli could also act as a marker of lunginjury?7>.

The problem of airway lipid contaminants can be addressed with the introduction of the D9-choline
label. Airway DPPCis predominantly synthesised by the type 2 alveolarepithelial cells???, and this is
true for both naturally occurring and deuterium enriched DPPC. In this regard, deuterium
enrichment could be considered as amarker of AT2 DPPC metabolismthatisrelatively spared from
the variability introduced by blood contaminants or dilution; the cleartrends observed in Figure 3-17

would supportthis hypothesis.
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Blind bronchial aspiratesviathe endotracheal tube are a convenient method of sampling the airways
withouta bronchoscope, and previous work has shown that the phospholipid profile of bind tracheal

aspiratesis comparable to bronchoalveolarlavage fluid 7.

3.4.6.5 Statisticalanalyses

Associations have been sought between multiple phospholipid species and many clinical outcomes,
and so many comparisons come with an inescapable risk of type 1 errors. However, methods
designed to control the family-wise errorrate (such as the Bonferroni method) would also result in
an unacceptably high rate of type 2 errors with this type of study, and are arguably inappropriate for
thiskind of dataset 26°2%6, Whilst the calculation of the false discovery rate hasbeen used in other
‘omics’ studies to curtail the costs of subsequent studies by reducing the number of candidate
biomarkers for further investigation, such concerns would not be applicable with this type of
study?®’. Indeed, identifying phospholipid candidates other than DPPC for further investigation
would not be enhanced by the removal of species, as ESI-MS/MS easily allows forthe simultaneous
assessment of these species without the investment of additional time, labour, or costs. Therefore,
unadjusted p-values are reported forall species and clinical observations, whilst acknowledging the

inherentrisk of type 1 errors within this secondary hypothesis generating exercise.

This chapter has presented several novelapproaches forthe interpretation of lipidomicdata. Whilst
the deuterium heat-maps in section 3.3.2.5.1 provide a graphical illustration that highlights
phospholipids that incorporate the deuterium label, it does not permit meaningful statistical
analyses. Instead, deuterium enrichment has been tabulated asapercentage ata standardised 12
hour time-point (section 3.3.2.5.2), and this value of 12 hour deuteriumincorporation has been used

for analyses against clinical outcomes (section 3.3.4).
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Similarly, this novel application of TDA to lipidomicdatasetsillustrates thatit can be usedto describe
temporal changesin lipid profiles, but the significance of any such ide ntified changeswouldrequire
continued investigation. Lipid species of interest that were identified by TDA were subjected to
testing with more conventional statistical analyses, inthe form of Receiver Operator Characteristics

and Man Whitney tests - section 3.3.4.

3.4.7 Conclusions

This study provides the most detailed analysis of the lipidome in perioperative patients recovering
from lungtransplantationto date. Deuterium labelling of the Kennedy pathway combined with ESI -
MS/MS allows a detailed and dynamicassessment of patients’ lipidomic profile during recovery from
lungtransplantation, itisaclinically viable technique, and may hold prognosticvalue in predicting
outcomes. Lungtransplantationisassociated with multiple changesinthe patients’ lipidomein the
immediate perioperative period. Assessment of phospholipid fluxusing the stable isotope technique
can reveal changes that are associated with clinically important outcomes that are not easily
detected by looking at staticamounts of phospholipid species. Changesin airway phospholipids that
lower pulmonary surface tension and PUFA containing species are associated with impaired

postoperative graft function, and the metabolism of these species warrants furtherinvestigation.
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4 Results: Phospholipid metabolism in human ex vivo lung perfusion

4.1 Introduction

4.1.1 Background

The previous chapter demonstrated that phospholipid metabolism is associated with important
clinical outcomes following lung transplantation. Ex vivo lung perfusion (EVLP) may have arole in
the assessment, transport, and reconditioning of lungs foruse in clinical lung transplantation®8?, but
the effects of EVLP on pulmonary surfactant phospholipid biology are largely unknown. Instudying
the effects of EVLP on surfactant, we are also offered a unique opportunity to study human

pulmonary phospholipid biology inisolation from the rest of the body.

Whilst much research has been conducted into the pulmonary synthesis and secretion of surfactant
phospholipids into the airway, little is known about any pulmonary contribution to systemic
phospholipidsinthe circulation. Phosphatidylcholine (PC) species are synthesisedin the Golgi and
endoplasmicreticulum of nearly every mammalian cell, typically through the Kennedy CDP -choline
pathway'?’. These surfactant phospholipids are storedinlamellarbodies before theircontents are
released into the alveolar space through exocytosis, and this process of apical secretion of
phospholipidsintothe alveolar space has been welldescribed®. However, the nature of pulmonary
phospholipid transport back into the systemic circulation is largely unknown, and difficult to
ascertain in vivo as the circulation contains polyunsaturated PC that are also synthesised by the
livert31132.277 polarised cell culture models and animal experiments have both suggested that the
alveolarepitheliumis capable of selectively secreting different phospholipidsinto the airways and
the circulation, but this proposed theory of basolateral phospholipid efflux from the lung into the
circulation has never been conclusively proven1%1278; neitherin experimental models norin man.
To address this issue, this chapter provides the first description of intact human lungs secreting a
range of newly synthesised phospholipid speciesinto two different compartments; the airways and

the circulation.
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As with most mammalian cells, isolation and culture of primary alveolar type Il cells (AT2) has
confirmed that they are capable of independent PC synthesis. However, cell culture experiments
have thus far failed to replicate the full range of phospholipids speciesinthe proportions found in
vivol0127°  Breathing-related cyclical mechanical stretch of the alveolar epithelium plays an
importantrole inthe lamellarbody exocytosis of surfactant®®, which can be technically challenging
to recreate invitro. Human EVLP has the potential to address the limitations of other experimental
models of pulmonary phospholipid biology, and this novel application of EVLP could provide unique
insightsinto pulmonary phospholipid biology. Combiningahuman ex vivo model withelectrospray
ionisation tandem mass spectrometry and stable isotope labelling of the Kennedy pathway can
provide novel data on pulmonary phospholipid flux with a molecular specificity that has not been

previously achieved!%:251,

Several platforms of ex vivo perfusion have recently entered clinical use in human lung
transplantation, in the hope of minimising ischemia reperfusion injury (IRI) to the lung®%® —
described in section 1.1.1.3. Furtherinvestigation into EVLP phospholipid metabolism might also
provide mechanistic insights that could allow further optimisation of this evolving technology to

protect the graft duringtransplantation.

4.1.2 Hypotheses

e The Kennedy pathway continues to produce and release surfactant phospholipids during
normothermicexvivo lung perfusion.

e The lungs are capable of surfactant phospholipid synthesis in isolation from hepatic PEMT
metabolism.

e Lungs release phospholipids back into the circulation, which are different from the

surfactant phospholipids that are secreted into the airways.
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4.1.3 Chapter objectives

e Explore the viability of human ex vivo lung perfusion as a platform for research into
pulmonary phospholipid biology

e Demonstrate continued pulmonary surfactant phospholipid secretion into the airways
during normothermicexvivolung perfusion.

e Measure the pulmonary secretion of newly synthesised phospholipid into the circulation,

and contrast those with the species measured in the airways.

4.2 Methods

4.2.1 Exvivo organ support
Human organs that had been brought to Harefield hospital with the primary intent of clinical

transplantation were sampledin accordance with the protocol describedin section 2.3.

Organs deemed fit for transplantation had surplus perfusate and bronchial washings sampled as
deemed clinically appropriate by the organ retrieval team. The exact method forex vivo support was
initiated at the discretion of the transplant surgeons whilstthe organs were under assessment for
potential transplantation, and so it was not logistically possible to standardise the protocol or

platformforthe organs includedin this chapter.

The decision to accept organs for clinical transplantation ultimately rests with the transplant
surgeon, with indicative inclusion criteriafortransplantation summarised in Table 4-12%°, Extension
of those criteria is possible at the discretion of the transplant surgeon, with acceptable results for

those so-called marginal organs?81.282,
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Ideal lungtransplant donorcriteria

Age <55 years
ABO compatibility
Clearchestx-ray
Pa0, > 300 mmHgon FiO,= 1.0 and PEEP = 5¢cm H,0
< 20-pack-year smoking history
No previous cardiopulmonary surgery
No evidence of aspiration orsepsis
Absence of purulent secretions at bronchoscopy
Negative microbiology

Table 4-1: Ideal lung transplant donor criteria. Description of the ideal donor organ criteria, adapted
from Frost 1997280

In organsthat were rejected for transplantation, D9-choline was added to the perfusate reservoir.

Bronchial washings were sampled hourly via bronchoscopy with matching perfusatesamples, until

the organs were nolongerviable.

The onset of pulmonary oedema after the lungs have been established on EVLP is believed to
represent development of lunginjury, with the failure of the alveolar-capillary barrier?®3. Organs

were nolongerconsideredviable, if either of the following conditions occurred:

1. Critical depletion orthe perfusate reservoir

2. Pulmonary oedemavisible atthe endotracheal tube
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Figure 4-1: The TransMedics Organ Care System
Human lungs sustained on TransMedics Organ Care System, after they were rejected for lung transplantation.
The lungs are perfused with cellular perfusate. (i.e. contains erythrocytes).

Figure 4-2: Vivoline organ chamber
Human lungs sustained on the Vivoline Ex Vivo Lung Perfusion platform with an acellular perfusate (i.e. does
not contains erythrocytes).

Observations on pulmonary physiology wererecorded for every organ enrolledintothe deuterium
labelling experiment — section 4.3.1.1. Pulmonary vascular resistance and pulmonary compliance

were calculated with the following formulae:
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C li = —
ompliance Piny — PEEP
80(PAP —0)
PVR =
Perfusate flow

Equation 1: Formulae for pulmonary physiology
PAP = Pulmonary Artery Pressure, PEEP = Positive End Expiratory Pressure, Pinsp = Peak inspiratory pressure,
PVR = Pulmonary Vascular Resistance, Vi = Tidal volume

Note that the pressure gradient across the pulmonary vasculature was equal to the pulmonary

artery pressure, as the left atrial cuff was opento atmospheric pressure.

4.2.2 Sample processing and analyses

The anti-oxidant butylated hydroxytoluene (BHT) was added to each sample on collection, and
immediately placed inice before subsequent sample processing. All samples were centrifuged and
aliquoted before freezing at -80°c, pending ESI-MS/MS analysis at a later date. Bronchial washings
were also filtered for debris prior to centrifugation. The initial sample processing protocol is

describedin greaterdetail in section 2.4.

Lipids were extracted using the modified Bligh & Dyer method, prior to analysis with ESI-MS/MS.
Sampleswere scanned forprecursors of m/z 184 and m/z 193 (P184 and P193 respectively), and this
chapterwill deal exclusively with phospholipids that are detectableonthose precursorscans 2.5.1.
Mass spectra were processed and analysed with our departmental macros, which included
corrections for adduct formation, natural isotope distribution and subsequent identification and
quantification of lipid species from their m/z ratio. Following the identification of lipid species,

analyses were performed with Exceland SPSS —section 2.6.
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4.3 Results

4.3.1 Source of ex vivo organs
The destination of all organs brought to Harefield for potential transplantation during the study

periodissummarisedinthe following flow diagram - Figure 4-3.

15 lungs brought to
Harefield for potential
transplantation

5 Organson ex vivo support

- Transplanted. Storage of
surpluse material

2 Organs unsuitable for
clinical use. Technically
unable to sustain on ex vivo
platformfor D9 labelling*

8 Organs unsuitable for
clinical use. D9 Labelling
experiment

Figure 4-3: Ex vivo organ outcomes
Flow chart illustrating the outcomes of ex vivo organs brought to Harefield that met study criteria. *On first
inspection at Harefield, these organs had severe macroscopic injury that precluded attempts at ex vivo support.

4.3.1.1 Exvivo pulmonary physiology

Physiological parameters of every organ enrolled into the D9labelling experimented were recorded,
and included measures of pulmonary perfusateflow, perfusate pressure, tidalvolumes, and airway
pressures. These values have been used to calculate pulmonary vascular resistance and compliance

for each organ, and these parameters are summarised foreach organ.
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Figure 4-4: Ex vivo pulmonary physiology.

Physiological observation charts of every organ sustained on ex vivo support for deuterium labelling
experiments. Each organ studied is displayed with a unique study identifier at the top of its panel. Dynamic
pulmonary compliance is displayed in blue on the left vertical axis; pulmonary vascular resistance is displayed in
red on the right vertical axes. Hours after the administration of the D9-choline label is displayed in hours along
the horizontal axes. Physiology is demonstrated for 12 hours of ex vivo support, and lines terminate before then
if the organs failed on ex vivo support - see study end-points in section 4.2. There is a missing data point for
EXT7 at T=0.
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4.3.1.2 Key Findings—Study organs

e The ex vivo study was comprised of a small heterogeneous cohort of organs, with widely
varying physiology
e Theexvivolife spanof these organs wasvariable

4.3.2 Baseline phospholipid profiles
The phospholipid profile has been described for the bronchial washings and perfusate ofal | ex vivo
organs, by summarising the relative abundance of all species fromthe baseline samples that were

takenas soon as the organs became available.

4.3.2.1 Airway phospholipid profile

50
45
ap
35
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25
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=

Relative abundance (%)

Airway phospholipid species

H SM16:0 M PC16:0/14:0 M PC16:0a/16:0 H PC14:0/18:2 B PC16:0/16:1 B H25M18:0
H PC16:0/16:0 M PC16:0a/18:1 H PC18:0a/16:0 EPC16:0/18:3 M PC16:0/18:2 N SM20:0

B PC16:0/18:1 M PC18:0/16:0 [ PC18:0a/18:2 HPC16:0/20:4 M PC18:1/18:2 M PC18:0/18:2
B PC18:0/18:1 M PC18:1/20:4 M PC18:0/20:4 MESM24:1 B SM24:0

Figure 4-5: Airway phospholipid composition of lungs on ex vivo support
Box and whisker plot of the relative abundance of the baseline (first available sample) phospholipid species in
the bronchoalveolar lavage from lungs sustained ex vivo, illustrating the median, range, and interquartile
range of values for each species. n=12
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Figure 4-6: Postoperative airway lipid profile — relative abundance
Reproduced from Figure 3-7 in section 3.3.2.2; to illustrate the similarities in phospholipid profiles. Box and
whisker plot. Relative abundance of the top phospholipid species detected on a precursor 184 scan in the
airways of patients immediately after lung transplantation. n=34

Examiningthe first available BALsamples from all EVLP preparations, arange of phospholipid spedes
that are comparable to those seen in vivo in postoperative transplant recipients were observed.
Figure 4-6 has been reproduced from the previous chapter, to illustrate the comparable
phospholipid profiles seen in vivo (Figure 3-7 in section 3.3.2.2). A detailed comparison of the
differences between the ex vivo dataand transplantrecipient datais presentedin Table 4-2. Whilst
most of the differencesinthe relative abundance of many species appeared to be small, there was a
marked difference inthe abundance of DPPC. DPPCaccounted for 36.7% of the airway PCcontentin
the ex vivo lungs, but only accounted for 23.3% of the airway PC content immediately after

transplantation (p=0.003, two-tailed Mann Whitney test, described in Table 4-2).
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Ex vivo relative abundance (%)  In vivo relative abundance (%)  p value
SM16:0 2.493 (2.102 - 4.493) 1.996 (1.466 - 3.391) 0.1189
PC16:0/14:0 | 4.706 (3.443 - 5.771) 3.362 (2.265 - 4.919) 0.0867
PC16:0a/16:0 | 1.589 (1.436 - 2.164) 1.131 (0.876 - 1.403) 0.0004
PC14:0/18:2 | 0.679 (0.322 - 0.762) 0.637 (0.426 - 0.87) 0.7204
PC16:0/16:1 | 8.421 (5.545 - 9.356) 6.909 (5.241 - 9.246) 0.3931
H2SM18:0 0 (0-0) 0 (0-0.473) 0.4430
PC16:0/16:0 | 36.656 (23.414 - 41.067) 23.264 (15.7 - 28.638) 0.0030
PC16:0a/18:1 | 1.47 (0.978 - 2.227) 0.907 (0.8-1.088) 0.0012
PC18:0a/16:0 | 1.039 (0.814 - 1.415) 0.662 (0.507 - 0.929) 0.0007
PC16:0/18:3 | 0.731 (0.444 - 1.143) 1.018 (0.826 - 1.19) 0.0867
PC16:0/18:2 | 7.631 (6.179 - 8.601) 11.603 (9.251 - 13.48) 0.0035
SM20:0 1.141 (0-1.677) 1.166 (0.975 - 1.369) 0.6609
PC16:0/18:1 14.619 (13.972 - 16.875) 13.71 (12.577 -14.721) 0.0311
PC18:0/16:0 | 1.331 (1.105 - 1.678) 1.007 (0.74 - 1.192) 0.0002
PC18:0a/18:2 | 0.732 (0.343-1.2) 0.459 (0.378 - 0.63) 0.1918
PC16:0/20:4 | 2.341 (1.869 - 2.985) 4.444 (3.331-5.723) 0.0002
PC18:1/18:2 | 2.913 (2.014 - 3.702) 4.071 (3.252 - 5.199) 0.0071
PC18:0/18:2 | 5.149 (3.538 - 6.806) 6.025 (5.161 - 7.645) 0.1251
PC18:0/18:1 | 2.069 (1.352 - 2.581) 1.743 (1.437 - 2.142) 0.3277
PC18:1/20:4 | 0.838 (0.619 - 1.317) 1.539 (1.207 - 2.017) 0.0004
PC18:0/20:4 | 1.15 (0.946 - 1.989) 2.374 (1.803 - 3.121) 0.0042
SM24:1 1.58 (0.904 - 2.724) 1.373 (0.915 - 2.131) 0.5953
SM24:0 0.684 (0.363 - 0.969) 0.485 (0.347 - 0.705) 0.2696

Table 4-2: Comparison of airway phospholipids between ex vivo lungs and lung transplant recipients

Baseline blind bronchial aspirates are compared from 34 transplant recipients and compared against the first
available bronchial washing from 12 ex vivo organs. The relative abundance is reported as the median value for

each species, with the interquartile range in brackets. Two-tailed p-values were calculated with the Mann

Whitney test, and values below 0.05 have been highlighted in red.
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43.2.1.1 Keyfindings — ex vivo airway lipids profiles

e Adescription of airway phospholipids on EVLP is provided

e There were some differences between the airways phospholipids of EVLP lungs compared to

lungsthat were transplanted

o Notably, there was more airway DPPCin EVLP lungs than there wasin the recipient’s

lungs describedinthe previous chapter

4.3.2.2 Perfusate phospholipid profiles

The relative abundance of phospholipid speciesin the first available perfusate sample taken fromall

ex vivo organs is illustrated in Figure 4-7. Asseeninthe plasma of postoperative lung transplant

recipients, PC16:0/18:2, PC16:0/18:1, PC16:0/20:4, PC18:1/18:2, and PC18:0/18:2 are the five most

abundantspecies.
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Figure 4-7: Baseline profiles in perfusate phospholipids. Box and whisker plot of the relative abundance of the
baseline (first available sample) phospholipid species in the perfusate from lungs sustained ex vivo, illustrating
the median, range, and interquartile range of values for each species, n=13.
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43.2.2.1 Differences in lipidomic profile between transplanted and non-transplanted organs

Comparison of the perfusate lipidomic profiles revealed significant differences betweenthe organs
that were transplanted and those that were rejected by the transplant team. Standard acceptance
criteriaare summarisedin Table 4-1, andillustrate some of the reasons forrejection. The perfusate
of rejected organs had a greater relative abundance of PC16:0/14:0 (p=0.08), PC16:0/16:1 (p=0.019),
and PC 16:0/16:0 (p=0.013), three species typically associated with pulmonary surfactant in the

airways?®4; with a corresponding reductionin the relativeabundance of PC18:1/18:2 (p=0.013).
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Figure 4-8: Differences between transplanted and rejected lungs in perfusate lipid profiles. Box plot of the
relative abundance (%) of perfusate phospholipid species, demonstrating the range, interquartile range and
median values. Rejected ex vivo lungs (n=10) on the left box are compared against transplanted ex vivo lungs
(n=5) on the right box. Two-tailed Mann-Whitney p-values are reported.

43.2.2.2 Keyfindings
e Thereisan increase of surfactant phospholipid speciesin the perfusate of lungs thatare

considered unsuitable for clinical transplantation

e Adescription of the phospholipids foundin EVLP perfusate is provided
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4.3.3 Deuterium labelling of the Kennedy CDP-choline pathway

4.3.3.1 Therangeofdeuterium labelled phospholipids in the perfusate
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Figure 4-9: Perfusate lipid profile at 9 hours in labelled ex vivo lungs. Box plot showing range, interquartile
range, and median values for the relative abundance of phospholipid species detected in the perfusate samples
taken 9 hours after label administration, N=6. Top Panel — unlabelled species. Bottom Panel — labelled species.

The 9-hour time point has been selected for in-depth analysis of labelled phospholipids, as this
provided sufficienttime forincorporation of the deuterium labelin asufficientnumberof surviving

exvivoorgans. The unlabelled lipid profileis firstillustrated as the relativeabundance of PCspecies
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for all perfusate samples taken 9hours afterthe administration of the deuteriumlabel; deuterium-

labelled species are then displayed as theirrelative abundanceinthe same samples.

4.3.3.2 Time-course ofex vivo deuterium incorporation into phospholipids

Deuterium incorporation into DPPC can be seen in the airways within a matter of hours; however,
the rate of label incorporation varied between organs. Figure 4-10 highlights the substantial
variability in D9-DPPCincorporation between organs, with organ EXT7 showingrapidincorporation
of the deuterium label, whereas organs EXT11 and EXT15 showing minimal to no D9-DPPC

incorporation.
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Figure 4-10: D9-choline incorporation into airway DPPC into all labelled ex vivo organs. The proportion of D9
label incorporation airway PC16:0/16:0 (DPPC) is shown as a percentage on the y-axis, against the time (in
hours) after the label was introduced to the organs (x-axis), for every labelled organ (n=8).

For comparison, D9-incorporation has also been plotted against time for two selected perfusate
species; DPPC(asitisthe key phospholipid species of interestin the airways), and PC16:0/18:2 (as it
is the most abundant species in the perfusate). Whilst the time-course graphs appear to show
differenttrends when comparing deuteriumincorporationinthe BALand perfusate foreach organ,
there was no statistical difference when comparing deuteriumincorporation between the BAL and

perfusate at9 hours - Figure 4-12.
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Figure 4-11; Time course of ex vivo deuterium incorporation into perfusate phospholipids. The proportion of D9
label incorporation into the phospholipid species is shown as a percentage on the y-axis, against the time (in
hours) after the label was introduced to the organs (x-axis), for every labelled organ (n=8). Top panel-
PC16:0/16:0 (aka DPPC), bottom panel-PC16:0/18:2.
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Figure 4-12: D9 incorporation compared between the perfusate andthe BAL. Box plot of deuterium
incorporation demonstrating the range, interquartile range and median values in the BAL and perfusate of ex
vivo lungs at 9 hours (n=6). Left panel, PC16:0/16:0 (DPPC). Right panel, PC16:0/18:2. Wilcoxon signed rank test
with 2-tailed p-values reported.

Whilst deuterium enrichment of DPPCafter 12 hours was significantly differentwhen measured in
the plasma and airways of lung transplant recipients (Figure 3-24), similar differences were not

detectedinthe airways and perfusate of this ex vivo cohort of lungs.

433.2.1 Keyfindings — Ex vivo deuterium labelling
e ThereisKennedy pathway activity during normothermic EVLP

e Kennedy pathway activityis highly variable amongst EVLP organs that have beenrejected for

transplantation

4.3.3.3 Differences between airway and vascular secretion of pulmonary phospholipids.

The relative abundance of deuterated phospholipids was compared between the perfusate and the

BAL of all labelled ex vivo organs that survived for 9 hours. There were significant differencesin

several species (Figure4-13).
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Figure 4-13: Differences in newly synthesised phospholipidsin the airways and the perfusate. Relative
abundance of selected deuterated PC species in the lavage and perfusate in lungs that have been sustained ex
vivo for 9 hours. PC16:0/14:0 (A), PC16:0/16:0 (B), PC16:0/20:4 (C), PC 18:1/20:4 (D). n=6. Two-tailed Mann-
Whitney p-values are reported

As expected, thereisatendencyforthe lungs torelease more surface active saturated phospholipid

speciesintothe airways when compared to the circulation. In contrast, the phospholipids released

into the circulation had relatively more newly synthesised arachidonic acid containing

phosphatidylcholine species - Figure 4-13.

433.3.1 Keyfindings — comparison of deuterium labelling in the perfusate and airways
e The composition of phospholipids that are synthesised and released by the lungsis different

inthe airways and the circulation
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4.4 Discussion

4.4.1 Summary of key findings

e Surfactant phospholipid synthesis continued via the Kennedy CDP-choline pathway during
normothermicex vivo lung perfusion and ventilation

e Kennedy pathway activity was highly variable in EVLP using rejected organs

e Surfactant phospholipids were synthesised by the lung and secreted into the airspace in
isolation fromthe liverand otherorgans

e Lungs synthesised and actively secreted arange of phospholipids into the circulation that are
relatively rich in PUFA. In contrast, lungs secreted phospholipids that are relatively rich in
saturated speciesinto the airways

e Human exvivolungperfusion provedto be a viable platformforresearchthat can provide

unique insightsinto pulmonary phospholipid biology

This study provides the first description of human lungs actively secreting a distinct phospholipid
profile intothe circulation, in addition to the secretion of surfactant phospholipids into the airways.
These data provide compelling evidence in support of the previously hypothesised basolateral
phospholipid secretion by the alveolar epithelium, and these valuable insights will further our

understanding of phospholipid trafficking in the lung.

We have confirmed thatthe presence of Kennedy pathway activity in EVLP, and preservation of this
pathway could represent one way in which the EVLP platform protects the lung. However, Kennedy
pathway activity was highly variable in this heterogeneous cohort of lungs, and the origins of this

variability will require further study.
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4.4.2 Deuterium label incorporation

4.4.2.1 Timing of phospholipid synthesis

As the deuterated choline was introduced afterthe organs were sustained on ex vivo support, it can
be said with certainty that all deuterium labelled phospholipids had been synthesised by the lungs
viathe Kennedy pathway afterthey were established on EVLP. The incorporation of the D9-choline
label into phospholipids during EVLP offers definitive proof that pulmonary surfactant phospholipid
metabolism can continue during normothermic ex vivo support, and could represent one of the

protective mechanisms behind clinical EVLP in lung transplantation.

It is likely that some of the unlabelled phospholipids in the airways of these EVLP lungs may have
been synthesised priorto organ retrieval, as the half-life of airway DPPCis probablynoless than 24
hours?®>. Similarly, some of the unlabelled perfusate phospholipids may also have originated from
residual donor plasma that was incompletely flushed through during organ retrieval. However,
deuterium labelled phospholipids can only have been synthesised by the lungs after they were
established on EVLP and infused with the D9-choline label. Therefore, any deuterium labelled
phospholipids were actively synthesised by the lung during ex vivo support through the Kennedy
CDP-choline pathway, and were not residual phospholipids that were synthesised by otherorgansin

the donor priorto retrieval.

4.4.2.2 Airway D9-DPPCincorporation

The exvivoincorporation of the D9 label varied between the organs studied —section 4.3.3.2. Organ
EXT7 demonstrated rapid airway D9-DPPC incorporation within six hours, yet two organs (EXT11 &
EXT 15) showed minimal airway D9-DPPC incorporation after 12 hours (Figure 4-10). This lack of
deuterium enrichment of airway DPPC cannot be explained by assuming that those organs were
dead or that there was a problem with the labelling technique, as EXT15 had high levels of

deuterium enrichment in perfusate DPPC and PC16:0/18:2. Therefore, it can be concluded that
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EXT15 was alive with some Kennedy pathway activity during the experiment, even if the pathway

was functioning abnormally with minimal airway DPPCsynthesis.

Itis possible thatthe abnormal PCmetabolismseenin EXT15 reflects agreaterdegree of lunginjury,
but there were many other variables that could have accounted for altered PC metabolism; like
differences in the EVLP platform or perfusate. Addressing this question in future studies would
require a larger number of ex vivo organs with standardised EVLP operating conditions combined
with additional measures of lung injury. The determinants of abnormal airway DPPC metabolism
warrants further study as this could provide insights into the surfactant dysfunction seen in acute
lunginjury, and potentially identify novel biomarkers and therapeutictargets. Enhanced protection
of ex vivo DPPC synthesis could also theoretically improve the ability of EVLP to protect the

transplantedlung, butaddressing this hypothesis would require continued research.

4.4.2.3 Pulmonary phospholipid secretion into the circulation

Itis possible that some airway phospholipids could passively ‘leak’ into the perfusate, especially if
the alveolarbarrierfunctionis compromisedinrejected organs with more severelunginjury. DPPC
was not typically seen in the circulation of postoperative recipients (section 3.3.2.3), but it was
repeatedly detected atlow levelsinthe perfusate in EVLP; particularly in organs that were rejected
(Figure 4-8). It is possible that rejected lungs had more DPPC in their perfusate because their
alveolar barrier function was impaired, and surfactant phospholipids could leak from the alveolar
space into the perfusate. However, the differences in labelled phospholipids in the bronchial
washings and the perfusate are highly suggestive of an active and selective processthatdetermines
which phospholipids are released into the alveolar space or the circulation. If the only source of
labelled phospholipids in the perfusate was through the passive leak fromthe alveolarspace, there

would be an identical phospholipid profilein both compartments. Instead, we see differing profiles,
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with the airways containing more surface-active saturated phospholipids and the circulation

containing more polyunsaturated PCspecies—section 4.3.3.3.

The appearance of deuterium-labelled PUFA-containing PC species in the EVLP perfusate is of
particular interest. Arachidonic acid has been described as the “mother substance of pro-
inflammatory eicosanoids”, and it is thought to be released by membrane phospholipids?2®,
Arachidonic acid containing PC species are also markers of monocyte activation, which is another
process that has beenimplicated in the development of primary graft dysfunction'?*3. Arachidonic
acid is actually much more than the “mother substance of pro-inflammatory eicosanoids”?'°,
Arachidonicacidin convertedina diverse range of lipid mediators, initially via cyclooxygenase (COX)
and lipoxygenase (LO) pathways*. Lipoxins are an example of pro-resolving mediators that are
derived from arachidonicacid via LO pathway interactions?®®. Lipoxin A4 has previously been found
in the lavage fluid of human lung transplant recipients and was associated with severe allograft

dysfunction?®,

Apart fromarachidonicacid, there are other PUFA species that are also convertedinto biologically
important mediators. Several newly synthesised PC species containing eicosapentaenoicacid (20:5)
and docosahexaenoicacid (22:6) were detected inthe perfusate (butnotinthe airways), and they
are precursors forseveral specialised anti-inflammatory mediators thatinclude resolvins, protectins
and maresins?®, These data confirm that the lung is a source of several PUFA precursors of both

proinflammatory and proresolving lipid mediators that are released into the pulmonary circulation.

Beyondtheirrole inthe generation of lipid mediators of inflammation, long-chain PUFA may exert
an antioxidant effect that protects the lungs through free radical-scavenging?®. Itis also possible
that circulating PUFAs may also exert systemic cardiovascular effects, as administering lipid
emulsionsrichin PUFAsinanimal models produces a positive inotropiceffectand promotescardiac
diastolic relaxation?°°; which would be a desirable haemodynamic response during periods of

pathophysiological stress.
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As stated earlier, itis believed that arachidonicacid is mobilised from membrane phospholipids?1?,
Data from this chapter shows that pulmonary secretion of PC species containing arachidonic acid
occurred within hours of de novo synthesis on EVLP. However, itis difficultto determine whether
these PC species containing arachidonic acid had spent any time in the membrane pool of

phospholipids.

Polarised murine cell culture experiments have previously suggested that pulmonary epitheliumis
capable of secreting phospholipids in both apical and basolateral directions, and that basolateral
phospholipid secretion is mediated by the ATP-binding cassette transporter A1 (ABCA1)1%%78,
However, it had not been confirmed that these vitro observations equateto pulmonary phospholipid
secretionintothe circulation, and any PCspeciesthat may have beensecreted bythe lung into the
circulation were previously unknown. The data presented in this chapter confirmsthatthe lungs can

selectively secrete polyunsaturated PCinto the circulation.

In summary, pulmonary phospholipid metabolism probably extends beyond the synthesis of surface
active phospholipids that preventalveolarcollapse. The lungsalsorelease phospholipids into the
circulation that probably have an important role in orchestrating the inflammatory response;

continued researchisindicated.

4.4.3 Baseline airway and perfusate phospholipid composition

Previous studies using nearly identical techniques in healthy volunteers have shown that DPPC
typically accountsfor 50% of all PC species’. Interestingly, DPPClevelsinthe airwaysofthe ex vivo
lungs were closerto the levelsseenin health at 36.7%, when compared to the proportion of DPPC of
23.3% seenin perioperative lungtransplantrecipientsimmediately after surgery ( Figure 4-5 & Figure
4-6). Depleted surfactant phospholipids might be expected in a study that included some organs

that were considered to be too injured for clinical transplantation as well as healthy organs that
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were subsequently used fortransplantation, yet the relative abundance of airway DPPCin these ex
vivo organs was better than those seen in postoperative transplant recipients. These data suggest
that some pulmonary DPPC is lost during the process of organ retrieval and ex vivo support, but
more is rapidly lost in the hours after reperfusion associated with transplantation. Certainly,
continued deterioration in airway DPPC abundance was seen in recipients for days after lung
transplantation (see section 3.3.2.2). Taking these two observations together suggests that some
airway DPPCis lost during both retrieval and ischemia, but more is lost during the subsequentin vivo

reperfusion.

4.4.4  Cellular origins of newly synthesised pulmonary phospholipids

Nearly every eukaryoticcell is capable of PC synthesis via Kennedy’s CDP-choline pathway'?. Type |
alveolarcells are the mostabundantcell type and represent nearly 95% of the alveolarsurface, yet
they are relatively devoid of the cellular organelles that are typically associated with phospholipid
synthesis and secretion as they form the thin air-blood barrier for gas exchange. By contrast, AT2
contain lamellar bodies storing surfactant phospholipids that have been synthesised in the
endoplasmic reticulum and Golgi apparatus, and release multiple phospholipids in isolated cell
culture experiments 2°1292 Therefore, it would be reasonable to presume that AT2are the primary
source of deuterated phospholipids seen in the airways of the ex vivo lungs presented in this
chapter. However, AT2 cell culture models in isolation from other cell types found in the lung

synthesised different phospholipids when compared to isolated perfused ratlung models 122279293,

Pulmonary lipofibroblasts (sub-type of fibroblasts) are mesenchymal cells thatareladen with lipid
dropletsandreside inthe alveolarinterstitium, and probably contributeto surfactant metabolism;
although, theirrole in human lungs remains controversial?®%. Lipofibroblasts support the growth and
differentiation of AT2, and provide ongoing support through the storage and supply of triglycerides

for the use in surfactant phospholipid synthesis?®>. Lipofibroblasts are also independently capable of
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phospholipid synthesisin animal models, anditis also conceivablethat they may have contributed

to phospholipid synthesisin this human ex vivo mode|?®,

Donor alveolar macrophagestravel with the graft during lung transplantation, and are responsible
for the removal and catabolism of surfactant phospholipids from the airways prior to recycling by
AT2101.297 - Alveolar macrophages also secrete PLA, enzymes that are an integral part of Land’s acyl
remodelling pathways 191297298 Even if these passenger alveolar macrophages do not directly
contribute to phospholipid synthesis, it is likely that they have indirectly contributed to the
moleculardiversity of phospholipid species that have beenidentified in these exvivolungsthrough
theirroleinacyl remodelling. PLA, are a super-family of esterases that catalyse the hydrolysis of acyl
groups from phospholipids, and have adiverse range of biological functionsamongstthe numerous
isotypesthat have beenidentified. Beyond theirrole in surfactant homeostasis, PLA, enzymes have
beenimplicatedinthe pathogenesis of ARDS through the generation of eicosanoidsand other lipid
based inflammatory mediators?®°. PLA, could also have also have a more direct role in the
development of ARDS though the local release of lyso PC species, which have been associated
leukocyte recruitment, impaired surfactant tensioactivity, and the injury of type l alveolarepithelial
cellmembranes®®. PLA, enzymes are also expressed in: monocytes, mast cells, smooth musclecells,
and fibroblasts3°!; it is conceivable that all of these cell types have contributed to the molecular
diversity of phospholipid species. This hypothesis could be tested by co-culture of the various cell
types or by determining how lipid profiles in AT2 conditioned media were affected by transfer to

othercell types, like alveolar macrophages.

Pulmonary phospholipid secretion into the circulation has not been previously studied, and the
results from this chaptersuggestthatthe lungs actively secrete PUFA containing phospholipids into
the blood. Humanvascular endothelial cells actively remodel phospholipids viathe Land’s cycle, but

the de novo synthesis of phospholipids occurs slowly via the Kennedy pathwayinendothelial cells
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when compared to othertissues3°2. One could hypothesisethat the differing phospholipid profile
secreted by the lungsinto the circulation could result from endothelial phospholipid synthesis (as
opposedto epithelial synthesis), or possiblythrough the interactions between pulmonary epithelial
and endothelial cells. Eicosanoid synthesis depends on the interaction of many different cell types,
and this has been referred to as ‘transcellular biosynthesis’'°. This concept of transcellular
biosynthesis has already beenillustrated in leukotriene metabolism usingarabbit EVLP model, and
further highlights the advantage of using whole-organ preparations when investigating lipid
biology!®!. Spatial localisation of these lipids to specificcell typesin the lungis difficult, but MALDI -
IMS (matrix-assisted laser desorptionionization imaging mass spectrometry) is one of several novel
techniques that could be used to visualise pulmonary phospholipids3®. Combining novel MSimaging
with the dynamiclipidomictechniques presentedinthis chapterisan exciting future direction, that
could allow the cellular/extracellularlocalisation of the numerous metabolicsteps thatare required

in pulmonary phospholipid homeostasis?°?.

4.4.5 Synthetic independence from the liver

Phosphatidylcholine (PC) species are synthesised in the Golgi and endoplasmicreticulum of nearly
every mammalian cell, typically through the Kennedy CDP-choline pathway'®. Anotable exception
is the hepatocyte, which can also synthesise phospholipids via a secondary
phosphatidylethanolamine methyltransferase (PEMT) pathway3°*. Hepatic PEMT phospholipid
synthesis creates a wider range of PC species containing greater amounts of long-chain
polyunsaturated fatty acids (PUFA, such as arachidonicacid) when compared to the speciesthat are
synthesised viaKennedy’s CDP-choline pathway found in the lung?33. Animalknock-down models of
these hepatic methylation pathways can result in severe disruption of circulating
phosphatidylcholine (PC) species, suggesting that the liver is a major source of systemic

phospholipids?’”?. The true extent to which the lungs depend on the liver for phospholipid
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metabolism was previously unknown. However, this study has proventhat the lungs can synthesise
a diverse range of phospholipid speciesinisolation from the hepatic PEMT pathways, including those

PUFA species, which have littleimpact on alveolar surface tension.

Apolipoproteins are vital forlipid transportin both the circulation and the lymphatics; many of these
apolipoproteins are synthesised in the liver and so were not present in the perfusate of these
experiments®>, Beyonditsrole asa lipid transporter, ApoA-l alsointeracts with ABCA1, stabilising
thistransmembrane protein by protectingit from degradation by proteases®¢. ABCA1lisresponsible
for cellular efflux of cholesterols and phospholipids into apolipoproteins3°?, and hasbeen proposed
as the mediator of basolateral phospholipid secretion by the alveolarepithelium?. Therefore, itis
possible that the lack of these apolipoproteins in the perfusate could impair or alter pulmonary

phospholipid secretioninto the circulationin an EVLP model.

4.4.6 Validity of the ex vivo platform for research into pulmonary surfactant biology

This study has demonstrated activity of the Kennedy pathway in EVLP, which is a prerequisite for

establishing human EVLP as a model of pulmonary phospholipid biology.

Lipidomic profiling has demonstrated a wide range of phospholipids in the airways of these EVLP
lungs. DPPCremainsthe predominant phospholipid speciesin ex vivo airways, although levels were
slightly lower than those seen in healthy volunteers’. However, the abundance of DPPC in the
airways was generally betterinthese rejected EVLP lungs thanthose levelsseeninlung transplant

recipientsimmediately aftersurgery—section4.3.2.1.

Most of the airway phospholipid species seen in postoperative lungtransplant recipients were seen
at comparable proportions in ex vivo airways. Importantly, this chapterhasalsoshownthat human
EVLP can reproduce a wide range of phospholipids in isolation from hepatocyte based PEMT
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pathways. Continued ex vivo synthesis of a diverse range of airway phospholipid species that are
rich in DPPCwould supportthe use of thisisolated perfused and ventilated lung model as a platform

for researchinto human pulmonary surfactant biology.

Ongoing work is required to fully establish EVLP as a platform for surfactant research. Statistically
significant differences were detected in the airway phospholipid profile of ex vivo lungs, when
compared to the airway phospholipids measured in postoperative lung transplant recipients, but the
biological significance of these differences is uncertain. Notably, ex vivo airways had a greater
abundance of DPPCthan the samples obtained fromtransplantrecipients had agreaterproportion

of PCspecies containing PUFA (Table 4-2and discussed in section 4.4.3).

The reasonfor these differencesis notclear, butthere are several possible explanations. Acute lung
injuryis associated with reduced airway DPPC?*’, and so continued lunginjury sustained following
reperfusion in the postoperative period would be one possible explanation. The most likely
explanationisthatischemiareperfusioninjuryintransplantrecipients has caused greater disruption
to surfactant phospholipids. Airway DPPCin EVLP was closer to normal healthy values than those
seenintransplantrecipients’, and so a more detailed comparison of the lipidomic profiles from EVLP

and healthy volunteers could also help to characterise EVLP as a platform for surfactantresearch.

The reasons behind the variation in ex vivo Kennedy pathway activity also require continued
investigation, in order the define EVLP as a model for pulmonary phospholipid biology.
Furthermore, understanding the mechanisms behind impaired Kennedy pathway metabolism could
lead to new therapeutic strategies to protect the lungs on EVLP. The Toronto group have
demonstrated that surfactant replacement therapy can improve graft performance in an animal
model of EVLP and transplantation, and so identifying and targeting abnormal surfactant biology

couldtheoretically lead to treatments that could recondition lungs for transplantation ®.
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Human EVLP could provide a comprehensive experimental platform for the study of pulmonary
surfactant biology by preserving the relationships between multiple cells types within the alveolar
architecture at the air-blood interface; thus overcoming many of the inherent limitations that are
associated with other in vitro models®’. The wide range of phospholipid species that have been
measured in this chapter probably reflects this preservation of diverse cellular interactions in the

lungs, like transcellular biosynthesis.

Surfactant replacement therapy has already been attempted in animal models of EVLP?, and this
human EVLP model further evaluate this experimental strategy to recondition lungs for
transplantation. The development and application of human EVLP as a model of pulmonary

phospholipid biology is discussed in more detailin section 6.4.3.

4.4.7 Limitations of the methods

4.4.7.1 Smallheterogeneous cohort

Human lungs that are suitable forex vivo modelling are in extremely limited supply, eveninacentre
with high levels of transplant activity, such as Harefield Hospital. This chapterincludes data from a
very limited number of organs, and so the conclusions that can be drawn from this data set are
limited. The study cohort included a very heterogeneous set of organs, with varying degrees of
injury thatis difficult to quantify objectively. Donorlungs were sustained ex vivo at the discretion of
the transplant surgeon, and varying techniques of ex vivo support were employed in accordance
with the wishes of the clinical transplant team. Ex vivo support protocols were not standardised
across the cohort, and this is likely to have introduced a source of further variability into the
phospholipid dataset. Multiple confounders arising from differences in ex vivo support protocols
between organs couldintroduce systematic bias and limits the conclusions thatcanbe drawn from
the dataset. Instead, it would be betterto considerthis study as a pilot datasetthat provides “proof
of concept”. Now that this study has confirmed the technical viability of the platform for research

into pulmonary phospholipid biology, collected preliminary/pilot data, and identified phospholipids
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of potential interest; these limitations could be addressed with a standardised protocol in

subsequentstudies.

4.4.7.2 Identification of minor species

Fewer phospholipid species wereidentified in ex vivo airways thanin post-transplantairways. Our
departmental softwareidentified 35 phospholipid speciesin the airways of transplant recipients, yet
only 23 species were identified in airways of the ex vivo platform (Figure 4-5 & Figure 4-6). Our
departmental software will identify species that are repeatedly detected at arelative abundance of
greater than 1%. A greater number of samples in the clinical study will increase the probability of

identifying species that have an average airway abundance thatis close to 1%

The seemingly reduced number of airway phospholipid species detected ex vivo probably reflects
the smallerdataset, and subsequently reduced ability to reliably detect minor phospholipid s pecies
that occurin very low quantities. A larger set of samples from more organs could make it easier to
detect these minor airway phospholipid species. Alternatively, high performance liquid
chromatography combined with tandem mass spectrometry (HPLC-MS/MS) has been used to detect
lipid based mediators that occurin very small quantities, and could also theoretically assist in the
detection of minor phospholipid species3®®. Itis possible thatseparatingthe lungsin EVLP from the
liver, and possibly the supply of other essential phospholipid precursors (such as fatty acids and
glycerol) could have had some effect on the diversity of synthesised phospholipids, but further

research would be required to determine whetherthisisthe case.

4.4.7.3 Lack of a healthy ex vivo control group

Keeping healthy lungs on EVLP for 9-12 hours for deuterium labelling experiments would be
unethical, as prolonged support could compromise their potential for transplantation. Therefore, it

isimpossible to compare these data with deuteriumlabelling experimentsin corresponding cohort
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of healthy human lungs on EVLP. Deuterium incorporation data are only available for organs that
have been deemed unsuitable for clinical transplantation, and observations made on diseased
organs may not be generalisable to the healthy human lungs. Nonetheless, the data from these

limited experiments offer can still offervaluable insights into pulmonary phospholipid biology.

4.4.8 Clinical significance

As novel platforms evolve for the ex vivo support of organs during lung transplantation, a greater
understanding of theirimpact on pulmonary biology will also be required. Surfactant dysfunctionisa
contributing factor in the pathogenesis of Primary Graft Dysfunction®, and these data prove that
normothermicexvivo lung perfusion can preserve the function of the pulmonary surfactantsystem
by facilitating continued phospholipid synthesis via the Kennedy Pathway. These data have also
demonstrated substantial variability in ex vivo phospholipid metabolism, which raises important-

questionsforclinical transplantation.

1) Can ex vivo measurement of surfactant biology assist in the selection of lungs for
transplantation?
2) Could further optimisation of ex vivo support strategies offer additional protection of the
Kennedy Pathway and pulmonary surfactant systemto prevent the development of Primary
Graft Dysfunction?
Based on these data, it could be hypothesised that normothermicex vivo lung perfusion protects the
graft during lung transplantation by preserving Kennedy pathway dependent surfactant metabolism.
Animal models of transplantation suggest that ex vivo reconditioning of lungs through exogenous
surfactant replacement has the potential to reverse lung injury and increase the donor pool of
organs that could be suitable for transplantation®’; continued investigation into the pulmonary

surfactantsystemin EVLP is justified.
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Beyond gaininginsightsinto the protective mechanisms of clinical normothermic EVLP in clinical lung
transplantation, these data provide valuable information that increases our understanding of
pulmonary phospholipid biology. This study has provided firstin-human proof that the lungs secrete
arachidonic acid PC species into the circulation; species that have been associated with monocyte
activation and the development of ARDS?7°. This human ex vivo model providesavaluable platform
for the research of pulmonary phospholipid biology, and presents a unique opportunity to study lipid
mediators originating from the lung, and could lead to novel targets for the treatment and

prevention of lunginjury.

4.49 Conclusions

Experimentalhuman EVLPis a viable method forthe study of pulmonary lipid biology. This chapter
provides adetailed account of the range of PCspecies thatare synthesised by the lungsinisolation
from the rest of the body, and provides insights into the pulmonary contribution to phospholipid
metabolism. The humanlungactively secretes a distinct profile of phospholipidsinto the circulation

thatisrich in polyunsaturated fatty acids.

Ventilation-induced surfactantrelease is an energy dependent process thatislost when the lungs
are cooled®93%, Demonstrating continued surfactant metabolism and secretionin this chapter offers

mechanisticinsights into graft preservation during clinical EVLP in lung transplantation.
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5 Results: Oxido-nitrosative stress and phospholipid metabolism in
lung transplantation

5.1 Introduction

5.1.1 Background

Having established that lung transplantation is associated with changesin phospholipid biology, this
chapter will explore the hypothesis that oxidative stress is a mechanism that contributes to the
perioperative disruption in phospholipid metabolism. Lungtransplantationisasource of substantial
oxidative stress in the early perioperative period®®®, that contributes to Primary Graft Dysfunction
(PGD)*9161, |schemia and reperfusion during lung transplantation generates unstable reactive
oxygen species (ROS)and reactive nitrogen species (RNS) that readily react with nearby lipids and
damage surfactant3%18, Oxidative and nitrosative stress are toxicto the alveolare pithelium®, and
have beenimplicatedin the development of pulmonary ischemia-reperfusioninjury3°. Oxidative
stress may impairsurfactant phospholipid synthesis by type 2 alveolarepithelial cells (AT2) 162, AT2
exposure to oxidised lipoproteins will induce protease-mediated cleavage of phosphocholine
cytidylyltransferase, which is the rate-limiting enzyme in the Kennedy pathway of phospholipid
synthesis'®%4 Oxidative stress can also damage existing surfactant through lipid peroxidationt®’,
and has beenimplicated inthe development of PGD*®. Beyond the potentialeffectson pulmonary
surfactant tensioactivity, oxidative/nitrosative stress induced peroxidation of polyunsaturated fatty
acids (PUFA) can start a ‘chain reaction’ that generates many toxic peroxides and aldehydes that will
also precipitate further peroxidation of nearby PUFA species3!!. Malondialdehyde and 4-
hydroxynoneal (4-HNE) are examples of the reactive products of lipid peroxidation that are
generated when surfactant phospholipids are exposed to ROS3'2, and will also degrade nearby DNA
and proteins 313, Protein thiol groups are particularly susceptible to oxidative and nitrosative stress,
oftenresultingin changesin both protein structure and function3®334, Oxidised thiols are associated
with increasing lipid peroxidation and reflect overall redox status3%. The two-major thiol-dependant

antioxidant systems are the thioredoxin system and the glutathione system3®, and disruption of
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both antioxidant systems have been associated with adverse outcomes in human lung

transplantation37318,

Changesin nitrosative stress markers are associated with surfactant dysfunctioninlung transplant
recipients, and RNS driven alveolarinflammation may further contribute to surfactantdegradation
through lipid peroxidation®17131° NitricOxide (NO) is asignallingmoleculewith many roles that
paradoxically has both antioxidant properties, and can be converted into the potent RNS
peroxynitrite through the reaction with superoxide ions (0,*)3%. Nitrotyrosine (NT) is a marker of
protein nitration foundinthe airwaysin the acute respiratory distress syndrome (ARDS) 31, and has

been associated with surfactant dysfunction in lung transplantation3%.

Lung transplantationis associated with changesin NO metabolism and oxidative stress, and further
investigation into the impact on pulmonary surfactant and phospholipid biology is warranted.
Having demonstrated perioperative changesin phospholipid metabolism, this chapterwill attempt
to integrate the analyses of NO metabolism, oxido-nitrosative stress, with perioperative lipidomic

profilesand measures of phospholipid flux.

5.1.2 Hypotheses
1. Disrupted NO metabolism and oxido-nitrosative stress are associated with changesinthe
pulmonary surfactant phospholipid Dipalmitoyl Phosphatidylcholine (DPPC) afterlung
transplantation.
2. Disrupted NO metabolism and oxido-nitrosative stress are associated with changesin wider
phospholipid metabolismin clinical lung transplantation.
5.1.3 Objectives
e Assess NO metabolitesin perioperative lungtransplantation: Nitrates, nitrites, nitrotyrosine
e Measure markers of oxidativestressin perioperative lung transplantation: HO1, 4HNE, and
free thiols

e Correlate markers of redox status with changesin perioperative phospholipid metabolism
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5.2 Methods

5.2.1 Clinical sample and data collection

Patients were recruited from the lung transplant waiting list. Blind bronchial aspirates and plasma,
samples were collected, processed and stored as described in Table 3-1. Biopsies weretaken at the
discretion of the consultant transplant surgeon. Where possible, paired biopsies were taken: First
sample collected immediately prior to donor implantation, second sample collected immediately

priorto chest closure.

Anonymised clinical data were stored in a study database (section 2.6). Measures of clinical
outcome focused on the P/F ratio (ratio between arterial oxygen tension and inspired oxygen
fraction) and medium-term graft function (spirometry recorded every three months forthe first year
after transplantation). Forced Expiratory Volume in 1 second (FEV,) and the Forced Vital Capacity

(FVC) were reported as a percentage of their predicted values.

Inductionof | Priorto Priorto chest | End of 1-3 hrs 12 hrs
anaesthesia | implantation | closure surgery

Blood M M M

Lung biopsies IZI IZ

Bronchial washings M IZ

D9-Choline infusion* M

Table 5-1: Study timetable
Timetable of events that describe the collection of samples used to generate the data in this chapter. Modified
from the table shown in section 2.2.6.1, to illustrate the precise timing of biopsies
5.2.2 Lipidomic data
Lipids were extracted using the modified Bligh & Dyer method, priorto ESI-MS/MS —sections 2.4.2
& 2.5.1. Sampleswere scanned for precursors of m/z184 and m/z 193 (P184 and P193 respectively),

and this chapter will deal exclusively with phospholipids that are detectable on those precursor

scans. Mass spectrawere processed and analysed as described in section 2.6.2.
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As in chapter 3, analyses have focused on the sample collected 12 hours after the D9-Choline
infusion was started, to allow sufficient time for incorporation of the deuterium label whilst still
providing enough patients to perform meaningful analyses. Peak deuterium incorporationis typically
seen afterapproximately two days?, yetthe median time on postoperative respiratory support was
44.5 hours (Interquartile range 18.25 — 510 hours); focused analyses on the 12 hour time point
offered a compromise between allowing sufficient time to allow incorporation of the D9-Choline
label, whilst still analysing samples from 75% of the study cohort. Furthermore, the previous chapter
has already demonstrated that changes in 12-hour phospholipids are associated important clinical
outcomes, and so furtherinvestigationinto the mechanisms behind those changes at that time point

would appearto be justified —section 3.3.4.

5.2.3 NO metabolites

Stable metabolites of NO (nitrate and nitrite) were measured with a combination of High
Performance Liquid Chromatography (HPLC) and the Griess reaction. Concentrations of NO
metabolites were measured by absorbance at 540nm with spectrophotometry, after generating a

calibration curve using standard solutions —section 2.5.2.

5.2.4 Freethiols

Free thiols were detected by absorbance at 412nm with spectrophotometry followingthe addition
of dithionitrobenzoic acid (DTNB) to plasma that had been diluted 1:4 with a 0.1M Tris buffer.
Concentrations were calculated against a calibration curve usingan L-cysteine standard solution, and

corrected for plasma protein concentrations —section 2.5.3.

5.2.5 Immunohistochemistry and image acquisition

Paraffin wax embedded sections of lung tissue (5um thick) were incubated with the primary
antibodies against Haem oxygenase 1 (HO-1, mouse monoclonal), Nitrotyrosine (NT, mouse
monoclonal), 4-hydroxynoneal (4-HNE, rabbit polyclonal); priortoincubation with the fluorescent

labelled secondary antibody and subsequent staining for DAPI (4',6-diamidino-2-phenylindole).

152



Images were then acquired with confocal microscopy (section 2.5.4). Afterscreening for technical
adequacy by a blinded reviewer, all images were digitally analysed for the area of tissue stained with

the primary antibodies and values were averaged across 5 images from each biopsy —section 2.6.3.

5.3 Results
5.3.1 Perioperative changesin oxido-nitrosative stress and NO metabolites

5.3.1.1 NO Metabolites

The total concentration of NO metabolites (NO,=sum of NO;and NO,) increased intra-operatively
duringtransplantation from 30.95 uM to 41.48 uM (two-tailed Mann Whitney p=0.007). Nitrate was
the predominant NO metabolite in plasma before implantation at 98.4% of all NO,, and there was no
statistically significant difference after lung transplantation with nitrate remaining at 98.6% of all
plasma NO, (two-tailed Mann Whitney p=0.609). Small (but statistically significant) rises were also

seen in the plasma concentration of nitrites and nitrates, but the ratio of Nitrate:Nitrite plasma

concentration was unchanged by lungtransplantation -Table 5-2.

Pre-transplantation Post-transplantation
Nitrite (uUM) 0.51 (0.40-0.58) 0.59 (0.40-0.75) 0.006
Nitrate (uM) 30.44 (25.18-38.66) 40.89 (32.22-53.24) <0.001
Nitrate:Nitrite
ratio 60.48 (41.95-94.19) 68.91 (43.87-102.42) 0.225

Table 5-2:Intraoperative change in NO metabolites
NO metabolites measured in the plasma sampled after induction of general anaesthesia and immediately
following the completion of surgery. Distributions for all variables were statistically significant on testing for
normality with Shapiro-Wilk (p<0.05). Median values are reported with the interquartile range in brackets.
Statistical significance tested with Wilcoxon signed ranks test, 2-tailed p-values are reported and highlighted in
red when below 0.05. n=39, pre-transplant plasma was not available for one patient.

5.3.1.2  Free thiols

Lung transplantation was associated with an immediate decrease in protein and free thiol

concentrations. Free thiols were adjusted for protein concentration, because proteins are the major
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source of free thiols in human plasma3?2. Once adjusted for the plasma concentration of protein,

there was a statisticallysignificantrise in free thiol concentration during lungtransplantation.

7 Pre-transplantation Post-transplantation P value
Protein (g/L) 44.31 (38.91-51.95) 24.15 (21.51-29.44) <0.001
Total Free Thiols (uM) 214.93 (204.96-224.91)* 163.60 (149.58-177.61)* <0.001

Total Free Thiols
(uM/g protein) 4.89 (4.66-5.12)* 6.23 (5.85-6.61)* <0.001

Table 5-3: Intraoperative change in free thiols
Protein and thiols were measured in the plasma sampled after induction of general anaesthesia and
immediately following the completion of surgery. Median values are reported with the interquartile range in
brackets for plasma protein, and statistical significance assessed with Wilcoxon signed ranks test. *Thiol data
was normally distributed on testing with Shapiro-Wilks test and so mean values are reported with the 95%
confidence interval, and assessed with paired t-tests. 2-tailed p-values are reported and highlighted in red
when below 0.05. n=39 paired samples, pre-transplant plasma was not available for one patient.

5.3.1.3 Immunohistochemistry —Tissue markers of oxidative and nitrosative stress

Images for lung biopsies are shown for the three primary antibodies that were used markers of
oxidative and nitrosative stress. Sample images with corresponding masks are shown below, to
illustrate their distribution of antibody stainingin the lung parenchyma. All three primary antibodies
(HO1, NT, and 4-HNE) resulted in diffuse staining across the whole of the alveolus. The proportion of
lung tissue stained with the primary antibody is summarised for all available biopsies in section

5.3.1.3.4.
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5.3.1.3.1 Haem oxygenasel

Figure 5-1: HO-1 stained biopsy taken during lung transplantation
Top-left, composite image. Top-right, green channel auto-fluorescence. Middle-left, red channel HO-1 antibody
stain. Middle-right channel DAPI stain. Bottom-left, tissue mask. Bottom-right, HO-1 signal mask. All images at
20x magnification. DAPI: 4',6-diamidino-2-phenylindole. HO-1: Haem oxygenase-1
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5.3.1.3.2 Nitrotyrosine

Figure 5-2: NT stained biopsy taken during lung transplantation
Top-left, composite image. Top-right, green channel auto-fluorescence. Middle-left, red channel HO-1 antibody
stain. Middle-right channel DAPI stain. Bottom-left, tissue mask. Bottom-right, NT signal mask. Allimages at
20x magnification. DAPI: 4',6-diamidino-2-phenylindole. NT: Nitrotyrosine
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5.3.1.3.3 4-hydroxynoneal

Figure 5-3: 4-HNE stained biopsy taken during lung transplantation
Top-left, composite image. Top-right, green channel auto-fluorescence. Middle-left, red channel 4HNE antibody
stain. Middle-right channel DAPI stain. Bottom-left, tissue mask. Bottom-right, 4-HNE signal mask. All images
at 20x magnification. DAPI: 4',6-diamidino-2-phenylindole. 4-HNE: 4-hydroxynoneal
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5.3.1.3.4 Summary of tissuestaining across study cohort
The area of lungtissue stained with the primary antibody has been summarisedin Table 5-4. There

was no statistically significant difference in the proportion of tissue stained with HO-1, NT, or 4-HNE

when comparingtissue thathad been biopsied before or after surgical implantation.

7 Pre-implantation Post-implantation Sample pairs
HO1 26.0 (19.0-36.2) n=17 25.3 (11.3-42.6) n=15 5 0.686
NT 23.4 (14.3-29.6) n=20 27.4 (16.7-37.6) n=15 6 0.345
4HNE 14.9 (8.3-22.9) n=29 11.6 (4.7-16.5) n=27 19 0.070

Table 5-4: Intraoperative change in tissue markers.

Values represent the percentage of the lung biopsy that has been stained with the primary antibody, averaged
from multiple images. Median values are reported, with the interquartile range presented in brackets.
Statistical significance tested with Wilcoxon signed ranks test, two-tailed p-values are reported. The number of
available data points are specified for each marker, as numerous image sets were removed during quality
control.

Fewer lung biopsy samples were available for analysis following implantation compared to pre-

implantation biopsies. Asthere was no statistically significant difference between pre-implantation
and post-implantation samples, subsequent analyses have focused on pre-implantation biopsies, as

a greaternumber of tissue samples were availableforanalyses.

5.3.1.4 Association between NO metabolites and oxidative stress markers

No statistically significant associations were seen between tissue markers of oxidative and
nitrosative stress derived by immunohistochemistry and perioperative plasmaNO metabolites and
free thiols. Multiple associations were assessed with Spearman’s rank using two-tailed p-values
tested atthe p=0.05 significance level.

5.3.1.5 Perioperative NO metabolism, redoxstatus, and subsequent clinical outcomes
Postoperative P/F ratio, and spirometry out to one year was screened for associations with NO
metabolites, free thiols, and tissue markers using Spearman’s rank; none were found (Spearman’s
rank with two-tailed p-values at p=0.05, but data not shown). Similarly, there was no significant
difference in NO metabolites, free thiols nortissue markers of oxidative and nitrosative stress when
compared between the various diagnostic grades of primary graft dysfunction (Kruskal Wallis tested

with two-tailed p=values, no associations seen at the p=0.05 level —data not shown).
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53.1.6

5.3.2

53.2.1

Key findings — Intraoperative changes in NO metabolites and oxido-nitrosative stress

Lung transplantation was associated with apromptincrease in plasma nitrates and nitrites
There was an increase in free thiols during lung transplantation

No intraoperative changes were detected in tissue markers oxido-nitrosative stress
Association with airway phospholipids

NO metabolites and free thiols

No association was seen between NO metabolites and airway DPPC, eitherexpressed asits relative

abundance orits D9-incorporation - Figure 5-4.

g 40%T o p=0.740 g 1.2%T . p=0.083
2 0 2
g 2, i 9 1.0%T
2 30%T 0 2
— %o e ) o
O o 8%t
o o a o
5 . 2 o
Y 20%T ° ° £ 6%
o [e]
E . o] E o Co
5 °° T 4%T o °
§ 10% . ° 3 . £° o o
2 S 2%T 3
= £ e
2 0wl 8 gt o o 00 °
| T T w T T T T T T w T T T
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Nitrate (UM) Nitrate (uM)
g 40%T o p=0.742 © 1.2%T p=0.500
_— o
g : 2
g 0% s o 1.0%T
& 30%T o, 2
o ¢ ° 2 s% ’
Q) . s
< o ° . g =" 0
o o B o
Y 20%T oo £ 6%T .
% o °© o c ° o °
o ] o o g o
S o © 4% o
f‘} 10%+ . ° 8 ® o ° o
2 S 2%T ° 5
5 £ e
€ 0% 8 ot 0% s oo
I I I I | | T T T T T |
2 4 6 8 1.0 12 2 4 6 8 1.0 12
Nitrite (pM) Nitrite (uM)

Figure 5-4: Association between NO metabolites and airway DPPPC after lung transplantation.

Scatter plot of lung transplant recipients who received the D9-choline label after transplantation and remained
intubated at 12 hours (n=25). X-axes: bottom panels — nitrite plasma concentration immediately after lung

transpla

ntation, top panels — nitrate plasma concentration immediately after lung transplantation. Y-axes: left

panels — relative abundance of DPPC in the airways of transplant recipients at 12 hours (%), right panels —
Proportion of D9-choline incorporation into airway DPPC after 12 hours (%). Two-tailed p-values are reported,

and calculated with Spearman’s Rank test.
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Figure 5-5: Post-transplant plasma nitrate and airway PC16:0/14:0
Scatter plot of lung transplant recipients who received the D9-choline label after transplantation and remained
intubated at 12 hours (n=25). X-axis: plasma nitrate concentration in samples taken immediately after lung
transplantation. Left panel. Y-axis: 12-hourairway samples showing the relative abundance of PC16:0/14:0;
linear regression line R?=0.101, with 95% confidence interval, Spearman rank’s correlation coefficient = 0.053,
p=0.801. Right panel. Y-axis: 12-hour airway samples with the proportion of PC16:0/14:0 that has incorporated
the D9-choline label, expressed as a percentage; linear regression line R?=0.096, with 95% confidence interval,
Spearman’s correlation coefficient= 0.468, p=0.018*

A weak association was demonstrated between postoperative nitrate concentration and 12 hour D9-
incorporation into PC16:0/14:0 (another phospholipid that is typically found in pulmonary
surfactant?®*) - Figure 5-5. Another modest association was seen between post-transplantation
plasma nitrite concentration and 12 hour D9-incorporation into PC16:0/18:3 (Spearman’s rank
correlation coefficient 0.445, two-tailed p=0.026, n=25). Postoperative nitrates, nitrites, and free
thiolsfailed to demonstrateany significant association with eitherthe 12-hourrelative abundance
nor the 12-hour D9-incorporation into any other phospholipid species (multiple bivariate
correlations assessed with Spearman Rank, multiple two-tailed p-values that failed to reach
significance atthe level of p=0.05 - speciesaslistedin Table 3-4.

5.3.2.2 Nitrotyrosine

5.3.2.2.1 Relative abundance of phospholipid species
Increased stainingfor NTin pre-implantation biopsies was associated with anincreasingabundance

of sphingomyelin species SM16:0 (Spearman’s rank coefficient 0.622, p=0.018, R?=0.157), SM24:1
(Spearman’s rank coefficient 0.556, p=0.039, R?=0.287), SM22:1 (Spearman’s rank coefficient 0.591,

p=0.026, R2=0.164), and SM24:2 (Spearman’s rank coefficient 0.534, p=0.049, R?=0.141).
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It should be noted that these sphingomyelins that demonstrated an association with NT staining
were only present in the bronchial washings at very low levels, none were detected at a relative
abundance greaterthan 6%. SM24:2 was not detected ata level above 1% in those labelled patients

who remained intubated at 12 hours, and barely reached the 5% threshold for statistical

significance.
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Figure 5-6: Nitrotyrosine staining and airway sphingomyelin species. The association between NT staining in
pre-implantation lung biopsies and airway phospholipid species sampled by bronchial washings at 12 hours
after transplantation. X-axes all panels — Area of lung tissue stained for NT in pre-implantation biopsies (%). Y-
axis (top left) — relative abundance of SM16:0 (%). Y-axis (top right) relative abundance of SM24:2 (%). Y-axis
(bottom left) — relative abundance of SM24:1 (%). Y-axis (bottom right) — relative abundance of SM22:1 (%).
Linear regression lines with 95% confidence intervals are illustrated for each panel. Two tailed p-values for
Spearman’s rank are reported at the p=0.05 level. N=14.

Pre-implantation NT staining was only associated with two phosphatidylcholine species that contain
arachidonic acid; PC16:0a/20:4 (Spearman’s rank coefficient 0.692, p=0.006, R?=0.581), and

PC18:1a/20:4 (Spearman’s rank coefficient 0.582, p=0.029, R?=0.367). Whilst the correlation
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coefficient and p=value forthese PCspecies are compelling, it must be highlighted that both species
are minorairway phospholipids that were typically detected in the airways ata very low level, witha

typical relative abundance below 1% (Figure 5-7).
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Figure 5-7: Pre-implantation nitrotyrosine staining and abundance of airway phospholipid species.

The association between NT staining in pre-implantation lung biopsies and airway phospholipid species
sampled by bronchial washings at 12 hours after transplantation. X-axes— Area of lung tissue stained for NT in
pre-implantation biopsies (%). Y-axis (left panel) - Relative abundance of PC16:0a/20:4 (%). Y-axis (right panel) -
Relative abundance of PC18:1a/20:4 (%). Linear regression lines with 95% confidence intervals are illustrated
for each panel. Two tailed p-values for Spearman’s rank are reported. N=14

5.3.2.2.2 Labelincorporationinto phospholipid species
Pre-implantation NT biopsy staining was associated with increased D9-incorporation for SM16:0

(Spearman’s rank coefficient 0.569 p=0.034, R2=0.445), SM20:0 (Spearman’s rank coefficient 0.582,
p=0.029, R2=0.577), PC18:0/16:0 (Spearman’s rank coefficient 0.622, p=0.018, R?2=0.324),
PC18:0/18:1 (Spearman’s rank coefficient 0.609, p=0.021, R2=0.564), PC16:0a/16:0 (Spearman’s rank
coefficient 0.662, p=0.010, R?>=0.401). PC18:0a/16:0 also show a statistically significant association
with pre-implantation staining for NT (Spearman’s rank coefficient 0.578, p=0.030, R2=0.711).
However, the scatter plot of the data shows one data-point with deuterium enrichment of 5.13%.
This level of deuterium enrichment is considerably greater than any value seen for other lipids in

othersamples; this outlier could representaspurious reading or otherartefact ( Figure 5-8).
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Figure 5-8: Pre-implantation nitrotyrosine staining and deuterium incorporation into airway phospholipids.
The association between NT staining in pre-implantation lung biopsies and D9-incorporation into airway
phospholipid species sampled by bronchial washings at 12 hours after transplantation. X-axes all panels — Area
of lung tissue stained for NT in preimplantation biopsies (%). Y-axis (top left) — Deuterium incorporation into
airway SM16:0 at 12 hours (%). Y-axis (top right — Deuterium incorporation into airway PC16:0a/16:0 at 12
hours (%). Y-axis (middle left) — Deuterium incorporation into airway PC18:0a/16:0 at 12 hours (%). Y-axis
(middle right) — Deuterium incorporation into airway PC18:0/16:0 at 12 hours (%). Y-axis (bottom left) —
Deuterium incorporation into airway PC18:0/18:1 at 12 hours (%). Y-axis (bottom right) — Deuterium
incorporation into airway SM20:0 at 12 hours (%). Linear regression lines with 95% confidence intervals are
illustrated for each panel. Two tailed p-values for Spearman’s rank are reported. n=14.
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5.3.2.3 Haemoxygenase 1

HO-1 staining was associated with changes in the relative abundance of two minor airway species
that occur in very low proportions. Pre-implant tissue staining for HO-1 was only associated with
changes in the abundance of PC14:0/18:2 when examining airway samples taken at 12 hours after
surgery (Spearman’s rank coefficient 0.629, p=0.028, R?=0.417). Post-implant tissue staining for HO-1
was associated with changes in the abundance of PC18:0/16:0 when examining airway samples

taken at 12 hours aftersurgery (Spearman’s rank coefficient 0.721, p=0.019, R2=0.539).
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Figure 5-9: HO-1 staining and relative abundance of airway phospholipid species. The association between HO -
1 staining in lung biopsies and airway phospholipids sampled by bronchial washings at 12 hours after
transplantation. X-axes—Area of lung tissue stained for HO-1 in lung biopsies (left panel —pre-implantation,
right panel — post-implantation) (%). Y-axis (left panel)— Relative abundance of airway PC14:0/18:2 at 12 hours
(%). Y-axis (right panel) — Relative abundance of airway PC18:0/16:0 at 12-hours (%). Linear regression lines
with 95% confidence intervals are illustrated for each panel. Two tailed p-values for Spearman’s rank are
reported at the p=0.05 level. N=12

Changes in pre-implantation staining for HO-1 was associated with D9-choline incorporation for
PC18:0a:/18:1 (Spearman’s rank coefficient 0.678, p=0.015, R?=0.592) and PC18:0/22:6 (Spearman’s

rank coefficient0.587, p=0.045, R?=0.499) — n=12.
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Figure 5-10: HO-1 and deuterium incorporation into airway phospholipids. The association between HO1
staining in pre-implantation lung biopsies and airway phospholipid species sampled by bronchial washings at

12 hours after transplantation. X-axes— Area of lung tissue stained for HO-1 in pre-implantation biopsies (%). Y-

axis (left panel) — Deuterium incorporation into airway PC18:0a/18:1 at 12 hours (%). Y-axis (right panel) —
Deuterium incorporation into airway PC18:0/22:6 at 12 hours (%). Linear regression lines with 95% confidence

intervals are illustrated for each panel. Two tailed p-values for Spearman’s rank are reported at the p=0.05
level. N=12

5.3.2.4 4-hydroxynoneal

Lung biopsies stained for 4-HNE did not show any association with 12-hour airway phospholipids

(datanot shown, multiple associations tested with Spearman’s rank and selectedatthe two -tailed

significance level of p=0.05, n=17).

5.3.2.5 Keyfindings—association with airway phospholipids

Perioperative changesin NO metabolites were not associated with the amount of airway

DPPC, nor DPPCflux through the Kennedy pathway

A weak association between postoperative nitrates and deuterium labelling of PC16:0/14:0

was observed (another surfactant phospholipid thatis typically less abundant than DPPC)

Pre-implantation tissue staining for nitrotyrosine was weakly associated with changesinthe

abundance and deuterium enrichment of several sphingomyelin species (phospholipids that

are typically foundinthe cell membrane)

Pre-implantation tissue staining for nitrotyrosine was weakly associated with changesin

airway PC 16:0a/20:4 and PC18:1a/20:4 (phospholipids containingarachidonicacid)

Perioperative freethiols and tissue staining for 4-HNE was not associated with perioperative

changesinairway phospholipids
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5.3.3 Association with plasma phospholipids

Bivariate correlation analyses were performed as a screening exercise to look for associations
between NO metabolites, free thiols, and plasma phospholipids measured at 12 hours after lung
transplantation. The relative abundance and D9-choline incorporation was assessed for the major

phospholipid speciesinthe plasma, aslisted in Table 3-4

5.3.3.1 Freethiols
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Figure 5-11: Comparison of post-transplant free thiols and PC16:0/22:6
Scatter plot of lung transplant recipients who received the D9-choline label after transplantation and remained
intubated at 12-hours (n=25). X-axis: plasma concentration of free thiols, adjusted for protein concentration
from samples taken immediately after lung transplantation. Left panel. Y-axis: 12-hourplasma samples
showing the relative abundance of PC16:0/22:6; linear regression line R?=0.151, with 95% confidence interval,
Spearman rank’s correlation coefficient = 0.250, p=0.228. Right panel. Y-axis: 12-hour plasma samples with the
proportion of PC16:0/22:6 that has incorporated the D9-choline label, expressed as a percentage; linear
regression line R?=0.275, with 95% confidence interval, Spearman’s correlation coefficient= 0.476, p=0.016*.
Postoperative free thiols were positively associated with D9-cholineincorporationinto PC16:0/22:6,

which is a PUFA PC species containing docosahexaenoic acid (DHA). However, no association was
seen when free thiols were measured against the static measure of relative abundance for
PC16:0/22:6 - Figure 5-11
5.3.3.2 NOmetabolites
Postoperative nitrite concentrations were positively associated with the relativeabundance of two
phospholipid species SM20:0 and PC16:0/18:1, but there was no association with D9-choline

incorporationforthose species.
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Figure 5-12: Postoperative nitrite concentration association with 12 hours plasma phospholipids.

Scatter plot comparing the postoperative plasma nitrite concentration (x-axes) with plasma phospholipids
sampled 12 hours later. Left panels: Y-axes -relative abundance of SM20:0 (top-left) and the relative abundance
of PC16:0/18:1 (bottom-left). Right panels: Y axes -D9 incorporation in to SM20:0 (top-right) and PC16:0/18:1
(bottom-right). Linear regression lines with 95% confidence intervals are illustrated for each panel. Two-tailed

p-values are reported from Spearman’s rank test. N=25.

Furtherscreeningfailed toidentify any other phospholipids with a statistically significant association
between 12 D9-incorporation and postoperative nitrite concentration (Spearman’srank examining

for associations at the two-tailed significance level of p=0.05, n=25 - multiple associations with lipid

speciesas specified above).

5.3.3.3 Tissuemarkers of oxidative stress

Pre-implantation staining for NT was associated with the relative abundance of SM16:0 in the
plasma (Spearman’s rank coefficient 0.587 p=0.027, R?=0.523), but no other phospholipids. Note

that NT staining was also associated with numerous sphingomyelin speciesinthe airways —section
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5.3.2.2.1. Weak associations were noted between NTstaining and deuteriumincorporation for two
plasma species: SM16:0 (Spearman’s rank coefficient -0.560 p=0.037, R?=0.186), and PC18:1a/20:4

(Spearman’s rank coefficient -0.622, p=0.018, R?=0.268, n=14).
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Figure 5-13: Nitrotyrosine staining and plasma sphingomyelin.

The association between NT staining in pre-implantation lung biopsies and plasma SM16:0 at 12 hours after
transplantation. X-axis—Area of lung tissue stained for NT in pre-implantation biopsies (%). Y-axis — relative
abundance of SM16:0 (%). Linear regression lines with 95% confidence intervals are illustrated. Two-tailed p-
values are reported from Spearman’s rank test. N=14

Whilst 4-HNE was not associated with and changes in airway phospholipids, pre-implantation
staining of 4-HNE was weakly associated with changes in the relative abundance of six plasma
phospholipids: SM16:0 (Spearman’s rank coefficient 0.470 p=0.049, R?=0.096), PC16:0/16:1
(Spearman’s rank coefficient -0.478, p=0.045, R?2=0.195), PC16:0/18:2 (Spearman’s rank coefficient
0.554, p=0.017, R?=0.414), PC16:0/22:6 (Spearman’s rank coefficient 0.542, p=0.020, R2=0.175),
PC18:1/20:4 (Spearman’s rank coefficient -0.542, p=0.017, R?=0.212), and PC18:0/20:3 (Spearman’s

rank coefficient-0.618, p=0.006, R?=0.175).
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Figure 5-14: Pre-implantation 4-HNE staining and the relative abundance of plasma phospholipids.
The association between 4-HNE staining in pre-implantation lung biopsies and D9-incorporation into plasma
phospholipid species sampled at 12 hours after transplantation. X-axes all panels — Area of lung tissue stained
for 4-HNE in pre-implantation biopsies (%). Y-axis (top left)— Relative abundance of plasma SM16:0 at 12 hours
(%). Y-axis (top right — Relative abundance of plasma PC16:0/16:1 at 12 hours (%). Y-axis (middle left) —
Relative abundance of plasma PC16:0/18:2 at 12 hours (%). Y-axis (middle right) — Relative abundance of
plasma PC16:0/22:6 at 12 hours (%). Y-axis (bottom left) — Relative abundance of plasma PC18:1/20:4 at 12
hours (%). Y-axis (bottom right) — Relative abundance of plasma PC18:0/20:3 at 12 hours (%) Linear regression
lines with 95% confidence intervals are illustrated for each panel. Two-tailed p-values are reported from
Spearman’s rank test. N=18

169



5.3.3.4 Keyfindings—association with plasma phospholipids

e Postoperativenitrites were negatively associated with plasma levels of SM20:0 and
PC16:0/18:1, but not with deuterium enrichment of those species

e Postoperativethiols were weakly associated with deuterium enrichment of PC16:0/22:6

e Tissue markers of oxido-nitrosative stress were weakly associated with several phospholipid

species

5.4 Discussion
5.4.1 Summary of key findings
e There wasno evidence of an association between perioperative oxido-nitrosative stressand
airway DPPCin lungtransplantation
e There was no consistent association between deuterium labelling across phospholipid
speciesandthe selected indices of oxido-nitrosative stress
o Therefore, there was minimal evidence that oxido-nitrosative stress directly disrupts
Kennedy pathwayinlungtransplantation
e There were some weak associations between markers of oxido-nitrosative stress and several
phospholipids
This study has not found evidence to support the hypotheses that perioperative changes in NO
metabolism and oxidative stress are associated with changesinairway DPPCorPCfluxthrough the
Kennedy pathway in lung transplantation. However, this study has identified multiple weak
associations between markers of oxido-nitrosative stress that were associated with many other
phospholipids which are of uncertain significance. Oxido-nitrosative stress could affect
perioperative phospholipid metabolism in lung transplantation through Kennedy pathway

independent mechanisms.

170



5.4.2 Perioperative changesin NO metabolites and oxidative stress

Numerous studies have explored multiple markers of oxidative stressinlungtransplantation, and
these include isoprostanes, isofurans, malondialdehyde, oxidized glutathione, carbon monoxide,
myeloperoxidases, haem oxygenase-1(HO-1), lipid peroxides, nitrites, nitrates, and nitricoxide (NO);
46,158,160,323-326  Thjs study has endeavoured to add to this existing body of work, with an attempt to
identify an association between the selected markers of oxidative stress and surfactant phospholipid

metabolism.

5.4.2.1 NOMetabolites

NO mediated oxidative/nitrosative stress may contribute to the development of the ARDS?*?, and
increased plasma nitrate and nitrite concentration are also associated with septic shock in the
general intensive care population3?’. Elevated levels of NO metabolites (nitrite and nitrate) have
been seen in both the airways and circulation of lung transplant recipients, and probably reflect
ongoing airway inflammation3°32°, Changesin NO metabolism are expected following IRl (ischemia
reperfusion injury)3?®, are disrupted in human lung transplantation?>®32°, and are associated with
increasingindices of oxidative stress and lipid peroxidation®?°. Given this previously established link
between NO metabolism, and lipid peroxidation, this concept has been explored in furtherdetail by

assessing theirimpact on phospholipid metabolismin lungtransplantation.

Previous datafrom healthy control subjects showed total NOx (combined nitrates and nitrites) levels
of 29.2uM (95%Cl 21.9-34.4uM)3%, with similar values reported in other studies with healthy
volunteers339331; |evels 3’which are comparable to those seen in our preoperative lung transplant
recipients-Table 5-2. However, lungtransplantation was associated with apromptincreasein both
plasma nitrate and nitrite concentrations. These results echo the similar findings of increased

nitrates and nitritesin ARDS and othercriticallyill cohorts?®9327,
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Elevated NO metabolites have previously been demonstrated in the plasma of stable lung transplant
recipients, and were associated with increased airway inflammation3%, but thisstudyis the first to
show that plasma NO metabolites are elevated within the hours of lung transplantation. Ischemic
tissues will accumulate precursors of NO synthesis, and increased amounts of nitrates and nitrites
are predictable following ischemia3?8; these data suggest that this is also the case in clinical lung
transplantation -Table 5-3. Changesinthe nitrate:nitriteratio have also been associated with lipid
peroxidation®?%, but this ratio was unchanged in the immediate perioperative period for this study

cohort.

The observed increases in NO metabolites after transplantation could have several possible
explanations. Airway inflammation canresultinincreased NO production through increased activity
of nitricoxide synthase (NOS) enzymes, typically inducible nitricoxide synthase (iNOS)169332; NO is
then oxidized into nitrates and nitrites333. In states of oxidative stress, 0, and NO will reactto form
peroxynitrite that will eventually degradeinto nitrite (and hydroxide ions) 169334335 = An alternative
explanation would be thatthe injured lungis less able to utilise or clear NO metabolites 3. Reduced
utilisation of NO metabolites would seem like a less likely explanation in this cohort, as the NOS-
independent pathway of NO synthesis from nitrite reduction is typically enhanced in hypoxic and

acidicstates333:336,

NO is an important regulator of vascular tone in the pulmonary vessels, and suppressed NO
metabolites have been described in patients with pulmonary artery hypertension. As pulmonary

337 it could also be

artery hypertension is seen in some patients waiting for lung transplantation
hypothesized thatthe increase in NO metabolites seenin transplantation reflects the replacement of

diseased pulmonary vasculature with healthy organs.

Nitrosative stress could have an adverse effect on other components of surfactant. Protein nitration

will impair lipid binding and aggregation mediated by surfactant proteins, and could also
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theoretically contributeto surfactantdysfunctionin lung transplantation3%33°, The links between

NO metabolites and surfactant phospholipids are discussed in more detaillater.

5.4.2.2 Free Thiols

Lung transplantation was associated with an increase in free thiols during perioperative lung
transplantation. This observation was unexpected, as free thiol depletion is seen in multiple

diseases associated with states of elevated oxidative stress3>:34°,

Free thiols are adjusted for protein concentration, because proteins are the major source of free
thiolsin human plasma322. Transplantation was associated with animmediate fallin plasma protein
(Table 5-3); intraoperative redistribution and haemodilution are the most likely explanationfor this
observation duringtransplantation3*!. Albuministhe majorsource of thiolsinthe plasma, and the
exogenous administration of albumin or other proteins could have contributedto the unexpected
climb in thiols seen during transplantation32??; the potential confounders are discussed in section

5.4.5.1.

All preoperative lung transplant recipients suffer from end-stage (and otherwise terminal)
respiratory disease, and so elevated preoperative plasma indices of oxidative stress could be
expected. Whilst the process of lung transplantation would be expected to generate profound
oxidative stress %%, it could be difficult to detect a fall in free thiols if preoperative levels were
already depleted by the oxidative stress associated with end-stage respiratory disease. This
explanation is less likely, as preoperative levels of free thiols were still higher than those seenin

othercohorts, like renal transplant recipients and heart failure patients315342,

The more likely explanation for this unexpected finding is that this reflects amethodological failing
of the study (see section 5.4.5.1). The definitive explanation for this unexpected observation is not

immediately apparent from this pilot dataset, and so this will require continued investigation in
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largerstudies with improved data collection on potential confounders (like exposureto exogenous
proteins).

5.4.2.3 Tissue Markers

Immunohistochemistry combined with confocal microscopy has been attempted to both evaluate
the location and attempt semi-quantitative analyses of multiple markers of oxidative stress,
nitrosative stress, and lipid peroxidation. Primary antibodies forall of the tissue markers produced
diffuse patterns of staining across the whole of the alveolus, and were not obviously confined toany
one cell type (e.g. type 2 pneumocytes). Co-localisation of the primary antibodies with epithelial
markers was not attempted, but arguably was not necessary given the diffuse pattern of staining
with the primary antibodies. Assumingthatthis diffuse staining of the alveolus was notanartefact,
subsequent studies could use homogenised biopsy samples of lung parenchyma with alternative

guantitative techniques to assess for HO-1, NT, and 4-HNE.

No intraoperative changes were seen in tissue markers of oxido-nitrosative stress (HO-1, NT, and
4HNE). Lung biopsies were only taken a few hours apart from each other, and that may not have

provided sufficient time to detect perioperative changesin tissue markers of oxidative stress.

Many RNS can nitrate tyrosine residues3*3, and nitrites form NT through neutrophil derived
myeloperoxidase3#3%>; therefore, the lack of association between nitrites and NT staining in this
cohort is unexpected. This finding raises two possibilities; lung transplantation has disrupted this
NT-myeloperoxidase pathway, orthe more likely explanationisthatthisreflects an experimental

failure due to methodological limitations (seesection 5.4.5.2).

Clinical outcomes

Depletedfreethiols have been associated reduced survivalrates in patients with heart failure, which
is thought to reflect their impaired redox status3!®>. In a study of 695 stable renal transplant
recipients followed overayear, elevated freethiols were associated with improved graft and patient

survival®#?, yet nosuch observations were seenin this cohort or perioperative lung transplantation.
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However, this was a pilot study primarily designed to evaluate the impact of transplantation on
phospholipid biology, and was not designed to demonstrate associations with clinical outcomes. As
previously discussed, limitations in the methodology may have also affected the ability to detect this

signal in this cohort of lungtransplantrecipients.

5.4.3 Airway phospholipids
Whilst lung transplantation was associated with perioperative changes in airway DPPC, NO
metabolites, and free thiols (Table 5-3and Chapter 3); this study has failed to demonstrate evidence

of alink between these threevariables.

Previousinvitro cell culture experiments have suggested thatincreasing oxidative stress can cause
surfactant dysfunction through up-regulated protease-mediated cleavage of phosphocholine
cytidylyltransferase and impaired phospholipid synthesis®31%*, [f it were the case, increasing
oxidative stress should have affected deuterium labelling of all PC species synthesised by the
Kennedy pathway. However, this study has not found any consistent evidence of a link between
oxido-nitrosative stress and PCflux through the Kennedy pathway in perioperative lung transplant
recipients. These data would not support the hypothesis that oxido-nitrosative stress causes
surfactant dysfunction through up-regulated protease-mediated cleavage of phosphocholine

cytidylyltransferase.

Oxidative stress could still exert an indirect effect on surfactant function, without changing DPPC
content. Whilstthis chapterhas not demonstrated any significant association between markers of
oxidative stress and the surfactant phospholipid species DPPC, oxidative stress markers were we akly
associated with changes in several other species. Fatty acids containing double bonds are
particularly susceptibletoreactions with free radicals, and the lack of fatty acid double bondsin the
fully saturated DPPC could offer relative protection against lipid peroxidation3*¢. Oxidised

phospholipid species in proximity to DPPC can have a profound impact on surface tension, by
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altering the structural dynamics and organisation of DPPC with a layer of fluid34734%, Whilst
unsaturated phospholipid species have less impact on alveolar surface tension, these species
facilitate the alveolar adsorption of other surfactant phospholipid species like DPPC, and so
disruption tothe unsaturated PC component of surfactant may also have an indirect (and potentially
detrimental) impact on alveolarsurface tension'®. Disruption of surfactant proteins have not been
studiedinthis cohort, but they are an essential component of intracellular surfactant packaging and
facilitate alveolardistribution of phospholipids®!. These surfactant proteinsare also vulnerable to
the effects of oxidative stress, undergoing structural and functional changes whenexposed to free

radicals3!2,

Some oxidatively truncated PC species can act as analogues of lipid mediators (e.g. platelet
activating factor - PAF) and exerta wide range of inflammatory effects?272493%%, |n additionto these
truncated species, lipid peroxidation will also generatearange of toxicaldehydes that can alsodrive
the inflammatory response®*!3>2, Aldehyde formation from lipid peroxidationisdependent on the
configuration of double bonds in the acyl chain moiety, and 4-HNE is largely derived from lipid
peroxidation of w-6series PUFA species®*!. However, this study has notidentified evidenceofalink
between 4-HNE and perioperative changesinairway phospholipids. Alternative measures of lipid

peroxidation are discussedin section 5.4.5.3.

Pre-implantation tissue staining for nitrotyrosine was associated with changes in several airway
sphingomyelin species. Sphingomyelin has been implicated as a marker of endothelial barrier
functionin ARDS3>3 and of graft performance duringassessment on ex vivo lung perfusion (EVLP) 354,
Sphingomyelin species are typically found in the cell membrane of most eukaryotic cells, and this

observation could reflect a link between nitrosative stress and the release of cell membrane

phospholipids3*,

Itisexpected that some polyunsaturated phospholipids would be more susceptible to the effects of

oxidative stress than saturated species3!. This chapter has identified several unsaturated
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phospholipids that may have been affected by oxidative stressin lungtransplantation, but further
focused investigations with alternative indices of oxidative stress are required. In this study NO
metabolites and markers of oxidative/nitrosative stress were weakly associated with changesin
several phospholipid species after lung transplantation, but the impact of these changes on
surfactantfunctionis uncertain and would require furtherinvestigation. Nonetheless, these results
suggest that there could be meritin examiningindividual species of phospholipids when attempting
to assessthe impact of oxidativestress, instead of narrowly focussing on afew individual sp ecies like

DPPCor global measure of total phospholipid content.

5.4.4 Plasma phospholipids

Free thiols afterlungtransplantation were positively associated with PC16:0/22:6 flux; alipid species
containing docosahexaenoic acid (DHA). Earlier ex vivo lung experiments have already confirmed
that PC16:0/22:6 is synthesised by the lung and secreted into the circulation - Figure 4-9. The
significance of this modest in vivo association between DHA PC metabolism and a marker of
oxidative stress is questionable, especially in light of the methodological limitations that were
highlighted in sections 5.4.2.3 and 5.4.5.2. Thiols are protective in vivo3!>, presumably through the
thioredoxin and glutathione antioxidant systems3!é. The large numberof double bonds make DHA
susceptible to lipid peroxidation, theoretically less DHA would be available when antioxidant
defencesare depleted and lipid peroxidationis unopposed. However, this hypothesisisunlikely as
similartrends were not seen with the many other polyunsaturated phospholipids that were detected
with ESI-MS/MS. PC16:0/22:6 contains DHA, which is a precursor for proresolving lipid mediators
called resolvins?®, Both DHA and DHA-derived resolvins can attenuate the inflammatory effects of
oxidative stress within in vitro models of lunginjury®°®; but this weak association between free thiols
and PC16:0/22:6 would need to be confirmed with repeat studies, using alternative markers of

oxidative stress.
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The relative abundance of postoperative plasma sphingomyelin species was associated with plasma
nitrites and tissue staining for nitrotyrosine (with a weak association noted between plasmaSM16:0
and tissue staining of 4-HNE). Sphingomyelin species have been highlighted as important in ARDS
and EVLP3*>33%% andsothislink with indices of oxido-nitrosative stress could be worthy of continued

investigation.

Whilst tissue staining with 4-HNE was not associated with any changes in 12-hour airway samples,
but it was associated with changes in six different plasma phospholipids. Some of these
phospholipids (PC16:0/18:2, PC18:1/20:4, and PC18:0/20:3 — Figure 5-14) could contain moieties
with w-6 series PUFA that preferentially giverise to 4-HNE during lipid peroxidation®!. The precise
configuration of double bonds cannot be determined with ESI-MS/MS, and future studies attempting
to evaluate the links between w-6series PUFA and 4-HNE formation could consideralternative mass

spectrometry techniquesto separate suchisomers.

5.4.5 Limitations of experimental techniques

5.4.5.1 Freethiols

The intraoperative rise in free thiols was unexpected, as discussed in section 5.4.2.2. A time-course
analysis of the trendsin free thiols could have helped to determine the optimal time tosample free

thiols and assess for perioperative changes.

Proteins are the major source of free thiols in blood, and so correction for the plasma protein is
required3!®. Blood products, like fresh frozen plasma,*” or priming solutions forcardiopulmonary
bypass (CPB)3°® are potential intraoperative sources of protein that could have affected the
measurements of free thiols,and could have resulted inthese unexpected findings. Unfortunately,
data on CPB priming solutions and intraoperative blood products were not collected, and so
adjustmentforthese potential confounders is not possible. The potentialconfounders makeitvery

difficultto draw any firm conclusions from the thiol data, but this study has identified a number of
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methodological limitations that should be considered if future attempts are made to analyse free

thiolsin perioperative lungtransplantation.

5.4.5.2 Semi-quantitativeImmunohistochemistryimaging

Automated quantitative immunohistochemistry image analysis offers a more objective approach
when compared against operator dependant scoring based judgments of images?®*. Whilst the
thresholding methods utilised have been previously been described in the literature, thereisstill no
standardised approach forthe quantitative assessment of immunolabelled images3*°. Images were
screened by the author for technical adequacy before analysis, and this subjective assessment coul d
introduce a source of bias into the dataset. In an attempt to control for any bias in the subjective
assessment for adequacy, the author remained blinded to the origins of the images before the

analysis was completed.

Further work is required to validate the techniques described in this chapter by comparing these
results with alternative methods of measuring HO-1, 4-HNE, and NT. Elevated nitrotyrosine levels
were found in the bronchoalveolar lavage of patients with ARDS with a gas chromatography mass

spectrometry technique?°, and this method could be bettersuited to address these issues.

As lung biopsies were only taken at the discretion of the consultant transplant surgeon, relatively
few perioperative tissue samples pairs were available for analysis. The logistical difficulties in
obtaining lung tissue substantially reduced the available number of biopsy pairs, and further

increases probability of atype Il error, in a cohort that was already of a small size 361

The lack of an externally validated analytical technique combined with a very small number of
biopsies make it very difficult to firmly accept or reject any hypothesis on basis of the
immunohistochemistry imaging data. However, some weak associations were detected between

NT, sphingomyelin species and polyunsaturated PCspecies; these associations should probably be

179



confirmed with anothervalidated measure of NT, such as gas chromatography combined with mass

spectrometry3°,

5.4.5.3 Markers of oxido-nitrosative stress

Numerous markers of oxidative stress have been evaluated in lungtransplantation (section 5.4.2).
However, the range of biomarkers of oxidative stress that have been used in other conditions is
vast3%2, This study has not demonstrated alink between PCflux through the Kennedy pathway and
the markers of oxido-nitrosative stress that have been presented in this chapter, but alternative
markers of oxido-nitrosative stress could have had more success; only further studies could address
this potential study limitation. |If lipid peroxidation is the primary mechanism of deranged
phospholipid metabolism during increased oxido-nitrosative stressinlungtransplantation, thenthis
could be quantified with direct measurements of oxidatively truncated PC species or nitrated

phospholipids3®3:364,

5.4.5.4 Statisticalanalyses

The small patient numbers will increase the risk of type 2 errors, and so it difficulttoconclude that
oxidative stress markers have no link with DPPC metabolism. Furthermore, the assessment of a
large range of phospholipids species presents an increased risk of type 1 errors. The risk of type 2
errors becomes most apparent when examining the tissue markers of oxidative stress, when there

are relatively few biopsies available for analysis.

The numerous associations between the measured tissue markers and perioperative changes in
phospholipids suggest that there is meritinthe presentedtechniques. However, the risk of type 1
errors with these large lipidomic datasets have already been discussed in previous chapters, and
could potentially resultin aspurious association between phospholipid measurements and tissue

markers— see sections 2.6.4 & 3.4.6.5.
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The objective of this pilot study is to identify potential links between oxidative stress and
phospholipid biology in lung transplantation, and present those candidate phospholipids as
candidatesforfuture directed studies. Uncorrected p-values are presented for this pilot datasetand
theincreasedrisk of type 1 errors isacknowledged, with the expectation that further investigations
will be required to confirmthese findings (previously discussed in sections 2.6.4& 3.4.6.5). These
results should be viewed as a pilot data set that provides evidence supporting furtherinvestigation

intothe impact of oxidative stress on individual phospholipid species.

5.4.5.5 Lipidomicprofiling

Apart from DPPC, phospholipids have not been selected for analyses against markers of oxidative
and nitrosative stress; instead, a systematicanalysis was performed of all measured phospholipids.
A targeted study of oxidatively truncated phospholipid species against other markers of oxidative
stress would have been desirable. Previous studies based on ESI-MS/MS have identified 29 lipids
that probably represented these truncated phospholipid species, and would be alogical target for

investigation33

. Especially as oxidatively truncated PC species that can act as analogues of lipid
mediators and exert a wide range of inflammatory effects??7:3493%0 further study of these species
could be of interest. Whilst information on those truncated phospholipids might exist in the raw
data from the spectra generated from this study, the analytical software used to process mass
spectrawas unable to identify most of these species (section 2.6.2). Revisiting the raw mass spectra
inthe future with an alternative approach to data analysis could provide more information on this
topic. Alternative mass spectrometry techniques could also provide insights into the effects of
oxido-nitrosative stress on pulmonary phospholipid biology in lung transplantation. Novel
techniques based on hydrophilic interaction liquid chromatography coupled to ESI-MS/MS can

directly measure nitro phospholipids that have been formed under conditions of nitrosative stress®*,

and could be used to explore this conceptif future studies were contemplated.
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The general limitations of the study design and lipidomic profiling techniques have already been
discussed in section 3.4.6. As described in section 2.2.2, this was designed as a pilot study with a
small patient cohort that was not powered to identify any specificclinicalendpoint; therefore, there
is an increased risk of type 2 errors3®!. Instead, this pilot dataset has attempted to identify
phospholipids that could be of interest for future studies, apply novel analytical techniques, and

identify mechanisms that will lead to perioperative changesin phospholipid biology.

5.4.6 Conclusions

In vitro experiments have suggested that surfactant dysfunction could be caused by oxidativestress
mediated degradation of phosphocholine cytidylyltransferase, the rate-limiting enzyme in the
Kennedy pathway of phospholipid synthesis!®3'%, However, the data presentedin this chapterhave
not identified any link between DPPC flux through the Kennedy pathway and the measured indices
of oxidative and nitrosative stress. Instead this pilot dataset has identified several other
phospholipid species that were weakly associated with perioperative indices of oxidative and
nitrosative stress in lung transplantation. Oxidative inactivation of the rate limiting step in the
Kennedy pathway would have affected deuterium labelling of all PC species produced by that

pathway, and not only a few isolated PCspecies; this could have three different explanations.

1. Oxidative stress affects phospholipid metabolism afterthey have beensynthesised by the
Kennedy pathway
a. Land’sacyl remodelling pathway
b. Preferential lipid peroxidation of unsaturated phospholipids
c. Alteredphospholipid recycling by the macrophages and AT2 cells
2. Oxidative stress affects metabolic pathways that are independent of the Kennedy pathway
a. Thehepaticphosphatidylethanolamine N-methyltransferase (PEMT)

3. Experimentallimitations of the study
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Numerous experimental limitations have been discussed in section 5.4.5, and include the
measurements of oxido-nitrosative stress, potential confounders, phospholipid selection, and a
limited sample size; these limitations should be considered if further study into this topic is

contemplated.

Lipid peroxidation of polyunsaturated phospholipids has been well described in the lite rature3!?, and
could be anotherexplanation. Oxidation of polyunsaturated species could play animportantrole in
inflammation and exertanindirectimpact onthe physical properties of surfactant, but these effects
will require further study. Links between oxido-nitrosativestress and polyunsaturated PC species
might be of interestas a target for future investigation. Tissue stainingfor nitrotyrosineand plasma
NO metabolites were associated with some changesin perioperative phospholipids. These species
could be candidates for further study into the impact of oxido-nitrosative stress on pulmonary

phospholipid biology.

Previous chapters have used deuterium isotope labelling to highlight the lungs central role in
phospholipid metabolism,and the important clinical impact of disrupted phospholipid flux after lung
transplantation. Stable isotope labelling has not provided evidence of any direct link between
perioperative oxido-nitrosative stress and Kennedy pathway activity. Metabolism of some
phospholipid species were associated with perioperative changesin NO metabolism and oxidative
stress, suggesting that oxido-nitrosative stress could disrupt phospholipid metabolism after lung
transplantation though Kennedy pathway independent mechanisms. However, this hypothesis will
still require continued investigation with other validated techniques to confirm any metabolic or
clinical effects. This pilot dataset has identified several phospholipids for future targeted studies

intothe links between perioperative NO metabolism, oxidative stress, and phospholipid metabolism.
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6 Discussion

6.1 Summary of key findings

Lung injury associated with transplantation has a profoundly detrimental impacton postoperative
survival?®, Phenotyping surfactant dysfunction in perioperative lung transplant recipients could
identify patients atrisk of developing graft dysfunction, and represents an opportunity to develop
novel diagnostic markers and investigate new therapeutictargets. Thisstudy has demonstrated the
perioperative variability in Kennedy pathway dependant phospholipid metabolism,and shown that
thisvariability is associated with graft function after lung transplantation. Thisis not restricted to the
metabolism of surfactant phospholipids (like DPPC), as changes in the metabolism of
polyunsaturated PC species (like those containing arachidonic acid) are also associated with graft
function. The true value of measuring phospholipid kinetics remains to be seen, but has the

potential to identify novel biomarkers and therapeutictargetsinlungtransplantation.

The complementary ex vivo research model has been demonstrated to be a viable platform for
pulmonary phospholipid research. Our datafrom the EVLP platform suggest that Kennedy pathway
preservation could act as one of the protective mechanisms behind clinical normothermic ex vivo
lung perfusion, and demonstrate basal phospholipid secretioninto the circulation by the pulmonary

epithelium.

Translatinginsightsinto pulmonary phospholipid biology from both lung transplant recipients and
the human ex vivo model into the wider population could theoreticallybenefit patients with ARDS
outside of the lung transplantation programme, and this hypothesis warrants continued research.
This chapter will provide a brief commentary and overview on the methodology and key results

presentedinthisthesis.
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6.1.1

6.1.2

Clinical study

Lung transplantation results in an immediate and severe decrease of surface active
phospholipids, like DPPC, inthe airways

Stable isotope labelling suggests that changes in Kennedy’s CDP-choline pathway are
associated with pooroutcomes following lung transplantation

Changesin DPPCflux are associated with mid-term graft function, whereas staticmeasures
of DPPC contentare not

Perioperative changesin PUFA-PCflux are also predictors of mid-term graft function

Indices of oxidative stress are associated with perioperative changesin PUFA PCspecies

Ex vivo study

The human ex vivo platform has provided supporting evidence of basolateral phospholipid
secretion by the pulmonary epithelium, thatis different to the apical secretion of surfactant
phospholipidsinto the airways

Lungs synthesise phospholipids containing PUFA species that are secreted into the
circulation

Normothermic ex vivo lung perfusion protects the Kennedy CDP-choline pathway of

surfactant phospholipid synthesis during ex vivo transport and assessment.
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6.2 Dynamic lipidomics

Lipidomics based on ESI-MS/MS allows the rapid analysis of hundreds of lipid species?%4, and this
thesis presents the first application of the technology in perioperative lung transplantation.
ESI-MS/MS has allowed airway phospholipid identification with unprecedented molecular specificity
in perioperativelungtransplantation. Whilstisotopiclabelling of PCsynthesis dates back 60 yearsto
Kennedy’s first description of his eponymous pathway26, many similar labelling strategies have been
used to characterise other metabolic pathways that determine a particular phenotype; utilisinga so -
called fluxomic approach®®>, Combined metabolomic and fluxomic approaches have been used in
animal models to quantify the effects of dietary modification on lipid kinetics by illustrating the up-
regulation of de novo lipogenesis in mice on low-fat diets; this homeostatic concept was
demonstrated through the incorporation of deuterium labelsinthe absence of differences in static
lipid concentrations3®®. Similarly, this clinical study has shown that deuterium incorporation into
surfactant phospholipidsis associated with poor graft function, even if static measures of surfactant
phospholipids do not share those associations; implying that dynamic measurements of
phospholipid flux could provide clinically significant information that cannot be found from static
measurements alone. Beyond the measurement of static quantities of phospholipid at various time-
points, isotopiclabelling of the Kennedy pathway can provide in vivo dataonlipid fluxand allow the
depiction of a dynamic lipidomic profile4%?51, The utility of this dynamic lipidomic technique has
already been demonstrated in patients with ARDS and neonatal RDS*373%7, This pilotdataset offers
furtherevidence to supportthe continued investigation into the nascentfield of dynamiclipidomics

intranslational critical care research.

Like othershotgun ESI-MS/MS lipidomicstudies, a notable limitation of the technique is the difficulty
in identifying the exact location of double bonds in polyunsaturated fatty acids and the

discrimination between certainisomers. The location of double bondsin PUFAspecies is relevant
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when considering the subsequent metabolism into lipid mediators, as w-3 fatty acids are a key
substrate for the synthesis of many specialized pro-resolving mediators383%°, Localising PUFA
double bonds and further structural discrimination between isomers could be addressed in future

studies with the use of reversed phase liquid chromatography for candidate species of interest?>?,

Large volumes of lipid kineticdata on hundreds of species derived from multiple patients over many
time points introduces significant challenges for statistical analysis®’°. As lipidomics continues to
develop, the complementary bioinformaticapproaches will also have to evolve. Clusteringanalyses
are frequently employed for high-dimensional data-sets that are encounteredin lipidomics (and in
otherfields of ‘-omics’ research)3”. Topological data analysis (TDA) is anotherclustering tool used
generate hypotheses from large datasets?®®, and its potential lipidomic applications have been
briefly exploredin this thesis (section 3.3.3). TDA offersanovel approach for dealingwiththe large
and complex lipidomicdatasets generated by ESI-MS/MS, and could offeran alternative method for
visualisingtemporal changesin the lipidome. Here, TDA has been usedtoillustrate those temporal
changes in airway phospholipid profiles as recipients recover from transplantation, and to help
identify species of interest for future studies; continued investigation into the application of these

clustering platformsin lipidomicsis justified.

6.3 Clinical study

This clinical study has suggested that Kennedy CDP-choline pathway disruption is associated with
poorer outcomes in clinical lung transplantation. This observation could shed light onto the
pathogenesis of perioperative lunginjury in transplantation, and has potentially identified candidate
phospholipids for furtherinvestigation as novel disease markers and therapeutictargets. This pilot
dataset presents a detailed analysis of surfactant disruption and phospholipid kinetics in
perioperative lungtransplantation that could serve as the foundation for future studiesinthe field.
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6.3.1 Insights into perioperative lung injury

Postoperative lung function is of crucial importance following lung transplantation, as it is the
defining feature of CLAD —the biggest cause of deathin lungtransplant patients ?2. Therefore, any
association between phospholipid metabolism and poor graft function would be of great clinical

importance.

PC species represent 68% of surfactant phospholipid content, and these phospholipids exert the
greatestimpacton alveolarsurface tension; particularly saturated species like DPPC7497:121122 | yng
transplantation is associated with a marked reduction of surfactant phospholipid species in the
airway, specifically DPPC. DPPClevelsin the airways continued to fall for several daysin transplant
recipients who required prolonged invasive respiratory support, before a trend for recovery was
seen — section 3.3.2.2. Over half of DPPC is synthesised through remodelling pathways that are
dependent onthe action of PLA, (Phospholipase A,)'??, and so future studies into disruption of those
remodelling pathways in lungtransplantation could also investigate perioperative changes in PLA ,.
Indeed, ithas already been shown that PLA, contributes to the pathogenesis of acute lung injury in
the general ICU population, presumably by either surfactant hydrolysis and remodelling, the
cytotoxiceffects of lysoPCon the alveolarepithelium, or by stimulating the inflammatory response
136372374 Changes in PLA, have been implicated in the pathogenesis of many inflammatory
conditions, including septicshock and multi-organ dysfunction syndrome; presumably through the

release of PUFA inflammatory mediator precursors 375379,

Clustering analyses suggest that there is a relative increase in the proportion of PUFA-PC species
immediately after surgery, before saturated PCspecies slowly starttorecoverand predominate in
the airways. The novel application of stable isotopiclabelling of the Kennedy pathway has provided

data on phospholipid flux that has shown associations with important clinical outcomes after
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transplantation; patients with evidence of increased perioperative DPPC turnover have impaired

graft function for months aftersurgery (section 3.3.4).

Exogenous surfactant replacement therapy has been a source of great disappointment for adult
intensivists who had hoped to translate its successes in neonatal RDS into adult lung injury 8181,
Phenotyping surfactant dysfunctionin adults with acute lunginjury could identify subsets of patients
who might benefit exogenous surfactant replacementand allow foramore personalised therapeutic
strategy’*84, Thisstudy has shown that isotopiclabelling of lungtransplant recipients canidentify a
subset of lung transplant recipients who might be at risk of poor graft function, and exogenous
surfactantreplacement forthese individuals might represent one targeted therapeutic strategy to
improve outcomes. Whilstinitial use of surfactantreplacementtherapy has shown promisein lung
transplantation®>®18>18 cautionisrequired to ensure that the failures of previous adult trials in ARDS
are not repeated. Stable isotopic labelling in perioperative lung transplantation has been
demonstrated as a viable technique to phenotype pulmonary phospholipid biology; atechnique that
could theoretically identify recipients who might gain benefit from exogenous surfactant

therapy’#184,

The strong association between PUFA-PC flux and graft function is particularly interesting, when
considering the biological significance of these molecules (section 3.3.4). Fatty acids from cell
membrane PC species that are liberated by PLA, (phospholipase A,) are a major source of PUFA
species like arachidonic acid, which is a crucial substrate for the cyclooxygenase and lipoxygenase
pathways that synthesise a wide range of inflammatory mediators?°. Recipients with a high-
turnover of PC species containing arachidonicacid in theirairways had reduced graftfunction after
lungtransplantation. Itis possible that stable isotope labelling of these phospholipids could serve as

a sensitive indicator of inflammatory mediator metabolismin lung transplantation. The association
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between arachidonic acid PC flux and impaired graft function supports further investigation of
inflammatory mediators that are derived from arachidonic acid and other PUFA species; typically
assessed with acombined high performance liquid chromatography and tandem mass spectrometry

technique3%,

Whilst PC phospholipids are a major source of PUFA species thatare precursorsfora wide range of
inflammatory mediators, other phospholipid classes like phosphatidylethanolamine (PE) and
phosphatidylinositol (Pl) also probably serve as reservoirs of arachidonicacid forthe synthesis into
inflammatory mediators!?2. To complete a truly comprehensive catalogue of the perioperative
lipidome would require inclusion of all phospholipid classes, as well as the neutral lipids and
glycolipids. Whilst the other phospholipid classes are less abundantin human airways, they also play
importantsupportingrolesin airway surfactant. Phosphatidylglycerol (PG) and other phospholipid
classes may also indirectly reduce surface tension by facilitating alveolar adsorption of surfactant
alongthe alveolarwall; and whilst these other phospholipid classes might be less abundant, they are
still worthy of furtherinvestigation®®. Collecting dataon PG and Pl class phospholipidsis achieved
with ESI-MS/MS precursor scans for product ions with m/z 153 (for glycerophosphate fragments)
and m/z 241 (inositol phosphatefragments) respectively (m/z —mass/charge ratio)38°; preliminary
scans have already been performed forthese phospholipid classes forinclusion in future studies, but

theinclusion of these preliminary datawas beyond the scope of this thesis.

A causative association between oxidative stress, nitrosative stress, and phospholipid metabolism is
difficult to prove based on the data presented in this study. Weak associations have been
demonstrated between indices of oxidative stressand NO metabolites, and perioperative changesin
several PUFA species, and it is difficult to ascribe biological or clinical significance to these weak
associations. Perioperativechangesin DPPCwere notassociated with NO metabolitesor oxidative

stress (section 5.3.2) and thisis probably the result of one of the following explanations. Saturated
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fatty acids in surfactant phospholipids are relatively resistant to lipid peroxidation due to their lack
of double bonds, and are thus less susceptible to oxidative stress orchangesin NO metabolites. In
contrast, weak associations were seen between indices of oxidative/nitrosative stress and
perioperative changes in PUFA species with many double bonds. Reactive oxygen species will
induce arachidonic acid metabolism in animal models of ARDS38?, and so the complex interactions
between oxidative stress and perioperative changesin PUFA species probably extendbeyond their
number of double bonds and susceptibility to lipid peroxidation. PLA, enzymes are thought to
mobilise freearachidonicacid from PCspecies for eicosanoid synthesisinthe presenceof oxidative
stress3®2, Oxidative stress may alsoinhibitthe reacylation step of Land’s remodellingpathway that
could also decrease the amount of arachidonicacid that is esterified in PCspecies3®324, This study
supports the further investigation of the effects of oxidative stress in perioperative lung
transplantation, but instead of focussing on the impact on pulmonary surfactant phospholipids, it
might be more fruitful to focus studies on the impact on PUFA species (such as arachidonic acid),

theirmetabolites, and associated enzymes (like PLA, and LPCAT1).

Conditions associated with oxidative stress are typically associated with reduced levels of free
thiols31534°, The perioperative increase in serum free thiols demonstrated in section 5.3.1.2 was
unexpected. Possible explanations forthis unexpected finding are reviewedin section 5.4.5.1, and
probably reflect limitations with the methodology. The first step to address this unexpected finding
would be to seeif this observationis repeatablein another cohort of perioperative lung transplant

recipients, whilst controlling for potential confounders as described in section 5.4.5.1.

This study has largely focused on surfactant lipids, but the protein component is also essential for
normal surfactant function'#'1>, Surfactant Protein D (SP-D) is a plasma marker of PGD that is
associated with reduced 90-day survival rates in lung transplantation. Preliminary data generated

from this cohort (in collaboration with others) has found that patients with reduced levels of airway
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SP-D tend to have impaired postoperative oxygenation, prolonged postoperative ventilation, and
impaired graft function at 3 months38, Whilst detailed analyses of surfactant proteinswere beyond
the scope of this thesis, future work should endeavourto characterise any linksin th e perioperative

disruptionforboth surfactant phospholipids and proteins.

Aqueous fractions extracted from plasma samples taken from deuterium labelled transplant
recipients couldyield furtherinsightsinto choline metabolism that have notbeen explored in this
thesis, as they have in similar research into the neonatal respiratory distress syndrome (RDS) *>2.
Archived aqueous extracts from this cohort could still be utilised for future analyses into the
interaction with associated proteins and agueous-phase metabolites, and would representalogical
follow-on study from this thesis. This ‘systems biology’ approach to the integration of genomics,
proteomics, and metabolomics has been proposed for the study of otherrespiratory diseases such
as asthma38®387_ Similar approaches are currently being utilised in the study of CLAD, but such an
integrated systems biology approach to the research of PGD has not yet taken place in lung
transplantation3%38°, Surfactantremodelling of PUFA phospholipidsinto saturated species via the
Lands cycleillustrates the need fora systems biology approach to explore the interactionsbetween
lipids and proteins, and gain a more comprehensive understanding of the mechanisms behind

surfactant dysfunction afterlungtransplantation.

In summary, this pilot data-set from perioperative lung transplant recipients supports further
research into lipidomicflux; and these future studies would benefit from a detailed analysis of PUFA
derived inflammatory mediators, and integration with complementary prote omic and metabolite

data.

6.3.2 Lungtransplantation —a human model of ARDS?
Lung transplantrecipients are a unique cohort of critically ill patients who are subjected tothe most

severe pulmonary ischemia reperfusion injury (IRl). There are many variables that are unique to

192



transplanted lungs that are not seen in ARDS in the wider ICU population, like the effects of the
bronchial anastomosis (and routine sacrifice of the bronchial circulation), donorbrain death, donor -
graft immune interactions, and donorsize matching3>°%39°, Despite these unique considerations in
lungtransplantation, PGD and ARDS probably share more similarities than differences; as evidenced
by theiridentical clinical, physiological, radiological, and histopathological presentations 2:374%_ [t is
because of these many similarities that most treatments for PGD have been extrapolated from
ARDS?%%¢, and so it stands to reason that insights obtained from perioperative lung transplantation

could also be extrapolated back into the general population with ARDS.

Researchinthe criticallyillis logistically and ethically challenging because of difficultiesin obtaining
patient consent, timely enrolment, and heightened concerns of patient safety3°!. The inherent
challenges of research into conditions that presentasan emergency (like ARDS) makes it particularly
difficult to study the illness inits early stages®°2. Many of these barriers to research in ARDS have
been avoided in this cohort of perioperative lung transplantation. Potential lung transplant
recipients can be fully consented before surgery, and it is possible to time sampling and

interventions atthe earliest stages of injury, or possibly before lunginjury has become apparent.

Other human in vivo models of lung injury have studied patient groups at risk of developing lung
injury, like those undergoing one-lung ventilation (OLV) or cardiopulmonary bypass (CPB). However,
OLV usually causes sub-clinical injury, and the incidence of ARDS after CPB (~2%) is considerably
lower than the incidence of PGD after lung transplantation®’. As PGD may affect 25% of lung
transplant recipients?®, a high-throughput transplant centre could reliably identify reasonable
numbers of motivated patients at high risk of developing severe lung injury who are willing to
participate in clinical research; as evidenced by the successful recruitment in this this study. This
study has also demonstrated the safety and feasibility of stable isotopiclabelling, frequent sampling
from the airways, and the collection of contemporaneous lung biopsies from perioperative lung

transplantrecipients.

193



The clinical study has shown that increased deuterium PCenrichmentis associated with poorclinical
outcomes. Similarly, ARDSis associated with increased deuterium PCenrichment, when compared
to healthy controlsin previously published studies**. A comparable pattern of lipidomic flux could
reinforce the position of PGD in lung transplantation as a model of ARDS. A more detailed
comparison of the lipidomicdatasets for both patient cohorts was beyond the scope of this thesis,

but could help to establish PGD after lungtransplantation asa model for ARDS research.

This study’s successful recruitment of patients at high risk of developing lunginjury, combined with
many inherent similarities between PGD and ARDS would justify further efforts to establish clinical

lungtransplantation as a human model of ARDS.

6.4  Ex vivo study

Labelling of the Kennedy pathway has confirmed the activity of a major source of PC synthesis in ex
vivo lung perfusion, and could represent one of the mechanisms that protects the graft during
clinical EVLP in lungtransplantation. This pilot lipidomic dataset offers supportingevidence for the
previously proposed theory of basolateral phospholipid secretion by the pulmonary epithelium°11,

and may serve as the foundation for future studiesinto ex vivo phospholipid biology.

6.4.1 Graftselection and protection in clinical EVLP

Ex vivo lung perfusion has the potential to expand the donor pool of organs for transplantation by
allowing further assessment of ‘high risk’ marginal organs and possibly the assessment of donors
after cardiac death3®3. The ability to use EVLP to recondition marginal organs or prevent the

development of PGDremainsto be seenandis the matterof ongoingtrials®e.

Ventilation dependant surfactant phospholipid release is abolished when the lungs are cooled below

13°C, as is routinely the case during organ retrieval without EVLP3%. This study proves that the
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Kennedy CDP-choline pathway remains active during normothermic EVLP, with continued release of
newly synthesised surfactant phospholipids into the airspace. Therefore, it couldbe hypothesized
that preservation of Kennedy pathway dependant phospholipid synthesis is one of the protective
mechanisms associated with clinical EVLP. As previously discussed, the correction of surfactant
deficiency in EVLP can improve post-implantation graft performance in an experimental animal
model of transplantation®, and combined with these data presented suggest that the ex vivo

pulmonary surfactant systemis a potential therapeutictarget that warrants furtherinvestigation.

Airway DPPC was reduced in ex vivo organs when compared to healthy controls’, but not to the
same extentthat was seeninvivo afterlungtransplantation. Thisinteresting observation requires
furtherstudy, asit could imply thatin vivo pulmonary reperfusion is more damagingto airway DPPC
than ex vivo pulmonary reperfusion. This observation would imply either thatnormothermic EVLP
offers some form of protection to the pulmonary surfactant systemthatisnot seenin vivo, or that
the reductionin airway DPPCafter lungtransplantationis notthe sole effectof rewarming and re -
oxygenating the organs. Labelling of the Kennedy pathway in lung transplant recipients has
suggested thatincreased DPPCfluxis associated with pooroutcomes, and so a post-implantation fall
in DPPC could reflect changes in that Kennedy CDP-choline pathway. However, this observation
does notexclude the possibility of coexisting pathological changesto Land’sremodelling cycle. In
ARDS thereisan increase inairway lysoPCspeciesin relation to saturated PCspecies®®, which could
reflect pathological or deficient surfactant remodelling by PLA, or LPCAT1124125:394-397 |nyestigating
the integrity of Land’s remodelling cycle in parallel to the Kennedy pathway could be addressed in

future studiesthrough an assessment of PLA, and LPCAT1 activity.

It is difficult to make any quantitative comparisons of Kennedy pathway activity between the
available ex vivo and in vivo data because of the different experimental conditions, so it is not

possible tosayifthereis greater Kennedy pathway activity within ex vivo orinvivo lungs. However,
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this pilot dataset may guide the design of future studies to address this hypothesis, and would

supportfurtherinvestigationinto the surfactant protective mechanisms of EVLP.

Metabolomic profiling in clinical EVLP has been used to identify novel biomarkers of PGD after
transplantation. Forexample, the appearance of the cell membrane sphingomyelin species SM16:0
in the perfusate has been highlighted as a potential candidate3**. This study has found that the
perfusate of rejected ex vivo organs had a higher content of surfactant phospholipid species like
DPPC, and PC16:0/14:0, presumably reflecting increased leak of the alveolar contents into the
circulation. If EVLP was unable to protect or recondition the potential graft, it could be hypothesized
that lipidomic profiling of the perfusate could help screen marginal organs fortransplantation. This
hypothesis could be addressed in future studies with a greater number of organs that would be
adequately powered to identify novel biomarkers, and this pilot dataset could also assist in the

design of those studies.

6.4.2 Insights into pulmonary phospholipid biology

Whilstitisaccepted that the lungs secrete saturated phospholipids into the airspace toformalayer
of pulmonary surfactant, these ex vivo modelling experiments have shown forthe firsttime in man
that the lungs also preferentially release PC species containing polyunsaturated fatty acids (PUFA)
into the circulation. Arachidonic acid is one such PUFA species that is a precursor for numerous
inflammatory mediators, contributes to leukocyte activation, and has been implicated in the
development of PGD after lung transplantation**4, Pulmonary PUFA secretion may contribute to
the systemic inflammatory response seen with ARDS, and its role in PGD and perioperative lung

transplantation should also be studied®?®.
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The liveris a major source of circulating phospholipids, especially polyunsaturated PCspecies?”. The
extenttowhichthe lungs dependonthe liverforphospholipid metabolism was previously unknown,
yet these data suggest that the lungs can synthesise a diverse range of phospholipid species in
isolation from the hepatic PEMT (Phosphatidylethanolamine N-methyltransferase) pathway,
including those polyunsaturated PC species that are actively and preferentially released into the
circulation by the lung. The function of these polyunsaturated PC species that are secreted by the
lungsintothe circulation remainsto be seen, and certainly warrants furtherinvestigation. The role
of polyunsaturated PC as a substrate for lipid mediator synthesis has been previously discussed;
perhapsthe pulmonary secretion of polyunsaturated PC reflects the synthesis of those inflammatory
mediators and may even contribute to the systemicinflammatory response thatisfrequently seen
with lunginjury and VALI termed biotrauma®*. As previously discussed, combining future lipidomic
studies with adetailed analysis of those PUFA-derived inflammatory mediators could help toanswer

some of these important questions.

Anyinsightsinto the surfactant-protective mechanisms of EVLP that could be translatedintoin vivo
lunginjury would certainly be of great benefitto both lungtransplantrecipients with PGD and the

wider population suffering with ARDS, and warrants continued investigation.

6.4.3 Human ex vivo lung perfusion —a model for phospholipid research?

In vitro models may fail to reproduce the mechanical architecture of the lung that is needed for
normal phospholipid metabolism, and the full diversity of phospholipids seen in man 0t 191 192,
Discoveriesinanimal models of acute lunginjury frequently fail to translate intohuman ARDS, and

are limited by interspecies variation in pulmonary phospholipid biology .

The ex vivo study of whole human lungs has the potential to provide an excellent approximation of
human ALI?%94%  without being restrained by the important safety and practical restrictions of

conductinginvivoresearchin humans®’.
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In establishing theirhuman EVLP model of acute lunginjury, Matthay’s group have quantified ex vivo
alveolarfluid clearance (using radiolabelled albumin and wet:dry ratios), epithelial markers of injury
(such as RAGE — receptor for advanced glycation end products) and associated inflammatory
cytokine responses (IL-1B, TNFa, and IL-8)#°1492 After characterising the human ex vivo model, they
were able toinvestigate responses to injury (bacterial endotoxin) and therapeuticinterventions (B ;-
agonists and mesenchymal stem cells)®8400401  Similarly, if human EVLP is to be established as a
platform for phospholipid research, the first step must include the definition of the model’s
lipidomicprofile, before proceedingtoinjury modellingand therapeuticinterventions that target
pulmonary phospholipid metabolism. This pilot dataset represents a small part of that essential first
step towards establishing human EVLP as a platform for pulmonary phospholipid research; by
offeringafirstdescription of the models lipidome and establishing the ex vivo integrity of Kennedy’s
CDP-choline pathway. Animal models of lunginjury have used a multitude of insults thatincludethe
use of gastricacid, injurious positive pressure ventilation, and infection®’; any of these approaches
could be brought into future studies on the impact of lung injury on the human EVLP lipidome.
Keshavjee’s group have already investigated the therapeutic effects of exogenous surfactant
replacementintheiranimal EVLP model of gastricacid aspiration®®, and asimilarstudy into human
EVLP could be investigated once the platform has been established. Continued work with animal
EVLP in parallel to human EVLP will still be required to facilitate model development, given the

relative scarcity of human lungs for research®®,

The systems biology approach that strives to understand protein-lipid-metabolite interactions in
vivo388387 will probably be required as human EVLP research is developed. The importance of
surfactant protein-lipid interactions in the airways has already been discussed earlier in section
1.2.2. However, proteins are essential for normal lipid homeostasis on both sides of the alveolar

interface, as apolipoproteins are vital for lipid transportin both the circulation and the lymphatics 3%,

198



Future studies could explore the changes in EVLP phospholipid secretion into circulation in the
absence and presence of those dedicated apolipoproteinsin the perfusate. The choice of perfusate
in clinical EVLP has been the source of much debate, and there is continuing disagreement on the
optimal solution for ex vivo support in clinical lung transplantation®®*. Perfusates were not
standardised inthis study because of logistical constraints, and could potentially account for some of
the variability in ex vivo lipidomicprofiles seenin this pilot dataset. However, once the humanEVLP
phospholipid research platform has become established, additional resources could permit a
systematic investigation into the impact of different perfusates on phospholipid biology in future

studies.

It has previously been proposed in section 1.2.11 that the gold standard model for research into

pulmonary phospholipid biology would have the following attributes:

1. Faithfullyreplicatesthe physical effects of breathing

2. Maintainsa preserved alveolar & vasculararchitecture

3. Maintains cell-cell interactions that would be expected in the lungs

4. Capable of producinga comparable range of phospholipids expected in man
5. Canreliablyreproduceinjuryinapredictable pattern

6. Replicatesthe challengesindrugdelivery encounteredinadulthuman lungs

Replicating the effects of positive pressure ventilation used on ICUin human EVLP is straightforward,
as similar ventilators are used in the model. The secretion of distinctly different phospholipid
profiles into the circulation and the airways (section 4.3.3.3) would support the concept that the
alveolarandvasculararchitecture are preservedin human EVLP; thiswould also have to be the case
if human EVLP were tosucceedinclinical lungtransplantation. The diverse range of phospholipids

measured inthe human EVLP model mightimply that transcellular biosynthesis of phospholipids is
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preserved, but furtherworkin definingthe modelisrequired to say that the model can produce the
complete range of phospholipids seen in man. This thesis has only presented data on PC species,
and further evaluation of the other major lipid classes should be undertaken. The ability to
experimentally injure pulmonary phospholipid biology in the humanexvivo model remains to be

proven, and thiswork will be required before undertaking therapeuticstudiesin human EVLP.

Theinterestinclinical EVLP in lungtransplantation continues to grow*%, and as increasingnumbers
of organs are placed on EVLP a unique opportunity is presented to study human pulmonary

phospholipid biology with unrivalled detail.

6.5 Conclusions

Lipidomic profiling with ESI-MS/MS is a viable technique that enables surfactant phenotyping with
unprecedented molecular specificity in lung transplantation. Stable isotopiclabelling of the Kennedy
pathway provides data on lipid flux that is associated with graft function, and this link should be

studiedinfurtherdetail.

Ex vivolungperfusionisaviable modelof pulmonary phospholipid biology, and has already provided
valuable insights into the role of the alveolar epithelium; specifically, its role in basolateral
phospholipid secretion. The novel application of dynamiclipidomicprofilingin both perioperative
lungtransplantation and EVLP has generated aninteresting pilot dataset that would support further

investigationinthe field.
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7 Appendices

7.1 Appendix: Publications and presentations

Results from chapter 3 were presented at the Annual Meeting for the International Society of Heart

and Lung Transplantation in Washington DC, USA — April 2016%°°,

Results from chapter 4 were presented at the American Thoracic Society Annual meeting in San
Francisco 2016, and at the Annual meeting for the International Society of Heart Lung

Transplantation in Washington DC 2016 & San Diego 2017407408,

Results from chapters 3 and 4 were presented at the Intensive Care Society Sate of The Art Meeting
inLiverpool 2017, and shortlisted as a finalist for the Gold Medal Prize.

A retrospectivereview was performed on lung transplantation before starting the clinical study, and
the data is presentedin Appendix 7.1°6.
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7.2 Appendix: Mechanical ventilation after lung transplantation

A preliminary retrospective review was performed before starting the clinical study, to generate
background data on transplant activity, duration of ventilation, incidence of lunginjuryinthe trust.
This novel dataset was published as an original peer-reviewed manuscript, anditisattached in this
appendix. Copyright for reproduction retained with author, and permission not required from
publisher (Elsevier).
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Introduction: To explore the hypothesis that early ventilation strategies influence clinical outcomes in lung transplan-
tation, we have examined our routine ventilation practices in terms of tidal volumes (Vt) and inflation pressures.
Methods: A total of 124 bilateral lung transplants between 2010 and 2013 were retrospectively assigned to low
(=6 mL/kg), medium (6-8 mL/kg), and high (=8 mL’kg) Vt groups based on ventilation characteristics during
the first 6 hours after surgery. Those same 124 patients were also stratified to low-pressure (<25 cm H;0) and
high-pressure (225 cm H;0) groups.

Results: Eighty percent of patients were ventilated using pressure control mode. Low, medium, and high Vt were
applied to 10%, 43%, and 47% of patients, respectively. After correcting for patients requiring extracorporeal sup-
port, there was no difference in short-term to midterm outcomes among the different Vt groups. Low inflation
pressures were applied to 61% of patients, who had a shorter length of intensive care unit stay (5vs 12 days;
P = 012), higher forced expiratory volume in 1 second at 3 months (77.8% vs 60.3%; P < .001), and increased
G-month survival rate (95% vs 77%; P = .008).

Conclusion: Low Vt ventilation has not been fully adopted in our practice. Ventilation with higher inflaton pres-

sures, but not Vt, was significantly associated with poorer outcomes after lung transplantation.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Lung transplantation is associated with a spectrum of lung injury,
resulting from multiple insults sustained in the donor, in transit, and in
the recipient. Contributing factors may include donor brain injury [1,2],
the injurious effects of mechanical ventilation in the donor, superimposed
with the subsequent effects of ischemia and reperfusion injury [3,4]. There
are multiple perioperative factors within the redpient that could also con-
tribute to the risk of lung injury, which may include fluid overload [5,6],
right ventricular dysfunction, cardiopulmonary bypass [7], one-lung venti-
lation [8], volutrauma, and biotrauma [9]. Innovations in surgical and peri-
operative care have allowed continual advances in outcomes after lung
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11, 2013, and the European Respiratory Society congress in Munich, Germany, on
September 6 to 10, 2014
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E-mail address: lovit@doctors.net.uk ( L. Thakuria).
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0883-9441/© 2015 Elsevier Inc. All rights reserved.,

transplantation. However, primary graft dysfunction (PGD), infection,
and rejection remain as important contributors to mortality after lung
transplantation. Primary graft dysfunction is the most common postoper-
ative complication, occurring in 25% of recipients [10,11]. The treatment of
PGD varies with the severity of lung injury, with general supportive care in
low-grade forms. Grade 3 (severe) PGD often necessitates perioperative
extracorporeal support to assist gas exchange, allow the reparative pro-
cesses to occur, and facilitate recovery. Given the high risk of PGD after
lung transplantation, it may be beneficial to use protective ventilation
strategies perioperatively to avoid volutrauma,/barotrauma.

Despite the strong body of evidence from clinical studies on ventila-
tion in the general intensive care unit (ICU) population, limited infor-
mation is available regarding the influence of these trials on the usual
clinical practice of mechanical ventilation after lung transplantation or
the potential impact on PGD. In addition, there are no international
practice guidelines or consensus statements for the perioperative man-
agement of lung transplantation, and anesthetic management is not
currently standardized [12].

Lung protective ventilation strategies using lower tidal volumes (Vt)
have been beneficial in various clinical settings outside of transplanta-
tion. Low Vtventilation reduces mortality in patients with acute respira-
tory distress syndrome (ARDS) [13] and may reduce the risk of
developing lung injury in patients with healthy and uninjured lungs
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[14]. Higher positive end-expiratory pressure ( PEEP) levels also appear
to be beneficial in ARDS [15], but optimum PEEP levels have not been
defined in lung transplant recipients.

Before organ retrieval for lung transplantation, ventilation with
higher Vt is an independent risk factor for the development of lung
injury in organ donors with brain injuries. Furthermore, protective ven-
tilation strategies in donors (low Vt, appropriate PEEP, and alveolar
recruitment maneuvers) may increase the number of transplantable
organs [2,16,17].

There is strong experimental evidence showing that ventilation
strategies influence the development of lung injury after ischemia and
reperfusion. Small animal models of ischemia and reperfusion injury
after lung transplantation found that only 3 hours of injurious mechan-
ical ventilation (higher Vt with low PEEP) resulted in lower oxygenation
indices and greater measures of elastance, cytokines, and morphological
injury when compared to protective ventilation (lower Vt with appro-
priately titrated PEEP) [18]. These experiments clearly suggest that
lung protective strategies immediately after implantation of the lung
and in the early postoperative period are of major importance. Yet, de-
spite these experimental results, minimal clinical information is avail-
able on mechanical ventilation in lung transplant recipients. In
particular, there are no studies directly observing perioperative ventila-
tion techniques in human lung transplantation, and the influence of dif-
ferent ventilation strategies on clinical outcomes after human lung
transplantation currently remains unknown. Inflation pressures could
also present additional risks to the transplant recipient, with specific
postoperative concerns such as pneumothoraces and anastomotic com-
plications, but these risks have not been quantified in clinical studies
and there is no consensus on target inflation pressures. It remains un-
clear whether low Vt or plateau/peak pressures are the key factors or
if both should be limited in an “ultra-protective” strategy in lung trans-
plant patients [19,20].

Despite the results from the ARDSNet trial and other studies, protec-
tive ventilation has not been universally translated into clinical practice
[21]. We hypothesized that lung protective ventilation strategies are not
routinely used in clinical lung transplantation and that ventilation of
transplant recipients with traditionally higher Vt or pressures in the
early reperfusion period will negatively influence lung function and
the patient journey in the ICU. To test these hypotheses, we have ana-
lyzed the experience of a large-volume UK lung transplant unit at
Harefield Hospital.

2. Methods

The current study was approved by the Research Office within the
Royal Brompton and Harefield Foundation NHS Trust. We conducted a
single-center retrospective review of all patients who underwent bilat-
eral sequential single-lung transplantation (BSSLTx ) at Harefield Hospi-
tal between June 2010 and April 2013, based on all available data from
our electronic notes system.

Inclusion criteria

« Bilateral sequential single-lung transplant recipients
Exclusion criteria

« Single-lung transplant recipients
+ Patients extubated in theaters

Clinical data were recorded for all patients, with a focus on ventila-
tion mode, tidal volume, airway pressures, pulmonary compliance,
and blood gas analyses. Ventilation data were recorded hourly for the
first 6 postoperative hours after surgery. Based on these early ventila-
tion parameters, patients were stratified to low (<6 mL/kg), medium
(6-8 mL/kg), and high (=8 mL/kg) tidal volume groups. The same pa-
tients were also assigned to low (=25 cm H20) and high (225 cm
H-0) inflation pressure groups. To test that these early ventilation
strategies influenced subsequent clinical progress, the following

outcome data were documented: development of PGD, inflammatory
markers, requirement for vasoactive and renal support, the duration
of mechanical ventilation, ICU length of stay (LOS), lung function
(forced expiratory volume in 1 second [FEV,], expressed as a percentage
of predicted values after 3 months), and the 6-month survival rate.
Grade 3 PGD was diagnosed in accordance with internationally
established criteria and was defined by the presence of diffuse intersti-
tial infiltrates on the chest radiograph combined with a ratio of arterial
oxygen partial pressure to fractional inspired oxygen (P/F) ratio less
than 200 m mHg within the first 72 hours after transplantation [22].
Chest radiographs were considered compatible with PGD when agreed
upon by 2 chest physicians.

2.1. Statistics

All clinical information was anonymized before statistical analyses
were performed with SigmaPlot 12 (Systat Software Inc. Chicago, Il
USA). Variables were assessed for normality with the Shapiro-Wilk
test. All normally distributed data have been highlighted and reported
as mean values with the SE (+SEM); group comparisons were per-
formed with either 1-way analysis of variance (ANOVA) or t tests. All
other nonparametric data are expressed as median values with the 25%
to 75% interquartile range (IQR); group comparisons were performed
with either ANOVA on ranks or Mann-Whitney U tests. Correlations be-
tween variables were assessed with Spearman rank correlation, and out-
comes from contingency tables were assessed with y2 test. Two-tailed
P values are reported and considered significant when less than .05.

3. Results
3.1. Patient characteristics and perioperative details

Table 1 summarizes patient characteristics stratified by their ventila-
tion parameters. We have focused on both the Vt and inflation pressures
used within the first 6 hours after surgery.

Basic patient demographics, operative techniques, and underlying dis-
eases between the various groups were mostly well matched, but there
were several clinically important and statistically significant differences
between them. The “<6 mL/ke” group had significant differences in the in-
dication for transplant (fewer patients with chronic obstructive pulmo-
nary disease [COPD] and a greater proportion with pulmonary vascular
disease) and exhibited lower pulmonary compliance, and more than
half of this group received extracorporeal life support (ECLS) within the
first 6 hours. While examining the patients by their inflation pressures,
there were significant differences between the groups with regard to
blood transfusion requirements, the need for early ECLS, the average pul-
monary compliance, and the lowest P/F ratio within the first 6 hours.

In our hospital, 2 main surgical techniques are used for BSSLTx: the
clamshell incision and the sternum-sparring minimally invasive ap-
proach using anterolateral thoracotomies. There was no significant dif-
ference in the surgical techniques used between the various ventilation
groups. In addition, neither surgical approach was associated with a
need for greater inflation pressures within the first 6 hours ( minimally
invasive 23 cm H,0 vs clamshell 24 cm H,0; P = .165) or greater Vt
(minimally invasive 8.0 mL/kg vs clamshell 7.9 mL/kg, P = .875).

3.2 Ventilation strategies

3.2.1. Mode of ventilation

A total of 124 cases of BSSLTx were reviewed. Fig. 1 demonstrates
that the preferred ventilation strategy immediately after BSSLTx
was pressure-controlled ventilation (PCV), and a smaller proportion
of patients were ventilated with synchronized intermittent mandatory
ventilation 4 pressure support. Most patients were extubated
after 2 days, but a small proportion of patients required noninvasive
ventilation after extubation. Eight patients (6%) received “early”
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Table 1
Patient demographics
Recipient details Tidal volume Inflation pressure All patients
Low Vt Medium Vt High Vt Low pressure High pressure
<6 mLkg 6-8 mL/kg =8 ml/kg P <25 am H,0 225 am H,0 P
No. of patients 13 53 58 76 48 124
Age (y) 29 26-48 49 32-55 45 29-53 075 47 27-55 45 29-54 646 46
Sex 053 995
Male 5 38% 31 58% 21 36% 33 43% 20 42% 52 42%
Female 8 62% 22 42% 37 64% 43 57% 28 58% 72 58%
Primary indication for transplantation =001" 075
COPD/emphysema 1 8% 27 51% 27 47% 40 53% 15 31% 55 44%
CF/bronchiectasis 6 46% 19 36% 27 47% 30 39% 22 46% 52 42%
Diffuse interstitial lung disease 2 15% 6 11% 2 3% 3 4% 7 15% 10 8%
Pulmonary vascular disease 3 23% 0 0% 2 3% 2 3% 3 6% 5 4%
Bronchiolitis obliterans 1 8% 1 2% 0 0% 1 1% 1 2% 2 2%
Surgical approach 728 860
Clamshell 8 62% 38 72% 42 72% 54 7% 34 71% 88 7%
Minimally invasive 5 38% 15 28% 16 28% 22 29% 14 29% 36 29%
Intraoperative cardiopulmonary hypass 745 187
On-pump 11 85% 40 75% 46 79% 56 74% 41 85% 97 78%
Off-pump 15% 13 25% 12 21% 20 26% 7 15% 27 22%
Intraoperative blood products
Blood (U) 10 1-15 3 1-5 3 1-4 138 3 1-4 4 2-8 011" 3
Fresh frozen plasma (U) 4 2-4 2 0-4 2 0-3 072 2 0-2 2 0-4 064 2
Platelets (U) 1 0-3 1 0-1 1 0-1 491 1 0-1 1 0-2 054 1
Pulmonary physiology (over the first 6 h)
Pulmonary compliance (mL/cm Hz0) 17 11-25 29 24-35 31 26-35 =001" 34 28-39 24 20-27 =001" 29
Lowest P/F ratio (mm Hg) 228 127-407 242 155-308 264  191-320 609 263  200-329 216 146-307 0317 247
Paco; (mm Hg) 41 34-47 47 43-52 43 38-49 003" 4 41-49 46 38-52 583 44
pH 735 726-740 732 729738 737 731-740 078 736 7.30-739 732 728-740 214 7.35
Systolic PA pressure (mm Hg) 24 23-37 36 30.3-40 33 28-383 090 34 28-38 35 28-41 199 34
Early extracorporeal support
Within first 6 h 7 54% 1 2% 1 2% 001" 2 3% 7 15% 032" 9 7%

The cohort was grouped by the Vt and the inflation pressures used within the first 6 hours after surgery. For inflation pressures, the peak airway pressure was used for patients on PCV, but
the plateau pressure wasused for those on a volume-controlled mode of ventilation. Normality was assessed with the Shapiro-Wilk test, and all nonparametric data are reported as median
values with the 25% to 75% IQR. Statistical significance was tested with ANOVA on ranks for tidal volume groups and Mann-Whitney U test for inflation pressure groups. Outcomes from

contingency tables were assessed with y° test.
* Pvalues less than the 5% significance level.

extracorporeal membrane oxygenation, and 1 patient received early ex-
tracorporeal CO, removal within the first 6 hours; all 9 received concur-
rent ventilation with PCV.

3.2.2. Tidal volumes
Fig. 2 describes the spectrum of Vt used during the first 6 hours of
ICU stay, with the corresponding pressures used in those patients to

achieve those volumes. Considering all lung transplant recipients, pa-
tients typically received a Vt that was greater than the recommended
6 mL/kg of the recipients' ideal body weight (RIBW) with a median Vt
of 7.91 mL/kg. Only 13 patients (10%) received a Vt that was less than
6 mL/kg, 53 patients (43%) received a Vt of 6 to 8 mL/kg, and the remain-
ing 58 patients (47%) received a Vt of greater than 8 mL/kg. More than
half (54%) of the patients who received Vt less than 6 mL/kg ideal

Numberof patients

5

20

Arrival 6 Hours 6-12Hours

12-24 Hours 24-48 Hours 48-72 Hours

Time following surgery

Wrcv & Eccozr [Jrov Recvo Tecy [simvers [Tumv [ase Fuv

Fig. 1. Ventilation modes used after lung transplantation. ECCO-R indicates extracorporeal carbon dioxide removal; ECMO, extracorporeal membrane oxygenation; PS, pressure support;
SIMV, synchronized intermittent mandatory ventilation; ASB, assisted spontaneous breathing; NIV, noninvasive ventilation.
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of ventilation.

body weight (IBW) did so with the assistance of extracorporeal respira-
tory support.

Taking body weights into consideration, the donors' IBW was 1.81 kg
greater (IQR, —1.81 kg to +6.34 kg) than the RIBW. Expressing postop-
erative Vt in terms of the donors' IBW (as opposed to the RIBW) only re-
sulted in an average difference of 0.2 mL/kg. However, the difference
was as much as 2.8 mL/kg in some transplant recipients.

3.2.3. Positive end-expiratory pressure and inflation pressure

The range of airway pressures used in transplant recipients over the
first 6 hours is described in Fig. 3; the median PEEP was 6 cm H,0, the
median inflation pressure was 24 cm H;0, and the median driving pres-
sure was 17 cm H,0.

3.3. Association between early ventilation strategies and outcomes

For each group described in Table 1, we collected data on the
patients' organ support requirements, pulmonary physiology, 1CU
LOS, mortality, and postoperative lung function. Table 2 reports selected
clinical outcome measures that characterize patient recovery for
each group.

3.3.1. Tidal volumes

Tidal volumes had no association with inflammatory markers or va-
soactive support requirements (in terms of noradrenaline administra-
tion). Other vasoactive agents occasionally included adrenaline,
milrinone, dobutamine, and vasopressin, but their use did not differ sig-
nificantly between the tidal volume groups (data not shown). The dura-
tion of mechanical ventilation, ICU LOS, survival, and postoperative lung
function were also similar among low, medium, and high tidal volume
groups. Grade 3 PGD and renal failure requiring hemofiltration occurred
with greater frequency in the low tidal volume group. The 6-month sur-
vival tended to be lower in the low tidal volume group, but this tenden-
cy was also lost when patients on early ECLS were excluded (Fig. 4A).
However, the low Vt group had a disproportionate number of patients
receiving ECLS, and when these patients were excluded from the analy-
sis, there was no statistically significant difference in hemofiltration re-
quirements between the Vt groups (Table 2).

As an alternative statistical analysis, we have stratified our patients
into 2 tidal volume groups by dividing the study cohort across the me-
dian tidal volume, giving us a “high Ve group” (=8 mL/kg) and a “low
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Vt group” (<8 mL/kg). This analysis also showed no statistically signifi-
cant differences in the duration of ventilation (P = .531), incidence of
hemofiltration (P = .881), ICU LOS (P = .46), lung function at 3 months
(P = .331), or midterm survival (P = .506).

3.3.2. Inflation pressures

When outcomes were stratified according to the pressure compo-
nent of early mechanical ventilation, higher inflation pressures were as-
sociated with prolonged mechanical ventilation, impaired lung
function, increased requirement for renal replacement therapy and in-
creased ICU LOS, and increased mortality. These associations also
remained statistically significant, after all patients receiving early ECLS
were excluded from the analysis (Table 2, and survival in Fig. 4B).
There was no significant difference in inflammatory markers and vaso-
active support between the low and high pressure groups.

3.3.3. Accounting for the impact of patients on ECLS

A total of 13 patients (10%) required some form of ECLS at any time
during their ICU recovery, of whom 7 patients (54%) survived to 6
months. In contrast, 102 survived to 6 months out of the 111 patients
(92%) who did not require ECLS (P<.001).

3.3.4. Correlation between ventilation and outcomes

Correlation analyses (Spearman rank correlation) were performed
to further explore the relationship between specific ventilation param-
eters and clinical outcomes (after excluding any confounding effects
from patients on ECLS). We found no association between early Vt and
the subsequent development of lung injury within the first 72 hours
(as reflected by the P/Fratio; R = 0.0081; P = .932), the duration of me-
chanical ventilation (R = 0.0837; P = .375), the ICU LOS (R = 0.0851;
P = 368), or postoperative lung function (R = —0.0661; P = .505;
Fig. 5B). However, early inflation pressures ( within the first 6 hours of
surgery) were associated with lung injury within the first 72 hours
(R = —0.354; P = .0001), the duration of mechanical ventilation
(R = 0337; P= .0002), and the ICU LOS (R = 0.295; P = .0012).
Early inflation pressures also had a strong and highly significant associ-
ation with lung function at 3 months (R = — 0.415; P =.00001; Fig. 5A),
and so, the relationship between ventilation and postoperative lung
function was explored in greater detail. Higher inflation pressures
were used in less compliant lungs (R = —0.689; P = .0000002) with
lower P/F ratios (R = —0.360; P = .0009) (Fig. 5C and D), so we also
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Fig. 3. The range of ventilation pressures used after lung transplantation. A, The median PEEP used over the first 6 hours after transplantation. B, The median inflation pressure used over
the first 6 hours after transplantation. The peak airway pressure was used for patients on PCV, but the plateau pressure was used for those on a volume-controlled mode of ventilation.

evaluated if the effect could be explained by relationships between early
compliance characteristics or by early defects in gas exchange.

The P/F ratio was significantly associated with the FEV, at 3 months,
but the strength of the association was weak with an R value of only
0.196. The average pulmonary compliance over the first 6 hours held a
stronger association with lung postoperative FEV, with an R value of
0.361 (Fig. 5E and F).

4. Discussion

This report provides new insights into current ventilation practices in
lung transplantation and indicates that the ARDSNet recommendations
on low tidal volume ventilation have not been fully adopted in our daily
care. Our retrospective analysis suggests that initial ventilation with low,
medium, or high tidal volume ventilation had no association with patient
outcomes. However, high-pressure ventilation was associated with poorer
physiological and clinical outcomes and reduced lung function.
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4.1. Ventilation practices in lung transplantation

It is accepted that protective Vt of 6 mL/kg IBW can reduce mortality
from ARDS [13] and may improve clinical outcomes in the general ICU
population without preexisting lung injury [14]. However, despite con-
siderable research into ventilator-induced lung injury within the gener-
al ICU population, the optimal strategy for ventilating transplanted
lungs has not been defined.

Our review of mechanical ventilation at Harefield Hospital
suggests that most lung transplant patients are ventilated with larger
Vt than recommended by the ARDSNet trial. Indeed, only 10% of
our patients received the recommended 6 mL/kg tidal volume,
but most of these patients also received postoperative ECLS. It has
been suggested that ECLS could be used to provide “enhanced” protec-
tive ventilation in milder forms of lung injury [23]; however, at our
center, ECLS is primarily used as a recue therapy in very severe
cases of PGD after lung transplantation. Most of the patients
who received early postoperative ECLS in this study cohort had
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Table 2
Association between ventilation strategy and clinical outcomes
Recipient outcomes Tidal volume Inflation pressure All patients
Low Vt Medium Vit High Vt Low pressure High pressure
<6 mL/kg 6-8 mL/kg =8 mL/kg P <25 cm H.0 >25 cm H,0 P
No. of patients (all recipients) 13 53 58 76 48 124
Postoperative respiratory support
Hours on ventilator during ICU stay 193  14-858 42 22-235 51 19-360 599 32 16-230 147  24-624 003" 45
Late extracorporeal support (>6h) 7 54% 3 6% 1 2% 001" 2 3% 9 19% 006
Grade 3 PGD within the first 72 h 8 62% 20 38% 16 28% 062 21 28% 23 48% 035" 43 35%
Postoperative inflammatory markers ( first 72 h)
Peak C-reactive protein (mg/L) 157.5 95-195 189 135-225 184  137-233 229 180 137-224 187  119-231 971 182

Peak white cell count (x 10%cells/L) 174 120-209 227 18.0-284 246
Postoperative vasopressor support (first 72 h)

Total noradrenaline dose (1g/kg/72 h) 2925 29.6-587 1759 76.1-3722 214.6
Postoperative renal support

19.1-33.0 369 215 185-269 267 17.3-342 083 236

89.7-4400 630 1876 913-3294 2256 474-5237 431 203.17

Required hemofiltration during ICU stay 8 62% 15 28% 16 28% 047" 16 21% 23 48% 003" 39 31%
LOS

ICULOS (d) 18 4-38 7 4-19 8 4-24 420 5 4-19 12 4-36 012" 7
Midterm clinical outcomes

FEV, at 3 mo (% of predicted)* 65.5% +6.4% T48% +£29% 703% +£3.1% 395 77.8% +24 60.3% +£3.1 <.0001" 689%

Alive at 6 mo (%) 10 77% 48 91% 51 88% 401 72 95% 37 T7% 008" 109 88%

No. of patients (excluding early ECLS) 6 52 57 74 41 115

Postoperative respiratory support

Hours on ventilator during ICU stay 19 5-1187 38 22-226 33 18-360 528 32 16-223 70 24-480 017" 34
Postoperative renal support

Required hemefiltration during ICU stay 2 33% 14 27% 16 28% 945 15 20% 17 41% 027" 32 28%
LOS

ICU LOS (d) 7 3-53 7 4-19 7 4-23 723 5 4-19 10 4-27 047" 7
Midterm clinical outcomes

FEV; at 3 mo (% of predicted value)® 68.6% +8.9% 75.0% +£3.0% 702% +£32% 514 T783% L£24% 599% +£33% =.0001" 723%

Alive at 6 mo 6 100% 48 92% 50 88% 514 70 95% 33 80% 04" 103 90%

Patients were divided into the same ventilation tidal volume/inflation pressure groups that were used in Table 1. For inflation pressures, the peak airway pressure was used for patients on
PCV, but the plateau pressure was used for those on a volume-controlled mode of ventilation. Normality was assessed with the Shapiro-Wilk test. Parametric data have been highlighted
and reported as the mean value with the SE (+ SEM); nonparametric data are reported as median values with the 25% to 75% IQR. Statistical significance was tested with ANOVA on ranks
for tidal volume groups and Mann-Whitney U test for inflation pressure groups. Outcomes from contingency tables were assessed with y* test. Those same ventilation groups were then

reanalyzed using the same methods after all patients receiving ECLS had been excluded.
? Parametric FEV, data were assessed with ANOVA or t tests accordingly.
* P<.05.

evidence of established lung injury and were given smaller Vt via PCV
in allografts with very poor pulmonary compliance, as a part of our
“lung-rest” strategy.

Many lung transplant recipients (43%) received “moderate” Vt of 6
to 8 mL/kg, and approximately 47% received Vt greater than 8 mL/kg.

Although these Vt cannot be considered protective, they are comparable
to those used in many European ICUs [21] and are substantially lower
than the Vt of 12 mL/kg that were classed as “traditional ventilation”
in the control arm of the ARDSNet trial [13]. It is also notable that
these volumes were achieved without excessive inflation pressures
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Fig. 4. Kaplan-Meier plot. A, Six-month survival in lung transplant recipients, stratified by the average Vt used in the first 6 hours after surgery. B, Six-month survival in lung transplant

recipients, stratified by the average inflation pressures used in the first 6 hours after surgery.
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Fig. 5. Correlation analyses. A, The relationship between the median inflation pressures used in the first 6 hours after transplantation, and the FEV; at 3 months after surgery. B, The
relationship between the median Vt used in the first 6 hours after transplantation and the FEV; at 3 months after surgery. C, The relationship between the inflation pressures used
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was used for patients on PCV, but the plateau pressure was used for those on a volume-controlled mode of ventilation. All analyses have been performed with Spearman rank correlation.
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and in the presence of moderate levels of PEEP, which may have limited
volutrauma, overstretch, and overall biotrauma. Indeed, this hypothesis
would be supported by recently published work by Amato et al [24],
which suggested that lower driving pressure may play an important
role in limiting the development of lung injury within the general
ICU population.

Uniquely in lung transplantation, Vt can be defined by either the re-
cipient or the donor body weight. A recent survey of international prac-
tice demonstrated that most transplant centers do not consider the
donor body weight while optimizing the ventilator settings, and this is
mirrored in our own practices. Although the donor height and weight
are available to the ICU team, the recipients' measurements are usually
considered in our posttransplant care.

Surveys on postoperative ventilation strategies have reported pref-
erential use of volume-controlled modes over PCV |25]. However, PCV
has potential clinical benefits, and attitudes toward more widespread
use are changing [26]. Compared to volume-controlled ventilation,
PCV may result in lower peak airway pressures, more homogenous
gas exchange, and reduced regional overdistension | 27]. A recent inter-
national survey reported that PCV is the preferred mode of ventilation
after lung transplantation, which is mirrored by our own practice [28].

The effects of PEEP after lung transplantation are unknown but may
have additional significance in this patient cohort. The bronchial circula-
tion is lost during BSSLTx, and so, the bronchial anastomoses become
dependent on collateral retrograde blood flow from the pulmonary cir-
culation [29]. Paradoxically, a canine model of lung transplantation sug-
gested that PEEP actually resulted in increased bronchial blood flow
[30]. The optimal levels of PEEP in clinical lung transplantation will re-
quire further investigation.

4.2. Association with outcomes and complications

To our knowledge, the only other clinical report that explored pro-
tective ventilation strategies in lung transplant recipients and their as-
sociated outcomes was by Currey et al [31]. This Australian group
applied protective Vt (with other interventions) in 53 lung transplant
recipients and compared outcomes to historical controls. Their protec-
tive strategy appeared to reduce the severity of PGD, but there was no
impact on other clinical outcome measures. Beyond the recognition of
our ventilation practices, this study has also explored the hypothesis
that ventilation practices influence the patient journey of the transplant
recipient on the ICU and beyond. In our transplant cohort, there was no
association between initial Vt and subsequent clinical outcomes in
terms of development of PGD, respiratory support, inflammatory re-
sponse, midterm lung function, or survival. Unfortunately, we only
had a small number of patients in the less than 6 mL/kg group, and
the patients were not comparable to the other groups in terms of clinical
severity due to the high frequency of extracorporeal membrane oxygen-
ation. The medium and higher tidal volume groups were both more
comparable and sizeable, but Vt greater than 8 mL/kg were not associat-
ed with adverse clinical outcomes when compared to the 6 to 8 mL/kg
Vtgroup. In contrast, lower early inflation pressures were strongly asso-
ciated with shorter ICU LOS, improved postoperative lung function, and
improved 6-month survival rates. There are several potential mecha-
nisms that could explain our observation that inflation pressures (but
not Vt) are associated with outcomes after transplantation. Physicians
may have used inappropriately high inflation pressures in PCV modes
that might have inflicted lung injury with consequences that adversely
affected clinical outcomes. However, correlation analyses between in-
flation pressures, gas exchange, compliance, and lung function favor
the alternative explanation that poor compliance in early lung injury
necessitated the use of higher inflation pressures, and this preexisting
lung injury subsequently influenced clinical outcomes.

We realize that underlying diagnoses were statistically different in
the stratified groups, with a higher representation of COPD patients in
the low-pressure group. Therefore, we cannot rule out that patient

outcomes were related to recipient diagnoses in this study [32]. The in-
creased chest size in COPD (in contrast with the contracted chest of in-
terstitial lung disease) can facilitate the use of “oversized” lungs,
possibly allowing ventilation with larger Vt and lower peak/plateau
pressures [33,34]. Therefore, recipient diagnoses could have affected
both pulmonary mechanics and ventilation as well as subsequent clini-
cal outcomes [32].

4.3. Limitations

We acknowledge the limitations of this study. First, it is a single-
center retrospective study comprising small numbers of complex pa-
tients in heterogeneous groups. A larger study cohort could allow covar-
iate analyses to address this heterogeneity, and hopefully, this could be
addressed in future multicenter trials. Second, management was based
on individual consultant preferences rather than a comprehensive insti-
tutionalized policy. Third, ICU stay may not reflect readiness to dis-
charge, as ward occupancy may limit patient transfer. In addition, we
relied on routine clinical measures of inflammation rather than molec-
ular indices of innate immunity such as chemokines and cytokines.

4.4. Concluding remarks

To date, no study has established the influence of ventilation strate-
gies on clinical outcomes in lung transplantation. Recommendations for
low tidal volume ventilation in this cohort have been extrapolated from
animal studies and results in clinical trials involving unrelated patients
[28,35]. In this regard, our observational study fills an important gap,
by describing contemporary critical care in a leading UK transplant cen-
ter. It demonstrates that recommended Vt are only used in the minority
of patients and that there is an increasing trend for the use of PCV.

The associations between ventilation strategy and subsequent clini-
cal outcomes in our cohort would suggest that the inflation pressures
are particularly important in lung transplant recipients during the
early perioperative period. Adequately powered prospective studies in-
volving multiple centers are required to confirm this observation.
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NHS

Health Research Authority

NRES Committee London - Riverside
Bristol Ressarch Ethics Commitiee Centre

Level 3 Block B

Whitefriars

Lewins Mead

Bristol

BS1 2NT

Telephone: 0117 342 1320

Facsimile:
16 August 2013
Dr Anna Reed
Consultant
Royal Brompton and Harefield NHS Trust
Transplant
Harefield Hospital. Hill end Road,
Harefield
UBY 6JH
Dear Dr Reed
Study title: A Perioperative study of lung transplantation and acute
respiratory failure.
REC reference: 13/LO/M052
IRAS project ID: 125520

The Research Ethics Committee reviewed the above application at the meeting held on 05
August 2013.

We plan to publish your research summary wording for the above study on the NRES website,
together with your contact details, unless you expresshy withhold permission to do so. Publication
will be no earlier than three months from the date of this favourable opinion letter. Should you wish
to provide a substitute contact point, require further information, or wish to withheld permission to
publish, please contact the Co-ordinator on nrescommittee london-nverside@nhs.net.

Ethical opinion

The Committee agreed that this study could be issued a favourable opinion (no conditions) and
that there was no need to invite the researcher in for a discussion unless the researcher had
questions. The Coordinator informed the researcher of the Committee's decision and stated that
the Committee had no questions it needed to ask. The researcher was invited into the meeting but
decided not to attend as he had no questions to ask.

Decision: Favourable Opinion (no conditions)

The members of the Committee present gave a favourable ethical opinion of the above research
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on the basis described in the application form, protocol and supporting documentation, subject to
the conditions specified below.

Ethical review of research sites

MNHS Sites

The favourable opinion applies to all NHS sites taking part in the study. subject to management
permission being obtained from the NHS/HSC R&D office prior to the start of the study (see
“Conditions of the favourable opinion” below).

Conditions of the favourable opinion

The favourable opinion is subject to the following conditions being met prior to the start of the
study.

Management permission or approval must be obtained from each host organisation prior to the
start of the study at the site concerned.

Nanagement permission ("R&D approval’) should be sought from all NHS organisafions involved
in the study in accordance with NHS research govemance arrangements.

Guidance on applying for NHS permission for research is available in the Integrated Research
Application System or at http:fwww rdforum.nhs.uk.

Where a NHS organisation’s role in the study is imited to identifying and referring potential
participants fo research sites ("participant identification centre”), guidance should be sought from
the R&D office on the information it requires to give permission for this activity.

For non-NHS sites, site management permission should be obtained in accordance with the
procedures of the relevant host arganisation.

Sponsors are not required fo nofify the Committee of approvals from host organisations

It is responsibility of the sponsor to ensure that all the conditions are complied with
before the start of the study or its initiation at a particular site (as applicable).

Approved documents

The documents reviewed and approved at the meeting were:

Document Version Dafe
Cowvering Letter 19 June 2013
Investigator CV

Letter of invitation to participant 1.0 17 June 2013

Other: CV: Louit Thakuria
Other: CV: Dr Griffiths
Other: CV: Dr Marczin
Participant Consent Form 12 22 May 2013
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Participant Information Sheet 1.0 22 May 2013
Protocol 18 13 May 2013

REC application 17 June 2013

Membership of the Committee

The members of the Ethics Committee who were present at the meeting are listed on the attached
sheet.

Dr Julian Collinson declared an interest in knowing the Dr Mark Griffiths, the Academic Supervisor
for this study. The Committee agreed that Dr Collinson could remain in the room and take part in
the study.

Statement of compliance

The Committee is constituted in accordance with the Governance Arrangements for Research
Ethics Committees and complies fully with the Standard Operating Procedures for Research
Ethics Committees in the LIK.

After ethical review

Reporting requirements

The attached document “After ethical review — guidance for researchers” gives detailed guidance
on reporting requirements for studies with a favourable opinion, including:

Motifying substantial amendments

Adding new sites and investigators
Motification of serious breaches of the protocol
Progress and safety reports

Motifying the end of the study

The NRES website also provides guidance on these topics, which is updated in the light of
changes in reporting requirements or procedures.

Feedback

You are invited to give your view of the service that you have received from the National Research
Ethics Service and the application procedure. If you wish to make your views known please use
the feedback form available on the website.

Further information is available at Mational Research Ethics Service website > After Review

[ 13/L0O/M052 Please quote this number on all correspondence |

We are pleased to welcome researchers and R & D staff at our NRES committee members’
training days — see details at hitp/fwww hra.nhs. uk/hra-training/

With the Committee’s best wishes for the success of this project.
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Yours sincen

- —finn (oot

Dr Sabita Uthaya
Chair

Email: nrescommiftee. london-rniverside@nhs.net

Enclosures: List of names and professions of members who were present at the
meeting and those who submitted writternn comments
“After ethical review — guidance for researchers”™

Copy fo: Mr Patrk Pettersson, Royal Brompton and Harefield NHS Foundation
Trust
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Attendance at Committee meeting on 05 August 2013

Committee Members:

NEES Committee London - Riverside

MName Profession Present Notes
Or Mark Atkins Microbiologist Mo
Ms Anna Bischler Pharmacist Yes
Mr John Cliffiord Lawyer Mo
Dr Julian Collinson Consultant Cardiclogist | Yes
Mz Stephanie Ellis Formner Civil Servant Yes
Or Matthew Hyde Research Scientist Yes
DOr Margaret Jones General Practitioner Yes
Ms Alexandra Mancini Modern Matron Yes
Mz Fanny Mitchell Retired Yes
Or Karen Phekoo Researcher Mo
Mr Kamen Shoylewv Lawyer Yes
Mz Ficna Slomovic Advocacy and Mediation | No
Consultant

Mrs Dinah Smith Head Teacher Yes
Or Sabita Uthaya Consultant Neonatologist| Yes
Ms Julia Wiliams Senior Producer Ma
Or Daniel Wood Clinical Paychologist Yes

Also in attendance:

Name

Position (or reason for aftending)

Miss Tina Cavaliers

Coordinator
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Royal Brompton & Harefield NHS

NH5 Foundation Trust

Royal Brompton & Harefield NHS Foundation Trust
Research Office

Chelsea Wing

Sydney Street

SW3 NP

wowrwnrbhit.nhs.auk

Direct Lime: 020 7 351 8121 ext, 2610
Email: a.cooperitrbht.nhs uk

23 August 2013

Dr Anna Reed

Consultant Transplant Medicine
Harefield Hospital

Middlesex

Uxbridge

LIBS 6IH

Dear Dr Reed,

Project Title: & Perioperative study of lung transplantation and acute respiratory failurs,
R&D Ref: 2013.5001H

REC Ref: 13/L0/0152

5P Ref: nja

Study Sponsor: Royal Brompton & Harefield NHS Foundation Trust

Notification of RE&HFT NHS Management Permission for Research

Thank you for registering the above study with the Research Office. I am pleased to inform
yvou that your study now has NHS Management Permission (previously know as R&D
approval) and can commence at Royal Brompton & Harefield NHS Foundation Trust
(RB&HFT).

NHS management permission for the above research study is granted on the basis that the
study will be conducted as described in the protocol and in accordance with the supporting
documentation submitted (listed below), and on the understanding that the study is
conducted in accordance with the princples set out in the Research Govemance Framework
for Health and Social Care (April 2005, 2™ Edition, Department of Health (DoH)) and
RB&HFT Policies and procedures.

Documents Reviewed Version number Date

Protocol 1.5 13May2013
Patient Information Sheet (PIS) 1.0 22May2013
Informed Consent Form (ICF) 1.2 22May2013

Study Amendments

It is the responsibility of the Principal Investigator (PI) to notify the Ressarch Office of all
study amendments or changes to the status of the projects including study suspension or

premature termination.



Royal Brompton & Harefield m

NH5 Faundation Trust
Safety Reporting

The research Sponsor, or the Chief Investigator (CI) or the local Principal Investigator (PI)
at a research site, may take appropriate Urgent Safety Measures in order to protect
research participants against any immediate hazard to their health or safety. The Research
Office should be notified of such measures within the same time frame of notifying the REC.
The notification should indude reasons why the measures were taken and the plan for
further action.

All patient related incidents, including study-related Adverse Events/Reactions (AE/Rs),
must be reported internally by the study team in line with the Trust’s Adverse Incdent
Manzagement and Reporting Policy wia the Quality and Safety Department database Datix
and marked "research-related”.

In addition, all SAE/Rs must be reported to the study Sponsor and the main REC in line with
the approved research protocol.

Audit
Please note the Trust is required to monitor research to ensure compliance with the
Research Governance Framework and other legal and regulatory reguirements. This

responsibility is delegated to the Research Office and will be achieved by random audit of
research projects ongoing in the Trust in accordance with RB&HFT Audit SOP.

Yours sincersly

oo Fisgee

Dr Angela Cooper
Associate Director of Research
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Royal Brompton & Harefield NHS |

NHS Foundation Trust

Transplant Unit
Harefield Hospital
Hill End Road
Harefield
Middlesex

UB9 6JH
Name numbers

Address Tel: 01895 823737 ext: 5070

RE: A perioperative study of

lung transplantation and acute respiratory failure

We would like to inform you about a research study at Harefield Hospital. We are looking for
patients on the lung transplant waiting list to volunteer for our study, and we would be most grateful if
you will consider taking part. We plan to explore how patients recover from lung transplantation, in

the hope to improve the care for other patients in the future. If you are interested, we have enclosed a
patient information sheet that will explain the study in greater detail.

If you would like to participate in our study, you will have the opportunity to discuss the study in
person with a member of the study team. When you come into hospital for surgery, a member of the
study team will go through the patient information sheet with you and ask you to sign a consent form
before you go to theatre. If you are interested in this research study, you do not need to do anything
else at this time.

The research team would be delighted to answer any questions about this study. If you would like to
discuss the study in greater detail before you come to hospital, a member of the team can call you at
home.

Participation in medical research is entirely voluntary, and there will be no impact in your care if you
decide not to participate. Thank you for taking the time to read about our ongoing research.

Yours sincerely

™y
fsge/
Dr Anna Reed

Primary Investigator

Consultant Respiratory & Transplant Physician
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Royal Brompton & Harefield NHS'|

NHS Foundation Trust

Transplant Unit
Harefield Hospital
Hill End Road
Harefield
Middlesex

UB9 6JH

Tel: 01895 823737 ext: 5070
Fax: 01895 828975

Dear Lung Transplant Research Team,

RE: A perioperative study of lung transplantation and acute respiratory failure

I:l I have read the patient information sheet. I have no further questions at this time.

I have read the patient information sheet, but I would like more information on the study before I come
I:l into hospital.
Please call me on this telephone number:.........................oo

The most convenient time to call me is

Monday AM I:l Tuesday AM I:l Wednesday AM I:l Thursday AM I:' Friday AM I:'

Monday PM D Tuesday PM D Wednesday PM I:‘ Thursday PM I:' Friday PM I:'

Patient Name:. ...ovviieeieiiinererrinnnnen

Royal Brompton and Harefield Hospital, Hill End Rd, Harefield, UB9 6JH Tel: 020 7352 §121 Fax: 020 7351 8473

www.rbht.nhs.uk
Patient invitation letter V1.0-17/6/13

224



7.7 Appendix: Patient information sheet

225



Royal Brompton & Harefield NHS

MNHS Foundation Trust

Harefield Hospital

Hill End Road
Harefield
Middlesex
UB9 6JH
01895 823737

PATIENT INFORMATION SHEET |

A perioperative study of lung transplantation and acute respiratory failure

Principal Investigator Study Coordinator

Dr Anna Reed Dr Louit Thakuria
Consultant in Transplant Medicine Clinical Research Fellow
Invitation

We would like to invite you to take part in a research study. Before you decide, it is
important for you to understand why the research is being done and what it will
involve for you. Please take time to read the following information carefully and
discuss it with others if you wish. Ask us if there is anything that is not clear or if you
would like more information. Take time to decide whether or not you wish to take
part. We thank you for your interest and taking the time to read this.

What is the purpose of the study?

Lung transplantation is a complex procedure used to treat advanced respiratory
disease. It can take a while after the transplantation procedure for the inflammation
in your new lungs to settle down and for the organs to start working properly. This
period of recovery usually takes place on the Intensive Care Unit where your
breathing can be supported with a ventilator while you are asleep. The purpose of
this study is to examine why some transplanted lungs take a while to start working
properly, so we can develop new ways to monitor patients’ recovery. The
information that we will gain from this study might also lead to new ways to treat
lungs that fail to work properly after transplantation.

This critical period of recovery after surgery can be a difficult time for some patients
and we would like to learn more about this process so that we can give future
patients the best possible outcome following lung transplantation.

Why have | been invited?

You are being asked to participate in this research study because you are on the
active waiting list for lung transplantation and you have been identified as a potential
candidate. This study will involve a total of 40 participants.

Do | have to take part?

It is up to you to decide whether or not to take part. If you do decide to take part you
will be given this information sheet to keep and be asked to sign a consent form to
show you have agreed to take part. You may choose not to participate in this study
or you may leave the study at any time without giving a reason. This would not
affect the standard of care you receive.
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What will happen to me if | take part?

The study will be conducted at Harefield Hospital. A member of the team will go
through this information sheet with you when you are called in for lung
transplantation. If you have not done so already, you will be asked to sign a form
that confirms your consent to participate in the study. From this point on, there will
be minimal changes to the remainder of your care, and lung transplantation will
proceed as agreed with the clinicians. We will start collecting samples after the
anaesthetist has put you to sleep for your operation. After your surgery has been
completed, we will continue to perform tests while you are sleeping to monitor the
recovery of your new lungs. Once you wake up, the remainder care will continue as
normal.

The first 10 patients enrolled into this study will be entered into group 1, the
subsequent 30 patients will be entered into group 2:

Group 1
We will simply collect some samples while you sleep so that we can learn more

about transplantation. The details for sample collection is listed below (see page 3).
There will be no other changes to your care.

Group 2
After you have received you lung transplant, you will receive an infusion of choline

(see below) over 3 hours while you are sleeping on the ICU. We will then continue
to collect samples as you sleep. There will be no other changes to your care.

What is a choline infusion?

Choline is an essential nutrient that is required in your daily dietary intake for you to
remain healthy. Amongst other functions, it is used by the lungs to create a
protective fluid called surfactant. The choline infusion will help act as a marker of
lung metabolism, and tell us when your new lungs restart normal surfactant
production after transplantation.

We will measure the recovery of surfactant production by measuring the amount of
choline in the samples collected from your new lungs.

The infusion contains a completely safe, non-toxic, non-radioactive version of this
essential nutrient that will have no other effects on your body. It is so safe, that the
same choline infusion regimen is currently given to critically-ill babies in a similar
study on the paediatric ICU.

If you are in group 2, you will receive a one-off choline infusion after surgery. It will
not interact with your other medicines and you should not experience any side
effects from the infusion. You will not need any extra venflons, needles, lines, or
cannulae to receive this infusion, as we will utilize the existing lines inserted during
your operation.

How and when will samples be collected?

Sample collection will begin after the anaesthetist has put you to sleep for the
operation. [t is likely that once the lung transplant surgery has been completed that
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you will return to the Intensive Care Unit (ICU). Patients are initially kept asleep
while they are recovering from lung transplantation, and all patients will routinely
have many tests to monitor their recovery. Most of the tests performed in this study
are simply a part of everyday clinical care for patients on the ICU, and it is likely that
you will have little or no awareness of sample collection. We will collect the following
samples from you in theatres and the ICU:

o Blood

o It is routine practice for all patients to have blood tests taken every day on the
ICU. Blood is usually taken from indwelling cannulae called central lines that are
inserted while you are sleeping. Central lines allow us to collect blood samples
without repeatedly piercing the skin with needles. Therefore it is likely that you
will not even notice when blood samples are taken. In addition to the routine
blood samples taken by the clinical team, we will take an additional 10mls of
blood every day (which is about one tablespoon of blood). The amount of
additional blood that is taken for research will have no clinical effects on your
health.

e Urine

o It is routine practice for a catheter to be inserted into your bladder while you are
in theatre. The catheter will drain urine from your bladder while you are
sleeping, and it is usually removed once you are able to get out of bed. Urine
samples are taken from a bag connected to the catheter, and it is likely that you
will not notice when they are collected.

e Exhaled breath

o Samples of your exhaled breath will be taken while you are breathing with the
ventilator. When you are breathing into a ventilator, it is routine practice for the
machines to analyse your exhaled breath to ensure that you are breathing
properly. We will collect additional samples using equipment connected to the
ventilator tubing. It is a totally non-invasive test and it is likely that you will not
notice sample collection.
e Endotracheal and endobronchial aspirates

o Nursing staff will regularly clear out secretions from your lungs by suctioning the
excess sputum from within your breathing tube. The procedure is usually done
many times every day to prevent the development of chest infections.
Sometimes, 10-20mis (1-2 tablespoons) of sterile salty water is flushed through
the tubing to help loosen the secretions from your chest. These secretions are
usually discarded once they are cleared from your chest, but we will save the
fluid for analysis in the laboratory.
e Bronchoaveolar lavage fluid

o It is routine practice for the doctors to look inside your lungs with a camera after
your transplant surgery. Patients are usually asleep during this test and it is
often done to wash out your lungs from the inside (this is called a
Bronchoalveolar lavage). Once your doctors have completed their tests, we will
collect any extra fluid for our study.

e Biopsy material

o During the operation, the Transplant surgeon may decide to take a small sample
of the new lungs for analysis under the microscope, this is called a biopsy
Surplus biopsy material will be retained for further research
e Ultrasound scans
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o We will perform ultrasound scans of your muscles while you recover from
surgery. We will focus on the muscles in your chest that are used for breathing,
and also on the muscles in your legs. Theses scans will allows us to explore the
impact of transplant surgery on your muscle strength. We will perform an
ultrasound scan after surgery, and then again before you are discharged from
the Intensive Care Unit (ICU). If you need to stay for longer on the ICU, we will
perform additional ultrasound scans at weekly intervals until you come off the
breathing machine. Ultrasound scans are completely safe, and do not use any
form of radiation. To perform an ultrasound scan, you will feel a smooth plastic
probe pressed against your skin for a few minutes. We will also apply a small
amount of jelly to the skin to help us gain better pictures.

e Physiological measurements

o You will be connected to many different machines while you are sleeping on the
ICU that will allow the clinicians to monitor your vital signs and measure how well
your lungs are working. These machines have been a part of everyday clinical
care for many years, and will provide your doctors will valuable information on
your recovery. As a part of this study, we will assist the ICU team with these
measurements and make a note of these recordings. You will only be connected
to machines that are routinely available for clinical monitoring.

All of these samples will be collected during the operation, and while your lungs
recover from the surgery. Once you have started to breathe on your own without the
assistance of the ventilator all sample collection will stop.

What will happen to the samples after the study has been finished?

We will make every effort to ensure that any remaining biological samples that we
collect from you do not go to waste. On completion of the study, surplus material will
be transferred to a research tissue bank. Leftover samples will be stored for future
use in other ethically approved research projects. All retained samples will be
anonymised, so it will be impossible for any other researchers to identify you from
the samples that you have donated.

Ongoing research may also reveal new areas for study on your stored samples in
the years to come. We will continue to use your samples in collaboration with other
international experts and industry leaders from across the globe.

Will | be reimbursed for my expenses?
You will not incur and additional expenses by participating in this study, and
therefore financial reimbursement is not available.

What will | have to do?

You will not have to undertake any additional study visits as part of this research,
you simply need to undergo lung transplantation as planned.

This study will not impose any additional restrictions to your lifestyle following lung
transplantation

What are we testing for?

We will use our samples to identify markers of lung injury. We hope that these
markers will allow us to develop new tests to monitor patients who are recovering
from lung transplantation. We are also trying to find out how your new lungs will
produce the protective “surfactant’ fluid after the transplantation. This information

229



will help us to gain a greater understanding of acute lung injury following lung
transplantation.

What are the possible disadvantages and risks of taking part?

There are no additional risks from participating in this study. Sample collection is a
part of essential care for all patients undergoing lung transplantation. In most
instances, we will simply collect surplus samples for research purposes.

What are the side effects of any treatment received when taking part?

You should not experience any additional side effects or discomfort by participating
in this study. The choline infusion is totally safe, non-radioactive, non-toxic and
without any known side-effects. It is so safe, that the same choline infusion regimen
is currently given to critically-ill babiesin a similar study on the paediatric ICU.

Are there any benefits to me if | participate in the study?

If you participate in this study, research staff will monitor your recovery from surgery
very closely, in addition to all of the routine monitoring that you will receive from the
clinical staff. If researchers identify anything of concern during your post-operative
recovery, the information will be shared immediately with the clinical team.

The information that we will gather from this study may provide benefits to lung
transplant recipients in the future and improve their outcomes following surgery.

What happens when the research study stops?
At the end of the research, your care will continue as usual.

Are there any reasons why | should not participate in the study?

No, this is an observational study. All that we are doing is collecting surplus samples
and monitoring your recovery. Participation will have no adverse impact on your
recovery.

What if | do not want to carry on with the study?

ff you do not want to take part in this study, you will receive standard care as
determined by your doctor. Your participation in this study is voluntary and you may
withdraw from the study at any time without prejudice to your future medical care.
Should you decide to withdraw from the study for any reason, you are asked to
contact Dr Thakuria or Dr Reed immediately. Should your participation in the study
be terminated, regardless of the reason, you will not suffer any penalties or loss of
benefits to which you are otherwise entitled.

What if there is a problem?

The research team wants know if you have any concerns or criticisms on how you
have been treated while assisting us with this study. All feedback will be greatly
appreciated, and will help to ensure that we continue to conduct our research to the
highest possible standards.

If you have a concern about any aspect of this study, you should ask to speak to the
researchers who will do their best to answer your questions (Dr A Reed). If you
remain unhappy and wish to complain formally, you can do this through the NHS
Complaints Procedure: Patient Advice and Liaison Service (PALS) 01895 826 572
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Harm

In the unlikely event that something does go wrong and you are harmed during the
research as a result of someone’s negligence then you may have grounds for legal
action for compensation against The Royal Brompton and Harefield NHS Foundation
Trust but you may have to pay your legal costs. The normal National Health Service
complaints mechanisms will still be available to you. NHS indemnity does not offer
no-fault compensation i.e. for non-negligent harm, and NHS bodies are unable to
agree in advance to pay compensation for non-negligent harm.

Will my taking part in the study be kept confidential?

All information which is collected about you during the course of the research will be
kept strictly confidential. Any information about you which leaves the hospital will
have your name, address and personal details removed so that you cannot be
recognised from it.

Will my doctor be informed of my involvement?

Your Transplant Consultants will be informed that you are participating in the study
and kept infformed of your medical progress. Information on your recovery will be
shared with members of the transplant team if it is felt that it will help with your on-
going care. It will not be necessary to routinely inform your GP, as the transplant
physicians will take on the responsibility of your care while you recover from surgery.

What will happen to the results of the research study?

Your medical records will be made available for review by the study investigators
and regulatory authorities (who periodically check that the studies are being carried
out correctly). The information in these records will be kept confidential but on rare
occasions the law may require disclosure to third parties. At the end of the project all
the research results are gathered together and analysed. The researchers have a
professional responsibility to publish their findings, however your identity will not be
revealed. Most research is published in the medical press — if you are interested in
knowing the overall results of the study, ask the researchers about this. You are
entitled to see any results or information about you under the Freedom of Information
Act.

Who is organising and funding the research?

The Royal Brompton and Harefield NHS Foundation Trust is sponsoring the
research and paying for this research to be carried out. The doctors conducting the
research are not being paid for including you in the study.

Who has reviewed the study?

All research in the NHS is looked at by an Independent group of people, called a
Research Ethics Committee to protect your safety, rights, wellbeing and dignity. This
study has been reviewed and given favourable opinion by London — Riverside
Research Ethics Committee and local R&D Offices

Contact for Further Information
If you would like any further information about the study, either now or at time during
the course of the study, please ask a member of the Research Team at:

Dr Louit Thakuria
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Clinical Research Fellow and study coordinator, or
Dr Anna Reed
Consultant Transplant Physician and Primary Investigator

Department of Transplant Medicine
Harefield Hospital
C/O Alison Leng ext:5070

Thank you for taking the time to consider this study. If you do choose to participate,

you will be given a copy of this information sheet to keep and also a copy of the
consent form that you will be asked to sign.
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7.8 Appendix: Patient Consent Form
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Royal Brompton & Harefield INHS
NHS Foundation Trust
Harefield Hospital
Hill End Road
Harefield
Middlesex
UB9 6JH
01895 823737

CONSENT FORM

A PERIOPERATIVE STUDY OF LUNG TRANSPLANTATION AND ACUTE
RESPIRATORY FAILURE

Primary Investigator: Dr A Reed - Consultant Transplant Physician

Patient Details
Name:
DOB:
Hospital number:
Please initial box if you agree

1. Tconfirm that I have read and understand the information sheet dated 22/5/13
(version 1.0) for the above study. I have had the opportunity to consider the
mformation, ask questions and have had these answered satisfactorily.

2. Tunderstand that my participation is voluntary and that [ am free to withdraw at
any time, without giving any reason, without my medical care or legal rights
being affected.

3. Tunderstand that relevant sections of any of my medical notes and data collected
during the study may be looked at by responsible individuals from regulatory
authorities or from the NHS Trust. I give permission for these individuals to
have access to my records, where it is relevant to my taking part in this research.

4. Tagree for my samples to be retained by research staff so that they may be used
for other ethically approved studies in the future. Samples may be analysed in

collaboration with other international experts in the field.

5. Tagree to take part in the above research

1 OO 0O 0O O

Name of Patient Date Signature

Name of witness (if patient is Date Signature
unable to sign)

Name of researcher Date Signature

When comnleted: 1 for natient. 1 for researcher site file. 1 (orioinal) to he kent in medical notes
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7.9 Appendix: Imaging data entry form
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CXR report form
pex/ o000k

Study |D Number |Date Time transplantation completed

1

01,/01/2001 00:00

Arrival - Diffuse Interstitial Infiltrates

Arrival - Primary diagnosis

Arrival - Report

24 hours - Diffuse Interstitial Infiltrates

24 hours - Primary diagnosis

24 hours - Report

A8 hours - Diffuse Interstitial Infiltrates

48 hours - Primary diagnosis

48 hours - Report

72 hours - Diffuse Interstitial Infiltrates

72 hours - Primary diagnosis

72 Hours - Report
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7.10 Appendix: Research Ethics Committee Approval Letter — Ex vivo study
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NHS|

Health Research Authority

NEES Committee London - Brent
B0 London Road
Skipion House

London
SE16LH

Telephone: 020 TE72 2652

28 February 2014

Dr Anna Reed

Consultant

Roval Brompton and Harefield MHS Trust

Transplant

Harefield Hospital. Hill end Road,

Harefield

UBES 6JH

Dear Or Reed

Study title: Ex vivo transplant platforms for the research of lung
injury

REC reference: 140326

IRAS project ID: 128103

The Research Ethice Committee reviewed the above application at the meeting held on 24
February 2014. Thank you for attending to discuss the application.

We plan to publizsh your research summary wording for the above study on the HRA website,
together with your contact details, unless you expressly withhold permizsion to do so.
Publication will be no earlier than three months from the date of this favourable opinion letter.
Should you wish to provide a substitute contact point, require further information, or wish to
withhold pemission to publish, please contact the REC Manager Ma Julie Kidd,
Juliekidd@nhs.net.

Ethical opinion

a. The Chair confirmed with the rezearchers that the NHS consent form is in regular
uze within the MHS for paricipants with regard to organ donaticn, and pointed out
the critical section of the form where participants tick yves to donating organs prior
to transplantation for research.

b. The Chair asked why conzent was required for ten years as this was part of a PhD
student study. Dr Thakuria explained that other authors are involved in the study so
the research may go on after he finizhes his PhD, in addition to it being set as the
protocol objective.  You added that further grant applications would be made once
more data is collected, but at present funding is for three years.
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¢. The Chair asked if you were only looking for generic approval to harvest organs to
uze for future research. You said that other authors were conducting studies at
Southampton Hospital and their main aim was to establish a platfiorm for on-going
ex vivo research.

The members of the Commitiee present gave a favourable ethical opinion of the above research
on the basis described in the application form, protocol and supporting documentation, subject
to the conditions specified below.

Ethical review of research sites

MHS Sites

The favourable opinion applies to all NHS sites taking part in the study. subject to management
permission being obtained from the NHS/HSC RA&D office prior to the start of the study (see
“*Conditions of the favourable opinion” below).

Conditions of the favourable opinion

The favourable opinicn is subject to the following conditions being met prior to the start of the
study.

Management permission or approval must be obtained from each host organisation pror fo the
start of the study at the site concerned.

Management permission ("R&D approval”) should be sowght from all NHS organisations
invalved in the study in accordance with NHS research governance amangements.

Guidance on applying for NHS permission for research is available in the Integrated Research
Application System or at hitpfwww rdforum.nhs uk.

Where a NHES organisation’s role in the sfudy is limited fo identifying and refarring pofential
participants fo research sites (“parficipant identification centre”), guidance should be sought
from the R&D office an the information if requires fo give permission for this activity.

For non-NHS sifes, site management permission should be obfained in accordance with the
procedurss of the relevant host organisation.

Sponsars are nof required to notify the Commities of approvals fram host organisations

Feqgistration of Clinical Trials

All clinical trials (defined as the first four categories on the IRAS filter page) must be registered
on a publically accessible database within 6 weeks of recruitment of the first paricipant {for
medical device studies, within the timeline determined by the curment registration and publication
trees).

There is no requirement to separately notify the REC but you should do so at the eariest

opportunity 2.9 when submitting an amendment. We will audit the registration details az part of
the annual progress reporting process.
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To ensure transparency in research, we strongly recommend that all research is registered but
for non clinical trials this iz not cumrently mandatory.

If a sponsor wishes to contest the need for registration they should contact Catherine Blewstt
(catherineblewsetti@nhs.net), the HRA does not, however, expect exceptions to be made.
Guidance on where to register is provided within IRAS.

It is responsibility of the sponsor to ensure that all the conditions are complied with
before the start of the study or its initiation at a particular site (as applicable).

Approved documents

The documents reviewsd and approved at the meeting were:

Dacument Verzion Dafe

Cowering Letter 08 February 2014
Investigatar TV

Cther: Student CV Dr Louit Thakuria 18 August 2013
Crther: CV for Academic Supervisor Anna Reed 18 Jume 2013
Cther: CV for Dr Mark Griffiths 22 June 2013
Crther; OV Dr Mandor Marczin 14 August 2013
Participant Consent Form K 04 Movember 2013
Protocaol 1 05 February 2013
REC application 07 February 2014
Referees or other scientific critique report 08 January 2014
Referees or other scientific critique report 04 February 2014

Membership of the Committee

The members of the Ethics Committee who were present at the meeting are listed on the
attached sheet.

Statement of compliance

The Committes is constituted in accordance with the Govemance Arrangements for Research
Ethics Commitieses and complies fully with the Standard Operating Procedures for Research
Ethics Committees in the UK.

After ethical review

Reporting requirgments

The attached document “After ethical review — guidance for researchers™ gives detailed
guidance on reporting requirements for studies with a favourable opinion, including:

*  Maotifying substantial amendments

# Adding new sites and investigators
* Maotification of serious breaches of the protocol
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*  Progress and safety reports
= Motifying the end of the study

The NRES website also provides guidance on these topics, which is updated in the light of
changes in reporting requirements or procedures.

Feedback
You are invited to give your view of the service that you have received from the Mational
Research Ethics Service and the application procedure.  If you wish to make your views known

please uze the feedback form available on the website.

Further information iz available at National Research Ethics Senvice website = After Review

| 14/LOI0326 Please quote this number on all correspondence |

We are pleased to welcome rezearchers and R & D staff at our NRES committee members'’
training days — see details at hitp2/'www.hra.nhs.uk/hra-training/

With the Committee’s best wishes for the success of this project.

Yours sincerely
PP

Dr John Keen
Chair

Email: Juliskiddi@nhs.net
Enclosures: List of names and professions of members who were present af the
meeting and those who submitted wnitten comments

"After ethical review — guidance for researchers”

Copy fo: Mr Pairik Peffersson, Royal Brompion and Harefield NHS Foundafion
Trust
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7.11 Appendix: NHS Trust permission for research — Ex vivo study
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Dr Anna Reed
Consultant
Harefield Hospital

Royal Brompton & Harefield INHS

MNH5 Faundation Trust

Royal Brompton & Harefield NHS Foundation Trust
Resaarch Dffice

Chelsea Wing

Sydney Street

S5W3 GNP

wownw.rbht.nhs.uk

Direct Line: 020 7 351 8121 ext. 2610
Email: z.cooperfrbbt nheuk

09 April 2014

Royal Brompton & Harefield NHS Foundation Trust

Sydney Street
London SW3 aNP

Dear Dr Reed,

Project Title: Ex vivo transplant platforms
R&D Ref: 2013L5002H

REC Ref: 14/L0/0326

CSP Ref: MN/A

for the ressarch of lung injury

Study Sponsor: Royal Brompton & Harefield NHS Foundation Trust

Motification of RB&HFT NHS Management Permission for Research

Thank you for registering the above study with the Research Office. I am pleased to inform

you that your study now has NHS Mana

gement Permission (previously know as RE&D

approval) and can commence at Royal Brompton & Harefield MHS Foundation Trust

(RB&HFT).

NHS management permission for the above
study will be conducted as described in the
documentation submitted (listed below),

conducted in accordance with the principles

research study is granted on the basis that the
protocol and in accordance with the supporting
and on the understanding that the study is
set out in the Research Governance Framework

for Health and Social Care (April 2005, 2™ Edition, Department of Health (DoH)) and

RB&HFT Policies and procedures.

Documents Reviewed Version number Diate
Protocol 1 05/02/2013
Patient Information Shest & Consent Form

{Consant - Solid Organ and Tissue Donation K 04/11/2013
- FOREM FEM4281/3.1)




Royal Brompton & Harefield m

NHS Foundation Trust
Study Amendments

It is the responsibility of the Principal Investigator (PI) to notify the Research Office of all

study amendments or changes to the status of the projects induding study suspension or
premature termination.

Safety Reporting

The research Sponsor, or the Chief Investigator (CI) or the local Principal Investigator (PI)
at a research site, may take appropriate Urgent Safety Measures in order to probect
research participants against any immediate hazard to their health or safety. The Research
Office should be notified of such measures within the same time frame of notifying the
REC. The notification should indude reasons why the measures were taken and the plan
for further action.

All patient related incidents, including study-related Adverse Events/Reactions (AE/Rs),
must be reported internally by the study team in line with the Trusts Adverse Incdent
Management and Reporting Policy wiz the Quality and Safety Department database Datix
and marked “research-related”.

In addition, all SAE/Rs must be reported to the study Sponsor and the main REC in line
with the approved research protocol,

Audit
Please note the Trust is reguired to monitor research to ensure compliance with the
Research Gowvernance Framework and other legal and regulatory requirements. This

responsibility is delegated to the Research Office and will be achisved by random audit of
research projects ongoing in the Trust in accordance with RB&HFT Audit SOP.

Yours sincerely

Rt Hpsfere

Dr Angela Cooper
Associate Director of Research
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7.12 Appendix: NHSBT Permission for research — Ex vivo study
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NHS

Blood and Transplant

‘Yorkshire Organ Donation Services Team

Or Amna Reed
Consultant Transplant Physician Seacroft
The Royal Brompton and Harefield NHS Foundation Trust Leads
Harefield Hospital L3153 7TW
Hill End Road Tel 0300 1230012
Harefield Fax: 0113 2155073

B3 &6JH

a.reed@rbht nhs.uk

Dear Dr Reed,

RE Study: Ex vivo transplant platforms used to explore the pathogenesis
of acute lung injury.

| am writing to thank you for contacting Christian Brailsford, our Research
Manager and for submitting your research proposal to the Organ Donation
and Transplantation Directorate of NHSBT.

We thoroughly reviewed your proposal at our recent Organ Donor and
Transplantation Clinical Audit and Risk Effectiveness meeting and | am
pleasad to inform you that we are able to lend our support to your study at the
current time, pending any other outstanding approvals required. Once you
have received confirmation of these approvals, could you send copies to
Chnstian? Could you also confirm with Chnstian when your study s ready to
go live?

Christian will be in contact with you to discuss the operational aspects of your
study. This will include how the Specialist Nurses—Organ Donation (SN-ODs)
will be able to work with you in facilitating the study and any other logistical
requirements and a suggestion around the geographical recruitment area for
the study.

If you have any questions or comments about the approval process please
direct them to Christian and | wish you well with your study.

<J— "

Professor James Neuberger
Accociate Medical Director
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7.13 Appendix: List of Phospholipids identified by their m/z ratio

mass species

mass species

mass species

mass species

mass species

mass species

mass species

396 LPC10:1a
398 LPC10:0a
410 LPC10:1
412 LPC10:0
424 LPC12:1a
426 LPC12:0a
438 LPC12:1
440 LPC12:0
452 LPCl4:1a
454 LPC14:0a
466 LPC14:1
468 LPC14:0
476 LPC16:3a
478 LPC16:2a
480 LPC16:1a
482 LPC16:0a
490 LPC16:3
492 LPC16:2
494 LPC16:1
496 LPC16:0
502 LPC18:4a
504 LPC18:3a
506 LPC18:2a
508 LPC18:1a
510 LPC18:0a
516 LPC18:4
518 LPC18:3
520 LPC18:2
522 LPC18:1
524 LPC18:0
528 LPC20:5a
530 LPC20:4a
532 LPC20:3a
534 LPC20:2a
536 LPC20:1a
538 LPC20:0a
542 LPC20:5
544 LPC20:4
546 LPC20:3
548 LPC20:2
550 LPC20:1
552 PC10:0a/10:0
554 LPC22:6a
556 LPC22:5a
558 LPC22:4a
560 LPC22:3a
562 LPC22:2a
563 SM6:0
564 PC10:0/10:1
566 PC10:0/10:0

568 LPC22:6

570 LPC22:5

572 LPC22:4

574 LPC22:3

576 LPC22:2

578 LPC22:1

580 PC12:0a/10:0
582 LPC24:6a
590 PC12:1/10:1
592 PC12:0/10:1
594 PC12:0/10:0
596 LPC24:6

603 SM10:1a

604 PC10:1a/14:1
605 SM10:0a

606 PC14:1a/10:0
607 H2SM10:0a
608 PC10:0a/14:0
610 0x2PC16:0/5:1
616 LPC26:3a
617 SM10:1

618 PC14:1/10:1
619 SM10:0

620 PC14:1/10:0
621 H2SM10:0
622 PC10:0/14:0
624 0x2PC16:0/6:1
628 PC10:1a/16:3
630 LPC26:3

631 SM12:1a

632 PC14:1a/12:1
633 SM12:0a

634 PC16:0a/10:1
635 H2SM12:0a
636 PC10:0a/16:0
638 0x2PC16:0/7:1
642 PC16:3/10:1
644 PC16:2/10:1
645 SM12:1

646 PC14:1/12:1
647 SM12:0

648 PC16:0/10:1
649 H25SM12:0
650 PC14:0/12:0
652 0x2PC16:0/8:1
654 PC10:1a/18:4
656 PC10:1a/18:3
658 PC10:0a/18:3
659 SM14:1a

660 PC14:1a/14:1

661 SM14:0a

662 PC14:0a/14:1
663 H2SM14:0a
664 PC14:0a/14:0
666 0x2PC16:0/9:1
668 PC18:4/10:1
670 PC18:3/10:1
672 PC10:0/18:3
673 SM14:1

674 PC14:1/14:1
675 SM14:0

676 PC14:0/14:1
677 H2SM14:0
678 PC14:0/14:0
680 PC10:1a/20:5
682 PC10:0a/20:5
683 SM16:3a

684 PC10:0a/20:4
685 SM16:2a

686 PC12:0a/18:3
687 SM16:1a

688 PC16:1a/14:1
689 SM16:0a

690 PC14:0a/16:1
691 H2SM16:0a
692 PC14:0a/16:0
694 PC20:5/10:1
696 PC20:5/10:0
697 SM16:3

698 PC10:0/20:4
699 SM16:2

700 PC12:0/18:3
701 SM16:1

702 PC14:1/16:1
703 SM16:0

704 PC14:0/16:1
705 H2SM16:0
706 PC16:0/14:0
708 PC22:6a/10:0
709 SM18:4a

710 PC22:5a/10:0
711 SM18:3a

712 PC14:1a/18:3
713 SM18:2a

714 PC14:1a/18:2
715 SM18:1a

716 PC14:0a/18:2
717 SM18:0a

718 PC18:0a/14:1
719 H25M18:0a

720 PC16:0a/16:0
722 PC22:6/10:0
723 SM18:4

724 PC22:5/10:0
725 SM18:3

726 PC14:1/18:3
727 SM18:2

728 PC14:1/18:2
729 SM18:1

730 PC14:0/18:2
731 SM18:0

732 PC16:0/16:1
733 H2SM18:0
734 PC16:0/16:0
735 SM20:5a

736 PC14:1a/20:5
737 SM20:4a

738 PC20:4a/14:1
739 SM20:3a

740 PC14:0a/20:4
741 SM20:2a

742 PC16:0a/18:3
743 SM20:1a

744 PC16:0a/18:2
745 SM20:0a

746 PC16:0a/18:1
747 H2SM20:0a
748 PC18:0a/16:0
749 SM20:5

750 PC14:1/20:5
751 SM20:4

752 PC14:1/20:4
753 SM20:3

754 PC14:0/20:4
755 SM20:2

756 PC16:0/18:3
757 SM20:1

758 PC16:0/18:2
759 SM20:0

760 PC16:0/18:1
761 SM22:6a

762 PC18:0/16:0
763 SM22:5a

764 PC22:5a/14:1
765 SM22:4a

766 PC16:0a/20:5
767 SM22:3a

768 PC16:0a/20:4
769 SM22:2a

770 PC18:2a/18:1

771 SM22:1a

772 PC18:0a/18:2
773 SM22:0a

774 PC18:0a/18:1
775 SM22:6

776 PC18:0a/18:0
777 SM22:5

778 PC22:5/14:1
779 SM22:4

780 PC16:0/20:5
781 SM22:3

782 PC16:0/20:4
783 SM22:2

784 PC18:1/18:2
785 SM22:1

786 PC18:0/18:2
787 SM22:0

788 PC18:0/18:1
789 SM24:6a

790 PC18:0/18:0
792 PC18:2a/20:4
794 PC18:1a/20:4
796 PC18:0a/20:4
797 SM24:2a

798 PC18:0a/20:3
799 SM24:1a

800 PC18:0a/20:2
801 SM24:0a

802 PC20:5/18:3
803 SM24:6

804 PC18:2/20:5
806 PC16:0/22:6
808 PC18:1/20:4
810 PC18:0/20:4
811 SM24:2

812 PC18:0/20:3
813 SM24:1

814 PC18:0/20:2
815 SM24:0

816 PC20:4a/20:4
817 H2SM24:0
818 PC22:5a/18:2
820 PC18:1a/22:5
822 PC18:0a/22:5
823 SM26:3a

824 PC18:0a/22:4
825 SM26:2a

826 PC20:5/20:5
827 SM26:1a

828 PC20:5/20:4

829 SM26:0a

830 PC20:4/20:4
831 H2SM26:0a
832 PC22:5/18:2
834 PC18:0/22:6
836 PC18:0/22:5
837 SM26:3

838 PC18:0/22:4
839 SM26:2

840 PC18:0/22:3
841 SM26:1

842 PC18:0/22:2
843 SM26:0

844 PC20:4a/22:4
845 H25M26:0
846 PC22:3a/20:4
848 PC20:4a/22:2
850 PC20:3a/22:2
852 PC22:6/20:5
854 PC22:5/20:5
856 PC22:5/20:4
858 PC20:4/22:4
860 PC22:3/20:4
862 PC20:4/22:2
864 PC20:3/22:2
866 PC22:5a/22:6
868 PC22:5a/22:5
870 PC22:5a/22:4
872 PC22:5a/22:3
874 PC24:0/18:0
876 PC22:3a/22:3
878 PC22:6/22:6
880 PC22:5/22:6
882 PC22:5/22:5
884 PC22:5/22:4
886 PC22:5/22:3
888 P(C22:5/22:2
890 PC22:3/22:3
892 PC22:3/22:2
894 PC22:2/22:2
896 PC18:2/26:1
898 P(C26:2/18:0
900 PC26:1/18:0
902 PC26:0/18:0
904 PC22:5a/24:1
906 PC22:5a/24:0
908 PC26:0a/20:4
910 PC24:6/22:4
912 PC22:3/24:6
914 PC20:5/26:3

916 PC20:4/26:3
918 PC22:5/24:1
920 PC24:0/22:5
922 PC26:0/20:4
924 PC24:0/22:3
926 PC24:0/22:2
928 PC22:5a/26:3
930 PC22:53/26:2
932 PC22:5a/26:1
934 PC22:5a3/26:0
936 PC26:0a/22:4
938 PC26:0a/22:3
940 PC22:6/26:3
942 PC22:5/26:3
944 PC22:5/26:2
946 PC22:5/26:1
948 PC22:5/26:0
950 PC26:0/22:4
952 PC26:0/22:3
954 PC26:0/22:2
956 PC24:0/24:1
958 PC24:0/24:0
960 PC24:6a/26:0
962 PC24:2a/26:3
964 PC26:3a/24:1
966 PC24:0a/26:3
968 PC26:2a/24:0
970 PC24:0a/26:1
972 PC24:0a/26:0
974 PC26:0/24:6
976 PC24:2/26:3
978 PC24:1/26:3
980 PC24:0/26:3
982 PC24:0/26:2
984 PC24:0/26:1
986 PC24:0/26:0
988 PC26:3a3/26:3
990 P(C26:2a/26:3
992 PC26:2a/26:2
994 P(C26:2a/26:1
996 PC26:0a/26:2
998 PC26:0a/26:1
1000 PC26:0a/26:0
1002 PC26:3/26:3
1004 PC26:2/26:3
1006 PC26:2/26:2
1008 PC26:2/26:1
1010 PC26:0/26:2
1012 PC26:0/26:1
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7.14 Appendix: Automated image analysis macro script

title ="Louit's lung biopsy IHCimage analyser";

msg ="This Macro willanalyse all TIFF IHCimages withina specified folder. \n Ensure thatall images have beensaved in the following
format: green autofluorescence is savedas channel 2, Redsignal for primary antibody is channel 1, and DAPI is channel 3. \n All masks of
the tissue areaand the primary antibody will be saved into an output folder. \n Press OK to continue";
waitForUser(title, msg);

//open top directoryofimages

input =getDirectory("Please selectthe folder where images have beenstored");
//select location where images are stored

output =getDirectory("Location for results");

//get list of subdirectories

list =getFileList(input);

for (im=0;im<list.length;im++){

full =input + list[im];

open(full);

fn=getTitle();

run("Make Composite");

rename("temp");

run("Smooth");

run("Split Channels");

selectWindow("C2-temp");

run("Multiply...", "value=4");

imageCalculator("Subtract create", "C1-temp","C2-temp");

run("Grays");

rename(fn +" Signal area");

setAutoThreshold("Default dark");

run("Threshold...");

//title ="Set Threshold";

//msg="set threshold for signal\n press OK to continue";

//waitForUser(title, msg);

run("Analyze Particles...", "size=0-Infinity summarize");

run("Create Mask");

rename(fn +" Mask of Signal");

out =output +"Mask of Signal "+fn;

saveAs("tiff", out);

close();

selectWindow(fn +" Signal area");

close();

run("Merge Channels...", "c2=C2-temp c1=C1-temp c3=C3-temp");

run("Make Composite");

run("RGB Color");

run("8-bit");

rename(fn +" Tissue area");

setAutoThreshold("Huang dark");

run("Threshold...");

run("Analyze Particles...", "size=0-Infinity summarize");

run("Create Mask");

rename(fn +" Mask of total Area");

out =output +"Mask of total Area "+fn;

saveAs("tiff", out);

close();

selectWindow(fn +" Tissue area");

close();

}

title ="Image analysis is complete";

msg="All images within the specified inputfolder have been analysed. \n Ensure that youreview allimage masks within the output
folder, andremember tosave all calculated values. \n Press OK to return to FIJI.";
waitForUser(title, msg);
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7.15 Abbreviations

4-HNE - 4-Hydroxynoneal

AAG — Alkyl Acylglycerol

ABCA1—-Adenosine Triphosphate Binding Cassette Al
ABCA3 - Adenosine Triphosphate Binding Cassette A3
ADP — Adenosine Diphosphate

AECC — American-European Consensus Conference
ARDS —Acute Respiratory Distress Syndrome
AT1- Type 1 Alveolar Epithelial Cell

AT2 - Type 2 Alveolar Epithelial Cell

AUC - AreaUnderthe Curve

BAL — Bronchoalveolar Lavage

BALF —BronchoalveolarLavage Fluid

BBA —Blind Bronchial Aspirates

BHT - Butylated Hydroxytoluene

CDP —Cytidine Diphosphate

CF — CysticFibrosis

CLAD — ChronicLung Allograft Dysfunction

CMP — Cytidine Monophosphate

COPD- Chronic Obstructive Pulmonary Disease
COX— Cyclooxygenase

CTL1 — Choline Transporter-Like Protein 1

D9 —Labelled With 9 Atoms of Deuterium

DAD - Diffuse Alveolar Damage

DAG — Diacylglycerol

DAMP — Damage Associated Molecular Pattern
DAPI—4',6-Diamidino-2-Phenylindole

DCD — Donation After Cardiac Death

DCM —Dichloromethane

DHA - DocosahexaenoicAcid

DMPA — Dimyristoylglycerophosphate

DMPC — Dimyristoylglycerophosphocholine
DMPE — Dimyristoylglycerophosphoethanolamine
DMPG - Dimyristoylglycerophosphoglycerol
DNA — Deoxyribose NucleicAcid

DPPC— Dipalmitoylphosphatidylcholine

DTNB — DithionitrobenzoicAcid

ECMO — Extra Corporeal Membrane Oxygenation
EDTA - Ethylenediaminetetraaceticacid

EPA —EicosapentaenoicAcid

ER — EndoplasmicReticulum

ESI-MS/MS —Electrospray lonisation Tandem Mass Spectrometry
EVLP —Ex Vivo Lung Perfusion

FEV,— Forced Expiratory Volume In 1Second
FIJI=FUIIs Justimage)

FVC— Forced Vital Capacity

HO-1- Haem Oxygenase-1

HPLC — High Performance Liquid Chromatography
ICU - Intensive Care Unit

IQR —Interquartile Range
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IRl —Ischemia-Reperfusion Injury

KS —Kolmogorov—Smirnov

LHPC — Heptadecanoylglycerophosphocholine

LO - Lipoxygenase

LOS — Length Of Stay

LPCAT1 - Lyso PC Acyltransferase-1

M/Z — Mass / Charge Ratio

MALDI-IMS — Matrix-Assisted Laser Desorption lonization Imaging Mass Spectrometry
MS —Mass Spectrometry

MVB — Microvesicular Bodies

NHS — National Health Service

NHSBT — National Health Service for Blood and Transplantation
NO — NitricOxide

NOK— Next of Kin

NOx—NO Metabolites

NRES — National Research Ethics Service

NT — Nitrotyrosine

OCS —Organ Care System

OCT - Optimum Cutting Temperature Compound

P/F Ratio - Pao2/Fio2 Ratio

P184 — A Scan for Precursors of Fragments with A M/Z Of 184
P193 — A Scan for Precursors of Fragments with A M/Z Of 193
PAF - Platelet Activating Factor

PC —Phosphatidylcholine

PDME — Phosphatidyl-Dimethylethanolamine

PE — Phosphatidylethanolamine

PEMT — Phosphatidylethanolamine N-Methyltransferase
PG — Phosphatidylgycerol

PGD — Primary Graft Dysfunction

Pl —Phosphatidylinositol

PLA2 — Phospholipase A2

PMME - Phosphatidylmonomethylethanolamine

PP - Pyrophosphate

PS —Phosphatidylserine

PUFA —Polyunsaturated Fatty Acids

RBC — Red Blood Cell

RDS — Respiratory Distress Syndrome

RNS— Reactive Nitrogen Species

ROC —Receiver Operator Characteristics

ROS —Reactive Oxygen Species

SA/LA Ratio— Small Aggregate / Large Aggregate Ratio
S-Adohyc-S-Adenosylhomocysteine

S-Adomet - S-Adenosylmethionine

SM —Sphingomyelin

SP —Surfactant Protein

TDA — Topological Data Analysis

THAM - Tromethamine

TRIS - Tris(Hydroxymethyl)Aminomethane

UNOS — United Network for Organ Sharing

UP-H,0 - Ultrapure Water

VALI— Ventilator Associated Lung Injury

250



10

11

12

13

14

15

16

17

18

References

Christie, J. D., Kotloff, R. M., Ahya, V. N., Tino, G., Pochettino, A., Gaughan, C. etal. The
effect of primary graft dysfunction on survival after lung transplantation. AmJ Respir Crit
Care Med 171, 1312-1316 (2005).

Christie, J. D., Carby, M., Bag, R., Corris, P., Hertz, M., Weill, D. et al. Report of the ISHLT
Working Group on Primary Lung Graft Dysfunction part|l: definition. A consensus statement
of the International Society for Heart and Lung Transplantation. J Heart Lung Transplant 24,
1454-1459 (2005).

Calfee, C.S. & Ware, L. B. Biomarkers of lunginjury in primary graft dysfunction following
lungtransplantation. Biomark Med 1, 285-291 (2007).

Waldhausen, J. A., Giammona, S. T., Kilman, J. W. & Daly, W. J. Effect of transplantation of
canine lungon pulmonary compliance and surfactant. JAMA 191, 1002-1005 (1965).
Amital, A,, Shitrit, D., Raviv, Y., Saute, M., Bakal, I., Medalion, B. et al. Surfactant as salvage
therapyinlife threatening primary graft dysfunction in lung transplantation. EurJ
Cardiothorac Surg 35, 299-303 (2009).

Amital, A., Shitrit, D., Raviv, Y., Saute, M., Medalion, B., Bakal, L. et al. The use of surfactant
inlungtransplantation. Transplantation 86, 1554-1559 (2008).

Dushianthan, A., Goss, V., Cusack, R., Grocott, M. P. & Postle, A. D. Phospholipid com position
and kineticsin differentendobronchial fractions from healthy volunteers. BMC Pulm Med
14, 10 (2014).

Bernhard, W., Pynn, C. J., Jaworski, A., Rau, G. A., Hohlfeld, J. M., Freihorst, J. et al. Mass
spectrometricanalysis of surfactant metabolism in human volunteers using deuteriated
choline. AmJ Respir Crit Care Med 170, 54-58 (2004).

Warnecke, G., Moradiellos, J., Tudorache, I., Kiihn, C., Avsar, M., Wiegmann, B. et al.
Normothermic perfusion of donorlungsfor preservation and assessment with the Organ
Care System Lung before bilateral transplantation: a pilot study of 12 patients. Lancet 380,
1851-1858 (2012).

Zhou, J.,You, Y., Ryan, A. J. & Mallampalli, R. K. Upregulation of surfactant synthesis triggers
ABCA1-mediated basolateral phospholipid efflux. J Lipid Res 45, 1758-1767 (2004).

Postle, A.D., Henderson, N. G., Koster, G., Clark, H. W. & Hunt, A. N. Analysis of lung
surfactant phosphatidylcholine metabolism in transgenic mice using stable isotopes. Chem
Phys Lipids 164, 549-555 (2011).

Balgoma, D., Astudillo, A. M., Perez-Chacon, G., Montero, O., Balboa, M. A. & Balsinde, J.
Markers of monocyte activation revealed by lipidomic profiling of arachidonicacid-
containing phospholipids. JImmunol/ 184, 3857-3865 (2010).

Tatham, K. C., O'Dea, K. P., Romano, R., Donaldson, H. E., Wakabayashi, K., Patel, B. V. et al.
Intravasculardonor monocytes play acentral role in lung transplantischaemia-reperfusion
injury. Thorax 73, 350-360 (2018).

Bonnans, C. & Levy, B. D. Lipid mediators as agonists for the resolution of acute lung
inflammation and injury. AmJ Respir Cell Mol Biol 36, 201-205 (2007).

Konstantinov, I. E. Atthe cutting edge of the impossible: A tribute to Vladimir P. Demikhov.
Tex Heart | J 36, 453-458 (2009).

Hardy, J. D., Eraslan, S. & Webb, W. R. Transplantation of the Lung. Ann Surg 160, 440-448
(1964).

Cooper,J.D. The evolution of techniques and indications for lung transplantation. AnnSurg
212, 249-256 (1990).

Reitz, B. A., Wallwork, J. L., Hunt, S. A,, Pennock, J. L., Billingham, M. E., Oyer, P. E. et al.
Heart-lungtransplantation. N EnglJ Med 306, 557-564 (1982).

251



19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

Grossman, R. F., Frost, A., Zamel, N., Patterson, G. A., Cooper, J. D., Myron, P. R. et al. Results
of single-lungtransplantation for bilateral pulmonary fibrosis. The Toronto Lung Transplant
Group. N EnglJ Med 322, 727-733 (1990).

Patterson, G. A., Cooper, J. D., Goldman, B., Weisel, R. D., Pearson, F. G., Waters, P. F. et al.
Technique of successful clinical double-lung transplantation. Ann Thorac Surg 45, 626-633
(1988).

Singer, J. P. & Singer, L. G. Quality of life in lung transplantation. Semin Respir Crit Care Med
34, 421-430 (2013).

Yusen, R. D., Edwards, L. B., Dipchand, A. 1., Goldfarb, S. B., Kucheryavaya, A. Y., Levvey, B.J.
et al. The Registry of the International Society for Heart and Lung Transplantation: Thirty-
third adultlungand heart-lungtransplant report 2016: focus theme - Primary diagnostic
indications fortransplant.JHeart Lung Transplant 35, 1170-1184 (2016).

Petty, T. L., Reiss, O.K., Paul, G. W.,, Silvers, G. W. & Elkins, N. D. Characteristics of pulmonary
surfactantin adultrespiratory distress syndrome associated with traumaand shock. Am Rev
Respir Dis 115, 531-536 (1977).

Petty, T. L., Silvers, G. W., Paul, G. W. & Stanford, R. E. Abnormalitiesinlungelastic
properties and surfactant functionin adult respiratory distress syndrome. Chest 75, 571-574
(1979).

von Wichert, P. & Kohl, F. V. Decreased dipalmitoyllecithin contentfoundin lung specimens
from patients with so-called shock-lung. Intensive Care Med 3, 27-30 (1977).

Bernard, G., Artigas, A., Brigham, K., Carlet, J., Falke, K., Hudson, L. et al. Report of the
American-European consensus conference on ARDS: Definitions, mechanism, relevant
outcomes, and clinical trial coordination. Intensive Care Med 20, 225-232 (1994).

Snell, G. 1., Yusen, R. D., Weill, D., Strueber, M., Garrity, E., Reed, A. et al. Report of the ISHLT
Working Group on Primary Lung Graft Dysfunction, part |: Definition and grading - A 2016
Consensus Group statement of the International Society for Heart and Lung Transplantation.
J Heart Lung Transplant 36, 1097-1103 (2017).

Lee, J. C. & Christie, J. D. Primary graft dysfunction. ProcAm Thorac Soc 6, 39-46 (2009).
Whitson, B. A., Prekker, M. E., Herrington, C.S., Whelan, T. P., Radosevich, D. M., Hertz, M. I.
et al. Primary graft dysfunction and long-term pulmonary function afterlung
transplantation. JHeart Lung Transplant 26, 1004-1011 (2007).

de Perrot, M., Liu, M., Waddell, T. K. & Keshavjee, S. Ischemia-reperfusion-induced lung
injury. AmJ Respir Crit Care Med 167, 490-511 (2003).

Land, W. G. The role of damage-associated molecular patternsin human diseases: Part | -
promotinginflammation and immunity. Sultan Qaboos Univ Med J 15, e9-e21 (2015).

Land, W. G. The role of postischemicreperfusioninjury and other nonantigen-dependent
inflammatory pathways in transplantation. Transplantation 79, 505-514 (2005).

Gelman, A. E., Fisher, A.J.,Huang, H. J., Baz, M. A., Shaver, C. M., Egan, T. M. et al. Report of
the ISHLT Working Group on Primary Lung Graft Dysfunction Part Ill: Mechanisms - A 2016
Consensus Group Statement of the International Society for Heart and Lung Transplantation.
J Heart Lung Transplant 36, 1114-1120 (2017).

Carter, Y. M., Gelman, A. E. & Kreisel, D. Pathogenesis, management, and consequences of
primary graft dysfunction. Semin Thorac Cardiovasc Surg 20, 165-172 (2008).

Avlonitis, V.S., Fisher, A. J., Kirby, J. A. & Dark, J. H. Pulmonary transplantation: the role of
braindeathin donorlunginjury. Transplantation 75, 1928-1933 (2003).

Diamond, J. M., Arcasoy, S., Kennedy, C. C., Eberlein, M., Singer, J. P., Patterson, G. M. et al.
Report of the International Society for Heart and Lung Transplantation Working Group on
Primary Lung Graft Dysfunction, part|l: Epidemiology, risk factors, and outcomes - A 2016
Consensus Group statement of the International Society for Heart and Lung Transplantation.
J Heart Lung Transplant 36, 1104-1113 (2017).

252



37

38

39

40

41

42

43

45

46

47

48

49

50

51

52

53

54

55

56

Christie, J. D., Bellamy, S., Ware, L. B., Lederer, D., Hadjiliadis, D., Lee, J. et al. Construct
validity of the definition of primary graft dysfunction after lung transplantation. J Heart Lung
Transplant 29, 1231-1239 (2010).

Christie, J. D., Robinson, N., Ware, L. B., Plotnick, M., De Andrade, J., Lama, V. et al.
Association of protein Cand type 1 plasminogen activatorinhibitor with primary graft
dysfunction. AmJ Respir Crit Care Med 175, 69-74 (2007).

Ashbaugh, D. G., Bigelow, D. B., Petty, T. L. & Levine, B. E. Acute respiratory distressin
adults. Lancet 290, 319-323 (1967).

Ware, L. B. & Matthay, M. A. The acute respiratory distress syndrome. N EnglJ Med 342,
1334-1349 (2000).

Neff, T. A., Stocker, R., Frey, H.-R., Stein, S. & Russi, E. W. Long-term assessment of lung
functioninsurvivors of severe ARDS. Chest 123, 845-853 (2003).

Jia, X., Malhotra, A., Saeed, M., Mark, R. G. & Talmor, D. Risk factors for ARDS in patients
receiving mechanical ventilation for>48 h. Chest 133, 853-861 (2008).

Diamond, J. M., Lee, J. C., Kawut, S. M., Shah, R. J., Localio, A. R., Bellamy, S. L. et al. Clinical
risk factors for primary graft dysfunction afterlungtransplantation. AmJ Respir Crit Care
Med 187, 527-534 (2013).

Barr, M. L., Kawut, S. M., Whelan, T. P., Girgis, R., Bottcher, H., Sonett, J. et al. Report of the
ISHLT Working Group on Primary Lung Graft Dysfunction part IV: recipient-related risk
factors and markers. J Heart Lung Transplant 24, 1468-1482 (2005).

Rong, L. Q., Di Franco, A. & Gaudino, M. Acute respiratory distress syndrome after cardiac
surgery.J ThoracDis 8, E1177-E1186 (2016).

Diamond, J. M., Porteous, M. K., Jackson Roberts, L. n., Wickersham, N., Rushefski, M.,
Kawut, S. M. et al. The relationship between plasmallipid peroxidation products and primary
graft dysfunction after lungtransplantation is modified by donor smoking and reperfusion
hyperoxia.JHeart Lung Transplant 35, 500-507 (2016).

Lederer, D.J., Kawut, S. M., Wickersham, N., Winterbottom, C., Bhorade, S., Palmer, S. M. et
al. Obesity and primary graft dysfunction afterlungtransplantation: the Lung Transplant
Outcomes Group Obesity Study. AmJ Respir Crit Care Med 184, 1055-1061 (2011).

Gong, M. N., Bajwa, E. K., Thompson, B. T. & Christiani, D. C. Body massindexisassociated
with the development of acute respiratory distress syndrome. Thorax 65, 44-50 (2010).
Iribarren, C.,Jacobs, D. R, Sidney, S., Gross, M. D. & Eisner, M. D. Cigarette smoking, alcohol
consumption, and risk of ARDS. Chest 117, 163-168 (2000).

Rubenfeld, G. D., Caldwell, E., Peabody, E., Weaver, J., Martin, D. P., Neff, M. et al. Incidence
and outcomes of acute lunginjury. N EnglJ Med 353, 1685-1693 (2005).

The Acute Respiratory Distress Syndrome Network. Ventilation with lower tidal volumes as
compared with traditional tidal volumes for acute lunginjury and the acute respiratory
distress syndrome. N EnglJ Med 342, 1301-1308 (2000).

Hager, D. N., Krishnan, J. A., Hayden, D. L., Brower, R. G. & Network, A. C. T. Tidal volume
reductionin patients with acute lunginjury when plateau pressures are not high. AmJ Respir
Crit Care Med 172, 1241-1245 (2005).

Terragni, P. P., Rosboch, G., Tealdi, A., Corno, E., Menaldo, E., Davini, O. et al. Tidal
hyperinflation during low tidal volume ventilation in acute respiratory distress syndrome.
AmJ Respir Crit Care Med 175, 160-166 (2007).

Pinhu, L., Whitehead, T., Evans, T. & Griffiths, M. Ventilator-associated lunginjury. Lancet
361, 332-340 (2003).

Gregory, T. J., Longmore, W. )., Moxley, M. A., Whitsett, J. A., Reed, C.R., Fowler,A.A.r. et
al. Surfactant chemical composition and biophysical activity in acute respiratory distress
syndrome. J Clin Invest 88, 1976-1981 (1991).

Thakuria, L., Davey, R., Romano, R., Carby, M. R., Kaul, S., Griffiths, M. J. et al. Mechanical
ventilation after lungtransplantation. J Crit Care 31, 110-118 (2016).

253



57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

Proudfoot, A. G., McAuley, D. F., Griffiths, M. J. & Hind, M. Human models of acute lung
injury. Dis Model Mech 4, 145-153 (2011).

SerpaNeto, A., Cardoso, S. 0., Manetta, J. A., Pereira, V. G., Esposito, D. C., Pasqualucci Mde,
O. et al. Association between use of lung-protective ventilation with lower tidal volumes and
clinical outcomes among patients without acute respiratory distress syndrome: ameta-
analysis. JAMA 308, 1651-1659 (2012).

Oeckler, R. A. & Hubmayr, R. D. Ventilator-associated lunginjury: asearch for better
therapeutictargets. Eur RespirJ 30, 1216-1226 (2007).

Ricard, J. D., Dreyfuss, D. & Saumon, G. Ventilator-induced lunginjury. Eur RespirJ 22, 2s-9s
(2003).

Lucangelo, U., Del Sorbo, L., Boffini, M. & Ranieri, V. M. Protective ventilation forlung
transplantation. Curr Opin Anaesthesiol 25, 170-174 (2012).

Mascia, L., Pasero, D., Slutsky, A.S., Arguis, M. J., Berardino, M., Grasso, S. et al. Effectofa
lung protective strategy for organ donors on eligibility and availability of lungs for
transplantation: arandomized controlled trial. JAMA 304, 2620-2627 (2010).

Noiseux, N., Nguyen, B. K., Marsolais, P., Dupont, J., Simard, L., Houde, I. et al. Pulmonary
recruitment protocol fororgan donors: a new strategy to improve the rate of lung
utilization. Transplant Proc 41, 3284-3289 (2009).

Crimi, E., Zhang, H., Han, R. N., Del Sorbo, L., Ranieri, V. M. & Slutsky, A.S. Ischemiaand
reperfusionincreases susceptibility to ventilator-induced lunginjuryin rats. AmJ Respir Crit
Care Med 174, 178-186 (2006).

de Perrot, M., Imai, Y., Volgyesi, G. A., Waddell, T. K., Liu, M., Mullen, J. B. et al. Effect of
ventilator-induced lunginjury onthe development of reperfusioninjuryinarat lung
transplant model.J Thorac CardiovascSurg 124, 1137-1144 (2002).

Chiang, C.H., Pai,H. I. & Liu, S. L. Ventilator-induced lunginjury (VILI) promotes
ischemia/reperfusion lunginjury (I/R) and NF-kappaB antibody attenuates both injuries.
Resuscitation 79, 147-154 (2008).

Taskar, V.,John, J., Evander, E., Robertson, B. & Jonson, B. Surfactant dysfunction makes
lungs vulnerabletorepetitive collapse and reexpansion. AmJ Respir Crit Care Med 155, 313-
320 (1997).

Malloy, J. L., Veldhuizen,R. A. & Lewis, J. F. Effects of ventilation onthe surfactant systemin
sepsis-induced lunginjury.JAppl Physiol (1985) 88, 401-408 (2000).

Ito, Y., Veldhuizen,R.A., Yao, L. J., McCaig, L. A., Bartlett, A. ). & Lewis, J. F. Ventilation
strategies affect surfactant aggregate conversioninacute lunginjury. AmJRespir Crit Care
Med 155, 493-499 (1997).

Yamashita, C., Forbes, A., Tessolini,J. M., Yao, L. J., Lewis, J. F. & Veldhuizen, R. A. Protective
effects of elevated endogenous surfactant pools to injurious mechanical ventilation. AmJ
Physiol Lung Cell Mol Physiol 294, L724-732 (2008).

Vazquezde Anda, G. F., Lachmann, R. A., Gommers, D., Verbrugge, S.J., Haitsma, J. &
Lachmann, B. Treatment of ventilation-induced lung injury with exogenous surfactant.
Intensive Care Med 27, 559-565 (2001).

Verbrugge, S.J.,Vazquezde Anda, G., Gommers, D., Neggers, S.J.,Sorm, V., Bohm, S. H. et
al. Exogenous surfactant preserves lung function and reduces alveolar Evans blue dye influx
ina rat model of ventilation-induced lunginjury. Anesthesiology 89, 467-474 (1998).

Welk, B., Malloy, J. L., Joseph, M., Yao, L. J. & Veldhuizen, A. W. Surfactant treatment for
ventilation-induced lunginjuryin rats: effects on lung compliance and cytokines. Exp Lung
Res 27, 505-520 (2001).

Dushianthan, A., Cusack, R., Goss, V., Postle, A. D. & Grocott, M. P. Clinical review:
Exogenous surfactant therapy foracute lunginjury/acute respiratory distress syndrome -
where dowe go from here? Crit Care 16, 238 (2012).

254



75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

Van Raemdonck, D., Hartwig, M. G., Hertz, M. |., Davis, R. D., Cypel, M., Hayes, D., Jr. et al.
Report of the ISHLT Working Group on primary lung graft dysfunction PartIV: Prevention
and treatment: A 2016 Consensus Group statement of the International Society for Heart
and Lung Transplantation. J Heart Lung Transplant 36, 1121-1136 (2017).

Shargall, Y., Guenther, G., Ahya, V. N., Ardehali, A., Singhal, A., Keshavjee, S. etal. Report of
the ISHLT Working Group on Primary Lung Graft Dysfunction part VI: treatment. J Heart Lung
Transplant 24, 1489-1500 (2005).

Minambres, E., Coll, E., Duerto, J., Suberviola, B., Mons, R., Cifrian, J. M. et al. Effect of an
intensivelung donor-management protocol on lung transplantation outcomes. J Heart Lung
Transplant 33, 178-184 (2014).

Mulvihill, M.S., Yerokun, B. A., Davis, R. P., Ranney, D. N., Daneshmand, M. A. & Hartwig, M.
G. Extracorporeal membrane oxygenation following lung transplantation: indications and
survival.JHeart Lung Transplant (2017).

Pereszlenyi, A., Lang, G., Steltzer, H., Hetz, H., Kocher, A., Neuhauser, P. et al. Bilateral lung
transplantation with intra- and postoperatively prolonged ECMO supportin patients with
pulmonary hypertension. EurJ Cardiothorac Surg 21, 858-863 (2002).

Meyers, B. F., Sundt, T. M., 3rd, Henry, S., Trulock, E. P., Guthrie, T., Cooper, J. D. et al.
Selective use of extracorporeal membrane oxygenation is warranted afterlung
transplantation. J Thorac Cardiovasc Surg 120, 20-26 (2000).

Sanchez, P. G. & D'Ovidio, F. Ex-vivo lung perfusion. Curr Opin Organ Transplant 17, 490-495
(2012).

Slama, A., Schillab, L., Barta, M., Benedek, A., Mitterbauer, A., Hoetzenecker, K. et al.
Standard donor lung procurement with normothermicex vivo lung perfusion: A prospective
randomized clinicaltrial. JHeart Lung Transplant 36, 744-753 (2017).

Cypel, M., Yeung, J. C., Machuca, T., Chen, M., Singer, L. G., Yasufuku, K. et al. Experience
with the first 50 ex vivo lung perfusionsin clinical transplantation. J Thorac CardiovascSurg
144, 1200-1206 (2012).

Cypel, M., Yeung, J. C., Hirayama, S., Rubacha, M., Fischer, S., Anraku, M. et al. Technique for
prolonged normothermicexvivo lung perfusion. JHeart Lung Transplant 27, 1319-1325
(2008).

Wallinder, A., Riise, G. C., Ricksten, S. E., Silverborn, M. & Dellgren, G. Transplantation after
exvivo lung perfusion: A midterm follow-up.J Heart Lung Transplant 35, 1303-1310 (2016).
Loor, G., Warnecke, G., Smith, M., Kukreja, J., Ardehali, A., Moradiellos, J. et al. The OCS Lung
EXPAND International Trial Interim Results. J Heart Lung Transplant 35, S68-569 (2016).
AworiHayanga, J. W. Ex vivo lung perfusion: The makings of agame changer. J Heart Lung
Transplant 36, 720-721 (2017).

Briot, R. & Grimbert, F. Ex vivo lung perfusion: A chance for beta2-agonists to prove their
clinical efficacyinacute lunginjury? Ann Thorac Surg 102, 347 (2016).

Nakajima, D., Liu, M., Ohsumi, A., Kalaf, R., Iskender, I., Hsin, M. et al. Lunglavage and
surfactantreplacementduring ex vivo lung perfusion for treatment of gastricacid aspiration-
induced donorlunginjury. JHeart Lung Transplant 36, 577-585 (2017).

Novick, R.J., Possmayer, F., Veldhuizen, R. A. W., Menkis, A. H. & McKenzie, F. N. Surfactant
analysisand replacementtherapy: A future tool of the lungtransplant surgeon? Ann Thorac
Surg 52, 1194-1200 (1991).

Prange, H. D. Laplace'slaw and the alveolus: A misconception of anatomyand a
misapplication of physics. Advan Physiol Edu 27, 34-40 (2003).

Pattle, R. E. Properties, function and origin of the alveolarlining layer. Nature 175, 1125-
1126 (1955).

Crosby, L. M. & Waters, C. M. Epithelial repair mechanismsinthe lung. AmJPhysiol Lung Cell
Mol Physiol 298, L715-731 (2010).

255



94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

Ware, L. B. & Matthay, M. A. Alveolarfluid clearance isimpaired in the majority of patients
with acute lunginjury and the acute respiratory distress syndrome. AmJ Respir Crit Care
Med 163, 1376-1383 (2001).

Ueda, M., Fuchs, S., Nakamura, T., Schafer, U. F., Lehr, C. M., Menger, M. D. et al.
Reoxygenation resultsin cell death of human alveolar epithelial cells. J Heart Lung
Transplant 23, 1198-1204 (2004).

Nguyen, T.N., Cunsolo, S. M., Gal, P. & Ransom, J. L. Infasurf and curosurf: theoretical and
practical considerations with new surfactants. J Pediatr Pharmacol Ther 8, 97-114 (2003).
Rooney, S.A., Young, S. L. & Mendelson, C. R. Molecularand cellular processing of lung
surfactant. FASEBJ 8, 957-967 (1994).

Frick, M., Bertocchi, C., Jennings, P., Haller, T., Mair, N., Singer, W. et al. Ca2+ entryis
essential for cell strain-induced lamellarbody fusioninisolated rat type Il pneumocytes. Am
J Physiol Cell Lung Cell Mol Physiol 286, L210-1L220 (2004).

Dietl, P., Haller, T. & Frick, M. Spatio-temporal aspects, pathways and actions of Ca(2+) in
surfactantsecreting pulmonary alveolartype Il pneumocytes. Cell Calcium 52, 296-302
(2012).

Wirtz, H. & Schmidt, M. Ventilation and secretion of pulmonary surfactant. Clin Investig 70,
3-13 (1992).

Goss, V., Hunt, A.N. & Postle, A. D. Regulation of lung surfactant phospholipid syn thesis and
metabolism. Biochim Biophys Acta 1831, 448-458 (2013).

Yang, M. Y., Hilton, M. B., Seaman, S., Haines, D. C., Nagashima, K., Burks, C. M. et al.
Essential regulation of lung surfactant homeostasis by the orphan G protein-coupled
receptor GPR116. Cell Rep 3, 1457-1464 (2013).

Trapnell, B. C. & Whitsett, J. A. GM-CSF regulates pulmonary surfactant homeostasis and
alveolar macrophage-mediated innate host defense. Annu Rev Physiol 64, 775-802 (2002).
Trapnell, B. C., Whitsett, J. A. & Nakata, K. Pulmonary alveolar proteinosis. N EnglJ Med 349,
2527-2539 (2003).

Ishiguro, N., Oyabu, M., Sato, T., Maeda, T., Minami, H. & Tamai, |. Decreased biosynthesis of
lung surfactant constituent phosphatidylcholine due to inhibition of cholinetransporter by
gefitinibinlungalveolarcells. Pharm Res 25, 417-427 (2008).

van Rossum, G. D. & Boyd, C. A. Sodium-dependentand -independent choline uptake by
type Il epithelialcells from ratlung. J Membr Biol 162, 147-156 (1998).

Higgins, C. F. ABCtransporters: from microorganisms to man. Annu Rev Cell Biol 8, 67-113
(1992).

Matsumura, Y., Sakai, H., Sasaki, M., Ban, N. & Inagaki, N. ABCA3-mediated choline-
phospholipids uptakeintointracellularvesiclesin A549 cells. FEBS Lett 581, 3139-3144
(2007).

Cheong, N., Zhang, H., Madesh, M., Zhao, M., Yu, K., Dodia, C. et al. ABCA3 iscritical for
lamellarbody biogenesisin vivo. J Biol Chem 282, 23811-23817 (2007).

Bates, S. R., Tao, J. Q., Yu, K. J., Borok, Z., Crandall, E. D., Collins, H. L. et al. Expressionand
biological activityof ABCAlinalveolarepithelial cells. AmJ Respir Cell Mol Biol 38, 283-292
(2008).

Agassandian, M. & Mallampalli, R. K. Surfactant phospholipid metabolism. Biochim Biophys
Acta 1831, 612-625 (2013).

Fehrenbach, H., Tews, S., Fehrenbach, A., Ochs, M., Wittwer, T., Wahlers, T. et al. Improved
lung preservationrelatestoanincrease intubularmyelin-associated surfactant protein A.
Respir Res 6, 60 (2005).

Veldhuizen, E. J. & Haagsman, H. P. Role of pulmonary surfactant componentsin surface film
formation and dynamics. Biochim Biophys Acta 1467, 255-270 (2000).

Wrobel, S. & Clements, J. A. Bubbles, babies and biology: The story of surfactant - Second
breath: A medical mystery solved. FASEBJ 18 (2004).

256



115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

Somaschini, M., Wert, S., Mangili, G., Colombo, A. & Nogee, L. Hereditary surfactant protein
B deficiency resulting from a novel mutation. Intensive Care Med 26, 97-100 (2000).
Veldhuizen, E.J., Batenburg, J.J., van Golde, L. M. & Haagsman, H. P. The role of surfactant
proteinsin DPPCenrichment of surface films. BiophysJ79, 3164-3171 (2000).

Liebisch, G., Vizcaino, J. A., Kofeler, H., Trotzmuller, M., Griffiths, W. J., Schmitz, G. et al.
Shorthand notation for lipid structures derived from mass spectrometry. J Lipid Res 54,
1523-1530 (2013).

Sud, M., Fahy, E., Cotter, D., Brown, A., Dennis, E. A., Glass, C. K. et al. LMSD: LIPID MAPS
structure database. Nucleic Acids Res 35, D527-532 (2007).

Veldhuizen, R., Nag, K., Orgeig, S. & Possmayer, F. The role of lipids in pulmonary surfactant.
Biochim Biophys Acta 1408, 90-108 (1998).

Baoukina, S. & Tieleman, D. P. Computersimulations of lung surfactant. Biochim Biophys
Acta 1858, 2431-2440 (2016).

Kresch, M. J., Lin, W. H. & Thrall, R. S. Surfactant replacement therapy. Thorax 51,1137-1154
(1996).

Batenburg, J. ). Surfactant phospholipids: synthesis and storage. AmJ Physiol 262, L367-385
(1992).

Yu, S. H. & Possmayer, F. Interaction of pulmonary surfactant protein A with
dipalmitoylphosphatidylcholine and cholesterol at the air/waterinterface. J Lipid Res 39,
555-568 (1998).

Bridges, J. P., Ikegami, M., Brilli, L. L., Chen, X., Mason, R. J. & Shannon, J. M. LPCAT1
regulates surfactant phospholipid synthesis and is required for transitioning to air breathing
inmice.J Clin Invest 120, 1736-1748 (2010).

Harayama, T., Shindou, H. & Shimizu, T. Biosynthesis of phosphatidylcholine by human
lysophosphatidylcholine acyltransferase 1. J Lipid Res 50, 1824-1831 (2009).

Kennedy, E. P. & Weiss, S. B. The function of cytidine coenzymesin the biosynthesis of
phospholipides. J Biol Chem 222, 193-214 (1956).

Henneberry, A. L., Wright, M. M. & McMaster, C. R. The majorsites of cellular phospholipid
synthesisand molecular determinants of Fatty Acid and lipid head group specificity. Mol Biol
Cell 13, 3148-3161 (2002).

Batenburg, J. )., Longmore, W. J., Klazinga, W. & van Golde, L. M. Lysolecithin acyltransferase
and lysolecithin: lysolecithin acyltransferasein adult rat lung alveolartype Il epithelial cells.
Biochim Biophys Acta, Lipids Lipid Metab 573, 136-144 (1979).

Lands, W. E. Metabolism of glycerolipides; acomparison of lecithin and triglyceride
synthesis. J Biol Chem 231, 883-888 (1958).

Stymne, S. & Stobart, A. K. Involvement of acyl exchange between acyl-CoA and
phosphatidylcholine in the remodelling of phosphatidylcholinein microsomal preparations
of rat lung. Biochim Biophys Acta, Lipids Lipid Metab 837, 239-250 (1985).

Vance, D. E. Phospholipid methylation in mammals: from biochemistry to physiological
function. Biochim Biophys Acta 1838, 1477-1487 (2014).

Bremer, J. & Greenberg, D. M. Methyl transfering enzyme system of microsomesin the
biosynthesis of lecithin (phosphatidylcholine). Biochim Biophys Acta 46, 205-216 (1961).
Delong, C. J.,Shen, Y. J., Thomas, M. J. & Cui, Z. Molecular distinction of phosphatidylcholine
synthesis between the CDP-choline pathway and phosphatidylethanolamine methylation
pathway. J Biol Chem 274, 29683-29688 (1999).

Cook, C. D. Surface tension and the respiratory distress syndrome. Proc R Soc Med 59, 502-
503 (1966).

Enhorning, G. & Holm, B. A. Disruption of pulmonary surfactant's ability to maintain
openness of anarrow tube. JAppl Physiol (1985) 74, 2922-2927 (1993).

257



136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

Hallman, M., Spragg, R., Harrell, J. H., Moser, K. M. & Gluck, L. Evidence of lung surfactant
abnormalityinrespiratory failure. Study of bronchoalveolar lavage phospholipids, surface
activity, phospholipase activity, and plasma myoinositol. J Clin Invest 70, 673-683 (1982).
Dushianthan, A., Goss, V., Cusack, R., Grocott, M. P. & Postle, A. D. Altered molecular
specificity of surfactant phosphatidycholine synthesis in patients with acute respiratory
distress syndrome. Respir Res 15, 128 (2014).

Pison, U., Tam, E. K., Caughey, G. H. & Hawgood, S. Proteolyticinactivation of doglung
surfactant-associated proteins by neutrophil elastase. Biochim Biophys Acta Gen Subj 992,
251-257 (1989).

Seeds, M. C,, Grier, B. L., Suckling, B. N., Safta, A. M., Long, D. L., Waite, B. M. et al. Secretory
phospholipase A2-mediated depletion of phosphatidylglycerol in early acute respiratory
distress syndrome. AmJMed Sci 343, 446-451 (2012).

Hite, R. D., Seeds, M. C., Jacinto, R. B., Balasubramanian, R., Waite, M. & Bass, D. Hydrolysis
of surfactant-associated phosphatidylcholine by mammalian secretory phospholipases A2.
AmJ Physiol 275, L740-747 (1998).

Hite, R. D., Seeds, M. C., Jacinto, R. B., Grier, B. L., Waite, B. M. & Bass, D. A.
Lysophospholipid and fatty acid inhibition of pulmonary surfactant: non-enzymatic models
of phospholipase A2 surfactant hydrolysis. Biochim Biophys Acta 1720, 14-21 (2005).

Hite, R. D., Seeds, M. C., Safta, A. M., Jacinto, R. B., Gyves, J. |, Bass, D. A. et al.
Lysophospholipid generation and phosphatidylglycerol depletionin phospholipase A(2) -
mediated surfactant dysfunction. AmJ Physiol Lung Cell Mol Physiol 288, L618-624 (2005).
Holm, B. A., Wang, Z. & Notter, R. H. Multiple mechanisms of lung surfactantinhibition.
Pediatr Res 46, 85-93 (1999).

Markart, P., Ruppert, C., Wygrecka, M., Colaris, T., Dahal, B., Walmrath, D. et al. Patients
with ARDS show improvement but not normalisation of alveolar surface activity with
surfactanttreatment: putative role of neutral lipids. Thorax 62, 588-594 (2007).

Vockeroth, D., Gunasekara, L., Amrein, M., Possmayer, F., Lewis, J. F. & Veldhuizen, R. A.
Role of cholesterol in the biophysical dysfunction of surfactantin ventilator-induced lung
injury. AmJ Physiol Lung Cell Mol Physiol 298, L117-125 (2010).

Ochs, M., Nenadic, |., Fehrenbach, A., Albes, J. M., Wahlers, T., Richter, J. et al.
Ultrastructural alterationsinintraalveolar surfactant subtypes after experimental ischemia
and reperfusion. AmJ Respir Crit Care Med 160, 718-724 (1999).

Seeger, W., Grube, C., Gunther, A. & Schmidt, R. Surfactantinhibition by plasma proteins:
differential sensitivity of various surfactant preparations. Eur RespirJ 6, 971-977 (1993).
Holm, B. A., Enhorning, G. & Notter, R. H. A biophysical mechanism by which plasma proteins
inhibit lung surfactantactivity. Chem Phys Lipids 49, 49-55 (1988).

Cockshutt, A. M., Weitz, ). & Possmayer, F. Pulmonary surfactant-associated protein A
enhances the surface activity of lipid extract surfactant and reverses inhibition by blood
proteinsinvitro. Biochemistry 29, 8424-8429 (1990).

Simonato, M., Baritussio, A., Ori, C., Vedovelli, L., Rossi, S., Dalla Massara, L. et al.
Disaturated-phosphatidylcholine and surfactant protein-Bturnoverin human acute lung
injury andin control patients. Respir Res 12, 36 (2011).

Lamonica, G., Amigoni, M., Vedovelli, L., Zambelli, V., Scanziani, M., Bellani, G. et al.
Pulmonary surfactant synthesis after unilateral lunginjuryin mice. JAppl Physiol (1985) 116,
210-215 (2014).

Goss, K. C. W. Dynamic surfactant metabolism in preterm infants, University of
Southampton, (2012).

Veldhuizen,R. A., Lee, )., Sandler, D., Hull, W., Whitsett, J. A., Lewis, J. et al. Alterationsin
pulmonary surfactant composition and activity after experimentallung transplantation. Am
Rev Respir Dis 148, 208-215 (1993).

258



154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

Lu, K. W., Perez-Gil, J., Echaide, M. & Taeusch, H. W. Pulmonary surfactant proteins and
polymer combinations reduce surfactantinhibition by serum. Biochim Biophys Acta 1808,
2366-2373 (2011).

Novick, R.J., Gehman, K. E., Ali, |.S. & Lee, J. Lung preservation: the importance of
endothelial and alveolartype Il cell integrity. Ann Thorac Surg 62, 302-314 (1996).

Nowak, K., Kamler, M., Bock, M., Motsch, J., Hagl, S., Jakob, H. et al. Bronchial artery
revascularization affects graft recovery afterlungtransplantation. AmJ Respir Crit Care Med
165, 216-220 (2002).

Montuschi, P., Barnes, P.J. & Roberts, L. J., 2nd. Isoprostanes: markers and mediators of
oxidative stress. FASEBJ 18, 1791-1800 (2004).

Naik, P. M., Brown, L. A.S., Lawrence, E. C., Force, S. D., Ramirez, A., Neujahr, D.C. et al.
Oxidative stress Inlungallograft recipients with and without graft dysfunction. J Heart Lung
Transpl28, S283-S284 (2009).

Marczin, N. The biology of exhaled nitricoxide (NO)inischemia-reperfusion-induced lung
injury: a tale of dynamism of NO production and consumption. Vascul Pharmacol 43, 415-
424 (2005).

Gal, J., Kovesi, T., Royston, D. & Marczin, N. Dynamics of nitroglycerin-induced exhaled nitric
oxide afterlungtransplantation: evidence of pulmonary microvascularinjury? JHeart Lung
Transplant 26, 1300-1305 (2007).

Kozower, B. D., Christofidou-Solomidou, M., Sweitzer, T. D., Muro, S., Buerk, D. G.,
Solomides, C. C. et al. Immunotargeting of catalase to the pulmonary endothelium alleviates
oxidative stress and reduces acute lung transplantation injury. Nat Biotechnol 21, 392-398
(2003).

Connor, N., Williams, C., Ciesielski, W. & Zimmerman, J. Global effects of xanthine oxidase
stresson alveolartype Il cells. Pediatr Crit Care Med 3, 280-287 (2002).

Gibellini, F. & Smith, T. K. The Kennedy pathway--De novo synthesis of
phosphatidylethanolamine and phosphatidylcholine. [lUBMB Life 62, 414-428 (2010).

Zhou, J.,Ryan, A.J., Medh, J. & Mallampalli, R. K. Oxidized lipoproteins inhibit surfactant
phosphatidylcholine synthesis via calpain-mediated cleavage of CTP:phosphocholine
cytidylyltransferase. J Biol Chem 278, 37032-37040 (2003).

Hachida, M., Hoon, D. S. B. & Morton, D. L. A comparison of solutions forlung preservation
using pulmonary alveolartype Il cell viability. Ann Thorac Surg 45, 643-646 (1988).

Fink, M. P. Role of reactive oxygen and nitrogen species in acute respiratory distress
syndrome. Curr Opin Crit Care 8, 6-11 (2002).

Andersson, S., Kheiter, A. & Merritt, T. A. Oxidativeinactivation of surfactants. Lung 177,
179-189 (1999).

Haddad, I. Y., Ischiropoulos, H., Holm, B. A., Beckman, J. S., Baker, J. R. & Matalon, S.
Mechanisms of peroxynitrite-induced injury to pulmonary surfactants. AmJ Physiol 265,
L555-564 (1993).

Zhu, S., Ware, L. B., Geiser, T., Matthay, M. A. & Matalon, S. Increased levels of nitrate and
surfactant protein a nitrationin the pulmonary edemafluid of patients with acute lung
injury. AmJ Respir Crit Care Med 163, 166-172 (2001).

Matalon, S., Shrestha, K., Kirk, M., Waldheuser, S., McDonald, B., Smith, K. et al.
Modification of surfactant protein D by reactive oxygen-nitrogen intermediates is
accompanied by loss of aggregating activity, invitroand invivo. FASEBJ 23, 1415-1430
(2009).

Valifio, F., Casals, C., Guerrero, R., lvarez, L., Santos, M. n., Sdenz, A. et al. Inhaled nitricoxide
affects endogenous surfactantin experimental lung transplantation. Transplantation 77,
812-818 (2004).

259



172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

Robbins, C. G., Davis, J. M., Merritt, T. A., Amirkhanian, J. D., Sahgal, N., Morin, F.C., 3rd et
al. Combined effects of nitricoxide and hyperoxia on surfactant function and pulmonary
inflammation. AmJ Physiol 269, L545-550 (1995).

Hohlfeld, J. M., Tiryaki, E., Hamm, H., Hoymann, H. G., Krug, N., Haverich, A. et al. Pulmonary
surfactantactivity isimpairedinlungtransplantrecipients. AmJ Respir Crit Care Med 158,
706-712 (1998).

Seurynck, S. L., Brown, N.J., Wu, C. W., Germino, K. W., Kohlmeir, E. K., Ingenito, E.P. et al.
Optical monitoring of bubble size and shape in a pulsating bubble surfactometer. JAppl
Physiol (1985) 99, 624-633 (2005).

Brackenbury, A. M., Malloy, J. L., McCaig, L. A., Yao, L. J., Veldhuizen, R.A.W. & Lewis, J. F.
Evaluation of alveolar surfactant aggregatesin vitroandin vivo. Eur RespirJ 19, 41-46 (2002).
Veldhuizen, R. A., Inchley, K., Hearn, S. A., Lewis, J. F. & Possmayer, F. Degradation of
surfactant-associated protein B (SP-B) duringin vitro conversion of large to small surfactant
aggregates. Biochem J 295, 141-147 (1993).

Ruppert, C., Pucker, C., Markart, P., Schmidt, R., Grimminger, F., Seeger, W. et al. Selective
inhibition of large-to-small surfactant aggregate conversion by serine protease inhibitors of
the bis-benzamidine type. AmJ Respir Cell Mol Biol 28, 95-102 (2003).

Gunasekara, L., Schoel, W. M., Schurch, S. & Amrein, M. W. A comparative study of
mechanisms of surfactantinhibition. Biochim Biophys Acta 1778, 433-444 (2008).

Greene, K. E., Wright, J.R., Steinberg, K. P., Ruzinski, J. T., Caldwell, E., Wong, W. B. et al.
Serial changesin surfactant-associated proteinsinlungand serum before and after onset of
ARDS. Am J Respir Crit Care Med 160, 1843-1850 (1999).

Davidson, W.J., Dorscheid, D., Spragg, R., Schulzer, M., Mak, E. & Ayas, N.T. Exogenous
pulmonary surfactant forthe treatment of adult patients with acute respiratory distress
syndrome: results of a meta-analysis. Crit Care 10, R41 (2006).

Meng, H., Sun, Y., Lu, J., Fu, S., Meng, Z., Scott, M. et al. Exogenous surfactant may improve
oxygenation but not mortality in adult patients with acute lunginjury/acuterespiratory
distress syndrome: a meta-analysis of 9clinical trials. J Cardiothorac Vasc Anesth 26, 849-856
(2012).

Willson, D. F. & Notter, R. H. The future of exogenous surfactant therapy. Respir Care 56,
1369-1386; discussion 1386-1368 (2011).

Wang, Z. & Notter, R. H. Additivity of protein and nonproteininhibitors of lung surfactant
activity. AmJ Respir Crit Care Med 158, 28-35 (1998).

Dushianthan, A., Cusack, R., Grocott, M. & Postle, A. Exogenous surfactanttherapyinacute
lunginjury/acute respiratory distress syndrome: the need forarevised paradigm approach. J
CardiothoracVascAnesth 26, e50 (2012).

Struber, M., Cremer, J., Harringer, W., Hirt, S. W., Costard-Jackle, A. & Haverich, A. Nebulized
syntheticsurfactantin reperfusioninjury aftersinglelungtransplantation. J Thorac
CardiovascSurg 110, 563-564 (1995).

Struber, M., Hirt,S. W., Cremer, J., Harringer, W. & Haverich, A. Surfactantreplacementin
reperfusioninjury afterclinical lungtransplantation. Intensive Care Med 25, 862-864 (1999).
DellaRocca, G., Pierconti, F., Costa, M. G., Coccia, C., Pompei, L., Rocco, M. et al. Severe
reperfusion lunginjury afterdouble lung transplantation. Crit Care 6, 240-244 (2002).
Struber, M., Fischer, S., Niedermeyer, J., Warnecke, G., Gohrbandt, B., Gorler, A. et al. Effects
of exogenous surfactantinstillation in clinical lung transplantation: a prospective,
randomizedtrial.J Thorac Cardiovasc Surg 133, 1620-1625 (2007).

Kermeen, F.D., McNeil, K. D., Fraser, J. F., McCarthy, J., Ziegenfuss, M. D., Mullany, D. et al.
Resolution of severe ischemia-reperfusioninjury post-lung transplantation after
administration of endobronchial surfactant. J Heart Lung Transplant 26, 850-856 (2007).
Capra, V., Rovati, G. E., Mangano, P., Buccellati, C., Murphy, R. C. & Sala, A. Transcellular
biosynthesis of eicosanoid lipid mediators. Biochim Biophys Acta 1851, 377-382 (2015).

260



191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208
209
210

211

Grimminger, F., Becker, G. & Seeger, W. Highyield enzymaticconversion of intravascular
leukotriene Adin blood-free perfused lungs.JImmunol 141, 2431-2436 (1988).

Nicholas, T.E., Power, J. H. T. & Barr, H. A. The pulmonary consequences of adeep breath.
Respir Physiol 49, 315-324 (1982).

Vlahakis, N. E., Schroeder, M. A., Limper, A. H. & Hubmayr, R. D. Stretch induces cytokine
release by alveolar epithelial cellsin vitro. Am J Physiol 277, L167-173 (1999).
Matute-Bello, G., Frevert, C. W. & Martin, T. R. Animal models of acute lunginjury. AmJ
Physiol Lung Cell Mol Physiol 295, L379-399 (2008).

Wirtz, H. R. & Dobbs, L. G. Calcium mobilization and exocytosis after one mechanical stretch
of lung epithelial cells. Science 250, 1266-1269 (1990).

Arold, S. P., Bartolak-Suki, E. & Suki, B. Variable stretch pattern enhances surfactant
secretioninalveolartype ll cellsin culture. AmJ Physiol Lung Cell Mol Physiol 296, L574-581
(2009).

Majumdar, A., Arold, S. P., Bartolak-Suki, E., Parameswaran, H. & Suki, B. Jamming dynamics
of stretch-induced surfactant release by alveolartype Il cells. JAppl Physiol 112, 824-831
(2012).

Torday, J. S. & Rehan, V. K. Stretch-stimulated surfactant synthesisis coordinated by the
paracrine actions of PTHrP and leptin. AmJ Physiol Lung Cell Mol Physiol 283, L130-135
(2002).

Pantazi, D., Kitsiouli, E., Karkabounas, A., Trangas, T., Nakos, G. & Lekka, M. E. Dipalmitoyl-
phosphatidylcholine biosynthesis isinduced by non-injurious mechanical stretchin amodel
of alveolartype Il cells. Lipids 48, 827-838 (2013).

Berry, E. M., Edmonds, J. F. & Wyllie, H. Release of prostaglandin E2and unidentified factors
fromventilated lungs. BrJ Surg 58, 189-192 (1971).

Postle, A.D., Heeley, E. L. & Wilton, D. C. Acomparison of the molecularspecies
compositions of mammalian lung surfactant phospholipids. Comp Biochem Physiol A Mol
Integr Physiol 129, 65-73 (2001).

Filoche, M., Tai, C. F. & Grotberg, J. B. Three-dimensional model of surfactant replacement
therapy. Proc Natl Acad Sci USA 112, 9287-9292 (2015).

Yang, K., Cheng, H., Gross, R. W. & Han, X. Automated lipid identification and quantification
by multidimensional mass spectrometry-based shotgun lipidomics. Anal Chem 81, 4356-
4368 (2009).

Han, X. & Gross, R. W. Shotgun lipidomics: electrospray ionization mass spectrometric
analysis and quantitation of cellularlipidomes directly from crude extracts of biological
samples. Mass Spectrom Rev 24, 367-412 (2005).

Singer, S.J. & Nicolson, G. L. The fluid mosaic model of the structure of cell membranes.
Science 175, 720-731 (1972).

Hishikawa, D., Hashidate, T., Shimizu, T. & Shindou, H. Diversity and function of membrane
glycerophospholipids generated by the remodeling pathway in mammalian cells. J Lipid Res
55, 799-807 (2014).

Nicolson, G. L. The fluid-mosaic model of membrane structure: still relevantto
understandingthe structure, function and dynamics of biological membranes after more
than 40 years. Biochim Biophys Acta 1838, 1451-1466 (2014).

Horvath, S. E. & Daum, G. Lipids of mitochondria. Prog Lipid Res 52, 590-614 (2013).

Green, D. R. & Kroemer, G. The pathophysiology of mitochondrial cell death. Science 305,
626-629 (2004).

Heller, A., Koch, T., Schmeck, J. & van Ackern, K. Lipid mediators ininflammatory disorders.
Drugs 55, 487-496 (1998).

Weismann, D. & Binder, C.J. The innate immune response to products of phospholipid
peroxidation. Biochim Biophys Acta 1818, 2465-2475 (2012).

261



212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

Miller,Y.1., Choi, S. H., Wiesner, P., Fang, L., Harkewicz, R., Hartvigsen, K. et al. Oxidation-
specificepitopes are danger-associated molecular patterns recognized by pattern
recognition receptors of innate immunity. Circ Res 108, 235-248 (2011).

Land, W. G., Agostinis, P., Gasser, S., Garg, A. D. & Linkermann, A. Transplantation and
Damage-Associated Molecular Patterns (DAMPs). Am J Transplant 16, 3338-3361 (2016).
Rouzer, C.A., lvanova, P.T., Byrne, M. O., Brown, H. A. & Marnett, L. J. Lipid profiling reveals
glycerophospholipid remodeling in zymosan-stimulated macrophages. Biochemistry 46,
6026-6042 (2007).

Serhan, C. N. Pro-resolving lipid mediators are leads for resolution physiology. Nature 510,
92-101 (2014).

Ott, J., Hiesgen, C. & Mayer, K. Lipidsin critical care medicine. Prostaglandins Leukot Essent
Fatty Acids 85, 267-273 (2011).

Bone, R. C. Sirlsaac Newton, sepsis, SIRS, and CARS. Crit Care Med 24, 1125-1128 (1996).
Murch, O., Abdelrahman, M., Collino, M., Gallicchio, M., Benetti, E., Mazzon, E. et al.
Sphingosylphosphorylcholine reduces the organ injury/dysfunction and inflammation caused
by endotoxemiainthe rat. Crit Care Med 36, 550-559 (2008).

van Meer, G., Voelker, D.R. & Feigenson, G. W. Membrane lipids: wherethey are and how
they behave. Nat Rev Mol Cell Biol 9, 112-124 (2008).

Wadgaonkar, R., Patel, V., Grinkina, N., Romano, C,, Liu, J., Zhao, Y. et al. Differential
regulation of sphingosinekinases 1and 2 in lunginjury. AmJ Physiol Lung Cell Mol Physiol
296, L603-613 (2009).

Chan, C. & Goldkorn, T. Ceramide pathin human lungcell death. AmJ Respir Cell Mol Biol
22, 460-468 (2000).

Abraham, E., Bursten, S., Shenkar, R., Allbee, J., Tuder, R., Woodson, P. et al. Phosphatidic
acid signaling mediates lung cytokine expression and lunginflammatory injury after
hemorrhage in mice. J Exp Med 181, 569-575 (1995).

Spiegel, S., Foster, D. & Kolesnick, R. Signal transduction through lipid second messengers.
Curr Opin Cell Biol 8, 159-167 (1996).

Nishizuka, Y. Intracellular signaling by hydrolysis of phospholipids and activation of protein
kinase C. Science 258, 607-614 (1992).

Prescott, S. M., Zimmerman, G. A., Stafforini, D. M. & MclIntyre, T. M. Platelet-activating
factor and related lipid mediators. Annu Rev Biochem 69, 419-445 (2000).

Zimmerman, G. A., Mcintyre, T. M., Prescott, S. M. & Stafforini, D. M. The platelet-activating
factor signaling systemand its regulators in syndromes of inflammation and thrombosis. Crit
Care Med 30, S294-301 (2002).

Mclntyre, T. M., Zimmerman, G. A. & Prescott, S. M. Biologically active oxidized
phospholipids. J Biol Chem 274, 25189-25192 (1999).

Beare-Rogers, J., Dieffenbacher, A. & Holm, J. V. Lexicon of lipid nutrition. Pure App/ Chem
73, 685-744 (2001).

Seong, S.Y. & Matzinger, P. Hydrophobicity: an ancient damage -associated molecular
patternthat initiatesinnateimmuneresponses. Nat Revimmunol 4, 469-478 (2004).
Lopez-Rodriguez, E. & Perez-Gil, J. Structure-function relationships in pulmonary surfactant
membranes: from biophysics to therapy. Biochim Biophys Acta 1838, 1568-1585 (2014).
Perez-Gil, J. Structure of pulmonary surfactant membranes and films: the role of proteins
and lipid-proteininteractions. Biochim Biophys Acta 1778, 1676-1695 (2008).

Cochrane, C. G. & Revak, S. D. Protein-phospholipid interactions in pulmonary surfactant.
Chest 105, 57S-62S (1994).

Wang, T. Y., Liu, M., Portincasa, P. & Wang, D. Q. New insightsintothe molecular
mechanism of intestinal fatty acid absorption. EurJ Clin Invest 43, 1203-1223 (2013).
Cohn, J. S., Kamili, A., Wat, E., Chung, R. W. & Tandy, S. Dietary phospholipids and intestinal
cholesterol absorption. Nutrients 2, 116-127 (2010).

262



235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

Hofmann, A. F. & Hagey, L. R. Key discoveriesin bileacid chemistry and biology and their
clinical applications: history of the last eight decades. J Lipid Res 55, 1553-1595 (2014).
Neujahr, D.C., Uppal, K., Force, S. D., Fernandez, F., Lawrence, C., Pickens, A. et al. Bile acid
aspiration associated with lung chemical profile linked to other biomarkers of injury after
lungtransplantation. AmJ Transplant 14, 841-848 (2014).

Briganti, D., Kim, C., Aramini, B., Nandakumar, R., Zhou, B., Chan, R. et al. Bile acid aspiration
associates with CLAD and affects the bronchial district lipid profile: targeted bile acid
metabolomics and lipidomics in bronchial washing. J Heart Lung Transplant 35 (2016).
Wang, S., Soni, K. G., Semache, M., Casavant, S., Fortier, M., Pan, L. et al. Lipolysis and the
integrated physiologyof lipid energy metabolism. Mol Genet Metab 95, 117-126 (2008).
Moyersoen, |., Devleesschauwer, B., Dekkers, A., de Ridder, K., Tafforeau, J., van Camp, J. et
al. Intake of fat-solublevitaminsin the belgian population: Adequacy and contribution of
foods, fortified foods and supplements. Nutrients 9(2017).

Harkewicz, R. & Dennis, E. A. Applications of mass spectrometry to lipidsand membranes.
Annu Rev Biochem 80, 301-325 (2011).

Schwudke, D., Schuhmann, K., Herzog, R., Bornstein, S. R. & Shevchenko, A. Shotgun
lipidomics on high resolution mass spectrometers. Cold Spring Harb Perspect Biol 3, a004614
(2011).

Han, X. & Gross, R. W. Global analyses of cellularlipidomes directly from crude extracts of
biological samples by ESI mass spectrometry: abridge to lipidomics. J Lipid Res 44, 1071-
1079 (2003).

Bligh, E. G. & Dyer, W. J. A rapid method of total lipid extraction and purification. CanJ
Biochem Physiol37, 911-917 (1959).

Glish, G. L. & Vachet, R. W. The basics of mass spectrometry in the twenty-firstcentury. Nat
Rev Drug Discov 2, 140-150 (2003).

Yamashita, M. & Fenn, J. B. Electrosprayion-source - anothervariation on the free-jet
theme.JPhys Chem 88, 4451-4459 (1984).

Fenn, ). B. NobelLecture: Electrospray wings for molecular elephants,
<https://www.nobelprize.org/nobel prizes/chemistry/laureates/2002/fenn-lecture.html>
(2014), Nobel Media AB

Smith, R.D., Loo, J. A., Edmonds, C. G., Barinaga, C. J. & Udseth, H. R. New developmentsin
biochemical mass spectrometry: electrospray ionization. Anal Chem 62, 882-899 (1990).
Milne, S., Ivanova, P., Forrester, J. & Alex Brown, H. Lipidomics: an analysis of cellular lipids
by ESI-MS. Methods 39, 92-103 (2006).

Hunt, A. N. & Postle, A. D. Dynamiclipidomicinsightsinto phosphatidylcholine synthesis
from organelle to organism. Spectrosc-intJ 19, 127-135 (2005).

Pulfer, M. & Murphy, R. C. Electrospray mass spectrometry of phospholipids. Mass Spectrom
Rev 22, 332-364 (2003).

Brandsma, J., Bailey, A. P., Koster, G., Gould, A. P. & Postle, A. D. Stable isotope analysis of
dynamiclipidomics. Biochim Biophys Acta (2017).

Brandsma, J. & Postle, A. D. Analysis of the regulation of surfactant phosphatidylcholine
metabolism using stable isotopes. Ann Anat 211, 176-183 (2017).

Ivanova, P.T., Milne, S. B., Myers, D. S. & Brown, H. A. Lipidomics: amass spectrometry
based systems levelanalysis of cellular lipids. Curr Opin Chem Biol 13, 526-531 (2009).
Postle, A.D., Wilton, D. C., Hunt, A. N. & Attard, G. S. Probing phospholipid dynamics by
electrospray ionisation mass spectrometry. Prog Lipid Res 46, 200-224 (2007).

Postle, A. D. & Hunt, A. N. Dynamiclipidomics with stable isotope labelling. J Chromatogr B
Analyt Technol Biomed Life Sci 877, 2716-2721 (2009).

Bacchetti, P. Peerreview of statistics in medical research: the other problem. Brit Med J 324,
1271-1273 (2002).

263


https://www.nobelprize.org/nobel_prizes/chemistry/laureates/2002/fenn-lecture.html

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

Julious, S. A. Sample size of 12 per group rule of thumb for a pilot study. Pharm Stat 4, 287-
291 (2005).

Zych, B., Popov, A.F., Stavri, G., Bashford, A., Bahrami, T., Amrani, M. et al. Early outcomes
of bilateral sequential single lung transplantation after ex-vivo lung evaluation and
reconditioning.JHeart Lung Transplant 31, 274-281 (2012).

Bastin, A.J., Sato, H., Davidson, S.J., Quinlan, G. ). & Griffiths, M. J. Biomarkers of lunginjury
after one-lungventilation forlung resection. Respirology 16, 138-145 (2011).

Morrow, J.D., Chen,Y.,Brame, C.J., Yang, J., Sanchez,S.C., Xu, J. et al. The isoprostanes:
unique prostaglandin-like products of free-radical-initiated lipid peroxidation. Drug Metab
Rev 31, 117-139 (1999).

Stahlman, M., Ejsing, C. S., Tarasov, K., Perman, J., Boren, J. & Ekroos, K. High-throughput
shotgun lipidomics by quadrupole time-of-flight mass spectrometry. J Chromatogr BAnalyt
Technol Biomed Life Sci 877, 2664-2672 (2009).

United Kingdom. Data Protection Act 1998

UK Department of Health. Confidentiality - NHS Code of Practice 2003

Kaczmarek, E., Gorna, A. & Majewski, P. Techniques of image analysis for quantitative
immunohistochemistry. Rocz Akad Med Bialymst 49 Suppl 1, 155-158 (2004).

Nakagawa, S. A farewell to Bonferroni: the problems of low statistical power and publication
bias. Behav Ecol 15, 1044-1045 (2004).

Rothman, K. No adjustments are needed for multiple comparisons. Epidemiology 1, 43-46
(1990).

Benjamini, Y. & Hochberg, Y. Controlling the false discovery rate: A practical and powerful
approach to multipletesting. JRoy Stat Soc B Met 57, 289-300 (1995).

Lum, P.Y., Singh, G., Lehman, A., Ishkanov, T., Vejdemo-Johansson, M., Alagappan, M. et al.
Extractinginsights from the shape of complex datausingtopology. SciRep 3, 1236 (2013).
Dushianthan, A. Phospholipid kinetics in acute respiratory distress sydrome PhDthesis,
University of Southampton, (2014).

Wahn, H., Ruenauver, N. & Hammerschmidt, S. Effect of arachidonicand eicosapentaenoic
acids on acute lunginjuryinduced by hypochlorous acid. Thorax 57, 1060-1066 (2002).
Chacon, R. A,, Corris, P. A., Dark, J. H. & Gibson, G. J. Respiratory mechanics after heart-lung
and bilateral lungtransplantation. Thorax 52, 718-722 (1997).

Studer, S. M., Levy, R. D., McNeil, K. & Orens, J. B. Lung transplant outcomes: areview of
survival, graft function, physiology, health-related quality of life and cost-effectiveness. Eur
Respir J 24, 674-685 (2004).

Verleden, G. M., Raghu, G., Meyer, K. C., Glanville, A.R. & Corris, P. Anew classification
systemforchroniclungallograft dysfunction. JHeart Lung Transplant 33, 127-133 (2014).
Dargaville, P. A., South, M., Vervaart, P. & McDougall, P. N. Validity of markers of dilutionin
small volume lunglavage. AmJ Respir Crit Care Med 160, 778-784 (1999).

Janz, D. R. & Ware, L. B. The role of red blood cells and cell-free hemoglobinin the
pathogenesis of ARDS. J Intensive Care 3, 20 (2015).

Bernhard, W., Haagsman, H. P., Tschernig, T., Poets, C. F., Postle, A. D., van Eijk, M. E. et al.
Conductive airway surfactant: surface-tension function, biochemical composition, and
possible alveolarorigin. AmJ Respir Cell Mol Biol 17, 41-50 (1997).

Walkey, C.J., Donohue, L. R., Bronson, R., Agellon, L. B. & Vance, D. E. Disruption of the
murine gene encoding phosphatidylethanolamine N-methyltransferase. Proc Natl Acad Sci U
SA94, 12880-12885 (1997).

Agassandian, M., Mathur, S.N., Zhou, J., Field, F.J. & Mallampalli, R. K. Oxysterols trigger
ABCA1-mediated basolateral surfactant efflux. AmJ Respir Cell Mol Biol 31, 227-233 (2004).
Batenburg, J. J., Post, M., Oldenborg, V. &Van Golde, L. M. The perfusedisolated lungasa
possible model forthe study of lipid synthesis by type ll cellsin their natural environment.
Exp Lung Res 1, 57-65 (1980).

264



280
281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

Frost, A. E. Donor criteriaand evaluation. Clinics in Chest Medicine 18, 231-237 (1997).
Bhorade, S. M., Vigneswaran, W., McCabe, M. A. & Garrity, E. R. Liberalization of donor
criteria may expand the donor pool without adverse consequence in lungtransplantation. J
Heart Lung Transplant 19, 1199-1204 (2000).

Mulligan, M. J., Sanchez, P. G., Evans, C. F., Wang, Y., Kon, Z. N., Rajagopal, K. et al. The use
of extended criteriadonors decreases one-year survivalin high-risk lung recipients: Areview
of the United Network of Organ Sharing Database. J Thorac Cardiovasc Surg 152, 891-898
€892 (2016).

Lin, J. Anupdate on exvivo lung perfusion in pulmonary transplantation. CurrSurg Rep 5
(2017).

Postle, A. D. Phospholipid lipidomics in health and disease. EurJ Lipid Sci Technol 111, 2-13
(2009).

Janssen, D.J. M. T. Surfactant phosphatidylcholine half-life and pool size measurementsin
premature baboons developing bronchopulmonary dysplasia. Pediatr Res 52, 724-729
(2002).

Serhan, C.N., Hamberg, M. & Samuelsson, B. Lipoxins: novel series of biologically active
compounds formed from arachidonicacid in human leukocytes. Proc Nat/Acad Sci U S A 81,
5335-5339 (1984).

Levy, B. D., Zhang, Q. Y., Bonnans, C., Primo, V., Reilly, J.J., Perkins,D. L. et al. The
endogenous pro-resolving mediators lipoxin A4 and resolvin E1 preserve organ functionin
allograftrejection. Prostaglandins Leukot Essent Fatty Acids 84, 43-50 (2011).

Serhan, C.N., Chiang, N., Dalli,J. & Levy, B. D. Lipid mediatorsin the resolution of
inflammation. Cold Spring Harb Perspect Biol 7, a016311 (2014).

Sosenko, I. R., Innis, S. M. & Frank, L. Intralipid increases lung polyunsaturated fatty acids
and protects newborn rats from oxygen toxicity. Pediatr Res 30, 413-417 (1991).

Fettiplace, M. R., Ripper, R,, Lis, K., Lin, B., Lang, J., Zider, B. et al. Rapid cardiotoniceffects of
lipid emulsion infusion. Crit Care Med 41, e156-162 (2013).

Andreeva, A. V., Kutuzov, M. A. & Voyno-Yasenetskaya, T. A. Regulation of surfactant
secretioninalveolartype Il cells. AmJ Physiol Lung Cell Mol Physiol 293, 1L259-271 (2007).
Dobbs, L. G., Mason, R. J., Williams, M. C., Benson, B.J. & Sueishi, K. Secretion of surfactant
by primary cultures of alveolartype |l cellsisolated from rats. Biochim Biophys Acta, Lipids
Lipid Metab 713, 118-127 (1982).

Van Golde, L. M. G., Post, M., Batenburg, J.J., De Vries, A.C.J. & Smith, B. T. Synthesis of
surfactantlipidsin developingrat lung: studies withisolated alveolar type-Il cells. Biochem
Soc Trans 13, 86-89 (1985).

Ahlbrecht, K. & McGowan, S. E. In search of the elusive lipofibroblastin human lungs. AmJ
Physiol Lung Cell Mol Physiol 307, L605-608 (2014).

McGowan, S. E. & Torday, J. S. The pulmonary lipofibroblast (lipid interstitial cell) and its
contributionstoalveolar development. Annu Rev Physiol 59, 43-62 (1997).

Besnard, V., Wert, S. E., Stahlman, M.T., Postle, A.D., Xu, Y., Ikegami, M. et al. Deletion of
Scap inalveolartype Il cellsinfluences lung lipid homeostasis and identifies acompensatory
role for pulmonary lipofibroblasts. J Biol Chem 284, 4018-4030 (2009).

Nayak, D. K., Zhou, F., Xu, M., Huang, J., Tsuji, M., Hachem, R. et al. Long-term persistence of
donoralveolar macrophagesin human lungtransplantrecipients thatinfluences donor-
specificimmune responses. AmJ Transplant 16, 2300-2311 (2016).

Abe, A., Hiraoka, M., Wild, S., Wilcoxen, S. E., Paine, R., 3rd & Shayman, J. A. Lysosomal
phospholipase A2isselectively expressedin alveolar macrophages. J Biol Chem 279, 42605-
42611 (2004).

Kitsiouli, E., Nakos, G. & Lekka, M. E. Phospholipase A2 subclasses in acute respiratory
distress syndrome. Biochim Biophys Acta 1792, 941-953 (2009).

265



300

301

302

303

304

305

306

307

308

309

310

311

312

313
314

315

316

317

318

319

Arbibe, L., Koumanov, K., Vial, D., Rougeot, C., Faure, G., Havet, N. et al. Generation of lyso-
phospholipids from surfactantin acute lunginjuryis mediated by type-ll phospholipase A2
and inhibited by adirect surfactant protein A-phospholipase A2 proteininteraction. J Clin
Invest 102, 1152-1160 (1998).

Triggiani, M., Granata, F., Frattini, A. & Marone, G. Activation of human inflammatory cells
by secreted phospholipases A2. Biochim Biophys Acta 1761, 1289-1300 (2006).
Helies-Toussaint, C., Gambert, S., Roller, P., Tricot, S., Lacour, B. & Grynberg, A. Lipid
metabolismin human endothelial cells. Biochim Biophys Acta 1761, 765-774 (2006).

Berry, K. A., Li, B., Reynolds, S. D., Barkley, R. M., Gijon, M. A., Hankin, J. A. et al. MALDI
imaging MS of phospholipidsin the mouse lung. J Lipid Res 52, 1551-1560 (2011).

Walkey, C.J., Yu, L., Agellon, L. B. & Vance, D. E. Biochemical and evolutionary significance of
phospholipid methylation. J Biol Chem 273, 27043-27046 (1998).

Bolanos-Garcia, V. M. & Miguel, R. N. On the structure and function of apolipoproteins:
more than a family of lipid-binding proteins. Prog Biophys Mol Biol 83, 47-68 (2003).
Arakawa, R. & Yokoyama, S. Helical apolipoproteins stabilize ATP-binding cassette
transporter Al by protectingit fromthiol protease-mediated degradation. J Biol Chem 277,
22426-22429 (2002).

Wang, N., Silver, D. L., Costet, P. & Tall, A. R. Specific binding of ApoA-I, enhanced
cholesterol efflux,and altered plasma membrane morphology in cells expressing ABC1. J Biol
Chem 275, 33053-33058 (2000).

Dalli, J., Colas, R. A., Quintana, C., Barragan-Bradford, D., Hurwitz, S., Levy, B. D. et al. Human
sepsis eicosanoid and proresolving lipid mediator temporal profiles: Correlations with
survival and clinical outcomes. Crit Care Med 45, 58-68 (2017).

Hildebran, J. N., Goerke, J. & Clements, J. A. Surfactantreleasein excised ratlungis
stimulated by airinflation. JApplPhysiol 51, 905-910 (1981).

Gielis, J. F., Beckers, P.A.J., Briede, J.J., Cos, P. & Van Schil, P. E. Oxidative and nitrosative
stress during pulmonary ischemia-reperfusion injury: from the lab to the OR. Ann TransI Med
5,131 (2017).

Chabot, F., Mitchell, J. A., Gutteridge, J. M. & Evans, T. W. Reactive oxygen speciesin acute
lunginjury. Eur Respir J 11, 745-757 (1998).

Rodriguez-Capote, K., Manzanares, D., Haines, T. & Possmayer, F. Reactive oxygen species
inactivation of surfactantinvolves structural and functional alterations to surfactant proteins
SP-Band SP-C. Biophys /90, 2808-2821 (2006).

Avery, S.V. Moleculartargets of oxidativestress. Biochem /434, 201-210 (2011).
Jourd'heuil, D., Jourd'heuil, F. L. & Feelisch, M. Oxidation and nitrosation of thiols at low
micromolarexposure to nitricoxide. Evidence forafree radical mechanism. J Biol Chem 278,
15720-15726 (2003).

Koning, A. M., Meijers, W. C., Pasch, A., Leuvenink, H. G., Frenay, A.S., Dekker, M. M. et al.
Serum free thiolsin chronicheartfailure. Pharmacol Res 111, 452-458 (2016).

Lu, J. & Holmgren, A. The thioredoxin antioxidant system. Free Radic Biol Med 66, 75-87
(2014).

Patel,J. M., Hu, H., Lu, L., Deem, A., Akindipe, O., Brantly, M. et al. Thioredoxinas a
biomarkerforgraftrejectioninlungtransplantrecipients. Biomarkers 13, 486-495 (2008).
Baz, M. A, Tapson, V.F.,Roggli, V. L., VanTrigt, P. & Piantadosi, C. A. Glutathionedepletion
inepithelial lining fluid of lung allograft patients. AmJ Respir Crit Care Med 153, 742-746
(1996).

De Andrade, J. A., Crow, J. P., Viera, L., Bruce Alexander, C., Randall Young, K., McGiffin, D. C.
et al. Protein nitration, metabolites of reactive nitrogen species, and inflammationinlung
allografts. AmJ Respir Crit Care Med 161, 2035-2042 (2000).

266



320

321

322

323

324

325

326

327

328
329

330

331

332

333

334

335

336

337

338

339

Wink, D. A., Miranda, K. M., Espey, M. G., Pluta, R. M., Hewett, S. J., Colton, C. et al.
Mechanisms of the antioxidant effects of nitricoxide. Antioxid Redox Signal 3, 203-213
(2001).

Sittipunt, C., Steinberg, K. P., Ruzinski, J. T., Myles, C., Zhu, S., Goodman, R. B. et al. Nitric
oxide and nitrotyrosinein the lungs of patients with acute respiratory distress syndrome. Am
J Respir Crit Care Med 163, 503-510 (2001).

Turell, L., Radi, R. & Alvarez, B. The thiol pool in human plasma: the central contribution of
albumin toredox processes. Free Radic Biol Med 65, 244-253 (2013).

Madill, J., Aghdassi, E., Arendt, B. M., Gutierrez, C., Singer, L., Chow, C. W. et al. Oxidative
stress and nutritional intakes in lung patients with bronchiolitis obliterans syndrome.
Transplant Proc 41, 3838-3844 (2009).

Vos, R., Cordemans, C., Vanaudenaerde, B. M., De Vleeschauwer, S. |, Schoonis, A., Van
Raemdonck, D. E. et al. Exhaled carbon monoxide as a noninvasive marker of airway
neutrophilia afterlungtransplantation. Transplantation 87, 1579-1583 (2009).

de Andrade, J. A, Christie, J. D., Alexander, C. B., Young, K. R., McGiffin, D. C., Zorn, G. L. et
al. Association of reactive nitrogen species metabolites, myeloperoxidase, and airway
inflammation inlungtransplants. J Invest Med 49, 166-172 (2001).

Lu, F.,Zander, D. S. & Visner, G. A. Increased expression of heme oxygenase-1lin humanlung
transplantation. JHeart Lung Transplant 21, 1120-1126 (2002).

Gomez-Jlimenez, J., Salgado, A., Mourelle, M., Martin, M. C., Segura, R. M., Peracaula, R. et
al. L-arginine: nitricoxide pathway in endotoxemiaand human septicshock. Crit Care Med
23, 253-258 (1995).

Beckman, J.S. Ischaemicinjury mediator. Nature 345, 27-28 (1990).

Zunic, G., Colic, M. & Vuceljic, M. Nitrite to nitrate molarratioisinversely proportionalto
oxidative celldamages and granulocyticapoptosis at the wound site following cutaneous
injury inrats. Nitric Oxide 20, 264-269 (2009).

Zhang, R., Wang, X.J., Zhang, H. D., Sun, X. Q., Zhao, Q. H., Wang, L. et al. Profiling nitric
oxide metabolitesin patients with idiopathic pulmonary arterial hypertension. Eur RespirJ
48, 1386-1395 (2016).

Kleinbongard, P., Dejam, A., Lauer, T., Jax, T., Kerber, S., Gharini, P. et al. Plasma nitrite
concentrationsreflectthe degree of endothelial dysfunction in humans. Free Radic Biol Med
40, 295-302 (2006).

Aktan, F. iNOS-mediated nitricoxide production andits regulation. Life Sci 75, 639-653
(2004).

Lundberg, J. 0., Weitzberg, E. & Gladwin, M. T. The nitrate-nitrite-nitricoxide pathwayin
physiology and therapeutics. Nat Rev Drug Discov 7, 156-167 (2008).

Beckman, J.S., Beckman, T.W., Chen, J., Marshall, P. A. & Freeman, B. A. Apparent hydroxyl
radical production by peroxynitrite: implications for endothelial injury from nitricoxideand
superoxide. ProcNatlAcad Sci U S A 87, 1620-1624 (1990).

Pacher, P., Beckman, J.S. & Liaudet, L. Nitricoxide and peroxynitritein health and disease.
Physiol Rev 87, 315-424 (2007).

Weitzberg, E. & Lundberg, J. 0. Nonenzymatic nitricoxide productionin humans. Nitric
Oxide2, 1-7 (1998).

Balci, M. K., Ari, E., Vayvada, M., Salturk, C., Asicioglu, E., Kahveci, G. et al. Assessment of
pulmonary hypertensioninlungtransplantation candidates: Correlation of doppler
echocardiography with right heart catheterization. Transplant Proc 48, 2797-2802 (2016).
Haddad, . Y., Zhu, S., Ischiropoulos, H. & Matalon, S. Nitration of surfactant protein Aresults
indecreased ability to aggregate lipids. AmJ Physiol 270, L281-288 (1996).

Zhu, S., Haddad, I. Y. & Matalon, S. Nitration of surfactant protein A (SP-A) tyrosineresidues
resultsin decreased mannose binding ability. Arch Biochem Biophys 333, 282-290 (1996).

267



340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

Banne, A.F., Amiri, A. & Pero, R. W. Reduced level of serumthiolsin patients witha
diagnosis of active disease. JAntiAging Med 6, 327-334 (2003).

Lobo, D. N., Stanga, Z., Simpson, J. A., Anderson, J. A., Rowlands, B.J. & Allison, S. P. Dilution
and redistribution effects of rapid 2-litre infusions of 0.9% (w/v) salineand 5% (w/v)
dextrose on haematological parametersand serum biochemistry in normal subjects: a
double-blind crossover study. Clin Sci (Lond) 101, 173-179 (2001).

Frenay, A.S., de Borst, M. H., Bachtler, M., Tschopp, N., Keyzer, C. A.,vanden Berg, E. etal.
Serum free sulfhydrylstatusis associated with patient and graft survival in renal transplant
recipients. Free Radic Biol Med 99, 345-351 (2016).

Halliwell, B. What nitrates tyrosine? Is nitrotyrosine specificas a biomarker of peroxynitrite
formationinvivo? FEBS Lett 411, 157-160 (1997).

Baldus, S., Eiserich, J. P., Brennan, M. L., Jackson, R. M., Alexander, C. B. & Freeman, B. A.
Spatial mapping of pulmonary and vascular nitrotyrosinereveals the pivotalrole of
myeloperoxidase as a catalyst for tyrosine nitration ininflammatory diseases. Free Radic Biol
Med 33, 1010-1019 (2002).

Eiserich, J. P., Hristova, M., Cross, C. E., Jones, A.D., Freeman, B. A., Halliwell, B. etal.
Formation of nitric oxide-derived inflammatory oxidants by myeloperoxidase in neutrophils.
Nature 391, 393-397 (1998).

Ayala, A., Munoz, M. F. & Arguelles, S. Lipid peroxidation: production, metabolism, and
signaling mechanisms of malondialdehyde and 4-hydroxy-2-nonenal. Oxid Med Cell Longev
2014, 360438 (2014).

Sabatini, K., Mattila, J. P., Megli, F. M. & Kinnunen, P. K. Characterization of two oxidatively
modified phospholipids in mixed monolayers with DPPC. Biophys J 90, 4488-4499 (2006).
Jurkiewicz, P., Olzynska, A., Cwiklik, L., Conte, E., Jungwirth, P., Megli, F. M. et al. Biophysics
of lipid bilayers containing oxidatively modified phospholipids: insights from fluorescence
and EPR experiments and from MD simulations. Biochim Biophys Acta 1818, 2388-2402
(2012).

Marathe, G. K., Davies, S.S., Harrison, K. A,, Silva, A. R., Murphy, R. C., Castro-Faria-Neto, H.
et al. Inflammatory platelet-activating factor-like phospholipids in oxidized low density
lipoproteins are fragmented alkyl phosphatidylcholines. J Biol Chem 274, 28395-28404
(1999).

Reis, A. Oxidative phospholipidomicsin health and dise ase: Achievements, challenges and
hopes. Free Radic Biol Med 111, 25-37 (2017).

Esterbauer, H., Schaur, R. J. & Zollner, H. Chemistry and biochemistry of 4-hydroxynonenal,
malonaldehyde and related aldehydes. Free Radic Biol Med 11, 81-128 (1991).

Zarkovic, K., Jakovcevic, A. & Zarkovic, N. Contribution of the HNE-immunohistochemistry to
modern pathological concepts of majorhuman diseases. Free Radic Biol Med 111, 110-126
(2017).

Mevyer, N.J. & Calfee, C.S. Novel translationalapproachestothe search for precision
therapiesforacute respiratory distress syndrome. Lancet Respir Med 5, 512-523 (2017).
Hsin, M. K., Zamel, R., Cypel, M., Wishart, D., Han, B., Keshavjee, S. et al. Metabolic profile of
exvivo lung perfusate yields biomarkers forlungtransplant outcomes. Ann Surg (2016).
Slotte, J. P. & Ramstedst, B. The functional role of sphingomyelinin cell membranes. EurJ
Lipid Sci Technol 109, 977-981 (2007).

Cox, R., Jr., Phillips, O., Fukumoto, J., Fukumoto, |., Tamarapu Parthasarathy, P., Mandry, M.
et al. Resolvins decrease oxidative stress mediated macrophage and epithelial cell
interaction through decreased cytokinesecretion. PLoS One 10, e0136755 (2015).
Liumbruno, G., Bennardello, F., Lattanzio, A., Piccoli, P., Rossetti, G., Italian Society of
Transfusion, M. et al. Recommendations for the transfusion of plasmaand platelets. Blood
Transfus 7,132-150 (2009).

268



358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

Boldt, J., Zickmann, B., Ballesteros, B. M., Stertmann, F. & Hempelmann, G. Influence of five
different primingsolutions on platelet function in patients undergoing cardiacsurgery.
Anesth Analg 74, 219-225 (1992).

Johnson, S.J. & Walker, F. R. Strategies toimprove quantitative assessment of
immunohistochemical and immunofluorescent labelling. SciRep 5, 10607 (2015).

Lamb, N.J., Gutteridge, J. M., Baker, C., Evans, T. W. & Quinlan, G.J. Oxidative damage to
proteins of bronchoalveolarlavage fluid in patients with acute respiratory distress
syndrome: evidence for neutrophil-mediated hydroxylation, nitration, and chlorination. Crit
Care Med 27, 1738-1744 (1999).

Banerjee, A., Chitnis, U. B., Jadhav, S. L., Bhawalkar, J. S. & Chaudhury, S. Hypothesis testing,
type | and type ll errors. Ind Psychiatry J 18, 127-131 (2009).

Egea, )., Fabregat, I., Frapart, Y. M., Ghezzi, P., Gorlach, A., Kietzmann, T. et al. European
contribution to the study of ROS: A summary of the findings and prospects forthe future
fromthe COST action BM1203 (EU-ROS). Redox Biol 13, 94-162 (2017).

Davis, B., Koster, G., Douet, L. J., Scigelova, M., Woffendin, G., Ward, J. M. et al. Electrospray
ionization mass spectrometry identifies substrates and products of lipoprotein-associated
phospholipase A2in oxidized human low density lipoprotein. J Biol Chem 283, 6428-6437
(2008).

Melo, T., Domingues, P., Ferreira, R., Milic, |., Fedorova, M., Santos, S. M. et al. Recent
advances on mass spectrometry analysis of nitrated phospholipids. AnalChem 88, 2622-
2629 (2016).

Sauer, U. High-throughput phenomics: experimental methods for mapping fluxomes. Curr
Opin Biotechnol 15, 58-63 (2004).

Castro-Perez, ). M., Roddy, T. P., Shah, V., McLaren, D. G., Wang, S. P., Jensen, K. etal.
Identifying staticand kineticlipid phenotypes by high resolution UPLC-MS: unraveling diet-
induced changesinlipid homeostasis by coupling metabolomics and fluxomics. J Proteome
Res 10, 4281-4290 (2011).

Goss, K. C. W., Ledger, V., Townsend, J. P., Koster, G., Hall, M., Thwaites, R. et al. Rapid
analysis of surfactant phosphatidylcholine synthesisin preterm infants utilising the
incorporation of a novel stable isotope: a pilot study. Arch Dis Child Fetal Neonatal Ed 96,
Fa30-Fa30 (2011).

Serhan, C.N., Chiang, N. & Dalli, J. New pro-resolving n-3mediators bridge resolution of
infectious inflammation to tissue regeneration. Mol Aspects Med (2017).

Vik, A., Dalli,J. & Hansen, T.V. Recent advancesin the chemistry and biology of anti-
inflammatory and specialized pro-resolving mediators biosynthesized from n-3
docosapentaenoicacid. Bioorg Med Chem Lett (2017).

Checa, A., Bedia, C. & Jaumot, J. Lipidomicdataanalysis: tutorial, practical guidelines and
applications. Anal Chim Acta 885, 1-16 (2015).

Niemela, P.S., Castillo, S., Sysi-Aho, M. & Oresic, M. Bioinformatics and computational
methods forlipidomics. JChromatogr BAnalyt Technol Biomed Life Sci 877, 2855-2862
(2009).

Edelson, ). D., Vadas, P., Villar, J., Mullen, J. B. & Pruzanski, W. Acute lunginjury induced by
phospholipase A2. Structural and functional changes. Am Rev Respir Dis 143, 1102-1109
(1991).

Holm, B. A., Keicher, L., Liu, M. Y., Sokolowski, J. & Enhorning, G. Inhibition of pulmonary
surfactant function by phospholipases. JAppl Physiol (1985) 71, 317-321 (1991).

Von Wichert, P., Temmesfeld, M. & Meyer, W. Influence of septicshock upon
phosphatidylcholine remodeling mechanismin rat lung. Biochim Biophys Acta, Lipids Lipid
Metab 664, 487-497 (1981).

Nevalainen, T.J. Serum phospholipases A2 in inflammatory diseases. Clin Chem 39, 2453-
2459 (1993).

269



376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

Koike, K., Moore, E. E., Moore, F. A., Carl, V.S., Pitman, J. M. & Banerjee, A. Phospholipase
A2 inhibition decoupleslunginjury from gutischemia-reperfusion. Surgery 112, 173-180
(1992).

Koike, K., Yamamoto, Y., Hori, Y. & Ono, T. Group |IA phospholipase A2 mediates lunginjury
inintestinal ischemia-reperfusion. Ann Surg 232, 90-97 (2000).

Vadas, P., Pruzanski, W., Stefanski, E. V. A., Sternby, B., Mustard, R., Bohnen, J. et al.
Pathogenesis of hypotension in septicshock. Crit Care Med 16, 1-7 (1988).

Nyman, K. M., Uhl, W., Forsstrom, J., Buchler, M., Beger, H. G. & Nevalainen, T.J. Serum
phospholipase A2in patients with multiple organ failure. J Surg Res 60, 7-14 (1996).

Miller, N.J., Postle, A. D., Orgeig, S., Koster, G. & Daniels, C. B. The composition of
pulmonary surfactant from diving mammals. Respir Physiol Neurobiol 152, 152-168 (2006).
Tate, R. M., Morris, H. G., Schroeder, W.R. & Repine, J. E. Oxygen metabolites stimulate
thromboxane production and vasoconstrictioninisolated saline-perfused rabbit lungs. J Clin
Invest 74, 608-613 (1984).

Balboa, M. A. & Balsinde, J. Oxidative stress and arachidonicacid mobilization. Biochim
Biophys Acta 1761, 385-391 (2006).

Sporn, P. H. S., Marshall, T. M. & Petersgolden, M. Hydrogen peroxide increasesthe
availability of arachidonicacid for oxidative metabolism by inhibiting acylationinto
phospholipidsinthe alveolar macrophage. AmJ Resp Cell Mol Biol 7, 307-316 (1992).

Cane, A., Breton, M., Koumanov, K., Bereziat, G. & Colard, O. Oxidant-induced arachidonic
acid release and impairment of fatty acid acylation in vascular smooth muscle cells. AmJ
Physiol 274, C1040-1046 (1998).

Madsen, J., Rideout, S., Thakuria, L., Romano, R., Simon, A., Popov, A. etal. in American
Thoracic Society International Conference Vol. 193 A4887 (San Fransico - USA, 2016).
Auffray, C., Adcock, I. M., Chung, K. F., Djukanovic, R., Pison, C. & Sterk, P.J. Anintegrative
systems biology approach to understanding pulmonary diseases. Chest 137, 1410-1416
(2010).

Wheelock, C. E., Goss, V. M., Balgoma, D., Nicholas, B., Brandsma, J., Skipp, P.J. et al.
Application of 'omics technologies to biomarker discovery ininflammatory lung diseases. Eur
Respir J 42, 802-825 (2013).

Pison, C., Magnan, A., Botturi, K., Seve, M., Brouard, S., Marsland, B. J. et al. Prediction of
chroniclungallograft dysfunction: a systems medicinechallenge. Eur RespirJ 43, 689-693
(2014).

Royer, P.J., Olivera-Botello, G., Koutsokera, A., Aubert, J. D., Bernasconi, E., Tissot, A. et al.
Chroniclungallograft dysfunction: A systematicreview of mechanisms. Transplantation 100,
1803-1814 (2016).

Patterson, G. A. Airway revascularization: Isitnecessary? Ann Thorac Surg 56, 807-808
(1993).

Hawryluck, L. Research ethicsin the intensive care unit: currentand future challenges. Crit
Care 8(2004).

Matthay, M. A., McAuley, D. F. & Ware, L. B. Clinical trialsin acute respiratory distress
syndrome: challenges and opportunities. Lancet Respir Med 5, 524-534 (2017).

Cypel, M., Yeung, J. C., Liu, M., Anraku, M., Chen, F., Karolak, W. et al. Normothermicexvivo
lung perfusionin clinical lung transplantation. N EnglJ Med 364, 1431-1440 (2011).

Fisher, A.B. & Dodia, C. Lysosomal-type PLA2 and turnover of alveolar DPPC. Am J Physiol
Lung Cell Mol Physiol 280, L748-754 (2001).

Chen, X., Hyatt, B. A., Mucenski, M. L., Mason, R. J. & Shannon, J. M. Identification and
characterization of a lysophosphatidylcholine acyltransferasein alveolartype Il cells. Proc
Natl/ Acad Sci U S A 103, 11724-11729 (2006).

270



396

397

398

399

400

401

402

403

404

405

406

407

408

Kazachkov, M., Chen, Q., Wang, L. & Zou, J. Substrate preferences of a
lysophosphatidylcholine acyltransferase highlightits role in phospholipid remodeling. Lipids
43, 895-902 (2008).

Touqui, L. & Arbibe, L. A role for phospholipase A2in ARDS pathogenesis. Mol Med Today 5,
244-249 (1999).

Bulger, E. M. & Maier, R. V. Lipid mediatorsin the pathophysiology of critical iliness. Crit Care
Med 28, N27-36 (2000).

Curtis, C. G., Bilyard, K. & Stephenson, H. Ex Vivo Metrics, a preclinical tool in new drug
development.J TransIMed 6, 5 (2008).

Lee,). W, Fang, X., Gupta, N., Serikov, V. & Matthay, M. A. Allogeneichuman mesenchymal
stem cells fortreatmentof E. coli endotoxin-induced acute lunginjuryinthe ex vivo
perfused humanlung. Proc NatlAcad Sci USA 106, 16357-16362 (2009).

Frank, J. A., Briot, R., Lee, J. W., Ishizaka, A., Uchida, T. & Matthay, M. A. Physiological and
biochemical markers of alveolar epithelial barrier dysfunctionin perfused human lungs. AmJ
Physiol Lung Cell Mol Physiol 293, L52-59 (2007).

Briot, R., Frank, J. A., Uchida, T., Lee, J. W., Calfee, C.S. & Matthay, M. A. Elevated levels of
the receptorfor advanced glycation end products, a marker of alveolar epithelial type | cell
injury, predictimpaired alveolar fluid clearance inisolated perfused human lungs. Chest 135,
269-275 (2009).

Okamoto, T., Chen, F., Zhang, J., Yamada, T., Nakayama, E., Morikawa, H. et al.
Establishment of an exvivo lung perfusion modelusing non-heart-beating large pigs.
Transplant Proc 42, 1598-1601 (2010).

Makdisi, G., Makdisi, T., Jarmi, T. & Caldeira, C. C. Ex vivo lung perfusionreview of a
revolutionary technology. Ann Trans/ Med 5, 343 (2017).

Tatham, K. C., O’Dea, K. P., Wakabayashi, K., Marczin, N. & Takata, M. The role of ex vivo
lung perfusioninlungtransplantation. JIntensive Care Soc 16, 58-63 (2014).

Thakuria, L., Romano, R., Koster, G., Goss, V., Townsend, P., Simon, A. etal. in 36th Annual
Meeting and Scientific Sessions of the International Society for Heart and Lung
Transplantation (ISHLT).4edn S231-S232 (Elsevier).

Thakuria, L., Romano, R., Goss, V., Koster, G., Townsend, P., Simon, A. etal. in American
Thoracic Society International Conference C74. MODELS AND METHODS IN LUNG BIOLOGY
edn A5942-A5942 (American ThoracicSociety).

Thakuria, L., Romano, R., Goss, V., Koster, G., Townsend, P., Popov, A. etal. in 37th Annual
Meeting and Scientific Sessions of the International Society for Heart and Lung
Transplantation (ISHLT) S91 (Elsevier).

271



	Declaration of Originality
	Copyright Declaration
	Dedication
	Abstract
	Contents
	Figures
	Tables
	Contributions from others
	Clinical Study
	Ex vivo modelling
	Mass Spectrometry
	Other Assays

	1 Introduction
	1.1 Clinical Problem
	1.1.1 Primary Graft Dysfunction (PGD)
	1.1.1.1 Similarities with ARDS
	1.1.1.2 Ventilator-associated Lung-Injury (VALI)
	1.1.1.3 Management of PGD


	1.2 Pulmonary surfactant biology
	1.2.1 The alveolar epithelium
	1.2.2 Surfactant composition
	1.2.3 Phospholipid nomenclature
	1.2.4 Phospholipid classification
	1.2.5 PC synthesis
	1.2.5.1 The Kennedy Pathway
	1.2.5.2 Land’s acyl remodelling cycle
	1.2.5.3 PEMT pathway

	1.2.6 Surfactant abnormalities in lung injury
	1.2.7 Mechanism of surfactant dysfunction in lung injury
	1.2.8 Mechanisms of surfactant dysfunction following lung transplantation
	1.2.9 Assessment of surfactant dysfunction in lung transplantation
	1.2.10 Surfactant replacement therapy in adults
	1.2.10.1 Failure in adult lung injury
	1.2.10.2 Surfactant replacement therapy in clinical lung transplantation

	1.2.11 Experimental modelling of phospholipid biology
	1.2.12 Other biological functions of phospholipids
	1.2.12.1 Cell membranes
	1.2.12.2 Cellular messengers
	1.2.12.3 Hydrophobic environments
	1.2.12.4 Energy storage and other functions


	1.3 Mass spectrometry
	1.3.1 Application in lipidomic profiling
	1.3.2 Basic principles
	1.3.3 Ion source: Electrospray ionisation
	1.3.4 Mass analyser: the quadrupole
	1.3.5 Isotopic labelling of surfactant phospholipids

	1.4 Hypotheses
	1.5 Objectives

	2 Methods
	2.1 Materials
	2.2 Clinical study
	2.2.1 Approval
	2.2.2 Sample size
	2.2.3 Inclusion criteria
	2.2.3.1 Inclusion criteria:
	2.2.3.2 Exclusion criteria:

	2.2.4 Entry Procedure
	2.2.5 Administration of D9-choline
	2.2.6 Patient Sample collection
	2.2.6.1 Sample timetable
	2.2.6.2 Blood sampling
	2.2.6.3 Blind bronchial aspirates
	2.2.6.4 Bronchoscopic sampling
	2.2.6.5 Lung biopsies


	2.3 Ex vivo study
	2.3.1 Approval
	2.3.2 Sample size
	2.3.3 Inclusion criteria
	2.3.3.1 Inclusion criteria
	2.3.3.2 Exclusion criteria

	2.3.4 Entry procedure
	2.3.5 Ex vivo platforms
	2.3.6 Sampling
	2.3.6.1 Perfusate sampling
	2.3.6.2 Bronchoscopic sampling

	2.3.7 Administration of D9-choline
	2.3.8 Study Endpoints

	2.4 Sample Processing
	2.4.1 Initial sample processing
	2.4.1.1 Fluids
	2.4.1.2 Tissue

	2.4.2 Lipid extraction
	2.4.2.1 Internal Standards
	2.4.2.2 Bligh and Dyer technique


	2.5 Assays
	2.5.1 Mass Spectrometry
	2.5.2 Nitric oxide metabolite profiling
	2.5.3 Measurement of free thiols
	2.5.4 Immunohistochemistry imaging

	2.6 Data
	2.6.1 Clinical data
	2.6.2 Processing of mass spectra
	2.6.3 Immunohistochemistry image analyses
	2.6.4 Statistical analyses
	2.6.4.1 Data presentation and analysis



	3 Results: Phospholipid profiling in clinical lung transplantation
	3.1 Introduction
	3.1.1 Background
	3.1.2 Hypothesis
	3.1.3 Chapter objectives

	3.2 Methods
	3.3 Results
	3.3.1 Clinical characteristics of the study cohort
	3.3.1.1 Patient recruitment
	3.3.1.2 Patient characteristics
	3.3.1.3 Postoperative graft function – P/F ratio
	3.3.1.4 Postoperative graft function - Spirometry
	3.3.1.5 Key findings - patient characteristics

	3.3.2 Mass spectrometry data
	3.3.2.1 Typical examples of spectra generated from precursor scans from samples taken from lung transplant recipients after surgery.
	3.3.2.1.1 Key findings – typical mass spectra

	3.3.2.2 Perioperative phospholipid composition in lung transplant recipients – Airways
	3.3.2.3 Perioperative phospholipid composition in lung transplant recipients – Plasma
	3.3.2.3.1 Key findings – lipid profiles during lung transplantation

	3.3.2.4 A case report of extended serial lipidomic measurements after transplantation during a prolonged ICU stay
	3.3.2.4.1 Airway DPPC
	3.3.2.4.2 Plasma DPPC
	3.3.2.4.3 Mapping of deuterium labelled species
	3.3.2.4.4 Key observations – case study

	3.3.2.5 Deuterium labelled species across the study cohort
	3.3.2.5.1 Mapping of deuterium labelled species
	3.3.2.5.1.1 Key findings – deuterium mapping

	3.3.2.5.2 Deuterium enrichment
	3.3.2.5.2.1 Key findings – deuterium enrichment



	3.3.3 Topological data analyses
	3.3.3.1 Key findings - TDA

	3.3.4 Associations between lipid profiles and postoperative clinical outcomes

	3.4 Discussion
	3.4.1 Summary of key findings
	3.4.2 Study cohort characteristics
	3.4.3 Perioperative changes in phospholipids
	3.4.3.1 Airway phospholipids
	3.4.3.2 Plasma phospholipids

	3.4.4 Label incorporation
	3.4.4.1 Relationship between incorporation and content
	3.4.4.2 Airways and circulation

	3.4.5 Associations between lipid profiles and clinical outcomes
	3.4.6 Limitations of the experimental methods
	3.4.6.1 Impact of study design
	3.4.6.2 Surrogate clinical endpoints
	3.4.6.3 Lung function
	3.4.6.4 Bronchial washings
	3.4.6.5 Statistical analyses

	3.4.7 Conclusions


	4 Results: Phospholipid metabolism in human ex vivo lung perfusion
	4.1 Introduction
	4.1.1 Background
	4.1.2 Hypotheses
	4.1.3 Chapter objectives

	4.2 Methods
	4.2.1 Ex vivo organ support
	4.2.2 Sample processing and analyses

	4.3 Results
	4.3.1 Source of ex vivo organs
	4.3.1.1 Ex vivo pulmonary physiology
	4.3.1.2 Key Findings – Study organs

	4.3.2 Baseline phospholipid profiles
	4.3.2.1 Airway phospholipid profile
	4.3.2.1.1 Key findings – ex vivo airway lipids profiles

	4.3.2.2 Perfusate phospholipid profiles
	4.3.2.2.1 Differences in lipidomic profile between transplanted and non-transplanted organs
	4.3.2.2.2 Key findings


	4.3.3 Deuterium labelling of the Kennedy CDP-choline pathway
	4.3.3.1 The range of deuterium labelled phospholipids in the perfusate
	4.3.3.2 Time-course of ex vivo deuterium incorporation into phospholipids
	4.3.3.2.1 Key findings – Ex vivo deuterium labelling

	4.3.3.3 Differences between airway and vascular secretion of pulmonary phospholipids.
	4.3.3.3.1 Key findings – comparison of deuterium labelling in the perfusate and airways



	4.4 Discussion
	4.4.1 Summary of key findings
	4.4.2 Deuterium label incorporation
	4.4.2.1 Timing of phospholipid synthesis
	4.4.2.2 Airway D9-DPPC incorporation
	4.4.2.3 Pulmonary phospholipid secretion into the circulation

	4.4.3 Baseline airway and perfusate phospholipid composition
	4.4.4  Cellular origins of newly synthesised pulmonary phospholipids
	4.4.5 Synthetic independence from the liver
	4.4.6 Validity of the ex vivo platform for research into pulmonary surfactant biology
	4.4.7 Limitations of the methods
	4.4.7.1 Small heterogeneous cohort
	4.4.7.2 Identification of minor species
	4.4.7.3 Lack of a healthy ex vivo control group

	4.4.8 Clinical significance
	4.4.9 Conclusions


	5 Results: Oxido-nitrosative stress and phospholipid metabolism in lung transplantation
	5.1 Introduction
	5.1.1 Background
	5.1.2 Hypotheses
	5.1.3 Objectives

	5.2 Methods
	5.2.1 Clinical sample and data collection
	5.2.2 Lipidomic data
	5.2.3 NO metabolites
	5.2.4 Free thiols
	5.2.5 Immunohistochemistry and image acquisition

	5.3 Results
	5.3.1 Perioperative changes in oxido-nitrosative stress and NO metabolites
	5.3.1.1 NO Metabolites
	5.3.1.2  Free thiols
	5.3.1.3 Immunohistochemistry – Tissue markers of oxidative and nitrosative stress
	5.3.1.3.1 Haem oxygenase 1
	5.3.1.3.2 Nitrotyrosine
	5.3.1.3.3 4-hydroxynoneal
	5.3.1.3.4 Summary of tissue staining across study cohort

	5.3.1.4 Association between NO metabolites and oxidative stress markers
	5.3.1.5 Perioperative NO metabolism, redox status, and subsequent clinical outcomes
	5.3.1.6 Key findings – Intraoperative changes in NO metabolites and oxido-nitrosative stress

	5.3.2 Association with airway phospholipids
	5.3.2.1 NO metabolites and free thiols
	5.3.2.2 Nitrotyrosine
	5.3.2.2.1 Relative abundance of phospholipid species
	5.3.2.2.2 Label incorporation into phospholipid species

	5.3.2.3 Haem oxygenase 1
	5.3.2.4 4-hydroxynoneal
	5.3.2.5 Key findings – association with airway phospholipids

	5.3.3 Association with plasma phospholipids
	5.3.3.1 Free thiols
	5.3.3.2 NO metabolites
	5.3.3.3 Tissue markers of oxidative stress
	5.3.3.4 Key findings – association with plasma phospholipids


	5.4 Discussion
	5.4.1 Summary of key findings
	5.4.2 Perioperative changes in NO metabolites and oxidative stress
	5.4.2.1 NO Metabolites
	5.4.2.2 Free Thiols
	5.4.2.3 Tissue Markers

	5.4.3 Airway phospholipids
	5.4.4 Plasma phospholipids
	5.4.5 Limitations of experimental techniques
	5.4.5.1 Free thiols
	5.4.5.2 Semi-quantitative Immunohistochemistry imaging
	5.4.5.3 Markers of oxido-nitrosative stress
	5.4.5.4 Statistical analyses
	5.4.5.5 Lipidomic profiling

	5.4.6  Conclusions


	6 Discussion
	6.1 Summary of key findings
	6.1.1 Clinical study
	6.1.2 Ex vivo study

	6.2 Dynamic lipidomics
	6.3  Clinical study
	6.3.1 Insights into perioperative lung injury
	6.3.2 Lung transplantation – a human model of ARDS?

	6.4  Ex vivo study
	6.4.1 Graft selection and protection in clinical EVLP
	6.4.2 Insights into pulmonary phospholipid biology
	6.4.3 Human ex vivo lung perfusion – a model for phospholipid research?

	6.5 Conclusions

	7 Appendices
	7.1 Appendix:  Publications and presentations
	7.2 Appendix:  Mechanical ventilation after lung transplantation
	7.3 Appendix: Research Ethics Committee Approval Letter – Clinical study
	7.4 Appendix: NHS Trust Permission for research – Clinical study
	7.5 Appendix: Patient invitation letter
	7.6 Appendix: Expression of interest form
	7.7 Appendix: Patient information sheet
	7.8 Appendix: Patient Consent Form
	7.9 Appendix: Imaging data entry form
	7.10 Appendix: Research Ethics Committee Approval Letter – Ex vivo study
	7.11 Appendix: NHS Trust permission for research – Ex vivo study
	7.12 Appendix: NHSBT Permission for research – Ex vivo study
	7.13 Appendix:  List of Phospholipids identified by their m/z ratio
	7.14 Appendix: Automated image analysis macro script
	7.15 Abbreviations

	8 References

