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Summary 

Lung transplantation is a lifesaving therapeutic option for a variety of end

stage cardiopulmonary conditions. There is a critical mismatch between the 

availability of suitable lungs and the number of patients awaiting a lung transplant. 

Ex-vivo lung perfusion (EVLP) is an established technique that may potentially 

allow more donor lungs to be reconditioned and provide waiting list patients with 

a better opportunity for transplantation. During EVLP, lungs are connected to a 

circuit similar to a cardiopulmonary bypass circuit and are perfused and ventilated 

under normothaermic conditions. 

In this thesis I have validated a donor after circulatory death (DCD) large 

animal model, by using porcine lungs initially from local abattoirs followed by 

change to a more suitable lungs source. As part of the experimental validation, I 

have shown that there is an initial bacterial load within the perfusate prior starting 

EVLP, which improved or disappeared during the procedure. I have characterised 

the perfusate solution and have demonstrated equivalence of alternative 

perfusate solutions to the current best practice; I have described the inflammatory 

profiles of the lungs and studied the impact of novel drug and cell therapies on 

these lungs. 

In the first phase I have compared cellular and acellular solutions currently 

used in practice, aiding in the decision of which solution would be most 

appropriate for my subsequent experiments. By comparing physiological, 

immunological, ultrastructural parameters, I have found improved but comparable 

trends in the blood-based solutions. Due to the cost effectiveness and 

physiological effects on lungs, I have decided to use the Papworth blood-based 

perfusate out of the three compared solutions. 

Lung inflammation and rejection processes are interlinked during lung 

transplantation. In order to characterise the occurring inflammatory processes, I 

have quantified the cytokine profile in the airway and perfusate; determined the 

leukocytes trapped in the leukocyte filters and present in the airway. By excluding 

the leukocyte filters at an earlier time point than the normal use, I have measured 

reduced levels of lnterleukin-8 and demonstrated that a shorter period use is 

enough to achieve the intended benefits of these filters while avoiding the 

deleterious effects. 
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EVLP offers the opportunity to recognise and recondition injured lungs. I 

have used this quality to develop a one lung and a lobar warm ischaemic injury 

model, based on the initial DCD model. Apelin is a vasoactive peptide, with 

previously described roles in angiogenes.is and vasodilatation through the eNOS 

pathway. I have investigated the modulatory effects of Apelin in the model of one 

lung injured by warm ischaemia. While this model produced sufficient injury, the 

vasodilator effects were minimal. 

In continuation to the reconditioning novel therapies, I have performed a 

transit and engraftment study of blood human derived endothelial cells. These 

cells were isolated and cultured in vitro previously, with potential to engraft and 

promote angiogenesis. I have demonstrated that injured lung lobes treated with 

these cells showed lower extravascular lung water and decreased warm 

ischaemic lung injury when compared to the injured lung without cell therapy. 

In conclusion, I have demonstrated that my porcine model of EVLP is a 

robust and promising technique that enables the assessment of lungs ex-vivo 

and may provide a platform for innovative therapeutic strategies. 
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Chapter 1 Introduction 

1 Introduction 

1.1 Lung transplantation background 

Lung Transplantation is a therapeutic option for a variety of end-stage 

cardio-pulmonary conditions. Lung transplantation is dependent on organ 

availability and their match with the pool of recipients. Currently 15-20% of lungs 

from multi-organ donors are deemed suitable for lung transplantation. Between 

2014 and 2015, 184 Lung Transplants were performed in the United Kingdom. 

The waiting times for suitable lungs are very long and currently average 323 

days.(1) This comes with an unacceptable mortality on the waiting list of up to 

25%. There is a critical mismatch between the number of donor lungs and the 

demand for clinical transplantation. An increase in the usability of lungs would 

improve the waiting list mortality and morbidity. In order to address this mismatch 

many initiatives have been proposed. I will discuss in detail the two most widely 

adopted approaches, which are interlinked. 

One approach aiding the increase of the donor pool has been the use of 

lungs retrieved from donation after cardiac death (DCD) patients in addition to the 

routinely used donation after brain death donors (DBD). Between 2014 and 2015, 

510 DCD donors have been reported from a total of 1282 organ donors, 

representing a significant amount from the current donor pool. Reports suggest 

equivalent short-term survival rates.(1, 2) Interestingly, there are reports of 

improved inflammatory profiles in DCD lungs attributed. to the avoidance of 

cytokine storm encountered in DBD Lungs.(3) One of the disadvantages of using 

DCD lungs is the insufficient evaluation time for the retrieval team to make a full 

assessment. The second approach has been to utilise Ex-vivo lung perfusion 

(EVLP), which has emerged as a technique to aid in the assessment of donor 

lungs and in particular DCD. (4, 5) 

Historically, Carrel and Lindbergh described the first normothermic ex-vivo 

organ perfusion as early as 1935. (6) Using cat and rabbit models, they have 

explanted thyroid glands and perfused them up to a week in the Lindbergh 

apparatus. This proof of principle demonstrated that organs can remain viable ex-
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Chapter 1 Introduction 

vivo for several days.(?) In 2001, Steen et al, used a blood based perfusate to 

recondition lungs ex-vivo from a DCD donor.(8) Acellular perfusates were 

pioneered, the technique being refined by using a bloodless perfusion with 

Steen™ solution, a perfusate with optimal osmolarity and high dextran content.(9) 

The entire duration of EVLP can be divided into three phases: 1) Priming 

phase, 2) Reconditioning phase, and 3) Evaluation, when the lungs are being 

assessed while ventilated on 100% of 02.(10) 

1.2 Animal research models 

The porcine model offers the closest relationship to the human lung and 

is the preferred animal model.(11) The difference from the human lungs, is that 

the right lung has 4 lobes: cranial, accessory, middle and caudal; whereas the 

left lung has two lobes: cranial and caudal. Additionally the right cranial lobe has 

a bronchus stemming directly from the trachea, and the tracheal intubation needs 

to be performed with care not to obstruct this bronchus. Using this model, Steen 

et al, studied DCD lungs, which have been shown to be transplantable following 

6 hours of cooling and 60 minutes of EVLP assessment.(12) The boundaries of 

cold ischaemic storage prior EVLP were extended up to 24 hours (13) and the 

EVLP procedure time up to 12 hours (10) by the Toronto group. 

1.2.1 Perfusate and preservation solution composition 

In a rabbit model, Chang et al (14, 15) demonstrated that a perfusate with 

a concentration 5g/dl albumin reduces oedema formation compared to a 0.1 g/dl 

solution. Comparisons of Perfadex with other perfusates like the Kyoto perfusates 

(16), showed no difference in PVR and oxygenation. Initially, Steen et al [1 O] 

popularised the. cellular perfusion for EVLP in a DCD porcine model. This was 

followed by the first successful transplantation of reconditioned DCD lungs in 

humans.(17, 18) STEEN solution has in addition been shown to have antioxidant 

properties and promote release of nitric oxide.(19) Concern over red cell lysis and 

the avoidance of mechanical lung injury which may occur during extended 

periods of lung perfusion, has led to support acellular perfusates.(20) In other 

organs, like the heart, a whole blood-based perfusate was shown to be beneficial 

for organ preservation and minimise organ injury.(21) The ideal solution remains 

contentious and requires further examination. 
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Chapter 1 Introduction 

Theoretically the perfusate should be replenished periodically to prevent 

accumulation of circulating inflammatory mediators, however in a ventilator

induced lung injury mouse model there was no evidence that cytokines impair 

lung compliance or worsen lung injury.(22) The routine change of perfusate 

remains debatable though. 

Similarly the ideal preservation fluid remains subject to debate. Perfadex®, 

the current pneumoplegia solution used in clinical practice, led to improved graft 

function when compared to Saline as shown by lnci et al (23) in their porcine DCD 

model study (n=5). Their data showed reduced PVR, improved graft function, 

reduced proteins and nitrites with Perfadex® perfusion for up to 3 hours. SCOT-

15, a low K+ fluid, had lower PVR and no difference in lung oedema. Low 

potassium dextran solutions in comparison to Perfadex® have been shown to 

cause worsening of lung mechanics and oedema, but had no effect on gas 

exchange.(24) 

Based on these studies the ideal perfusate should be hyperosmolar, 

hyperoncotic and maintain an adequate supply of energy and electrolytes.(25) 

Current opinions support acellular perfusates, which has the advantage of less 

oedema and better lung mechanics. There is an on-going debate over the role 

of non-albumin based solutions in comparison to albumin solutions LPDS. 

1.2.2 Perfusion-Ventilation protocols 

Comparing flush preservation (preservation of lungs after retrieval by 

using Perfadex® perfusion) against static cold Storage (SCS) (storage of lungs 

on ice at 4°C), Erasmus et al (26) demonstrated increased macroscopic oedema 

with the SCS in lungs subjected to EVLP. Nakajima et al (27) had similar findings 

in a beagle-dog ~odel, but also demonstrated improved pulmonary compliance 

and wet/dry ratios (ratio between the weight of a lung sample and the weight of 

the same sample after being dried in an oven at 65°C for 48hours) using flush 

preservation. 

Schumer et al (28) found no significant difference between pulsatile and 

centrifugal flows in a 12 hour EVLP model. The results were quantified through 

pulmonary impedances, arterial partial pressures of oxygen/fraction of inspired 

oxygen, wet to dry weight ratios, and peak airway pressures. 
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In a rat model, Fisher et al (29) demonstrated that low flow perfusion at 

12ml/g/min was superior to 25ml/g/min in protecting from pulmonary oedema. 

Sasaki et al (30), in their rabbit model, tested different perfusion pressures, 

concluding that 10-1 SmmHg pressures was not associated with pulmonary 

oedema. Whereas <5mmHg or >20mniHg resulted in increased pulmonary 

oedema and poor function of the lung. The trans-pulmonary pressure gradient 

(TPG) is proportional to the capillary permeability and oedema formation . 

Endothelial injury and interstitial oedema rises as the TPG increases from 5 to 20 

cmH20.(31) 

With a low pressure perfusion protocol, (40% of cardiac output), Cypel et 

al (10) demonstrated satisfactory lung function after ex-vivo perfusion of both pig 

and human lungs for up to 12 hours. A protective mode of mechanical ventilation 

is preferred during EVLP with low ventilation volumes (6-8ml/kg) and repeated 

alveolar recruitment manoeuvres. The clinical experience with Lund protocol, by 

which the lungs are challenged by 100% of cardiac output flow, try to replicate 

normal lung physiology. Therefore the ability of the lungs to adapt to such 

pressures during EVLP will reflect the conditions in which the lungs will later 

function. (12) 

1.2.3 Lung metabolism 

Lung tissue is rich in Lactate Oehydrogenase (LOH), which catalyses the 

conversion of Pyruvate + NAOH into Lactate+ NAO+. Lactate inhibits glycolysis 

and can thereby affect lung viability by reducing glucose availability. One of the 

findings in lung metabolism is the high levels of Lactate produced.(32) 

Using standardized human EVLP protocol in a porcine model, Valenza et 

al (33), demonstrated that high glucose consumption determined a worse lung 

function and lung oedema. Although lactate production and washout is a 

continuous process, Lactate/Pyruvate (LIP) and Glucose levels could be 

indicators for poor prognosis, as shown in a porcine model by Koike et al. They 

have found that LIP ratios were significantly higher at 4h. for the rejected 

lungs.(34) Similarly, increased lactate levels may be reflective of increased 

cellular metabolism required to repair damage, therefore representing a poor lung 

function predictor. 
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Chapter 1 Introduction 

In a rodent model Hypothermic EVLP (HEVLP) decreased PVR and 

increased oxygenation and pulmonary compliance. This prevented ischaemic 

reperfusion injury, being associated with a decreased production of reactive 

oxygen species.(35) 

1.2.4 Lung performance - Methods to improve Lung function and viability 

EVLP opens up a number of possible therapeutic avenues, allowing good 

access to all compartments of the lung and offering a wide range of therapeutic 

interventions. In a randomized study, Salbutamol or placebo was infused in a 

porcine model. Reduction in pulmonary artery pressures, improved oxygenation 

and lung mechanics was found in the treatment group.(36) Adenosine A2A 

Agonist has been shown to decrease wet/dry ratios and inflammatory cytokines 

like IFN-y, IL-1 p, IL-6, and IL-8 when used during EVLP.(37) 

In an acute lung injury porcine model, Methylprednisolone and 

Clarithromycin did not show any improvement in lung oedema, PVR or lung 

compliance.(38) Cardoso et al (39), in a rodent model, showed that intravenous 

and inhaled Prostaglandin '2 administration was beneficial to lung mechanics and 

reduced PAP when compared to Sal ine. Prophylactic Surfactant inhalation has 

been shown to improve pulmonary compliance, decrease PVR associated with 

an increase in ATP levels, and decreased mRNA, of IL-6 and IL-6/IL-1 0 

ratios.(40) 

Preliminary evidence suggests promise in a soluble trisaccharide polymer 

(GAS914) to bind alpha-Gal antibodies and thus protect lung xenografts from 

hyper-acute rejection. A lower incidence of hyper-acute rejection was noted in a 

porcine model treated with GAS914 when the lungs were perfused with human 

blood. Th is was secondary to the removal of 87.8% of all lgG and 76.4% of all 

lgM after adding this polymer to the solution .(41) 

Nitric Oxide (NO) was found to have no effect on nitric oxide synthase (42, 

43) or reducing the effects of ischemia-reperfusion injury and capillary leak in a 

DCD rodent model. This was correlated with a reduction of the wet/dry ratio and 

an increase in cGMP.(44) Yeung et al (45, 46) performed adenoviral transfer of 

human IL-10 gene in pigs randomized to ex-vivo or in-vivo groups. Increased lung 

function and reduced inflammation was observed in the ex-vivo group. Other 

strategies have included reducing pulmonary inflammation using neutrophil 
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elastase inhibitors.(47, 48) Novel approaches like hydrogen supplemented 

venti lation have shown some promise in improving allograft function. (49) 

EVLP is considered an active treatment platform for marginal lungs prior 

transplantation. Currently there is significant animal data that supports 

therapeutic interventions, but limited clinical evidence for these adjunct 

interventions. 

1.3 EVLP as a Research Tool 

Attempts have been made to use EVLP to reverse lung injury in animal 

models of DBD and DCD.(50) Gastric aspiration and its toxic effects in the airway 

are well known, although human gastric aspiration is far more complex, compared 

to the animal models studied using hydrochloric acid-induced airway injury.(50, 

51) 

Meers et al [65] demonstrated in a porcine model that EVLP could be used 

for 2 hours, in lungs injured with gastric acid. These lungs developed pulmonary 

oedema, elevated PVR and reduced compliance. In further studies the authors 

also showed (50, 52) impaired oxygenation and increased inflammatory response 

to gastric acid injury. In addition, EVLP can be used to detect features of gastric 

aspiration in the donor lung and may predict early graft dysfunction.(53) 

Sahara et al have used human blood perfusion (54 ), in a Ga IT-KO 

(Galactosyl transferase gene knock-out) porcine model. They showed that PVR 

had a smaller increase in the GalT-KO group. However, this study did not 

investigate the extravascular lung water content. It is proposed that the decrease 

in complement (C3a), platelet activation and intrapulmonary platelet deposition 

protect the lung from injury.(55) 

Thrombolysis prior transplantation in a rat model showed increased 

protection from ischaemia-reperfusion injury through improved lung physiological 

parameters and the absence of histological injury.(56) Recently, thermal imaging 

was proposed as a novel method to quantify areas of malperfusion and induced 

thrombosis.(57) 

New adaptations of the technique are emerging, as exemplified by the dual 

EVLP perfusion of both pulmonary artery and bronchial circulation . One study in 

a rat model showed improved lung graft function, reduced pro-inflammatory 

profiles, increased mitochondrial biogenesis, leading to better post 
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transplantation function, when compared with standard EVLP or static cold 
preservation.(58) 

1.4 Transition from Animal models to Clinical practice 
Since the first EVLP performed in ·2001 by Steen et al, this procedure has 

been adopted in selected centres. As the concept was novel, animal studies were 
vital to prove safety and efficacy of this technique. With 15-20% of lungs 
transplanted after EVLP represented by lungs procured from DCD donors, similar 
1-year mortality and PGD was reported.(59, 60) This was confirmed by the 
Toronto group through a 5 years retrospective survival comparison of the EVLP 
treated and standard transplanted lungs. 1 year, 3 and 5 years proportional 
survival rates were 79%, 71 %, and 58% respectively in the EVLP group and 85%, 
73%, and 57% respectively in the standard group (p=0.53). Increasing numbers 
of DCD lungs are reported as being resuscitated by using EVLP as shown by the 
publication of other retrospective (61, 62) and prospective studies.(63, 64) 

1.4.1 Perfusate and preservative composition 

Early studies used a red cell-based perfusate during EVLP.(10, 12) 
Though cellular perfusate has improved buffering properties, it has the 
disadvantage of being more difficult to procure and the risk of haemolysis during 
EVLP. As the method evolved with evidence from animal and human models, the 
use of acellular perfusate and preservation became the method of choice for 
EVLP.(65, 66) Steen solution is currently the most commonly used acellular 
perfusate in EVLP.(10, 67) Egan et al (68), report in their study, that using Steen 
solution during EVLP decreases the wet/dry ratios, with an increase in the 
Pa02/Fi02 ratios. Different lung preservation solutions have been studied, 
several in animal and human models.(66) Euro-Collins and University of 
Wisconsin as intracellular preservation solutions have been compared with 
extracellular Perfadex and Papworth solutions in a French multicentre study, 
showing a decrease in reperfusion oedema when using extracellular based 
preservation solutions.(69) Other studies, comparing Euro-Collins with low 
potassium dextran glucose solution (LPDG) show evidence in favour of LPDG in 
terms of early outcome, early oxygenation (70), lung compliance and severe 
primary graft dysfunction.(71-74) 
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. The evidence for combined human and animal models suggests that 

hyperoncotic albumin based solutions are superior perfusates used in EVLP. 
Perfadex showed less graft dysfunction rates and is currently widely used as the 
preservation solution. Despite the buffering and oxygen delivery advantages, the 
use of blood as part of the perfusate is more infrequent in reporting centres. 

1.4.2 Perfusion and Ventilation protocols 

The best-established and most widely practiced protocols are the Lund, 
Toronto and Organ care system (OCS) Lung protocols.(10, 67, 75-77) The 
protocols have a difference in approach to Temperature regulation, perfusion and 
ventilation strategies. (Figure 1.1) 
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I Set increasing temperature within 100C Increase of perfusate temperature at set I Set at 37°C and achieved within 30 Lung rewarming strategy of lung temperature up to 37°C time points. 37°C achieved in 30 minutes minutes 

Flow 
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Figure 1.1 Comparison between Lund, Toronto and Organ care System EVLP protocols. 
The Lund protocol re-warms the lungs with set point temperatures, within 10° of venous perfusate temperature, whereas Toronto protocol aims for increasing 
temperatures at set points of time. The flow increases up to 100% of the cardiac output for Lund , up to 40% for Toronto, while maintaining pulmonary artery 
pressures (PAP) under 20mmHg and 10-15 mmHg respectively. The ventilator strategies are devised in a lung-protective fashion, with a controlled Fi02, 
respi ratory rate and tidal volumes. Ventilation is initiated at 32°C. Lund protocol tidal volumes and respiratory rates are calculated at set temperatures, 
being representative for a 60kg patient, whereas the Toronto and protocol uses set values. The OCS protocol involves priming the circuit with OCS Lung 
solution containing Perfadex, glucose and 2-3 units of blood at 37°C. The flow rate is kept at 2-2.SL min in an open left atrium circuit from the beginning, 
whilP. kP.Rnina PAP<20mmHa. VP.ntil8tion is initi8tP.rl whP.n thP. lunas rP.8r.h ::12°C w ith FiO? of 21 % . TV of fiml/ka . PEEPS. RR 1 Oh/min . 



Chapter 1 Introduction 

The Lund protocol is based on a gradual increase in temperature based 

on set points of temperature, whereas Toronto protocol aims for increasing 

temperature at set time points. The maximum flow rate achieved in the Lund 

protocol is 100% of cardiac output, whilst in the Toronto protocol this is only 40-

60% of cardiac output. In both protocols, the maximum flow rate of the perfusate 

is limited by a pre-set safe upper limit for pulmonary artery pressure. In the 

Reconditioning phase the Lund protocol uses a Fi02 of 50%, whereas the Toronto 

protocol uses 21 %. One of the differences between the protocols involves the 

use of a roller pump (Lund protocol) or centrifugal pump (Toronto protocol). Cypel 

et al has demonstrated that during the alveolar expansion, the peri-alveolar 

vascular pressure and subsequently PVR increase. The centrifugal pumps 

compensate for this change, reducing its rotation and flow, conferring increased 

protection. (10) One of the main advantages of roller pumps is the ability to 

accurately control the flow, which allows increased operator led adjustments. 

The ventilation is initiated at 32°C with tidal volumes and respiratory rates 

calculated on the weight of the donor at set temperatures in the Lund protocol, 

whereas the Toronto and protocol uses ?ml/kg tidal volumes and a fixed number 

of breaths per minute. 

The OCS protocol involves priming the OCS Lung circuit with a solution 

containing Perfadex, glucose and 2-3 units of blood at 37°C. The flow rate is kept 

at 2-2.SL · min in an open left atrium circuit from the beginning, while keeping 

PAP<20mmHg. The lungs have a lower temperature due to the preservation with 

cold Perfadex in the donor. 32°C is reached within the first half an hour, as the 

circulating base temperature is 37°C. A lung protective ventilation strategy is 

initiated when the lungs reach 32°C with Fi02 of 21 %, TV of 6ml/kg, PEEP 5, RR 

10b/min. 

There is consensus that ventilation should be lung protective, and that 

prolonged use of high flows of oxygen could be detrimental. Currently there is no 

data comparing directly the perfusion protocols. While challenging lungs at 100% 

of CO continuous flows reproduces graft behaviour post-transplant (17), a 

reduced CO can intuitively be protective during EVLP.(78) 
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1.4.3 Measuring the impact of leukocyte filters 

The role of Leukocyte filters in the EVLP circuit is to remove circulating 

inflammatory cells from the perfusate. Leukocyte filters are a key component of 

the EVLP circuitry, and its value has been confirmed in animal studies.(79, 80) 

Current models used are short-period use filters (<30minutes). lntracapillary 

pools of pro-inflammatory cytokines (IL-1 p, IL-6, IL-8, TNF-a) have been 

identified to contribute to the lung injury during prolonged lung perfusion. (81) 

Kakishita et al (79, 82, 83) demonstrated a significant reduction of IL-8 and 

TNF-a levels in the perfusate and lung tissue by using an adsorbent membrane 

in a porcine model. However this failed to yield any improvement in lung function 

post EVLP. 

Fi Ides et al (84) reported an increased percentage of non-classical 

monocytes (NCM, CD14+ and CD163-/+) cells in the leukocyte filters in a porcine 

model by using flow cytometry. Donor-derived monocytes contribute significantly 

to the initiation and progression of immune reactions leading to rejection episodes 

after transplantation.(85) Fildes et al showed that leukocyte filters remove lung

derived non-classical monocytes, representing 80% of the circulating cell 

population in a porcine EVLP model.(80) This raises the possibility that EVLP 

donor lungs could be less immunogenic than standard lungs.(85) 

Cytokine profiling studies of EVLP perfusate demonstrated an increase in 

the levels of IL-6, IL-8, Granulocyte colony stimulating factor (GCSF) and 

monocyte chemotactic protein-1 (MCP-1 ). IL-1 p, IL-4, IL-7, IL-12, IFN-y and TNF

a remain unchanged during EVLP. This variation in cytokine levels in the EVLP 

perfusate did not lead to pulmonary oedema or acute lung injury in a recent 

study.(86) The rise in EVLP perfusate levels of IL-6, IL-8 and IL-10 was observed 

mainly during the .first 6 hours of EVLP and this was attributed to a wash-out effect 

of the perfusate.(87) 

Current limited data shows that leukocyte filters are beneficial for removing 

inflammatory cells, which would potentially differentiate into macrophages, or 

dendritic cells.(88) Previously it was hypothesised that leukocytes trapped in the 

filters can undergo degranulation.(89) Further studies in both animal and human 

models are needed to confirm similar cell populations in EVLP models. 
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Chapter 1 Introduction 

1.4.4 Assessing the Potential of EVLP Lungs for Transplant 

· A number of potential biomarkers for lung viability have been studied 

during EVLP. Lactate metabolism in the normal and the injured lung has been 

investigated and reported in the past.(90, 91) In a 12 lung cohort, Koike et al 

demonstrated an increased level of lactate in human lungs rejected for 

transplantation during ex-vivo lung perfusion .(65) However in a later larger 

study (24 lungs) the same authors could find no correlation between the 

Lactate/Pyruvate ratio and early post-transplant outcomes.(92) These conflicting 

observations are thought to represent a reduced lactate clearance. 

Early studies have provided evidence for the use of EVLP in marginal 

lungs.(93, 94) In a 13 lungs prospective study, Aigner et al (95), showed suitability 

for transplant of 9 lungs with no incidence of primary graft dysfunction grade 2 or 

3. 

Two different retrospective studies, with 32 and 36 lungs respectively, 

identified EVLP as a reproducible technique leading to similar short term 

outcomes post transplantation quantified by ~P02/Fi02 ratios, time to 

extubation, ITU or hospital length of stay and PGD3 rates, when compared to 

standard lung transplantation.(96, 97) Zych et al (98) reported a 100% Survival 

rate at 3 months, using the Toronto protocol. 

Endogenous nitric oxide synthase levels are higher in transplantable 

lungs, compared to the ones that are not successfully reconditioned with EVLP, 

and cou ld potentially be used as an early predictive marker for allograft 

function.(99) Medeiros et al (100), when investigating the histological changes 

during EVLP, reported no deterioration in lung tissue structure after 1 h of EVLP 

and a decrease in the number of apoptotic cells. 

A protein expression profiling study on fifty DBD and DCD lungs subjected 

to EVLP, showed promise in identifying the stem cell growth factor, IL8 and 

growth regulated oncogene-a as early predictors of primary graft dysfunction. 

(61) 

Evidence shows that the suitability of post-EVLP lungs for transplant is 

based on oxygenation capacity, inspection and palpation, puimonary vascular 

resistance, compliance. No other markers have been yet convincing as predictors 

for graft function despite the multiple avenues explored. 
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1.4.5 EVLP trials and prospective studies 

The HELP trial was a non-randomized controlled trial, conducted by the 

Cypel et al.(63) This trial described 16 recipients transplanted using EVLP lungs 

and a control group of 86 SCS. (Figure 1.2) 

The findings were encouraging; with 6% primary graft dysfunction and 

comparable hospital and intensive care unit length of stay amongst both groups. 

This trial suggested that the early clinical outcome of lungs subjected to EVLP 

was similar to SCS. Cypel et al subsequently reported 1 year results of the original 

cohort of patients confirming comparable survival rates between the groups and 

minimal bronchial complications in the EVLP group.(101) When analysing 

retrospectively the last 50 cases of EVLP from a total of 317 lung transplants, 

Cypel et al (78) showed similar survival rates at 1 and 3 years between the EVLP 

reconditioned lungs and standard transplanted lungs, with a lower rate of PGD 3. 

A randomized control trial is awaited, but it would be difficult to conduct from an 

ethical point of view, as the lungs subjected to EVLP are marginal lungs that are 

normally not accepted for standard transplantation. 

DEVELOP-UK was a non-randomised trial undertaken in the UK to 

investigate the safety of EVLP to prove its non-inferiority compared to standard 

cold preservation. After preliminary analysis, the EVLP protocol was changed to 

a blood based solution and more detailed ventilation protocol. The trial 

unfortunately terminated prematurely due to poor recru itment to the EVLP arm 

and higher complications in the EVLP arm (need for ECMO and mortality 

secondary to causes unrelated to the procedure). The primary end point of the 

trial was 30-day survival after lung transplantation .(22) The INSPIRE non

randomised trial showed non-inferiority of a mobile EVLP preservation system 

when compared -with the olden standard, static cold storage. Additionally it 

demonstrated lower rates of primary graft dysfunction grade 3 in the organ care 

system (OCS) group.(102) 
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Figure 1.2 The "HELP" trial - Diagram of distribution. 
Cdyn represents dynamic compliance, EVLP ex viva lung perfusion, P02: Fi02 ratio of the partial pressure of oxygen to the 
fraction of inspired oxygen. 23 EVLP Assessments have been completed, with 20 Transplants being performed post EVLP, 
and compared to lungs transplanted in a standard fashion . 
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In 2011, Fildes et al (103) has reported results of an open multicentre trial, 

selecting 20 patients, with 8 EVLP transplanted and 12 standard transplanted 

patients. The composite endpoint was the incidence of chest infections and acute 

rejections. Significantly more episodes of acute rejection were reported in the 

standard group at 3 and 12 months. No difference was found in early and one

year survival rates. This study concluded that post-transplant rejection episodes 

might be reduced by the removal of donor-derived leukocytes. For this reason, 

the authors have proposed that all donor lungs should be subjected to EVLP prior 

to transplantation. This was re-confirmed in a more up to date report from the 

same group.(104) The limitations of the study were: differences in group sizes 

and the lack of power calculations. As the results of this trial was promising, it 

prompted the start of a larger multi-centre trial to add to the current clinical 

evidence. 

Despite different protocols being used in the available literature, there is 

substantial evidence that EVLP can be successful in reconditioning marginal 

lungs. A continuously increasing EVLP evidence will make the technique more 

available. 

1.5 Discussion and Future Directions 

EVLP has shown a great deal of promise, but there remains a need to 

consolidate its evidence base with randomised control trials and long-term data. 

The opportunity to increase the number of available lungs for transplantation by 

improving function of the allograft may help to reduce waiting list mortality rates. 

To summarize the current evidence, there are two different approaches in 

the EVLP protocol. Whereas the Toronto protocol uses an acellular Steen based 

perfusion for 4-6 hours, with a closed left atrium, flows of 40-60% of cardiac output 

and a centrifugal pump; the Scandinavian group use a blood based Steen 

solution ( 15% Haematocrit) for 4-6 hours, with an open atrium at flows of 100% 

of card iac output and a roller pump. There is a consensus in the preservation of 

the lungs by using Perfadex and cold transportation on ice prior subjecting them 

to EVLP. The assessment of the lungs in terms of usability is consistent in most 

studies Using: Pa02/Fi02 ratios, pulmonary oedema (wet:dry ratios, x-ray 

appearance), PVR, lung compliance and clinical inspection of the lungs. A single 
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efficient predictive parameter for lung function and primary graft dysfunction 
incidence post EVLP has yet to be identified. 

Despite promising adjuvant therapies as Salbutamol infusion/injection 
(36), Adenosine A2A agonist (37), Prostaglandin 12 (105), Nitric oxide (42, 43), 
Gene vector therapy (45, 46) or Neutrophil elastase inhibitor (106) being 
experimented in animal models, none of these have translated into standard 
clinical practice. The potential of EVLP as a research tool for novel therapies in 
lung transplantation is still to be further explored. 

The human evidence shows support for EVLP as a procedure that allows 
the usage of marginal lungs (Figure 1.3), despite the two protocols used. Larger 
multicentre trials and a consensus on the optimal protocol are still awaited. 
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Dark J.H 2012 18 7 Acellular + 
Aigner C 2012 10 6 Acellular + 
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Figure 1.3 Clinical studies investigating the efficiency of EVLP. 
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Chapter 1 Introduction 

A rise in extravascular lung water (EVLW) has been frequently described 
in the donor lung and has significant impact on donor lung function . EVLP offers 
the chance to resuscitate these lungs and potentially repair them. The currently 
established protocols offer good outcomes in carefully selected lungs. However, 
further improvement of perfusion times, types of perfusates used, ventilation 
strategies, indications for EVLP could increase the number of usable donor lungs. 

Pulmonary artery thrombosis diagnosed during retrieval is one of the 
absolute contraindications for lung transplantation. Tissue plasminogen activator 
(tPA) was tested in rat models to prove a potential anti-inflammatory effect by 
neutrophil activation suppression.(107) In future tPA could be further investigated 
in lung transplantation, due to the potential reduction in inflammatory response. 
as Additionally, this could be an adjunct treatment in lungs that are being rejected 
due to Pulmonary Thromboembolism, which has been shown to improve with 
EVLP only.(108) 

Mesenchymal stem cell use has shown positive effects on ischemia
reperfusion injury of the kidney (109) and liver (110). This therapy could be 
potentially used for donor lungs in the EVLP setting. Gene therapy by using 
Adhll-10 as an innovative therapeutic measure has been proposed to reduce the 
inflammatory response in animal lung models.(45, 46) A beneficial effect in ex
vivo perfused lungs was found following the use of allogeneic mesenchymal stem 
cells , which restored alveolar epithelial fluid transport and improved vascular 
permeability. This fi nd ing was associated with the secretion of keratinocyte 
growth factor.(1 11) 

New methods of producing immunotolerant de-cellularised lungs in mice, 
pigs and primates are emerging.(112, 113) Despite the technical limitations, early 
results suggest pro_longed satisfactory gas exchange in the transplanted models. 
This might be the future method of choice in increasing the availability of organs, 
with EVLP being an aiding platform. 

Donor lung infection is a common complication of lung transplantation. 
Administration of antibiotics during EVLP perfusion in human lungs has proven 
its benefits. Meropenem used empirically showed benefit in reducing microbial 
load in bronco-alveolar lavages (BAL) and subsequently decreased the colony 
forming units, without its systemic side effects.(114) This could potentially 
increase the number of transplantation suitable donor lungs. 
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Chapter 1 Introduction 

Ex vivo lung perfusion opens multiple avenues for further developments. 
In a decreasing population of donors it extends the criteria for usability and 
improves the assessment of donor lungs. This has shown its great potential 
through the promising experience accumulated so far. Future trials and exploring 
new therapies will prove invaluable in defining the future in lung transplantation. 

1.6 Research hypotheses 
EVLP is a valuable research platform and its application is limited only by 

the imagination of the investigator. Based on the currently available evidence, my 
research aims comprised of four hypotheses that attempted to answer clinically 
relevant questions in lung transplantation: 

i. To study the impact of different perfusion solutions on the function 
of porcine lungs. 

ii. Investigating the benefits and detriments of using LG-6 leukocyte 
filters for short or long term in an EVLP circuit. 

iii. To investigate novel therapies and mediators for acute lung injury 
during EVLP. 

iv. To study endothelial progenitor cells engraftment in lungs subjected 
to EVLP. 

The proposed experimental plan will commence with a set of pilot 
experiments that will test and consolidate the DCD porcine model, EVLP circuit 
and EVLP protocol. Following this, a suitable number of experiments will be 
performed to test the hypotheses. These will be addressed in the above order, 
with the initial and most debated question answered being on the differences 
between EVLP perfusate solutions. The most suitable solution will be used in all 
the subsequent experiments. This will be followed by the assessment of the lung 
inflammatory profile and therapeutic manipulation of the leukocyte filters. In 
cl inical practice, organ immunotolerance and immunosuppressive therapies are 
still important aspects of post transplantation management. The manipulation of 
the leukocyte filters aims to reduce lung inflammation and the need for 
immunosuppression. 

As the first two sets of experiments will be performed in healthy porcine 
lungs, the next experiments will address the reconditioning capacity of EVLP. 
This will be tested in an ischaemic injury model, which will include a single lung 
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Chapter 1 Introduction 

ischaemic and lobar ischaemic models. While prolonged ischaemic times are 

relative contraindications to lung transplantation, an ischaemic model is reflective 

for the current clinical practice. The progression to this model will allow the 

development of future clinically relevant models. 

The observations made in these set of experiments will determine the 

potential of biochemical mediators and cell therapies. Additionally, answering 

these questions will consolidate the use of EVLP as a research tool for novel 

therapies. With tantalising prospects of stem cell bioengineered lungs that could 

address the need for available lungs for lung for transplantation, this work will be 

a starting platform for further research in the field. 
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Chapter 2 Pilot experiments 

2 Pilot experiments to validate the EVLP porcine model 

In order to establish the EVLP circuit and procedure I have embarked on a 

set of pilot experiments to test the technical feasibility of the system. I have started 

by using lung blocks procured from local abattoirs in Kimbolton and Royston . The 

main aim of this set of experiments was to refine the surgical technique and study 

the technical aspects of the perfusion circuit. 

2.1 Experiment 1 

Careful preparations were made to ensure enough disposables and 

surg ical instruments were available prior the lung retrieval from the abattoir in 

Kimbolton. The estimated travel time from Papworth to the abattoir was 27mins. 

During my initial visits, I familiarised myself with the abattoir and 

established a collaboration with the local veterinary surgeon. One of the first 

observations was that the animals were electrically stunned and exsanguinated 

as part of the routine protocol. Following this, the animals were placed in a boiler, 

wh ich removed the fur of the animals. The butchers removed the organs through 

a median sternotomy and laparotomy. This process was clearly a very 

challenging environment for the porcine lungs and often rendered them non

usable. 

After inspecting multiple heart lung blocks for macroscopic satisfactory 

appearance (assessing contusions, consolidations, pu lmonary oedema), I have 

selected two heart-lung blocks for this experiment. The pulmonary artery (PA) 

was cannulated with a venous 16 French cannula . The lungs were flushed with 2 

li tres of Normal saline solution (0.9%). Following the flush, the lungs were placed 

in 2 bags each containing 2 L of Normal saline and stored and transported in an 

ice box. Normal saline was used, as this experiment was designed to test the 

components and technical aspects of the EVLP circuit. Additionally, it helped me 

rehearse the EVLP protocol. 
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Chapter 2 Pilot experiments 

Picture 2.1 Example of a heart-lung block obtained at the local abattoir. After 

dissection of the pulmonary artery and excision of the heart, the left atrial cuff was 

preserved. The lungs were stored and transported on ice to Papworth Hospital. 

After arriving at the CTBI perfusion lab at Papworth Hospital, I have 

proceeded to dissect the PA from the aorta and cannulated it with the standard 

Xvivoperfusion cannula. Mr. Sukumaran Nair (Consultant Cardiothoracic 

Surgeon) guided the surgical aspect of the procedure, whilst the EVLP circuit set

up and priming . by Simon Col ah (CPS senior perfusionist). The trachea was 

intubated with an 8.0 standard ET tube and the cuff was inflated with 10 ml of air. 

The heart was excised and the left atrial cuff was left open. The lung dissection 

and cannulation took 50 minutes. The EVLP circuit (Picture 2.1) was primed with 

2 litres of Normal saline and de-aired for 10 minutes. The lungs were connected 

to the inflow cannula and placed in the dome. Perfusion was started at 0.25L/min, 

while the lungs were and slowly re-warming with a target temperature of 32°C. At 

10 minutes, copious amounts of pulmonary oedema fluid were noted and this 

prompted the termination of the experiment. 
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Picture 2.1 Example of a heart-lung block obtained at the local abattoir. After 

dissection of the pulmonary artery and excision of the heart, the left atrial cuff was 

preserved. The lungs were stored and transported on ice to Papworth Hospital. 

After arriving at the CTBI perfusion lab at Papworth Hospital, I have 

proceeded to dissect the PA from the aorta and cannulated it with the standard 

Xvivoperfusion cannula . Mr. Sukumaran Nair (Consultant Cardiothoracic 

Surgeon) guided the surgical aspect of the procedure, whilst the EVLP circuit set

up and priming ~y Simon Colah (CPS senior perfusionist). The trachea was 

intubated with an 8.0 standard ET tube and the cuff was inflated with 10 ml of air. 

The heart was excised and the left atrial cuff was left open. The lung dissection 

and cannulation took 50 minutes. The EVLP circuit (Picture 2.1) was primed with 

2 litres of Normal saline and de-aired for 10 minutes. The lungs were connected 

to the inflow cannula and placed in the dome. Perfusion was started at 0.25L/min, 

while the lungs were and slowly re-warming with a target temperature of 32°C. At 

10 minutes, copious amounts of pulmonary oedema fl uid were noted and th is 

prompted the termination of the experiment. 
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In conclusion, preservation and perfusion with normal saline was 

detrimental to functional and structural dynamics of the lungs, rendering them 

unusable. In order to make the surgical procedure swifter, more help for the 

cannulation and connection to the rig was needed. This would have been 

beneficial to minimize the total ischaemic time of the lung. A question was raised 

if the lungs should be canriulated immediately and the rest of the dissection 

should be performed while the lungs are perfused. The circuit worked without any 

leaks or air emboli. 

I have decided that Perfadex should be used as the preservation solution 

for the subsequent experiments similarly to clinical programmes, despite the 

costs incurred. I have decided to use the Toronto perfusion protocol entirely at 

this point, which involved the cannulation of the left atrial cuff and connecting it to 

the EVLP circuit. 

2.2 Experiment 2 

Two heart-lung blocks were procured in the same manner as Experiment 

1 from the abattoir in Royston. The pigs weighed 72 and 75 kg respectively. One 

of them was flushed antegradely through the PA with 2 L of Perfadex® solution, 

and the second one with 2 L of Normal saline solution. One of the lungs was 

flushed with normal saline in order to rehearse the preservation protocol, 

following which it was discarded. 

Lung airway recruitment was performed by inflating the lungs with a 

standard Ambu-bag, followed by clamping the trachea with a bronchial clamp. 

The total warm ischaemic time (WIT) for lung 1 was 23 minutes for the lung 

flushed with Perfadex. The lungs were placed and transported on ice. Dr. 

Aravinder Page assisted me for the surgical aspect once arrived at Papworth 

hospital. The EVLP rig was primed with 2 L of STEEN solution within 10 minutes. 

The lung flushed with Perfadex was placed inside the dome and the PA 

cannulated with the Xvivoperfusion cannula. A biopsy from the right accessory 

lobe was taken by using the Ethicon linear stapler. The perfusion was started at 

150 ml/min with a target temperature of 32°C. The heart was carefully excised. 

After tailoring of the Xvivoperfusion venous cannula to match the size of the atrial 

cuff, the anastomosis with the left atrium was performed by using a 4.0 Prolene 

continuous suture. The pressure line was secured with a 4.0 Prolene suture and 
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the trachea intubated with an 8.0 ET tube. The lungs were weighed at the 

beginning of the experiment and then every hour. The flow was increased to 250 

ml after 5 minutes due to the slow warming rate. The PAP was <15 mmHg and 

LAP was 0-5 mmHg. When the lung reached 32°C, ventilation was commenced 

at TV of 0.5 ml/kg, Fi02 of 21 %, RR 7 b/min and PEEP of 5 cmH20. 

Normothaermia and full flow of 50 ml/kg/min was reached at 1 hour and 10 

minutes. Blood gases were stable at each hour, with p02>35 kPa. The initial 

acidosis was corrected with THAM 36.5%, 1 ml/minus unit base excess. 

Assessment of the physiological parameters was carried out every hour. De

oxygenation of the perfusate was achieved through disconnection of the oxygen 

supply from the membrane gas exchanger and connecting the special gas 

mixture (7% C02, balance nitrogen). The Fi02 was increased to 100% and after 

10 minutes a blood gas was performed as part of the assessment. 
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Lung temperature (oC) 15 20 25 30 32 33 34 35 36 37 37 37 37 Time 0 I 10 30 40 50 60 70 80 Perfusate flow (Umin) I 0.25 - 0.5 .;. 0.75 I 1 I 2 2.5 -
% of50% CO 10% I - 20% - 30% 40% 80% 100% - - -. 

mPAP (mmHg) - I ~ <20 mmHg I - -LAP(mmHg) - - 3 -5 mmHg -- -
Fi02 (L} - - 0.21 L -

- - -TV (ml/kg) - . 
7 ml/kg -- - -RR (b/min) No ventilation - . 
7 b/min .. 

PEEP - ~ 5 -. 
Soecial gas flow Titrated to maintain pC02 34-38 mmHg 

Table 2.1 Diagram detailing the EVLP protocol settings used during validation of the experiments. The flow rate was 
increased with the increase in temperature achieved in the lungs, while maintaining the PA pressure less than 20mmHg. 
Ventilation was initiated at 32°C. 

-
-
--
-. . 
. 

(") 
::J"" 
Q) 
0 
co 
"""' "' 1) 

a= ..... 
CD 

~ 
CD 

1 
CD 
:::s 
en" 



Chapter 2 Pilot experiments 

The perfusion and ventilation was continued for 6.5 hours. The decision to 

stop the experiment was made due to the PAP being more than 25 mmHg and 

the onset of pulmonary oedema. I have measured the EVLWI by using the PICCO 

plus (Pulsion medical, UK). Ten ml of normal saline was injected in the pulmonary 

artery and the single thermodilution curve .was obtained. I have found it difficult 

to obtain significant EVLWI data and I was concerned that the normal saline 

injections could contribute to the pulmonary oedema. Guidance and 

troubleshooting was sought from the Pulsion medical representative in regards 

to obtaining EVLWI measurements, however even with their input, I was unable 

to obtain meaningful data. 

Picture 2.2 Example of the closed EVLP circuit and cannulation. This was 

achieved by cannulating the PA and suturing the ex-vivo venous cannula to the 

left atrium. The temperature probe was inserted in the left atrial cuff. 



Chapter 2 Pilot experiments 

Picture 2.3 Example of a macroscopically suitable quality lung subjected to EVLP 

for 6.5 hours. 

At the end of this experiment, I have concluded that I should use Perfadex 

and STEEN solution for flushing and as perfusate respectively. The time to 

achieve the target flow and normothaermia was high when compared to the 

literature. 

2.3 Experiment 3. 

The experimental design was similar to the previous experiment. I have 

encountered more difficulty in obtaining good quality heart-lung blocks, as a very 

high proportion of lungs had bronchopneumonic consolidation or lacerations due 

to instrumentation. After discussions with the veterinary surgeon, he confirmed 

that this was normal in the abattoir porcine supply. A satisfactory pair of lungs 

was collected and flushed with 2 L of Perfadex. Lung preparation and priming of 

the EVLP circuit were carried out as in experiment 2. The lungs were weighed at 

the beginning of the experiment and then every hour as described in Chapter 

3.1.6. Despite following the protocol, it was very quickly obvious that I had 

difficulties in rewarming the lungs. Henceforth I was unable to increase perfusion 

flow and start ventilation. Topical warm bags of saline were used in an attempt to 

rewarm the lungs. The experiment was aborted after 3 hours due to the inability 
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to warm up the lung to target temperatures and obvious deterioration due to warm 

ischaemia. 

After discussing the results, one of the solutions was to wrap the lungs in 

cellophane to avoid temperature loss. Additionally I have double-checked that the 

heater cooler was functioning at optimum parameters. 

Picture 2.4 Using the closed EVLP technique. Long ischaemic times and high 

PVR proved difficult in rewarming the lungs to 37°C within the first 30-40 minutes 

of perfusion. 
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2.4 Experiment 4. 

Procurement of the lungs was performed as previously described. The 

WIT was 13 minutes due to familiarity with the technique. Perfusion was started 

at 150 ml/min with a set re-warming temperature of 30°C. The pH and p02 were 

not displayed accurately on the blood gas analyser despite repeated calibrations. 

Despite topical re-warming aids being placed on the lung, once ventilation was 

commenced, high airway pressures and low compliance was evident. The 

experiment was aborted after 3 hours due to pulmonary oedema. Despite several 

attempts of measuring EVLWI, the PICCO was unreliable in providing consistent 

measurements with the macroscopic appearance of the lungs. The leukocyte 

filter was disassembled and the membrane separated and flushed with the help 

of Olivera Gjorgjimajkoska. The cells obtained were analysed by FAGS in 

duplicates and the porcine antibodies available were tested. 

In this experiment, the lungs were under perfused if the perfusion flow is 

started at 150 ml/min, so I have decided to start the perfusion flow at 250 ml/min, 

while keeping the PAP<20 mmHg. The increase of flow would be both 

temperature and PAP controlled. Re-checking the heater-cooler, I have found 

that it was low on water, thus possibly functioning at lower efficiency. The blood 

gas analyser was re-serviced and all membranes exchanged. After the initial pilot 

experiments, in an effort to reduce ischaemic times, I chose to leave the left 

atrium open and not spend time on the venous cuff anastomosis. I have 

abandoned weighing the lungs due to the inconsistencies related to the dynamic 

changes of the perfusate flow rate and ventilation. This allowed me to focus more 

on designing the experiments, following the protocol and the efficiency of the 

reconditioning of the lungs. 

Due to the overall poor quality of the lungs and concerns over the damage 

to the lungs in the abattoir process, I have decided to use Huntingdon Life 

Sciences (HLS) to source the pig lungs. 
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Picture 2.5 The open left atrium technique was adopted. The re-warming and 

EVLP protocol were carried out in a controlled and repeatable fashion. 

2.5 Experiment 5. 

After electrical stunning and exsanguination, the pig was placed in a 

supine position or:, the operating table. A median sternotomy was performed, 

followed by the dissection of the anterior cervical region, allowing isolation and 

clamping of the trachea. The heart was excised and the lungs were isolated. 

Dissection of the posterior aspect of the lungs and trachea was performed, while 

separating them from the oesophagus and descending aorta. The lungs were 

placed in an organ bag, while 2 L of Perfadex was flushed antegradely in the PA 

and 250 ml of Perfadex retrograde in each pulmonary vein. The warm ischaemic 

time was 34 minutes. Additionally to the previous experiments the air was 
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removed carefully, the organ bag was sealed and the lungs were transported on 
ice. 

The pulmonary artery was found short due to vasoconstriction, so I 
extended the PA by anastomosing 4 cm of porcine descending aorta. The lungs 
were connected to the EVLP circuit, while the LA was left open, and perfusion 
was started at 250 ml/min. Normothaermia, full flow and target ventilation was 
achieved in 45 minutes. The perfusate was deoxygenated once ventilation 
commenced, which was confirmed through the presence of the end tidal C02 
trace. The EVLP was continued for 4 hours, with bronchoscopy and recruitment 
manoeuvres performed every hour. Perfusate samples were collected every hour 
and BAL samples after 1 hour and at the end of the procedure. Biopsy samples 
from the right accessory lobe were obtained and wet:dry ratios measured through 
weighing before and after the samples being placed in an oven at 65°C for 48 
hours. 

At the end of the procedure the lung had a preserved function and the LG-
6 leukocyte filter was processed as described previously. 

Following this experiment, I have concluded that the porcine lungs 
obtained from HLS were of good quality, without any pathological changes. I have 
decided to continue using this source for lungs in the future experiments. There 
were a number of technical challenges in this experiment, including the short PA, 
which were refined and allowed the successful planning of the following 
experiments. 
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Picture 2.6 Lungs were retrieved from Huntingdon Life Sciences with satisfactory 

macroscopic appearance. The lungs showed acceptable compliance and were 

more stable during EVLP. 
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2.6 Experiment 6. 

I have retrieved a set of lungs in the standard fashion from HLS with a 

satisfactory macroscopic inspection and compliance. EVLP was performed for 4 

hours using STEEN solution. No problems were encountered and the lungs were 

deemed very stable from a functional point of view. The decision was made that 

4 hours was sufficient for a complete assessment of the lungs, similar with current 

clin ical programmes. With this experiment, the pilot experiments were concluded 

and I was satisfied that this EVLP model was tested successfully. 

2. 7 Pilot experiments comparison 

When comparing the PVR between the HLS and abattoir retrieved lungs, 

improving trends were noted in the physiological parameters of the HLS lungs. 

(Figure 2.1) This finding was reassuring, while other parameters, as oxygenation 

expressed by p02/Fi02 ratios were stable during the 8 hours of EVLP in this 

group. The overall oxygenation remained above 50 kPa, which would be 

acceptable for clinical. As STEEN solution was used as perfusate, there was no 

haemoglobin in the circuit, so the oxygenation reliability could have been 

influenced by this. (Figure 2.2) 

The pulmonary airway compliance was similar between the two groups, 

with a slight decrease in compliance from 50±14 to 38±18 ml/cmH20 during the 

first 4 hours in the abattoir lungs. There was a higher degree of variation in in the 

compliance of this group. (Figure 2.3) The lactate levels increased with time in a 

linear fashion. (Figure 2.4) 
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PVR - P.ilot data 
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Figure 2.1 This figure compares the PVR trends between lungs procured from 
HLS and lungs retrieved from local abattoirs. More stable trends were measured 
in the HLS procured lungs during 8 hours of EVLP. 
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p02'Fi02 -Pilot data 
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Figure 2.2 Oxygenation trends in the lungs procured from HLS (n=2). After 1 hour 

of EVLP . a decrease in oxygenation was observed, with a more acute 

deterioration after 3 hours. Overall the p02/Fi02 was greater than 40 kPa 

th roughout the experiments. 
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Compliance - Pilot data 
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Figure 2.3 Comparison of the pulmonary airway compliance between lungs 
obtained from local abattoirs and HLS. Rising trends were found after 4 hours in 
the lungs obtained from HLS, while in the abattoir group the trend was decreasing 
during the first 4 hours of EVLP. 
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Lactate excretion - Pilot data 
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Figure 2.4 Delta Lactate levels comparison between the abattoir and HLS 

procured lungs. The blood gas perfusate samples were obtained from the left 

atrium effluent. A linear increase with time was observed in the lungs subjected 

to prolonged EVLP. 
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2.8 Microbiological assessment 

Five of the pilot experiments (experiments 2 to 6) underwent 

microbiological assessment of the perfusate and BAL samples. An additional BAL 

sample was obtained at 2 hours of EVLP, totalling 3 BAL samples for the 

microbiological assessment. I chose to determine if the microbiological load was 

a cofounding factor to the experimental outcomes in the context of clean surgical 

experiments. Meropenem 1g iv was used in the priming solution of the EVLP 

circuit for all the experiments. The perfusate samples showed no growth on direct 

culture in four of the experiments, while 11 colonies of Streptococcus Viridans 

were identified in the baseline perfusate sample in experiment 4. (Table 2.1) 

The perfusate samples were incubated in aerobic and anaerobic culture 

media bottles for 5 days. In 4 out of 5 experiments, bacterial growth was 

demonstrated in the baseline samples, which resolved in the 3 of the 

experiments. Gram negative bacilli were identified in experiment 1, while in the 

subsequent experiments Streptococcus Viridans was identified at various time 

points. In experiment 4, this growth was persistent at 2, 3 and 4 hours of EVLP, 

which was similar with the Streptococcus Viridans identified in the direct cultures 

of this case. In experiment 2, bacterial growth was present at 3 hours, interpreted 

as contamination of the sample. (Table 2.2) 

Bacterial growth suggestive for mixed upper respiratory flora was present 

in the BAL of all the selected experiments. The bacterial count decreased during 

the procedure in the first four, while it maintained stable when comparing the 

BAL 1 and BAL3 in experiment 5. In experiment 1, the bacterial count increased 

transiently between BAL 1 and BAL2, which could have been due to a possible 

sample contamination (Table 2.3) 
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P3 P4 Identified 

colonies 

riment 1 No growth No growth No growth No growth No growth None 

riment 2 No growth No growth No growth No growth No sample None 

riment 3 No growth No growth No growth No sample None 

riment 4 11 Colonies No growth No growth No growth No growth Strep. Viridans 

riment 5 No growth No growth No growth No growth No growth None 

Table 2.1 Direct cu lture of the perfusate samples in 5 experiments on blood agar 

plates. The culture showed Streptococcus Viridans growth in the baseline sample of 

one of the experiments. 
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PO P1 P2 P3 P4 

Positive No growth No growth No growth No growth 

erlment 2 No growth No growth No growth Positive No growth 

eriment 3 Positive No growth No growth No growth No growth 

Positive No growth Positive Positive Positive 

Positive No growth No growth No growth No growth 

Identified 

colonies 

Gram 

negative 

bacilli 

Strep. 

Viridans 

Strep. 

Viridans 

Strep. 

Viridans 

Strep. 

Viridans 

Table 2.2 Results of . bacterial growth after 5 days of incubation in aerobic and 

anaerobic culture bottles for the perfusate samples in 5 experiments. The cultures 

showed growth in 4 out of 5 experiments in the baseline samples, which resolved in 

3 of them. 
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iment 1 

iment 2 

iment 4 

·ment5 

BAL1 

(Bacterial 

count/ml) 

7.6x104 

14x104 

24 x104 

36x104 

93x104 

BAL2 

(Bacterial 

count/ml) 

12x104 

5.9x104 

60x104 

17x104 

60x104 
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BAL3 

(Bacterial 

count/ml) 

5.8x104 

4.2x104 

15x104 

5x104 

87x104 

Identified 

colonies 

Mixed upper 

respiratory flora 

Mixed upper 

respiratory flora 

Mixed upper 

respiratory flora 

Mixed upper 

respiratory flora 

Mixed upper 

respiratory flora 

Table 2.3 Bacterial growth in the BAL during EVLP, quantified ·through bacterial 

counts and identified colonies, showed mixed upper respiratory flora in all 

experiments. A decrease of counts was shown in the first four experiments, while the 

bacterial counts remained stable in fifth . 
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2.9 Discussion 

In summary, procuring porcine lungs after electrical stunning and 

exsanguination from the local abattoir and Huntingdon Life Sciences has allowed 

the validation of the porcine DCD model. I was unable to get organs in satisfactory 

condition from the abattoir. For this reason I switched to the HLS as supplier of 

porcine lungs. 

The open left atrial protocol was adopted, with the use of lung protective 

ventilation and maximal target perfusion of 50% of the cardiac output. As the 

cannulation and experimental steps were practiced, I have quickly realised that 

by leaving the left atrium open, it would allow a shorter total ischaemic time. I 

have used Perfadex TM as preservation fluid and STEEN™ solution to validate this 

pilot, as these solutions are accepted as the standard of care in clinical practice. 

The microbial load in the perfusate and BAL was one of the methods I 

have used to quantify the quality of the lungs and the effects of EVLP. In the 

perfusate samples, only one experiment had Streptococcus Viridans growth in 

the culture bottles in the majority of the time points, tailoring with the direct 

cultures. In the majority of the experiments, the perfusate sterilised during the 

procedure following the use of Meropenem. In the BAL all the cultures showed 

mixed upper respiratory flora, which was considered normal after discussion with 

the Microbiology Consultant (Dr. Foweraker) and the Veterinary surgeon. In 4 out 

of 5 experiments the bacterial load of the BAL decreased during the procedure, 

possibly as an effect of the presence of Meropenem in the perfusate and washout 

effect during EVLP. I have showed that the microbial load in these lungs was not 

significant as the Streptococcus Viridans identified in the perfusate is considered 

to have low pathogenicity and is a commensal inhabitant of the oropharyngeal 

cavity, or potentially a result of contamination.(115) Overall, the microbiology 

assessment assured me of the good quality of these lungs, showing no 

indications of previous bronchopneumonia . This correlated with the clinical status 

of the animals prior culling. 

As a proof of principle one of these lungs was subjected to a prolonged 

EVLP period of 8 hours, during which the trends of the physiological parameters 

remained stable. Despite higher costs incurred with the procurement of lungs 

from HLS, this provider was chosen due to the consistency of the good quality 
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lungs and short distance from the Perfusion Laboratory in Papworth Hospital (less 

than 30 minutes), which impacts on the total ischaemic time. 
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than 30 minutes), which impacts on the total ischaemic time. 
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3 Materials and methods 

3.1 General materials 

3.1.1 Ex vivo lung perfusion circuit 

The ex-vivo lung perfusion circuit was assembled using the following 

components: Organ chamber dome (19020, Xvivoperfusion, Sweden), standard 

lung cannula set (19022, Xvivoperfusion, Sweden), Quadrox-i oxygenator 

(VKM0-30000, Maquet, UK), VHK reservoir (VHK-31000, Maquet, UK), 

leukocyte filter LG6 (LG6, Pall Medical, UK), heater-cooler unit (Jostra, UK), roller 

pump (CBP1994, Cardiovascular INC., Colorado, USA), standard ITU ventilator 

(SN CBBB00184, Datex Ohmeda, UK), 3/8 inch silicone tubing (Maquet, UK) and 

plastic tubing connectors (Maquet, UK). 

A pressure line was used for monitoring the left atrial cuff pressure and a 

temperature probe to monitor the left atrial cuff temperature (ES400-12, Smiths 

Medical, UK). The temperature and pressure readings have been digitalized on 

a Datex Ohmeda monitor (M1120742, GE Healthcare UK). The organ chamber 

containing the lung was the XVIVO Organ Chamber (19020, Xvivoperfusion, 

Sweden). 

For circulating the perfusate I have used one of the roller pump heads, part 

of the Cobe Century cardiopulmonary bypass pump (CBP1994, Cardiovascular 

INC., Colorado, USA). A standard ITU ventilator was used as part the ex-vivo 

lung perfusion circuit (SN CBBB00184, Datex Ohmeda, UK). (Picture 3.1) 
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Picture 3.1 The components and schematic diagram of the EVLP circuit. 

3.1.2 Priming of the circuit 

The circuit was primed by adding 2.0 L of perfusate solution to the circuit. 

Clamping the inflow and outflow to the dome while leaving the shunt open formed 

the closed circuit. The roller-pump (a) circulated the perfusate solution through 

the membrane gas exchanger (b) and leukocyte-depletion filter (c) before 

entering the dome (g). Meticulous de-airing was carried out at this level. The 

heater/cooler (d) and gas tank containing carbon dioxide (7%) and Nitrogen 

balance (e) were connected to the membrane gas exchanger. The temperature 

and pressure readings transduced from temperature probes and pressure lines 

have been recorded through a Datex Ohmeda monitor (M1120742, GE 

Healthcare UK) (f). The standard ventilator (h) was used to deliver a lung 

protective ventilation strategy. The hard-shell reservoir (i) perfusate levels were 
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monitored visually throughout the procedure. Bubble and fluid level detectors 

prevented air emboli or fluid depletion during the procedure. 

3.1.3 Bronchoscope 

Bronchoscopy was performed at the beginning and at the end of ventilation 

using an Olympus bronchoscope (BF 1T20, UK). The trachea was intubated 

using a Portex endo-tracheal tube ( 100/199/080, Smiths, UK). The 

bronchoscope, was inserted through the bronchoscopy port attached to the endo

tracheal tube, and was used to visualize the airways and collect a bronco-alveolar 

lavage. This was collected in mucus trap pots (MST-4000, Pennine Healthcare, 

UK). 

Suctioning during bronchoscopy was performed using a Laerdal Suction 

Unit (Laerdal Medical, Norway). The unit was connected to the bronchoscope 

through Link tubing (SL 8056, Pennine Healthcare, UK) and contained a suction 

bag (L212A52, Receptal, UK). 

3.1.4 Blood gas analyser 

The blood gas analyser used was an ABL800 basic (Radiometer, 

Denmark). Perfusate samples were obtained from the left atrial cuff using 2 ml at 

the beginning of the perfusion, 30 minutes, 1 hour, 2, 3 and 4 hours of perfusion 

time. The membranes used in the blood gas analyser were p02 (942-

064,Radiometer, Denmark), pC02 (942-063, Radiometer, Denmark), Ref (942-

058, Radiometer, Denmark), c1- (942-061, Radiometer, Denmark), Ca2+ (942-

060, Radiometer, Denmark), K+ (942-059, Radiometer, Denmark), Glucose (942-

065, Radiometer, Denmark), Lactate (942-066, Radiometer, Denmark). The 

blood gas analyser was calibrated prior each experiment using Rinse Solution 

(944-13, Radiometer, Denmark), Calibration solution 1 (944-128, Radiometer, 

Denmark), Calibration solution 2 (944-129) and Cleaning solution (944-126, 

Radiometer, Denmark). 
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3.1.5 .Linear biopsy cutter 

Biopsies were obtained from the right middle accessory lobe at the 
beginning and at the end of the experiments using a linear stapler device 
(NTLC75, Ethicon Endo-Surgery, UK). The samples were placed on sterile swabs 
humidified with normal saline solution in 30 ml universal pots (Sterillin 30ml, 
Thermo-Fisher, UK) until the end of the EVLP procedure. 

3.1.6 Weighing scales 

The lungs were weighed during ex-vivo lung perfusion by placing a 
calibrated weighing scale under the EVLP dome (IKT 12k0.2 scale, Kern, UK). 
Given the smaller weight of the biopsy material, a smaller scale was used to 
weigh these specimens (Sartorius BP110, Sartorius UK). 

3.1. 7 Head camera 

All images were acquired using a GoPro 3 HD wide-angle Black edition 
camera (GoPro, USA). The images and videos were processed using the iPhoto 
software (Apple Inc., USA). 

3.2 Porcine circulatory arrest and organ retrieval 

3.2.1 Abattoir procured lungs 

Porcine lungs from 70-80kg animals were procured and used for the first 
3 pilot experiments. The pigs were euthanized using a combination of electric 
stunning and exsanguination. Authorized butchers excised the heart-lung block. 
After visual inspection, if the block was suitable, it was placed on ice. Further 
dissection of the heart and fashioning of the pulmonary artery was carried out. 
The left atrial cuff was dissected and left open. The trachea was intubated with 
an 8.0 mm (internal diameter) Portex tracheal tube (100/199/080, Smiths, UK). 
Recruitment manoeuvres to inflate the lungs and reduce atelectasis were 
performed (Ambu-bag, Transmedics, USA) with a maximum pressure of 
20mmHg, while the pulmonary artery was cannulated (MC2X Three stage venous 
cannula, Medtronic, UK). Bmmols of THAM 36.34% (Bayer, Germany) were 
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injected in a 2.8 L Perfadex bag (Xvivoperfusion, Sweden). 2 L of Normal Saline 

(Baxter, UK) were used to flush the lungs in the first pilot experiment. 2 L of 15°C 

Perfadex solution (Xvivoperfusion, Sweden) was flushed through the pulmonary 

artery and 200 ml of 15°C Perfadex solution was flushed through each pulmonary 

vein in the left atrial cuff totalling 2.8 L (average 56 ml/kg) in the second and third 

procured lung. The trachea was clamped to keep the lung semi-inflated. The 

excised lungs were placed on ice and transported to the CTBI Perfusion Lab at 

Papworth Hospital, with a median transport time of 34 minutes. 

3.2.2 Huntingdon Life Sciences procured lungs 

Porcine lungs were retrieved for the last two pilot and proposed sets of 

experiments from Huntingdon Life Sciences research facility (Huntingdonshire, 

UK). The pigs were euthanized through electric stunning and exsanguination. 

Approximately 1 L of blood was collected and heparinized with 10,000 Units of 

Heparin and filtered through an LG-6 leukocyte filter (Pall Medical, UK). After 

euthanasia a median sternotomy was performed. Dissection of the heart and 

fashioning of the pulmonary artery, left atrial cuff was carried out with care to not 

injure essential structures. After dissection of the two lungs, the organs were 

explanted and intubation of the trachea using an 8.0 mm (internal diameter) 

Portex tracheal tube (100/199/080, Smiths, UK) was performed. Recruitment 

manoeuvers to inflate the lungs and reduce atelectasis were performed (Ambu

bag, Transmedics, USA) without exceeding a pressure of 20 mmHg, while the 

pulmonary artery was cannulated using a cannula (MC2X Three stage venous 

cannula, Medtronic, UK). 8 mmol of THAM 36.34% (Bayer, Germany) were 

injected in a 2.8 L Perfadex bag (Xvivoperfusion, Sweden). 2 L of 15°C Perfadex 

solution (Xvivoperfusion, Sweden) was flushed through the pulmonary artery and 

200ml of 15°C Perfadex solution was flushed through each pulmonary vein in the 

left atrial cuff totalling 2.8 L (average 56 ml/kg). The total warm ischaemic times 

(WIT) was on average 30 minutes. After successful recruitment and flush, the 

trachea was clamped to keep the lung semi-inflated. The excised lungs were 

placed in bags filled with the Perfadex® used for the flush , and stored on ice 

during transportation. The cold ischaemic time (CIT) was calculated from the time 
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the lungs were placed on ice until they were connected to the EVLP circuit. The 

median CIT was 90 minutes. 

3.3 Perfusion protocol 

The ex-vivo lung perfusion circuit was primed by using 2 L of solution. In 
the validation-control group of experiments the standard of care Steen solution 
was used (Xvivoperfusion, Sweden). After completing the perfusion solutions 
comparison experiments and showing equivalence between solutions, I have 
used Papworth-Blood solution as the standard perfusate for subsequent 

experiments. 

The priming and de-airing of the circuit was initiated at 15°C by setting the 
roller pump at a flow rate of 2 Umin. De-airing was carefully checked at the level 
of the leukocyte filter, oxygenator and inflow in the EVLP dome. The shunt was 
clamped after de-airing was completed. Blood gases were performed at the end 
of the priming and the acid-base balance was corrected to a physiological pH 
(7.35-7.45) by injecting THAM 36.34% (Bayer, Germany) in the perfusion 
solution. 

After cannulation of the main pulmonary artery using the silicone 3/8 
arterial cannula (Xvivoperfusion, Sweden), the left atrial cuff pressure line and 
temperature probe were secured in place with interrupted Prolene 4.0 sutures. 
Prior to initiating perfusion, the roller pump was calibrated. The shunt was 
clamped and the inflow and outflow to the dome were opened. Cardiac output 
was calculated at 100 ml/kg for this porcine model (50+/-2kg). Perfusion was 
started at a flow rate of 250 ml/min (5% of CO) and gradually increased whilst the 
perfusate was rewarmed. Flow was increased to 500 ml/min (approximately 10% 
of CO) at 32°C, followed by an increase of 200 ml every 3-5 minutes up to the 
final target flow of 2.5 Umin (50% of CO) at 37°C. The pulmonary artery pressure 
was maintained <20 mmHg throughout the whole perfusion period. The 
rewarming of the lungs to 32 °C was achieved on average in 38 ± 7 minutes, and 
to 37 °C in 54 ± 16 minutes. 
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Picture 3.2 Priming and de-airing of the EVLP circuit with the Papworth-Blood 
solution. 

Picture 3.3 Cannulation of the pulmonary artery with the standard Xvivoperfusion 
cannula. The cannula was secured in place using a size O Mersilk tie. 
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Picture 3.4 Connecting the PA cannula to the inflow tubing. Careful de-airing was 

performed whilst the flow was reduced to 250ml/hour to avoid injury to the 

pulmonary vasculature. 

Picture 3.5 The left atrial pressure line and temperature probe were secured in 

the left atrial cuff with a 4.0 Prolene suture, taking care to not obstruct or limit the 

outflow. 
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Picture 3.6 A biopsy was taken from the accessory lobe by using the ETH ICON 

stapler gun. 

Picture 3.7 The ET tube was inserted while keeping the lungs inflated by the 

placement of the bronchial clamp previously. The cuff was inflated with 10 ml of 

Air and the tube secured in place with a size O Mersilk suture. 
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Picture 3.8 The EVLP was initiated and dome closed to maintain temperature 

homeostasis. 

The perfusion flow rate was initiated at 250ml/min and increased gradually 

to a calculated 50% of porcine cardiac output (2.5L) at 37°C. The perfusate is 

being drained from the left atrial cuff into the organ chamber (Xvivoperfusion, 

Sweden) and collected through the outflow tubing system. 

3.4 Ventilation protocol 

After intubating the trachea with a size 8 endo-tracheal tube (100/199/080, 

Smiths, UK), the lungs were connected to a ventilator (SN CBBB00184, Datex 

Ohmeda, GE Healthcare UK). The trachea was clamped until the temperature of 

the lungs reached 32°C. At 32°C, ventilation was started using tidal volumes of 

6-8ml/kg, PEEP 5, Fi02 21 %, respiratory rate of 7 breaths/minute. Pulmonary 

compliance was measured using the Datex Ohmeda monitor (M1120742, GE 

Healthcare, UK). Pulmonary recruitment was performed at two and four hours of 

perfusion using Fi02 of 100%, 6-8 ml/kg, PEEP 5 and respiratory rates set to 7 

breaths per minute. The pulmonary airway pressure didn't exceed 20 cmH20 

during the recruitment manoeuvres. 
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3.5 Measuring Physiological parameters 

The conventional measured physiological parameters were: pulmonary 

vascular resistance (PVR), pulmonary airway compliance and oxygenation. The 

PVR was calculated using the formula: 

(PAP - LAP) 
PVR = CO x80 * 80 

Equation 3.1 Pulmonary vascular resistance equation. PVR=pulmonary vascular 

resistance, PAP=pulmonary artery pressure, LAP=left atrial pressure, CO 

=cardiac output. 

The pressures were measured by placing pressure lines connected to the 

PA cannula and in the outflow of the left atrium. The flow rate of the roller pump 

reflected the cardiac output delivered to porcine lungs in vivo. The airway 

compliance was measured directly by the gas line connecting the ET tube to the 

spirometer module part of the Datex-Ohmeda monitor (M1120742, GE 

Healthcare, UK). Oxygenation was quantified by measuring Pa02 on the LA 

effluent, whilst ventilating on 21 % Fi02. 

The metabolic function of the lungs was quantified by measuring lactate 

excretion levels through the following formula: 

LlLactate = Lactatex-Lactateo 

Equation 3.2 Delta Lactate equation. X represents the blood gas measured 

lactate every hour and O is the baseline lactate measured in the blood gas during 

the priming of the circuit phase. 
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3.6 Wet:dry ratio measurement 
Wet:dry ratios were measured by weighing (BP101, Sartorius, UK) the wet 

weight of the lung biopsies obtained at the beginning and at the end of ventilation 
from the right mid-accessory lobe. After the initial weighing, the biopsies were 
incubated at 65°C for 48 hours (Oven Heratherm, Thermo Fisher Scientific). 
Following this, the biopsies were weighed for the dry weight. The wet:dry ratio 
was calculated by dividing the dry weight with the wet weight. 

3. 7 Microbiological assessment of porcine lungs 
Microbiological assessment of the porcine lungs subjected to EVLP was 

carried out at the Microbiology research laboratory at Papworth Hospital. 
During the porcine ex-vivo lung perfusion experiments, 10 mls of perfusate 

samples were collected from the left atrium outflow at 0, 1, 2, 3 and 4 hours in 
Universal containers (309201 FL, Medline, France). The containers were stored 
on ice until transferred to the Microbiology department. 

Each sample was centrifuged at 2300xg for 10 minutes using a (Hermie 
2320, Labcare, UK) centrifuge. After decanting the supernatant, 100µ1 of the 
deposit was inoculated on blood agar (BA) plates. The plates were incubated at 
37°C in 5% C02. Growth readings detailing the colony types and quantity were 
recorded at 1, 2 and 5 days. For each sample and reading time point, colonies 
were counted and a total bacterial count was calculated. Colony forming units 
(CFU) were subsequently cultured for 5 more days to identify individual bacterial 
species. 

Ten millilitres of the perfusate samples were collected at 0, 1, 2, 3 and 4 
hours of perfusion from the left atrium outflow using 10 ml syringes (SS-1 OES, 
Terumo, Belgium) and a non-touch sterile technique. Each sample was 
transferred in an aerobic media blood culture bottle (BacT/ALERT FA Plus, 
410851 , Biomerieux, UK). The culture bottles were incubated at 37°C and 
bacterial growth was recorded at 1, 2 and 5 days. Bacterial growth was confirmed 
by colour change in the base of the bottle and this was correlated to plate growth. 
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Picture 3.9 Blood-agar and saburaud plates used to identify and quantify direct 

bacterial growth in perfusate and BAL. 

Broncho-alyeolar lavages (BAL) were collected before starting ventilation, 

at 2 and 4 hours of perfusion by using a fiberoptic bronchoscope. Twenty ml of 

normal saline was injected through the working port of the bronchoscope in the 

right caudal lobe bronchus and 20 ml of BAL sample was aspirated (Laerdal 

Suction Unit, UK) into mucus trap pots (MST-4000, Pennine Healthcare, UK) and 

stored at room temperature. Five millilitres of BAL were decanted for 

microbiological processing. The samples were transferred to the Microbiology 

laboratory with in 2 hours from collection. 

60 

II 

ill 



Chapter 3 Materials and methods 

Picture 3.10 Bronchoscopy was performed to assess airway inflammation and 

secretions. BAL was taken prior commencing ventilation and at the end of EVLP. 

Each sample was centrifuged at 2300xg for 10 minutes using a (Hermie 

2320, Labcare, UK) centrifuge. After decanting the supernatant, 100 µI of BAL 

have been inoculated on Blood Agar (BA), Chocolate Agar (CA) and Fast 

Anaerobic Agar (FAA) plates. Neat, 1/10 and 1/100 diluted samples were used 

to inoculate each plate, to facilitate the CFU count. The FAA plates were placed 

in sealed anaerobic jars and incubated at 37°C up to 5 days. Fungal growth was 

determined by inoculating Saburaud agar (SA) plates with each BAL sample. 

Each positive CFU was further cultured for a total of 5 days to allow identification 

of individual bacterial species. Plates were examined for growth at 1, 2 and 5 

days and the total bacterial counts were recorded. 

61 



Chapter 3 Materials and methods 

3.8 Fluorescence-activated cell sorting analysis of Perfusate, 

Broncho-alveolar lavage and Leukocyte filters cells. 

3.8.1 Broncho-alveolar lavage FACS sample processing. 

BAL samples were collected at the beginning of ventilation and at the end 

of the experiment as described in subchapter 2.1.3 and processed within 1 hour 

after collection. The samples were centrifuged at 260xg at 4°C for 5 minutes. The 

supernatant was aliquoted in 1.8 ml NUNC tubes (375418, Thermo-Scientific, 

UK). The cell pellet was re-suspended in 1 ml of supernatant and centrifuged at 

2300xg at 4°C for 5 minutes. The cell pellet was suspended in 15 ml tubes 

(188271, Cellstar, UK) containing 10 ml of Roswell Park Memorial Institute 

(RPMI) medium (21875-034 Gibco, Life Technologies, UK) and 1 ml Heat 

inactivated Fetal Calf Serum (HiFCS). Samples were stored at 4°C until 

processed within 24 hours. 

3.8.2 Leukocyte filters FACS sample processing. 

At the end of each experiment, the leukocyte filters (LG6, Pall Medical, 

UK) were removed from the circuit. The cover of the filter was removed and the 

filter membrane excised using a 14-size scalpel. After separating the leukocyte 

membrane from the protective membranes and plastic components of the filter, 

this was divided in 4 sections. Each membrane section was washed with 50 ml 

of RPMI media (21875-034 Gibco, Life Technologies, UK). The resulting effluent 

solution was collected in 50 ml tubes (210261, Cellstar, UK). These tubes were 

centrifuged at 1 OOOxg for 10 minutes at 4°C. After centrifugation, the supernatant 

was discarded, qnd 10 ml of Red cell lysis buffer (00-4333-57, eBioscience, UK) 

was added. After incubation for 10 minutes at room temperature, the buffer was 

neutralized with 20 ml of PBS solution. The tubes were re-centrifuged at 1 OOOxg 

for 10 minutes at 4°C. After decanting the supernatant, the resulting cell pellet 

was transferred to 1.8ml NUNC tubes and re-suspended in 0.25 ml of Hi-FCS 

and 0.75 ml of RPMI media. The samples were snap frozen using liquid nitrogen 

and stored at -80°C. The cells were cryopreserved until the time of analysis. 
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3.8 Fluorescence-activated cell sorting analysis of Perfusate, 

Broncho-alveolar lavage and Leukocyte filters cells. 

3.8.1 Broncho-alveolar lavage FACS sample processing. 

BAL samples were collected at the beginning of ventilation and at the end 

of the experiment as described in subchapter 2.1.3 and processed within 1 hour 

after collection. The samples were centrifuged at 260xg at 4°C for 5 minutes. The 

supernatant was aliquoted in 1.8 ml NUNC tubes (375418, Thermo-Scientific, 

UK). The cell pellet was re-suspended in 1 ml of supernatant and centrifuged at 

2300xg at 4°C for 5 minutes. The cell pellet was suspended in 15 ml tubes 

(188271, Cellstar, UK) containing 10 ml of Roswell Park Memorial Institute 

(RPMI) medium (21875-034 Gibco, Life Technologies, UK) and 1 ml Heat 

inactivated Fetal Calf Serum (HiFCS). Samples were stored at 4°C until 

processed within 24 hours. 

3.8.2 Leukocyte filters FACS sample processing. 

At the end of each experiment, the leukocyte filters (LG6, Pall Medical, 

UK) were removed from the circuit. The cover of the filter was removed and the 

filter membrane excised using a 14-size scalpel. After separating the leukocyte 

membrane from the protective membranes and plastic components of the filter, 

this was divided in 4 sections. Each membrane section was washed with 50 ml 

of RPMI media (21875-034 Gibco, Life Technologies, UK). The resulting effluent 

solution was collected in 50 ml tubes (210261, Cellstar, UK). These tubes were 

centrifuged at 1000xg for 10 minutes at 4°C. After centrifugation, the supernatant 

was discarded, an<;l 10 ml of Red cell lysis buffer (00-4333-57, eBioscience, UK) 

was added. After incubation for 10 minutes at room temperature, the buffer was 

neutralized with 20 ml of PBS solution. The tubes were re-centrifuged at 1 OOOxg 

for 10 minutes at 4°C. After decanting the supernatant, the resulting cell pellet 

was transferred to 1.8ml NUNC tubes. and re-suspended in 0.25 ml of Hi-FCS 

and 0.75 ml of RPMI media. The samples were snap frozen using liquid nitrogen 

and stored at -80°C. The cells were cryopreserved until the time of analysis. 
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3.8.3 FACS analysis of the leukocyte filter and BAL cells. 

The antibodies used for the FACS analysis were: Mouse monoclonal to 

Monocyte Granulocyte (74-22-15, Abeam, UK), Mouse Anti pig CD11 R3 

(OASA03647, Cambridge Bioscience, UK), Mouse anti-human CD14 R

Phycoerythrin (MHCD1404, Life Technologies, UK), CD4a (4515-08, Biotech, 

UK), CD16 (R-PE) Mouse monoclonal antibody (MA 1-80267, Thermo-Scientific, 

UK), Anti-CDS alpha antibody (76-2-11, Abeam, UK), Mouse Anti Pig SLA class 

II DR:FITC (MCA2314F, Serotec, UK), Mouse anti pig CD8a (ab25536, Abeam, 

UK), Mouse anti-swine CD3a (559582, BD Pharmingen, UK), Mouse anti-human 

CD21 APC (559867, BO Pharmingen, UK). (Table 3.1) 
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Concentration 
Antibody Clone Conjugate Cat No. Source 

(µg/ml) 

BB23-8E6- BO 
CD3 FITC 559582 500 

8C8 Biosciences 

BO 
CD4a 74-12-4 PE 3074797 200 

Biosciences 

CD8a 76-2-11 PE-Cy5 Ab25536 100 Abeam 

Thermo-
CD16 G7 RPE MA1-80267 10 

Scientific 

BO 
CD21 - APC 559867 50 

Biosciences 

CD14 TUK14 RPE MHCD1404 200 lnvitrogen 

CD18 TS1/18 PE/Cy5 302109 25 Biolegend 

SLA II - FITC MCA2314F 50 Serotec 

CD11b 2F4/11 FITC MCA2309F 100 Serotec 

SCW3 74-22-15 Biotin ab24832 500 Abeam 

Streptavidin - APC SA1005 - lnvitrogen 

BO 
7-AAD - - 559925 -

Biosciences 

Table 3.1 Details of the antibodies used during FACS analysis. 
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In order to optimise the performance of the antibodies, concentration 

curves were measured. Fresh porcine blood (100ml) was collected during routine 

exsanguination for this purpose. The blood was centrifuged at 1 OOOxg for 10 

minutes at 4°C. The supernatant was discarded and the cell pellet re-suspended 

in 10 ml of RPMI. After repeating the centrifugation, the cells were re-suspended 

in 4 ml of FAGS buffer solution (00-4222-26, eBioscience, UK). A dilution of 1 :20 

of Tri pan blue counting buffer was used as the diluent for 2.5 µI of cell suspension. 

Cell counting was performed through light microscopy, and 7.5 µI of diluted cells 

were placed on a glass counting chamber. Based on the counts, each 1 ml of cell 

suspension was divided in 1x106 cells for each FAGS tube. Following the 

manufacturers recommendations, the reactivity of the cells to the antibodies was 

tested by using 1 or 2 µI of each antibody in single test FAGS tubes. After 

establishing that each antibody was attached and detected successfully, decision 

was made to use 2 µI of each antibody for subsequent experiments due to the 

improved cells separation and expression on the FAGS forward scatter plots. 

The LF and BAL cryopreserved cells were defrosted prior analysis by 

sequential warming up with room temperature HiFCS. The cell pellet was diluted 

in 10 ml RPMI and centrifuged at 1 OOOxg for 10 minutes at 4°C. After decanting 

the supernatant, the cell pellet was re-suspended in 1 ml of HiFCS and 4 ml 

RPMI. The cell suspensions were transported for analysis to the Department of 

Surgery at Addenbrookes Hospital, where I have established the collaboration 

with Ms. Olivera Gjorgjimajkoska. 

Four antibody mixes (M1-M4) were used for the LF samples, and three 

antibody (M1-M3) mixes for the BAL samples. Mix 1 and 2 contained lymphocyte 

populations surface markers, whereas Mix 3 and 4 contained cell surface markers 

of the Macrophage/Monocyte/Granulocyte populations. (Table 3.2) 
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Mix Antibody Conjugate Quantity (µI) 

CD3 FITC 2/1 

CD4a PE 2/1 
Mix1 

CD8a PE-Cy5 2/1 

CD21 APC 2/1 

CD3 FITC 2/1 

Mix2 COB PE-Cy5 2/1 

CD16 RPE 2/1 

CD14 RPE 2/1 

CD18 PE-Cy5 2/1 
Mix3 

SLAII FITC 2/1 

SCW3 Biotin 100 

CD14 RPE 2/1 

CD18 PE-Cy5 2/1 
Mix4 

.. CD11b FITC 2/1 

SCW3 Biotin 100 

Table 3.2 Composition of four antibody mixes used for quantification of the 

leukocyte populations. Two microliters of each antibody were added to the 

leukocyte filter cells aliquots and 1 µI to the BAL cells aliquots. The exception was 

SCW3, from which I have used 100 µIs. The Lymphocyte, Macrophage, 

Monocyte and Granulocyte phenotypes were assessed based on the expression 

of these markers. 
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The cell suspensions were centrifuged at 1200xg, 4°C for 10 minutes. After 

decanting the supernatant, the cells were washed by re-suspension in 4 ml of 

FACS buffer solution and centrifuged at the previous settings. After decanting the 

supernatant, the cells were re-suspended in 1 ml of FACS buffer. 

FACS buffer (100 µI) was added to each tube. Two microliters of each 

antibody was added for the LF sample tubes and 1 µI to each BAL sample tubes. 

The difference in the quantity of antibodies added was based on the overall lower 

cell counts in the BAL samples. SCW3 was diluted 1: 10 prior being added due to 

the strong expression and placement outside the scatter of the cells when using 

higher concentrations. The mixed tubes were incubated at 4°C for 25 minutes. 

The cells were washed with 1 ml FACS buffer after centrifugation at 500xg for 4 

minutes at 4°C and decanting the supernatant. Mix 3 and 4 tubes underwent 3 

incubations for 25 minutes at 4°C: incubation with SCW3, incubation with 

Streptayidin (lnvitrogen, UK) and the antibody mixes as described previously. The 

cells were washed between incubations, following which they were re-suspended 

and finally washed in 300 µI FACS buffer prior to the FACS analysis. 

The analysis of the perfusate and BAL leukocytes was performed using a 

FACS Canto II analyser (39318, BD, UK) and BD FACS Diva software (San Jose, 

CA, USA). 

The flow cytometry fields were gated to include all lymphocyte or 

macrophage/granulocyte populations based on the forward and side scatter 

parameters. A neat sample of cells were stained with 7-AAD and the dead cell 

population were excluded. When analysing the LF samples, 70,000 cells were 

gated for the lymphocyte population and 40,000 cells for the 

macrophage/granulocyte population. Doublets were excluded from the analysis 

by adjusting the forward scatter gates. Forward scatter plots were analysed for 

each mix to determine specific phenotypes based on the detected antibody 

markers. Results were expressed as a percentage of the whole analysed cell 

population. 
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3.9 Luminex cytokine analysis of perfusate samples 

3.9.1 Preparation of the samples 

The p~rfusate samples were collected from the left atrial cuff at 0, 1, 2, 3 

and 4 hours. Within 1 hour of collection 'the samples were centrifuged (ALC 

PK121 R, Labcare, UK) at 500xg for 10 minutes at 4°C. The supernatant was 

aliquoted into 1.8 ml NUNC tubes (375418, Thermo-Scientific, UK). The tubes 

were stored in liquid nitrogen until the end of the procedure when they were 

transferred to a -80°C freezer (Phillips, UK). The cytokine analysis of the 

perfusate was performed using a Milliplex MAP kit (PCYTMAG-23K, Porcine 

Cytokine/Chemokine, Merck Millipore, UK) and a Luminex 200 device (BO 

Bioscience, UK). 

Previously prepared samples were transferred to Addenbrookes Hospital 

Immunology department and were thawed and vortexed at room temperature. 

The premixed magnetic beads were sonicated for 30 seconds and vortexed for 1 

minute. Positive and negative quality controls were reconstituted with 250 µI of 

deionized water as per manufacturers' instructions. The wash buffer was re

constituted with deionized water. Seven working standards were obtained for the 

standard concentration curve through serial 1 :2 dilutions from the main standard 

control solution. 

A 96-well filter plate (Table 3.3) (Multiscreen HTSTM, Millipore Co, MA) 

was pre-wetted with 200 µI of wash buffer (LABScreen® Wash Buffer, One 

Lambda Inc., Canoga Park, CA, USA) and incubated at 22°C on a rotating 

platform (30xg) for 10 minutes. 

Twenty-five .µIs of standard or controls (One Lambda Inc., Canoga Park, 

CA, USA) were added to appropriate wells. Assay buffer (25 µI) was added to 

each background and sample well followed by 25 µI of neat samples in duplicates. 

The premixed magnetic beads (25 µI) were added to each of the wells. The well 

plate were sealed and incubated at 6-8°C in the dark, on a rotating platform 

(50xg) for 16-18 hours overnight. 

Following incubation the supernatant was gently removed and each of the 

wells was washed with 200 µI wash buffer. Washing was repeated three times. 
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Detection antibodies (50 µI) were added to each well and incubated for 2 hours 

at room temperature. Following this, 50µ1 of Streptavidin-Phycoerythrin was 

added to all wells and re-incubation was performed for 30 minutes at room 

temperature followed by a further wash. 

To each well 60 µI of PE-conjugated goat anti-human lgG (One Lambda 

Inc., Canoga Park, CA, USA) were added; the plate was incubated at 22°C on a 

rotating platform (30xg) for 30 minutes, in the dark. Washing was repeated five 

times. PBS (80µ1) was added to each well. The beads were re-suspended on a 

rotating platform (30xg) for five minutes. Data was acquired and analysed using 

Luminex LifeMatch flow analyser (LABScan TM 100) and Luminex XY platform 

(both Luminex Co, Austin, TX, USA). 
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3.9.2 Luminex data analysis 

The perfusate samples reactivity was assessed by the mean fluorescent 

intensity (MFI) obtained through the binding of antibodies to the magnetic beads. 

The MFI values for each bead were normali.zed and corrected for non-specific 

binding in relation to the negative control (NC) and positive control (PC) beads. 

A standard deviation curve was computed from the analysis of the standard 

control wells. Each perfusate sample well was analysed in duplicates and the 

mean value of these two repeats was used for interpretation. Careful screening 

for significant difference between any duplicate samples was carried out. 

3.10 Electron microscopy analysis 

3.10.1 Tissue fixation 

Glutaraldehyde fixative was prepared by using a mixture of 25% 
Glutaraldehyde and a 0.2M phosphate buffer solution. Sodium di-hydrogen 

orthophosphate (15.6 g) (VWR International Ltd, UK) was dissolved in 500 ml of 
distilled water (acidic solution A). Di-sodium hydrogen orthophosphate (14.2 g) 

was distilled in 500ml of distilled water (base solution B).One hundred ml of 0.2M 

sodium phosphate buffer were obtained by mixing 23 mls of solution A and 77 ml 

of solution B in a beaker. The pH was checked with a pH meter and was adjusted 
to 7 .3 by adding either 1-2 ml of solution A or B. 

The preparation of Glutaraldehyde buffer solution was carried out in a 

fume cupboard. Ten ml of 25% Glutaraldehyde (R1011, Agar Scientific, UK) was 

mixed well with 50 mls of 0.2M sodium phosphate buffer and diluted with 40 mls 
of distilled water. 

Tissue samples of 1-2 cm in size were cut with a standard scalpel blade 

from the fresh biopsies collected during EVLP. The samples were fixed by 

submerging them in 10 ml of Glutaraldehyde buffer filled universal bottles and 

transferred to the Electron Microscopy facility at the Queen Elizabeth Hospital, 

Birmingham. 
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3.10.2 Knives 

Surveillance sections (0.4-0.7 µm thickness) were obtained for 

examination by light microscopy (LM). Three larger tissue samples were 

embedded in resin. Sections were cut from these and stained with Toluidine Blue 

for the LM. Areas of specific interest were selected for ultrathin sectioning based 

on the presence of bronchioles, arteriole and alveolar wall structures. The tissue 

samples were sectioned very thinly (70-90nm) with an ultramicrotome and 

diamond knife. 

3.10.3 Ultrathin sections 

Ultrathin sections were mounted on metal slot grids for examination with 

the electron microscope. The grids were coated with a thin film of Formvar 

(AGS 138, Agar Scientific, UK), which had the following properties: it spanned the 

slot and acted as a support for sections. This allowed the examination of the 

entire section. The advantages of viewing the entire section uninterrupted by grid 

bars outweighed the disadvantages: the possibility that the sections will be less 

stable in the electron beam and the time taken to prepare coated grids. 

3.10.4 Staining 

The sections were stained in sequence with Uranyl acetate, (need 

concentrations and volume etc.) followed by lead citrate (an alkaline solution of 

lead citrate, Reynolds, 1963). The heavy atoms of uranium and lead attached to 

subcellular structures, increasing their electron density and thus enhancing the 

contrast of the electron image. 

The grid staining area was cleaned with alcohol. The grid holder was 

placed in a glass dish, which in turn was in a plastic covered box. Grids (three 

grids / tissue block) were placed carefully in the grid holder for the subsequent 

staining procedure. 

Methanol was poured in the glass dish around the grid holder to reduce 

staining artefacts. Two millilitres of Uranyl acetate stain was used to cover the 

grids. A timer was set for 20 minutes for the staining, whilst periodically 

replenishing the Uranyl acetate to maintain adequate cover of the grids. 
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Three glass-rinsing vials were filled with absolute ethanol (AnalaR, UK) 

methanol (AnalaR, UK). Each grid was rinsed by dipping them sequentially in the 

three vials. These were then left to dry in a covered Petri dish for 30 minutes. 

A wax sheet was placed over sodium hydroxide pellets in the Petri dish. 

One millilitre of Reynolds lead citrate 3% (Celtic Chemicals, UK) solution was 

transferred with a glass pipette on the wax. The grids were placed with the matt 

side down on the drops of stain and left for 20 minutes. At the end of the staining 

period, each grid was rinsed with deionized water. The grids were left to air dry 

for 30 minutes while covered with a plastic lid. 

3.10.5 Transmission electron microscopic analysis 

The grids were analysed with a transmission electron microscope. A range 

of different magnifications was used to assess the different components of the 

lung tissue. The tissue grids were placed carefully on a specimen introducer. After 

establishing the vacuum through the activation of the vacuum pump in the 

microscope chamber, the tungsten filament emission source was set to emit at 

60keV voltage. Adjusting the diffraction and projector lenses the image was 

focused. 

The bronchioles and alveolar walls were identified and digital imaging 

captured at different magnifications. The electron beam was set at 60keV and a 

low power magnification of 500x was set for the perspective analysis of the tissue 

grid. Bronchioles and adequate alveolar walls were identified. Medium power and 

high power magnifications were used at 1 OOOx and 3000x respectively to identify 

pneumocytes and epithelial cells. During medium and high power magnifications 

a protective diaphragm was inserted in the electron beam chamber to protect the 

tissue grid from damage. 

In order to assess the arterioles and capillaries, low power of 700x, 

medium power of 3000x and high power of 1 OOOOx magnifications were used. 

Digital images were captured and used for processing and analysis by using an 

auto-focus digital camera (820, Gatan, UK). 

73 

11 

I 

JI 

I I 



Chapter 3 Materials and methods 

Electron gun 

Biroculars 

Figure 3.1 The Electron microscope and schematic of the components used at 
University of Birmingham EM laboratory to analyse lung biopsy tissue samples. 

3.10.6 Interpretation of electron microscopy images 

All the images were analysed blindly by Dr. Desley Neil. The Toluidine 
Blue slides of the lung biopsies were analysed through light microscopy (BO 
Biosciences, UK) and were used as the standard when reviewing the electron 
microscopy images. The alveolo-capillary membrane ratio was calculated by 
dividing the measured thickness of the alveolo-capillary membrane to the total 
alveolar wall thickness. 
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3.11 Investigating the impact of different perfusion solutions 

on lung reconditioning during ex-vivo lung perfusion. 

3.11.1 Animal model 

Twenty-four large white-hybrid pigs provided by Huntingdon Life Sciences 

were used for this set of experiments. The average weight was 50±3kg. Humane 

animal care was observed and documented based on local project licenses and 

in accordance with the "Guide for Care and Use of Laboratory Animals" (National 

Institutes of Health, publication no. 85-23, revised 1985). 

The porcine cohort was randomized to 3 different groups (n=8) based on 

the perfusate used during the EVLP procedure. The randomization process 

involved opening of envelopes in a random order. The lungs were subjected to 

4 hours of normothaermic (37°C) EVLP. 

3.11.2 Ex-vivo lung perfusion protocol 

The circuit in the STEEN® solution group (Gr 1.) was primed with 2L of 

STEEN® solution. Similarly, the STEEN®+Blood solution (Gr 2.) was constituted 

with 1.5 L STEEN® solution and 2-3 Units of leukocyte-depleted blood, with target 

haematocrit of 13-15%. The Papworth-Blood solution (Gr 3.) contained 1 L 

Hartmann's solution, 300 ml Human albumin serums (HAS) 20%, 150 ml Mannitol 

20%, 100 ml Citrate-phosphate buffer, 2-3 Units of leukocyte-depleted blood. In 

this group the target haematocrit was 13-15%. Meropenem 1 g, 

Methylprednisolone 500mg, Actrapid Insulin 20 Units and Heparin 10.000 Units 

were added to all solutions (Table 3.4) 
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Perfusate Composition Added Haematocrit Osmolarity Costs 

solution medication (%) (mOsm/kg) (pounds) 

HAS (20%) Heparin 10.000 

Dextran 40 Units 
STEEN (4 bottles) Methylprednisolone <1 295±20 1863 

500mg 

Meropenem 1 g 

Actrapid 20 Units 

HAS (20%) Heparin 10.000 

Dextran 40 Units 
STEEN+ (3 bottles) Methylprednisolone 

13-15 318±9 1255 
Blood Leukocyte- 500mg 

depleted donor Meropenem 1 g 

biood (2-3 Units) Actrapid 20 Units 

HARTMANNS 

(1 L) 

HAS 20% 

(300ml) Heparin 10.000 

Papworth- Mannitol 20% Units 

Blood 
(150ml) Methylprednisolone 

Citrate-phosphate 500mg 
13-15 374.25±15 497 11 ii/ 

buffer Meropenem 1 g 

(100ml) Actrapid 20 Units 

Leukocyte-

depleted donor 

blood (2-3 Units) 

Table 3.4 Perfusate solutions composition and characteristics. 
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Before initiating the perfusion, the roller pump was calibrated. The shunt 

was clamped and the inflow and outflow to the dome were opened. Cardiac 

output was calculated at 100 ml/kg of the body weight of the donor animal (50 

kg). Perfusion was initiated at a flow rate of 250 ml/min (5% of CO) and increased 

to 500 ml/min (10% of CO) at 32°C. This was followed by increments of 200 ml 

every 3-5 minutes up to the final target flow of 2.5 L/min (50% of CO) at 37°C. 

The PAP was measured and maintained <20 mmHg during perfusion. The left 

atrial pressure (LAP) was measured during EVLP, and ranged from 0-5 mmHg. 

After achieving full flow, the measured LAP was 3-5 mmHg. 

Lung ventilation was initiated when the perfusate has reached a 

temperature of 32°C. The initial ventilator settings were: Fi02 - 0.21 L, tidal 

volume of 7 ml/kg/min, respiratory rate of 7 breaths]/min, l:E ratio 1 :2, PEEP 5 

cmH20. Recruitment manoeuvers were performed hourly by increasing the PEEP 

to 8 cmH20 for 10 minutes. The perfusate was deoxygenated once ventilation 

started by using a special gas mix (7% C02 with the balance N2 93%) inflow in 

the sweep gas for membrane oxygenator. (Figure 3.2, 3.3) 

Bronchoscopy was performed before starting ventilation and at the 

completion of EVLP. Broncho-alveolar lavage was performed in a standardized 

fashion, by wedging of the bronchoscope, followed by the instillation and 

aspiration of 40 mls of Normal Saline in the right lower lobe. Biopsy samples were 

obtained before starting ventilation and at the completion of EVLP using a linear 

stapler gun (NTLC75, Ethicon Endo-Surgery, UK) from the right accessory lobe. 
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ICU-type ventilator (h) 

Figure 3.2 Schematic of the EVLP circuit depicting the oxygenated phase. The 
perfusate is circulated oxygenated at 100% while lungs are re-warmed to 32°C. 
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ICU-type ventHator (h) 

Figure 3.3 Schematic of the EVLP circuit depicting the de-oxygenated phase. 

Ventilation is commenced at 32°G and the flow is increased to target levels. 
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3.11.3 Experimental endpoints 

The primary objective was the assessment of lung graft function after 4 
hours of EVLP, which was quantified through: pulmonary vascular resistance, 
oxygenation capacity (p02/Fi02 ratio) and. dynamic airway compliance. 

The secondary outcome measures were: the assessment of: extravascular 
lung water as measured by wet:dry ratio of the biopsy material from the start and 
end of EVLP; the measurement of alveolo-capillary membrane ratios through EM 
(Chapter 3.1 O); the assessment of lung metabolism with changes in lactate 
excretion (3.5); the quantification of inflammatory cells by FACS and the 
measurement of cytokine levels in the perfusate and BAL (3.8.3). 

3.12 Investigating the short and long-term use of Leukocyte 
filters 

The short-term (2 hours) use of leukocyte filters was compared to the long
term use for 4 hours of EVLP. Two groups were compared: the control group 
(n=S), which consisted of porcine lungs perfused with Papworth-blood solution 
protocol and leukocyte filters in place for 4 hours and the treatment group (n=S), 
which consisted of porcine lungs perfused with Papworth-blood solution and 
leukocyte filter in place for 2 hours. This was based on the data from the control 
group of 5 experiments as described in Chapter 4.4, which showed the highest 
increase of pro-inflammatory cytokines between 2 and 3 hours of perfusion. 

The standard EVLP circuit was modified by introducing a shunt to bypass 
the LGS filters. This shunt allowed the control of the direction of perfusate flow. 
With the shunt open, the perfusate would bypass the filter. After 2 hours of EVLP, 
I excluded the LG_6 leukocyte filter by clamping the inflow and outflow, while 
leaving the shunt open. 

The primary and secondary outcome points were as described in Chapter 
3.1 1.3. 

3.13 Establishing the ischaemic lung model 
A lung ischaemic model was established for the set of experiments 

investigating the effects of Apelin. Porcine lungs were retrieved in the previously 
described fashion and transported cooled on ice prior the connection to the EVLP 
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circuit (Chapter 3.2). The left and right pulmonary arteries were dissected through 

the tissue plane between the ascending aorta and main pulmonary artery as they 

emerge from the left and right ventricle respectively. Following this, the right 

pulmonary artery was dissected from the posterior aspect of the ascending aorta. 

Both pulmonary arteries were isolated up to the pulmonary hilum. A 2.0 Mersilk 

tie was placed around each pulmonary artery to improve the access. 

EVLP was initiated as outlined above (Chapter 3.2). The maximum flow and 

optimal lung protection settings were achieved at 1 hour after initiation of the 

EVLP. At this point, the left pulmonary artery was clamped for 1 hour, inducing 

the warm ischaemic injury. The flow was reduced to half of the final target flow, 

while the left PA was clamped. After 1 hour of injury, the clamp on the left 

pulmonary was released and placed immediately on the right pulmonary artery 

while maintaining half flow of the perfusate. After 3 hours of total EVLP perfusion, 

both PAs were unclamped to further monitor functional lung parameters. 

3.14 Establishing the lobar ischaemic lung model. 
A lobar lung warm ischaemic injury was induced for 1 hour to investigate 

the possibility of the blood derived endothelial cells (BOECs) remaining in the 

lung and incorporating into the vascular bed. The lobar artery branches to the 

right accessory and left cranial lobe were identified and isolated prior to 

connection to the EVLP circuit. After 1 hour of normothaermic EVLP, both lobar 

branches were clamped for 1 hour. The perfusion flow rate was reduced to 2/3 of 

the maximal target flow on clamping the lobar PA branches in order to maintain 

the PA pressure. The left lower lobe was not subjected to any injury and was thus 

the internal control for these experiments. After 1 hour of warm ischaemic injury, 

both lobar arteries were unclamped and flow adjusted to the initial full flow target 

(50% of the calculated CO). The left cranial lobe was considered the positive 

injury control as it was injured and no cell therapy given, while the right accessory 

lobe was considered the treatment lobe as it was infused with human BOECs. 
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3.15 Investigating the effects of Apelin in an acute ischaemic 

lung injury model. 

Porcine DCD lungs (n=4) were subjected to standard normothaermic EVLP 

for 4 hours, while using the Papworth-blood as the perfusate solution. After 1 hour 

of EVLP, the left pulmonary artery was clamped , while confirming the absence of 

perfusate outflow from the left pulmonary veins. The total flow rate was reduced 

to 50% to avoid injury to the right lung. At the end of 1 hour of ischaemic injury, 

sequential boluses of 0.5, 1 and 2 mmol of [Pyr1] Apelin-13 (provided by Dr A 

Davenport, Dept. of Pharmacology, University of Cambridge) were injected into 

the left pulmonary artery at 10 minute intervals. PVR changes were measured 

after each bolus. Following the 1 hour of injury, the sequence was reversed and 

the right pulmonary artery was clamped whilst the circulation was re-commenced 

in the left lung at a constant flow rate. 

The sequential boluses and PVR measurements were repeated simi larly to 

the right lung. The effect on PVR was compared between the control and injured 

lungs. (Figure 3.4) 

EVLP starts Clamp on left PA Clamp on right PA End of experiment 

l 1 2 3 1 2 3 

60' 

Figure 3.4. Schematic representation of the experimental Apelin model. 
After establishing maximal target flows and ventilation , the left PA was clamped 

for 1 hour. Sequential bolusese of 0.5, 1 and 2 mmol of Apelin were injected 

through the right PA and effects on PVR monitored. After 1 hour of warm 

ischaemia in the left lung, the left PA was declamped and the right PA clamped. 

The boluses were repeated in the left PA and the PVR changes measured. 
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3.16 The instillation of human blood originated endothelial 

cells (BOECs) into the EVLP circuit. 

3.16.1 BOECs isolation protocol 

Cells were obtained as part of the collaboration with Dr. M. Toshner 

(Department of Medicine, Addenbrookes Hospital), who purified and 

characterized the BOECs. 

In brief, cells were prepared from consented healthy controls that donated 

80 ml of blood, which were collected in standard bottles containing 8 ml of sodium 

citrate. After mixing the blood with the sodium citrate, this was diluted with 

Dulbecco's Phosphate Buffered Saline (DPBS) (21600010, Life Sciences, UK) in 

a 1 :1 ratio. Twenty ml of diluted blood was layered carefully over 15 ml of Ficoll 

PM400 polysaccharide (F4375-10G, Sigma-Aldrich, UK). Separation of cells was 

achieved after centrifugation at 400xg, room temperature for 30 minutes. 

A monocellular layer was obtained after separation and re-suspended in 20 

ml of DPBS. After re-centrifugation at 300xg for 5 minutes, the cell pellet was re

suspended in 15 ml of Heparin free 20% Hyclone endothelial cell growth media 

(SR30002, Thermo Scientific, UK). 

After . establishing the presence of viable cell colonies, the 20% Hyclone 

media was supplemented with 10% fetal calf serum (12306C, Sigma-Aldrich, 

UK). The cell suspensions were incubated for 1 week as part of each passage. 

On average, 5 or 6 cell passages were performed, with a target cell 

population of 20x106 cells. The cells were identified by retroviral marking with 

green fluorescent protein (GFP) or red fluorescent protein (RFP). The viability 

and quality of thE: cells was confirmed by using an Amnis lmagestream flow 

cytometer (BO Pharmingen, UK) and fluoroscopic microscopy. (Figure 3.5, 3.6) 

The cell pellets were snap frozen in liquid nitrogen and stored at -80°C prior 

transportation to the CTBI Perfusion Laboratory. 

Prof. Nick Morrell's team at the Department of Medicine in Addenbrookes 

Hospital established the isolation and culture of BOECs. Dr. Mark Toshner and 

Ms. Emily Grooves carried out the isolation of endothelial cell cultures, 

preservations and FACS analysis 
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Figure 3.5 Blood originated endothelial cells (BOECs) Imaged and sized using the 
Amnis lmagestream flow cytometer. The mean diameter of the cells was 25-28 
µm. (Images courtesy of Dr. Mark Toshner) 
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(Green fluorescent protein) 

Figure 3.6 Fluoroscopic imaging of labelled BOEC in culture to assess the 

viability and GFP expression. (Images courtesy of Dr. Mark Toshner) 
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3.16.2 BOEC reconditioning therapy protocol. 

The warm ischaemia lung injury model was used to investigate the effect of 
BOEC on control and injured porcine lungs. A porcine cohort (n=4) was subjected 
to EVLP for 4 hours. 

In the first experiment I have tested the transit capacity of the cells bolused 
in uninjured lungs subjected to EVLP. After 1 hour of normothaermic EVLP, 2x10 6 

of GFP marked BOEC were bolused five times at 5-minute intervals in the main 

PA. 

The following 3 experiments were designed to compare the effects of BOEC 

treatment between uninjured control lung tissue and lung tissue injured through 
1 hour of warm ischaemia. The warm ischaemic lung injury model was adapted 
to this set of experiments by dissecting the lobar artery branch and lobar vein 
branch to the right accessory and left upper lobes. Size O Mersilk suture ties were 
placed around these arterial branches to ease identification and isolation during 
EVLP. The left caudal lobe was used as the negative control (no injury), the left 
cranial lobe as the positive control (ischaemic injury, no cell therapy) and right 
accessory lobe as treatment (ischaemic injury, cell therapy). 

The baseline transit of the BOEC cells was tested after 1 hour of EVLP by 
injecting 2x106 of GFP marked BOEC in the right accessory lobe. After collecting 
the perfusate samples, the right accessory and left cranial lobar arteries were 
clamped for 1 hour. The flow rate was reduced to 2/3 of the target flow rate during 
this time. After 1 hour of warm ischaemia, the two arterial clamps were released. 
3.16.3 FACS analysis of the perfusate samples to quantify the transit of 

BOEC. 

Five consecutive boluses of 2x106 BOEC were injected in the right 

accessory lobe artery at 5-minute intervals. 2 ml perfusate samples were 
collected from the left atrial cuff at 0, 5, 15, 30, 60 seconds, 2, 3, 4, and 5 minutes 
after each bolus. (Figure 3.7) 

Red blood cell lysis was performed by incubation with an ammonium chloride 
lysis buffer (155 mM ammonium chloride, 10 mM potassium bicarbonate and 0.1 
mM EDTA in sterile distilled water) for five minutes at room temperature. Samples 
were then washed twice with PBS to remove the lysed red cells . Data acquisition 
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was performed by using a Becton Dickinson flow cytometer (Fortessa, BD 

Biosciences, UK). Acquisition of minimum 10,000 events was carried out for each 

sample. FlowJo (vX, Treestar, UK) and Kaluza (v1 .2, Beckman Coulter, UK) 

software packages were used for analysis of data. 

Experiment 
Lungs on _ice Arrival-Papworth EVLP starts Transit lnj. Clamp on Clamp off finishes 

l l l 
1 2 3fffl[ffl[ffi 

30' 75' 25' 60' 30' 60' !!!!! 
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Figure 3.7. Experimental protocol of BOEC therapy during EVLP. A bolus of 

2x106 BOEC is injected in the right accessory lobe after 1 hour of EVLP as part 

of the baseline transit experiment. After 1 hour of warm ischaemic injury to the 

right accessory and left cranial lobe, 5 boluses of 2x106 BOEC are injected in the 

right accessory lobe. 

3.16.4 Histological assessment for the presence of activated endothelial 

cells. 

A baseline lung biopsy sample was obtained by ligation of the target area 

from the right accessory lobe with O Mersilk tie and resection with Mclndoes 

scissors before starting EVLP. At the end of 4 hours of EVLP, additional biopsy 

was obtained from the right accessory, left cranial and left caudal lobes. All 

biopsies were placed immediately in formaldehyde pots for preservation. After 

haematoxylin-eosin staining, Dr. Martin Goddard (Histopathology Consultant) at 

the Department of Pathology Papworth Hospital, performed light microscopy 

analysis. Endothelial cells were identified on haematoxylin-eosin stained 

histological sections under light microscopy at 200x and 400x magnifications. 

Degranulation and activation sign_s were quantified by assessing five different 

sections of the same biopsy and calculating the percentages of activated cells 

out of the total counted endothelial cells. 
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3.16.5 Lung injury assessment by Evans Blue (EB) dye permeability study. 

Evans Blue dye conjugated to albumin (EBA) was prepared by dissolving 

EB into PBS at 1 % (5mg/ml) and BSA at 4% (40mg/ml). The resultant solution 

was aliquoted and stored at -80°C. 

At the end of 4 hours of EVLP, 20ml of standard concentration EBA was 

injected in the main pulmonary artery. The degree of injury was assessed in all 

lobes based on the degree of dye penetration in the lung tissue. Each biopsy was 

weighted, homogenized in formamide (1mg/100mg lung) and incubated for 24hr 

at 37°C. The homogenates were centrifuged at 12000g for 20 minutes and 200µ1 

of the supernatant was added to a 96-well plate. Absorbance was read at 590nm. 

The amount of EBA was calculated by interpolating to a standard cuNe (0.1, 0.2, 

0.4, 0.8, 1.6, 3.2, 6.4, 12.8µ1/ml). 

3.17 Statistical methods 

Results were analysed using GraphPad Prism 6 (GraphPad Software Inc., 

La Jolla, California) software statistical package. Repeated measures analysis of 

variance (ANOVA) was used to compare the experimental groups. The p-values 

less than 0.05 were considered statistically significant. 

Statistical input was received from Dr. Linda Sharples who was consulted 

with regards to the powering of the studies. The calculations on the number of 

experiments needed to reach statistical significance exceeded the financial and 

time resources I had at my disposal. Nevertheless the statistical output of my 

research is comparable to current evidence. 
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4 Comparison between different perfusates used 

during EVLP. 

4.1 Introduction 

There is a general consensus that the ideal perfusate solution should be 

hyperosmolar and hyperoncotic.(5, 116) However, there is still debate on the 

necessity and merit of adding red blood cells to the perfusate during EVLP. The 

most widely adopted solutions in clinical practice are: STEEN™ acellular solution 

(XVIVO Perfusion, Sweden) (78), STEEN™ and blood solution (117, 118) and 

the Organ Care System solution (TransMedics Inc., Andover, USA) . The 

optimum haematocrit was shown previously to be 13-15% in the ex-vivo lung 

perfusion setting, which leads to an optimum V/Q (ventilation/perfusion) ratio and 

pulmonary vascular resistance.(18) Whilst STEEN™ solution has been shown to 

have clinical efficiency in EVLP, Papworth-blood solution has been established 

in clinical practice and has currently a limited use as a donor lung preservation 

solution (119). 

In this chapter, I have tried to answer an important question raised by 

clinical and experimental evidence on the merit of acellular vs. acellular perfusate 

solutions. I have used three solutions: STEEN™ acellular (used by the Toronto 

and Australian groups), STEEN™ and blood (used by the Scandinavian groups) 

and PAPWORTH-Blood solutions. 

In addition to enabling assessment and re-conditioning, EVLP also 

facilitates the migration of passenger monocytes from donor lungs.(88) Different 

markers have been described for both human and porcine leukocyte 

populations.(120-122) The release and concentration of cytokines is a surrogate 

marker for the pulmonary inflammatory profile during EVLP. The pro

inflammatory cytokines may play an important role in modulating the inflammatory 

response, which may have an impact on lungs subjected to EVLP.(123-125) 

Besides these biomarkers, transmission electron microscopy can assess the 

ultrastructural changes of epithelial and endothelial cells in the lungs.(126, 127) 
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I have used the previous DCD porcine model established in the pilot 

experiments. In the initial design, each of the three groups had an n=5, but 

following the completion of the experiments, the size was extended to n=8 to 

highlight any potential differences. This approach was chosen in order to achieve 

a comprehensive evaluation of the three proposed solutions and a decision made 

as to which solution will be used for the subsequent experiments. 

4.2 Evaluation of the physiological parameters 

The physiological parameters were measured as described in 

subchapter 3.5. In this comparison of the three solutions, osmolarity was a key 

element to characterise each solution. The measured osmolarity in the 

PAPWORTH-Blood solution was 374±15 mmol/L, while in the STEEN-Blood 

and STEEN solution groups was 318±9 mmol/L and : 295±20 mmol/L 

respectively(p<0.0001 ). The difference was mainly determined by the higher 

content of Human Albumin Serum (HAS) 20% and the addition of blood in the 

solutions. The blood added in the cellular perfusates was the equivalent of 3 

units of blood used in the clinical setting, leading to a measured haematocrit of 

13-1 5%. (Table 4.1) 111 
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Haematocrit Osmolarity Costs 
Perfusate type 

(O/o) (mOsm/kg) (£/2L) 

STEEN 
<1 295±20 1863 

Solution 

STEEN-Blood 
13-15 318±9 1255 

solution 

Papworth-Blood 
13-15 374.25±15 497 

solution 

Table 4.1 Comparison between the measured Haematocrit, measured 
osmolarity and total costs of the three perfusates: acellular STEEN; STEEN
Blood and PAPWORTH-Blood. 

The Haematocrit was measured at 13-15% in the blood-based solutions. The 
highest osmolarity was measured in the PAPWORTH-Blood solution, followed by 
STEEN-Blood and STEEN solutions. The cheapest solution was Papworth-Blood 
solution, being 3.5 times cheaper than STEEN solution and 2.5 times cheaper 
than STEEN-Blood solution. 
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During the first hour of rewarming, with the reduction of vasoconstriction, 
the PAP reduced from 18-20 to 10-13 mmHg. In this hour, target maximal flows 
were reached by increasing the flow rates to the target of 50% from the normal 
CO (100 ml/kg). The LAP increased from Oto 3-5 mm Hg. Due to these changes, 
the PVR decreased from 2500-3000 dyn*s*cm-5 to 550-600 dyn*s*cm-5. The 
osmolarity and oncotic pressures of each solution should be directly proportional 

with PVR, hence the higher resistance noted in the blood-based perfusate after 
2 hours. Despite this, overall there was no significant difference in the pulmonary 
vascular resistance between the solution groups (p=0.19). When comparing the 
PVR at each hourly time-point at 4 hours, the resistance was significantly lower 
in the acellular STEEN solution group (p=0.02). Additionally, the PVR was on a 
rising trend at hours in the PAPWORTH-Blood solution. The differences at 
specific time points should be interpreted carefully due to the reduced number of 
measured variables when compared to the comparison of the trends of these 
variables. (Figure 4.1, Table 4.2) 
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PVR comparison between perfusates 

1000 
- STEEN - 800 L9 ~ STEEN-BLOOD 

E u -.. PAPWORTH-BLOOD 
-IC 600 ,n T1 
-IC 
C 
>, jp=0.191 "C - 400 
0: 
> a. 

Time 
X 

1.000 
2.000 
3.000 
4.000 

200 

0 
0 1 2 3 4 5 

Time (hours) 

STEEN STEEN+BLOOD PAPWORTH 
Mean SD N Mean SD N Mean SD N 

575.996 345.696 8 473.816 119.276 8 537.334 303.362 8 
322.000 45.959 8 429.714 109.333 8 380.000 92.804 8 
346.000 59.214 8 457.143 100.779 8 436.000 92 .012 8 
334.000 51.227 8 452.571 110.095 8 444.000 87 .948 8 

Figure 4.1 Comparison of changes in pulmonary vascular resistance values 
at 1, 2, 3 and 4 hours between STEEN, STEEN-Blood and PAPWORTH-Blood 
solutions. 

PVR was calculated by measuring the pulmonary artery pressure and left atrial 
pressure. The total flow rate was equivalent to the cardiac output in the EVLP 
circuit. The graph shows no difference between perfusates overall, but lower PVR 
levels were noted in STEEN group after 2 hours. The y axis is expressed in 
dyn*s*cm-5. The data is presented as a mean ± standard deviation of the three 
groups (n=8). 
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~Variable Solution Overall p T1 p-1h T2 p-2h T4 

STEEN 838±783 575±345 322±45.9 334±51.2 

PVR 
STEEN+Blood 1236±1433 471±119 429±109 452±110 

(dyn*sec*cm-5 0.19 0.78 0.08 

Papworth-Blood 1159±1167 678±277 384±90.5 418±112 

STEEN 75.5±10.5 80.7±12 65.9±20.7 62.4±15.2 

p02/Fi02 
49±8.5 60.4±14.7 69.5±12.6 

(kPa) 
STEEN+Blood 66±12.2 

0.25 0.01 0.6 

Papworth-Blood 69.4±4.9 74±17 69.9±17.5 66.1±14.6 

STEEN 46.7±4.2 49.6±37.5 50±36.2 44.5±28.3 

Compliance 
55.1±34.2 63.2±42.9 65.4±39.6 

(ml/cmH20) 
STEEN+Blood 55.4±12.25 

0.12 0.7 0.65 

Papworth-Blood 48 .3±6.5 42.3±20 48±21.8 55.7±32 

STEEN 5.2±3.8 2.2±1 .5 4.9±1.3 10.3±4.1 

t,. Lactate 
STEEN+Blood 4±3.5 0.9±0.7 3.9±2.8 8.6±3.1 

(mmol/L) 0.26 0.13 0.77 

Papworth-Blood 4.3±1 .8 2.9±2.6 4.3±3.2 6.9±5.2 

STEEN 5.6±0.1 5.6±1.3 

wet:dry ratio STEEN+Blood 5.4±0.3 5.2±0.8 
0.24 N/A N/A N/A N/A 

Papworth-Blood 4.7±0.1 4.9±0.7 

Table 4.2 Comparison between the physiological parameters overall, at 1, 2 

and 4 hours when using STEEN, STEEN-Blood and PAPWORTH-Blood 

solutions. 

The PVR was trending towards a significant difference at 4 hours (p=0.02), but 

overall showed no difference between the groups. Significant difference in 

oxygenation was found at 1 hour between groups, without overall statistically 

significant difference. The results were expressed as a mean ± standard 

deviation, and p-values were obtained by repeated measures ANOVA analysis. 
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Ventilation was commenced after the perfusate was rewarmed to 32°C by 

using a lung protective strategy: TV ?ml/kg; Fi02 21 %; PEEP 5; RR 7 b/min. 

Recruitment was performed each hour following bronchoscopy and clearance of 

secretions by increasing the PEEP to 8, Fi02 to 100% and TV to 10 ml/kg. Pa02 

and Pa02/Fi02 ratios were measured each hour after the recruitment 

manoeuvres, while ventilating the lungs with the lung protective strategy. 

Intuitively, the presence of haemoglobin as part of the perfusate would increase 

the oxygen carrying capacity of the solution and provide a more reliable 

assessment of oxygenation. This was reflected in my findings. While the trends 

in the STEEN-Blood group were increasing over the 4 hours, and PAPWORTH

Blood produced an initial decrease between hours 1 and 3 with a plateau in the 

last hour, the acellular STEEN solution group showed more unstable trends of 

Pa02. Overall there was no significant difference between the oxygenation trends 

(p=0.25), but at 1 hour the oxygenation levels were significantly higher in the 

acellular STEEN and PAPWORTH-Blood groups (p=0.01 ). It is important to 

consider that the Pa02/Fi02 ratios were higher than 40 kPa during the whole 

procedure, with these levels being acceptable for lung transplantation in the 

clinical setting. More stable pH levels were observed in the blood-based solution 

groups. (Figure 4.2, Table 4.2) 

96 



ci 
a. 
:,t. -0 

~ .. 
N 

0 ·-LI. -N 

0 
n:I 
a. 

Chapter 4 Comparing perfusates 

p02'Fi02 comparison between perfusates 

100 

80 

60 

40 

20 

o ..... ----------------
0 1 2 3 4 5 

Time (hours) 

~ STEEN 

... STEEN-BLOOD 

..., PAPWORTH-BLOOD 

lp=0.251 

Time STEEN STEEN+BLOOO PAPWORTH 
X Mean so N Mean so N Mean so N 

1.000 80 .721 12.009 8 49.006 7.885 8 74.036 17.098 8 
2.000 65.593 20.778 8 60.489 13.623 8 69.999 17.520 8 
3.000 80 .629 14.682 8 66 .803 11 .624 8 62.244 10.379 8 
4.000 62.408 15.280 8 69 .523 11.697 8 66.134 14.629 8 

Figure 4.2 Comparison of changes in oxygenation capacity quantified by 
p02/Fi02 measurements at 1, 2, 3 and 4 hours between STEEN, STEEN
Blood and PAPWORTH-Blood solutions. 

The p02/Fi02 was calculated by measuring the arterial p02 in kPa while 

ventilating on 21 % Fi02 in the perfusate effluent at the level of the left atrium. The 

blood gas analysis was corrected for temperature. The graph shows no difference 

between perfusates overall, but more stable oxygenation levels were noted in the 

blood based perfusate groups during the 4 hours of EVLP. The y axis is 

expressed in kPa. The data is presented as a mean ± standard deviation of the 

three groups (n=B). 
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The dynamic airway compliance was measured after initiation of 
ventilation. Overall it had increasing trends in blood-based solutions, while the 
trend had a downward slope in the acellular group. Statistically there was no 
difference between the trends (p=0.24). The compliance was reflective of the 
peak inspiratory pressure that was 15-19 cmH20 in all groups during the 
procedure. (Figure 4.3) 

Pulmonary Compliance comparison between perfusates 

0 
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E ... PAPWORTH-BLOOD 
Cl) 
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E 40 
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(J 
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<( 
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0 1 2 3 4 5 

Time (hours) 

Time STEEN STEEN+BLOOO PAPWORTH 
X Mean so N Mean so N Mean so N 

1.000 49.625 37.557 8 55 .143 31 .674 8 42.375 20.042 8 
2.000 50.000 36.214 8 63.286 39 .798 8 48.000 21.857 8 
3.000 49 .375 33.522 8 58.429 32.416 8 54.000 28 .963 8 
4.000 44 .500 28.350 8 65.429 36 .683 8 55 .750 32.070 8 

Figure 4.3 Comparison of changes in pulmonary airway compliance 
measured at 1, · 2, 3 and 4 hours between STEEN, STEEN-Blood and 
PAPWORTH-Blood solutions. 

The compliance was measured through spirometry and a pressure line connected 
to the endotracheal tube. The graph shows no difference between perfusates 
overall. Improving compliance trends were noted in the blood based perfusate 
groups, while in the STEEN group the compliance had a decreasing trend during 
the 4 hours of EVLP. They axis is expressed in ml/cmH20. The data is presented 
as a mean± standard deviation of the three groups (n=8). 
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A decreasing compliance trend was reflected by higher wet:dry ratios in the 

acellular STEEN solution group. The range for wet:dry ratios was 4.5-7 with small 

difference between the three groups (p=0.24). (Figure 4.4) Due to the amount of 

tissue biopsied, I was limited to measuring wet:dry ratios only at the beginning and 

end of the procedure. Additionally, collecting more biopsies would have increased 

the risk of air leaks. Despite the reduction being minimal, this could induce a 

decrease in total lung volume and influence the measured physiological 

parameters. 

Wet:dry ratio comparison between perfusates 
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Time STEEN STEEN+BLOOO PAPWORTH 
X Mean so N Mean so N Mean SO N 

0.000 5.759 1.424 8 5.761 1.327 8 4.687 0.760 8 
4.000 5.604 1.365 8 5.230 0.751 8 4.907 0.780 8 

Figure 4.4 Comparison of changes in wet:dry ratios at 1, 2, 3 and 4 hours 

between STEEN, STEEN-Blood and PAPWORTH-Bblood solutions. 

The wet:dry ratios were calculated by dividing the weight of biopsy samples 

obtained from the right accessory lobe before and after the process of 

dehydration at 65°C for 24 hours. The graph shows no difference. in the wet:dry 

ratios between the groups, with slightly lower ratios in the PAPWORTH-Blood 

group. The data is presented as a mean ± standard deviation of the three groups 

(n=8). 
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During the 4 hours of EVLP, the metabolic rate of the lungs was evaluated 

by the excreted lactate. This increased with time in all groups, with a less steep 

trend in the PAPWORTH-Blood group. There was no difference between the 

trends (p=0.26). As lactate is a product of anaerobic metabolism, an increase 

would be expected in the context of an active pulmonary metabolism. This 

increase was more evident due to the absence of the liver and other tissues that 

metabolise lactate. In an EVLP setting the lactate recirculates, hence the linear 

increase. The baseline lactate was measured in the blood collected following 

euthanasia and it ranged from 1.8 to 4.5, whereas it was <0.1 in STEEN solution. 

I have decided to express the lactate excretion as a delta value to normalise the 

values with the baseline levels. 
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ll. Lactate comparison between perfusates 

15 

.,. STEEN 

-. STEEN-BLOOD 
10 -&- PAPWORTH-BLOOD 

5 
lp=0.261 

0 
0 1 2 3 4 5 

Time (hours) 

Time STEEN STEEN+BLOOO PAPWORTH 
X Mean so N Mean so N Mean so N 

1.000 2.268 1.570 8 0.921 0.654 8 2.963 2.678 8 
2.000 4.918 1.312 8 3.961 2.654 8 4.350 3.216 8 
3.000 7.638 2.611 8 6.129 2.601 8 5.388 4.661 8 
4.000 10.338 4.022 8 8.657 2.883 8 6.900 5.276 8 

Figure 4.5 Comparison of changes in ~Lactate changes at 1, 2, 3 and 4 

hours between STEEN, STEEN-Blood and PAPWORTH-Blood solutions. 

The lactate levels were measured in the perfusate effluent at the level of the left 

atrium. The blood gas analysis was corrected for temperature. The graph shows 

no difference betw~en perfusates overall, with a linear rises in lactate excretion 

in all perfusate groups during the 4 hours of EVLP. The y axis is expressed in 

mmol/L. The data is presented as a mean± standard deviation of the three groups 

(n=8). 
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4.3 Evaluation of cell populations in the leukocyte filters and 

broncho-alveolar lavage 

The leukocytes in the LG-6 filters and broncho-alveolar lavage were 

quantified by using fluorescence activated cells sorting (FACS) analysis as 

detailed in the subchapter 3.7. One million cells were allocated for each cell type 

analysis. One of the challenges I have faced was to isolate enough cells from the 

BAL. In the filters these cells were abundant, and the washing process was 

effective. Prior to the analysis, the viability of the cells was tested by staining with 

a DNA marker 7-AAD. The dead cells were excluded and the viable cells 

represented more than 98% of the total cell pellet from all samples collected. 

While counting the total number of cells in each group, the counts were: 

19.1x106±1Ox106 in the acellular STEEN group, 8.4x106±0.9x106 in the STEEN

BLOOD group and 14x106±1.4x106 in the PAPWORTH-Blood group (p=0.24). 

The number of cells were isolated in the STEEN-Blood group when compared with 

the acellular STEEN groupreflected the amount of cells isolated in the pre- and 

post-ventilation BAL: 3.4x106±2.4x106 and 2.3x106±1.5x106 vs. 2.1x106±2.1x106 

and 1.3x106±1.3x106 . The lower inflammatory cell counts in the blood based 

perfusates could be explained by a lower inflammatory state of lungs. . In the 

PAPWORTH-Blood group the cellcounts from the BAL remained stable during the 

procedure: 3.5x106±3.5x106 and 3.6x106±3.6x106, whereas in the acellular 

STEEN and STEEN-Blood group a non-significant decrease was noted. The cell 

count differences between the three groups were not significant in the filters 

(p=0.24) or BAL (p=0.32) (Figure 4.6) 
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Difference of total cell counts between different EVLP perfusates 
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Figure 4.6 Comparison of the total counts of cells in the leukocyte filter and 

BAL samples between the three solutions. 

A lower amount of cells were isolated from the BAL samples compared to the 

leukocyte filters. The amount of cells was comparable between the three groups, 

but fewer cells were isolated from the STEEN-Blood group. 1x106 cells were 

allocated for each FAGS tube in each solution group from the total pool. The data 

is presented as a mean± standard deviation of the three groups (n=8}. 
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Forward and side scatter were used to separate cells on the basis of their 

size. This produced good separation in the majority of the leukocyte filter and BAL 

cell populations. Lymphocytes were separated in CD4 T helper cells (CD3+/CD4+), 

CD8 cytotoxic T cells and B cells (CD3-JCD21 +). Some of the cells were positive 

for CD16, however I was unable to use more than three fluorocrome markers for 

each mix to accurately identify them as NK cells. 

The monocytes were separated based on the SWC3hi and CD14hi 

expression. A proportion of these cells were positive for the MHC class II 

equivalent (SLA w1-) and all cells were intermediary positive for CD18 and CD11 b. 

The macrophages were SWC3+ and co14- with a proportion expressing SLAII 

similarily to the monocytes, but negative to CD18 and CD11 b. Dendritic cells 

expressed the following phenotype SWC310 , SLAW1-, CD14-, CD1 a-, CD11 b-

The granulocyte population was separated by the level in expression of the 

SWC3 marker. The majority had very high level expressions of SWC3hi, were 

positive for CD14, marginally positive to CD18 and negative to CD11 b. (Figure 

4.7) 

104 

I 
I 

'I 



Chapter 4 Comparing perfusates 
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Figure 4.7 Representative forward scatter FACS analyses of the cells 
isolated from the leukocyte filters and BAL. 

The lymphocyte (CD4 T helper cells, CD8 T-cells, B-cells), granulocyte, 
macrophage, monocyte and dendritic cell populations were identified based on 
size and expression of cell markers. The percentage of each cell type was 
calculated from a · standardised number of events (50,000) recorded. The 
monocyte phenotype was defined as SWC3hi/CD14hi/CD1 s+1-/SLAW1-/CD11 b10i-, 

the macrophage as SWC3+/CD14101·/CD18-/SLAW/CD11b· and dendritic cells as 
SWC3101·/CD14-/CD1 S·/SLA+110/CD11 b·. 
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I have calculated the proportions of cell types out of the total pellet after 

excluding the dead cells (<5%): 44.6% were lymphocytes, 33.9% were 

macrophages/monocytes or dendritic cells and 15.9% were granulocytes. (Figure 
4.8) The proportions were similar in the pre- and post- ventilation BAL: 41.5% vs. 

44.8% lymphocytes, 22.4% vs. 12.8% macrophages/monocytes or dendritic cells 

and 28.5% vs. 28.8% granuiocytes. The fall of the 

macrophage/monocyte/dendritic cells in the BAL during the procedure, would 

indicate that some of these cells mobilise and migrate out of the airway. The 

different percentages of leukocyte types were calculated overall to understand 

better as to which cells represented the majority. In this set of experiments, the 

objective did not include quantifying the cells in the leukocyte filters at different 

timepoints. 

Cell types in the leukocyte filters during EVLP 
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Figure 4.8 The percentage of cell types isolated from the leukocyte filters 

showed a higher amount of lymphocytes. 
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The following cell types were identified from the lymphocyte population 
isolated .in the leukocyte filters: CD4 helper T cells (CD3+/CDa+), CD8 cytotoxic 
(CD3+/CD8+) and B cells (CD3-/CD21 +). There was no significant difference in the 
CD4 T helper cells between solutions (7.3% in acellular STEEN vs. 3.4% STEEN
Blood vs. 9.6% PAPWORTH-Blood groups, p=0.76). The proportions of CD8 T
cells (11 % vs. 8% vs. 16%, p=0.56) and 8-cells (24.5% vs. 18.8% vs. 19.6%, 
p=0.68) were similar as well between the groups. (Figure 4.9) 

In the BAL, CD4 helper T cells, CD8 cytotoxic T cells and B cells remained 
relatively at stable levels during the perfusion period. There was little difference 
between these lymphocytes isolated in the BAL and leukocyte filters. There were 
less B cells and more CD8 T cells in the BAL. (Figure 4.10) 

The rest of the cells were represented by the CD3+/CD4- and CD3+/CD8-
phenotypes, which could reflect the regullatory T-cell populations or CD3-/CD4-, 
co3-;cos- which could reflect NK-T cell populations. In the context of other 
sensitive markers in the same mix that I have used in this FACS analysis, it is 
difficult to be certain in classifying these cells. 
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The following cell types were identified from the lymphocyte population 

isolated in the leukocyte filters: CD4 helper T cells (CD3+/CDS+), CDS cytotoxic 

(CD3+/CDS+) and B cells (CD3-/CD21 +). There was no significant difference in the 

CD4 T helper cells between solutions (7.3% in acellular STEEN vs. 3.4% STEEN

Blood vs. 9.6% PAPWORTH-Blood groups, p=O. 76). The proportions of CDS T

cells (11 % vs. S% vs. 16%, p=0.56) and B-cells (24.5% vs. 1 S.S% vs. 19.6%, 

p=0.6S) were similar as well between the groups. (Figure 4.9) 

In the BAL, CD4 helper T cells, CDS cytotoxic T cells and B cells remained 

relatively at stable levels during the perfusion period. There was little difference 

between these lymphocytes isolated in the BAL and leukocyte filters. There were 

less B cells and more CDS T cells in the BAL. (Figure 4.10) 

The rest of the cells were represented by the CD3+/CD4- and CD3+/CDS

phenotypes, which could reflect the regullatory T-cell populations or CD3-JCD4-, 

CD3-JCDS- which could reflect NK-T cell populations. In the context of other 

sensitive markers in the same mix that I have used in this FACS analysis, it is 

difficult to be certain in classifying these cells. 
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Comparison of Lymphocyte populations in the Leukocyte filters of 
different perfusates 
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Figure 4.9 Comparison of the lymphocyte subpopulations percentages in 
the leukocyte filter between the three solutions. 

The majority of the cells were B cells in all the groups. There were no significant 
differences between the three solutions in CD4 T helper, COB T cytotoxic or B 
cells. The data is presented as a mean of percentages ± standard deviation of 
three groups (n=8). 
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Figure 4.10 Comparison of the lymphocyte subpopulations percentages in the pre- and post- ventilation 
broncho-alveolar lavage between the three solutions. 

The majority of the lymphocytes were B cells in all groups. There was no significant difference between the three 
solutions in CD4 T helper, CDS T cytotoxic or B cells . The data is presented as a mean of percentages± standard 
deviation of three groups (n=8). 
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Chapter 4 Comparing perfusates 

The monocyte phenotype was defined as SWC3High/CD14High/SLAW1-

/CD18Low1co11 blow, whereas the macrophages were identified as 

swc3Med/CD1410/ SLAW/ CD1 s-/CD11 b- and swc3Lol-/CD14-/SLAW1L0 W/CD1 s

/CD11 b- phenotype characterised the dendritic cells. 

The proportion of macrophages, monocytes and dendritic cells were similar 

in the leukocyte filter and BAL, with more than 40% of these cells being dendritic 

cells in all the perfusate groups. This was followed by the macrophages and 

monocytes, which represented on average more than 20% each. The monocytes 

have the potential to migrate from the lungs to differentiate to macrophages or 

dendritic cells in the peripheral "tissues". In the EVLP circuit this was reflected at 

the level of the leukocyte filter, where more monocytes were sequestrated when 

using blood based perfusates and decreased in the BAL during EVLP. This could 

reflect an increased mobilisation of the monocytes from the native lung tissue, thus 

reducing possibly its inflammatory potential post transplantation. (Figure 4.11) 

There were no significant differences in the macrophage (p=0.87), 

monocyte (p=0.68) and dendritic cell (p=0.65) populations based on the type of 

perfusate used. Similarly, no difference was observed in these cells in the pre- and 

post- ventilation BAL samples. (Figure 4.12) 
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comparison of Macrophage/Monocyte/Dendritic cell populations in the 
Leukocyte filters of different perfusates 
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Figure 4.11 Comparison of the monocyte, macrophage and dendritic cell 

percentages in the leukocyte filter between the three solutions. 

Dendritic cells represented the highest proportion. There were no significant differences 

between the monocytes,- macrophages and DCs in the three solutions. The data is 

presented as a mean of percentages± standard deviation of three groups (n=8). 
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Figure 4.12 Comparison of the monocyte, macrophage and dendritic cell percentages in the pre- and post
ventilation broncho-alveolar lavage between the three solutions. 

Similarly to the leukocyte filter cells, dendritic cells represented the highest proportion. There were no significant 
differences between the monocytes, macrophages and DCs in the three solutions. The data is presented as a 
mean of percentages± standard deviation of three groups (n=8). 

Q 
Q) 

CD ..., 
~ 

() 
0 
;3 

(b 

~ 
Cl) 
Q) 

CD 
Cl) 



Chapter 4 Comparing perfusates 

The granulocytes were broadly divided in SWC3Hi, swc3Med and SWCLol-, 

showing no significant different levels in the leukocyte filters or BAL between the 

solution groups. The majority of the granulocytes had a high expression of the 

monocyte/granulocyte specific marker SWC3 in the three solution groups. (Figure 

4.13, Figure 4.14) 
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Comparison of Granulocyte populations in the Leukocyte filters of 
different perfusates 
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Figure 4.13 Comparison of granulocyte subtypes in the leukocyte filters between 

the three solutions. 

Granulocytes that expr~ssed high levels of the SWC3 marker represented the majority 

subtype. There were no significant differences in the different subtypes of granulocytes 

between the solution groups. The data is presented as a mean of percentages ± 

standard deviation of three groups (n=S). 
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Figure 4.14 Comparison of granulocyte subtypes in the pre- and post- ventilation broncho-alveolar 
lavage between the three solutions. 

Similarly to the filters, the majority of granulocytes had high levels of SWC3 expression. There were no 
differences in the different subtypes of granulocytes between the solution groups. The data is presented as a 
mean of percentages± standard deviation of three groups (n=8). 
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Chapter 4 Comparing perfusates 

4.4 Cytokine expression in perfusate and broncho-alveolar 

lavage 

Cytokine concentrations were measured in the hourly perfusate samples 

and pre- and post- ventilation BAL using the magnetic beads Luminex platform. 

The cytokines in the perfusate samples reflected the circulating cytokines. Raised 

concentrations of cytokines were noted for IL-1 ~ (p=0.36), IL-1 ra (p=0.13), IL-6 

(p=0.08), IL-8 (p=0.64), and IL-18 (p=0.14). When the levels of these cytokines 

were compared at 1, 2, 3 or 4 hours though, significantly higher levels of IL-8 were 

measured at 4 hours in the lungs perfused with acellular STEEN solution (24.1 vs. 

9.3±8.3 and 13.1±11.6 p=0.01 ). (Table 4.3) In the panel of analysed cytokines 

GM-CSF, IFN-y and IL-12 were not detected in the acellular STEEN solution 

group. IL-2 and IL-4 were not detected in all solution groups. No significant 

difference was demonstrated for these three cytokines in the blood-based 

solutions at any time points. 

All the cytokines, with the exception of TNFa, increased with time in the 

perfusate irrespective of the solution used to perfuse the lungs. For ease of 

interpretation, the cytokines were grouped based on the cells predominantly 

responsible for their release. (Figure 4.15) 

To quantify the cytokines in the pulmonary airway, I have measured the 

concentrations in the BAL at the beginning of ventilation and end of the procedure. 

Similar to the perfusate, the pro-inflammatory cytokines increased during EVLP in 

the BAL. In the acellular STEEN solution group, raised levels of IL-1 ~. IL-1 ra, IL-8 

and IL-18 were measured. Only IL-8 was significantly higher in this group (p=0.04) 

and correlated with raised levels in the perfusate of the STEEN solution group. 

GM-CSF and IFN-y were not detected in the acellular STEEN solution group and 

raised levels were pr:esent in the STEEN-Blood solution group. (Table 4.4) (Figure 

4.15) 
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Cytokine STEEN STEEN-Blood PAPWORTH-Blood p-value 

types Concentration Concentration Concentration 

(ng/ml) (ng/ml) (ng/ml) 

GM-CSF 0±0 0.14±0.12 0.13±0.12 0.18 

IFN-y 0±0 0.9±1 .5 1.3 ± 1.9 0.21 

IL-1 f3 0.2 ± 0.3 2.8 ± 4.9 2.3 ± 4 0.36 

IL-1ra 1 ± 1.1 3.7 ± 4.9 1.8 ± 2.3 0.13 

IL-6 1.4 ± 1.5 4 ± 4.1 2.1 ± 2.1 0.08 

IL-8 8.7±11.1 5.1 ± 3.4 5.8 ± 6 0.64 

IL-10 0.1 ± 0.1 0.6 ± 0.5 0.4 ± 0.5 0.15 

IL-12 0±0 0.2 ± 0.3 0.1 ± 0.1 0.21 

IL-18 1.1±0.6 1.5 ± 1.3 2.8 ± 2.5 0.14 

TNFa 0.5 ± 0.7 2.4 ± 2.6 1.6 ± 1.6 0.13 

Table 4.3 Perfusate average cytokine levels comparison between STEEN, STEEN
Blood and PAPWORTH-Blood solution groups. 

Raised levels of cytokines were measured for the pro-inflammatory IL-6, IL-8 and IL-18 

groups. No significant differences were observed between any of the specific cytokine 

average levels in the compared groups. The values are presented as a mean ± standard 

deviation and expressed in ng/ml. The statistical analysis performed was repeated 

measures analysis of variance. 
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Cytokine types STEEN STEEN-Blood PAPWORTH-Blood p-value 

Concentration Concentration Concentration 

(ng/ml) (ng/ml) (ng/ml) 

GM-CSF 0±0 0.49±0.18 0.24 ± 0.04 <0.01 

IFN-y 0±0 1.26 ± 0.52 0.97 ± 0.11 <0 .01 

IL-113 2.52 ± 0.06 2.38 ± 1.46 1.03 ± 0.7 0.46 

IL-1ra 2.73 ± 2.64 1.23 ± 1.05 0.87 ± 0.91 0.12 

IL-6 1.58 ± 2.15 1.05 ± 1.39 0.28 ± 0.16 0.14 

IL-8 16.4 ± 16.7 4.86 ± 4.58 2.08 ± 0.22 0.04 

IL-10 0.1 2 ± 0.16 0.09 ± 0.12 0.01 ± 0.002 0.37 

IL-12 0.12 ± 0.07 0.02 ± 0.02 0±0 <0 .01 

IL-18 1.56±1.14 1.22 ± 0.55 1.23 ± 0.77 0.74 

TNFa 0.17 ± 0.22 0.36 ± 0.51 0.08 ± 0.05 0.65 

Table 4.4 Broncho-alveolar lavage cytokine levels comparison between STEEN, 

STEEN-Blood, and PAPWORTH-Blood solution groups. 

Statistically significant higher levels of IL-8 were measured in the STEEN solution 

group, while GM-CSF, IFN-y were undetectable in this group. IL-12 was not detected 

in the PAPWORTH-Blood group. The values are presented as a mean ± standard 

deviation and expressed in ng/ml. The statistical analysis performed was repeated 

measures analysis of variance. 
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Figure 4.15 Perfusate cytokine levels column graph comparison between 

STEEN, STEEN-Blood and PAPWORTH-Blood solution groups. 

The cytokines were divided in groups depending on cytokine cell source: T cells, T 

cells or Macrophages, Macrophages and Other. Elevated levels were measured for 

IL-1 ~. IL-6, IL-8 and IL-18. IL-8 was significantly higher in the STEEN solution group 

at 4 hours (p=0.01 ), with comparable levels in the first 3 hours to the blood solution 

groups. The y values are expressed in ng/ml. 
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Figure 4.16 Broncho-alveolar lavage cytokine levels column graph comparison 
between STEEN, STEEN-Blood, and PAPWORTH-Blood solution groups. 
The cytokines were divided in groups depending on cytokine cell source: T cells, T cells 
or Macrophages, Macrophages and Other. Statistically significant higher levels of IL-8 
were noted in the STEEN _solution group (p=0.04 ), with 3.5 fold and 12.5 fold increase 
when compared to STEEN-BLOOD and PAPWORTH-BLOOD solutions. Elevated 
levels of IL-1 ~. IL-6 and IL-1 ra were noted in the post-ventilation BAL. They values are 
expressed in ng/ml. 
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4.5 Ultrastructural changes evaluated through transmission 

electron microscopy 

Biopsies from the right accessory lobe were obtained at the beginning and 

end of the procedure from all solution groups. Sections of 0.5 cm were fixed in 

Glutaraldehyde buffer solution as described in subchapter 3.10. Three main 

targets were identified on images obtained through transmission electron 

microscopy: arteriole, bronchiole and alveolar wall. Magnifications up to x10,000 

were used to identify the endothelial cell components and tight junctions at the 

level of the arterioles. The endothelial layer was intact in all solution groups. At the 

level of the alveolar wall, the epithelial layer was overall preserved and 

architecturally normal in all groups. (Figure 4.17) In 2 of the 8 lungs perfused with 

acellular STEEN solution endothelial cell and mitochondrial swelling was noted at 

the level of capillaries. The images were comparable with images obtained from 

positive control lungs with oedema, which were perfused with normal saline 0.9% 

using the same EVLP protocol. In the blood-based solution group lungs, the 

majority of the identified capillaries contained red blood cells or larger 

inflammatory cell elements. (Figure 4.18) 

To compare the alveolar walls objectively between groups, I have measured 

two membrane thicknesses, M1 and M2, from the basal membrane of endothelial 

cells to the epithelial surface on each side of an identified capillary. A total wall 

thickness was measured between two opposite epithelial layers (M3). Each of 

these measurements was averaged from 5 sequential measurements the same 

alveolar wall. (Figure 4.19) Two ratios were calculated by dividing M1 /M3 or 

M2/M3 to allow the comparison of the alveolo-capillary membranes between the 

solution groups. 
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Control STEEN STEEN-Blood PAPWORTH-Blood 

Artery 

Capillary 

Bronchiole 

Alveolar wall 

Figure 4.17 Representative images for the transmission electron 

microscopy analysis of the arterioles, capillaries, bronchioles and alveolar 

walls between the three compared solution groups. 

The magnification for the capillaries presented was x10,000, while the arterioles, 

bronchioles and alveolar wall were x5,000. There was no difference in the 

ultrastructural appearance of arterioles, capillaries, bronchioles or alveolar walls 

between groups. A higher incidence of oedematous changes, characterized by 

endothelial cell swelling and extravascular lung water was observed in 2 of the 8 

lungs in the STEEN solution group. 
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(a) (b) (c) 

Figure 4.18 Comparison of pathological ultrastructural changes between lung 

biopsies following EVLP. 

Interstitial and airway oedema was obvious in the positive control lung perfused with 

normal saline 0.9% (a). A higher incidence of oedematous changes, characterized by 

endothelial cell swelling and extravascular and interstitial lung water was observed in 2 

of the 8 lungs in the STEEN solution group (b). The lungs perfused with blood-based 

solutions revealed capillaries that contained either red blood cells or inflammatory cells 

(li kely mastocytes or oth~r large inflammatory cells) in their lumen (c). 
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Air 

M1 

Alveolar wall Capillary 
M3 

M2 

Air 

Figure 4.19 Diagram of the alveolo-capillary membrane measurements 

through transmission electron microscopy. 

M1 was the shorter distance between the capillary endothelial cells and 

epithelial airway cells, while M2 was the longer distance. M1 and M2 were 

reflective for oxygen exchange and extravascular lung water. M3 was the 

distance between the two epithelial layers and reflected airway compliance. 

Ratio 1 was defined as M1/M3 and Ratio 2 was defined as M2/M3. 
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Chapter 4 Comparing perfusates 

The EM measurements in the control baseline biopsies of all the groups 
were: M1 - 2±2µm; M2 - 3.8±2.9µm; M3 - 13.4±9.5µm; R1 - 0.16±0.1 and R -
0.2±0.1. The measurements and ratios where comparable between the STEEN, 
STEEN-Blood and PAPWORTH-Blood groups after 4 hours of EVLP: M1 -
0.8±0.5µm vs. 0.8±0.?µm vs. 0.8±0.2µm; M2 - 1.9±1.2µm vs. 1.8±1.3µm vs. 
1.6±0.8µm; M3 - 6.8±2.9µm vs. 11.1 ±9.1 µ·m vs. 8.8±4.2µm; R1 - 0.12±0.05 vs. 

0.08±0.03 vs. 0.1 ±0.04; R2 - 0.29±0.1 vs. 0.18±0.1 3 vs. 0.2±0.13. (Figure 4.20) 
Positive correlation was identified between wet:dry ratios and combined M2 

(R square=0.35,p=0.01) for all groups combined, as well as airway compliance 
and M2 (R square=0.46,p=0.005). (Figure 4.21) 

Comparison of electron microscopy measurements 
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Figure 4.20 Electron microscopy alveolo-capillary thickness measurements in 
the three solutions and pre- procedure control biopsy samples. 
There was no significant difference in the three measurements: M1, M2 and M3 
between groups. The values are presented as a mean ± standard deviations. 
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Correlation of wet:dry ratio with Alveolo-Capillary membrane 
thickness 2 in all solutions 
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Correlation of Airway Compliance with Alveolo-Capillary membrane 
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Figure 4.21 Correlation of M2 measurements with wet:dry ratios and airway 
compliance in the tree solution groups. 

Positive correlation between M2 was shown with wet:dry and airway compliance in 
all solutions. The graphs are presented as plot graphs of M2 values and wet:dry ratios 
or airway compliance. 
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4.6 Discussion 

I have carefully compared the performance of the three different perfusate 

solutions in the EVLP model. I have measured physiological parameters, 

inflammatory cells in the circuit, cytokine production, and ultrastructural changes. 

I have shown that blood based and acellular solutions appear to be equivalent 

from the physiological, functional, immunological and histological 

characterisations that I have performed. 

More variability was noted in oxygenation of the STEEN group, but no 

significant difference was demonstrated. In the acellular solution group, the 

oxygenation was less predictable potentially due to the absence of haemoglobin 

and thus reduced oxygen carrying capacity of this solution. The blood-based 

solutions had an increased acid-base buffer capacity, with more stable pH balance 

during EVLP due to the homeostatic effects of haemoglobin on oxygen and carbon 

dioxide exchange. 

Contrary to a previous study that used the Toronto protocol ( 128), the wet:dry 

ratios and pulmonary compliance had an adverse trend in the STEEN solution 

group. This was supported by my observation that in the presence of increased 

extravascular lung water and interstitial oedema in the electron microscopy 

examination in two of the lungs subjected to the acellular perfusate. Despite this, 

it was difficult to conclude that this finding was applicable to all lungs in this group. 

A lower osmolarity in the acellular STEEN solution when compared to the studied 

blood-based solution translated to a potential difference in the permeability 

gradient across the alveolo-capillary membrane. This correlated with the 

physiological and ultrastructural measurements for the lungs in this group. 

With the gradual rewarming and vasodilatation of the lung vasculature, PVR 

decreased to normal range values in all three groups. One possible confounder 

could be the difference in viscosity between the solutions. I have noted an increase 

lactate in the blood collected during euthanasia; hence the lactate excretion was 

described as a delta measurement. Lactate increased with time in 

ail the groups and has been previously described as a "washout effect" on the 

lungs.(129) I believe that lactate should not be ignored in the context of organ 

preservation and reconditioning, whilst being mindful of the low metabolic usage 

rate of lactate in the absence of the liver in the EVLP circuit. 
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4.6 Discussion 

I have carefully compared the performance of the three different perfusate 

solutions in the EVLP model. I have measured physiological parameters, 

inflammatory cells in the circuit, cytokine production, and ultrastructural changes. 

I have shown that blood based and acellular solutions appear to be equivalent 

from the physiological, functional, immunological and histological 

characterisations that I have performed. 

More variability was noted in oxygenation of the STEEN group, but no 

significant difference was demonstrated. In the acellular solution group, the 

oxygenation was less predictable potentially due to the absence of haemoglobin 

and thus reduced oxygen carrying capacity of this solution. The blood-based 

solutions had an increased acid-base buffer capacity, with more stable pH balance 

during EVLP due to the homeostatic effects of haemoglobin on oxygen and carbon 

dioxide exchange. 

Contrary to a previous study that used the Toronto protocol (128), the wet:dry 

ratios and pulmonary compliance had an adverse trend in the STEEN solution 

group. This was supported by my observation that in the presence of increased 

extravascular lung water and interstitial oedema in the electron microscopy 

examination in two of the lungs subjected to the acellular perfusate. Despite this, 

it was difficult to conclude that this finding was applicable to all lungs in this group. 

A lower osmolarity in the acellular STEEN solution when compared to the studied 

blood-based solution translated to a potential difference in the permeability 

gradient across the alveolo-capillary membrane. This correlated with the 

physiological and ultrastructural measurements for the lungs in this group. 

With the gradual rewarming and vasodilatation of the lung vasculature, PVR 

decreased to normal range values in all three groups. One possible confounder 

could be the difference in viscosity between the solutions. I have noted an increase 

lactate in the blood collected during euthanasia; hence the lactate excretion was 

described as a delta measurement. Lactate increased with time in 

all the groups and has been previously described as a "washout effect" on the 

lungs.(129) I believe that lactate should not be ignored in the context of organ 

preservation and reconditioning, whilst being mindful of the low metabolic usage 

rate of lactate in the absence of the liver in the EVLP circuit. 
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There is limited evidence on ultrastructural architecture of lungs assessed 

by electron microscopy. (130) I didn't find significant difference between the 

degree of apoptosis and cell injury in endothelial and epithelial cells between the 

three groups. The endothelial and epithelial cell layers were intact in all solutions, 

without differences in tight junctions. Capillaries were much harder to identify in 

the STEEN solution group due to the absence of red blood cells from the 

perfusate. In two of the lungs perfused with acellular STEEN, an increased level 

of mitochondrial, interstitial and airway oedema was observed, which correlated 

with the rest of the analysis parameters. Despite this, I could not show the same 

level of injury in the rest of the lungs of this group. 

In order to accurately analyse the circulating or resident leukocytes and 

cytokines, porcine specific antibodies were chosen for this study due to the 

differences described between the swine and human immune systems. (121) 

Non-classical monocytes were previously described as the main circulating 

leukocyte population. (88) Despite a lower population of monocytes identified in 

the STEEN solution group, there were no significant differences in the cell 

proportions identified in the leukocyte filters or BAL between groups. There could 

be an increased monocyte mobilization effect while using blood-based 

perfusates, although this difference wasn't statistically significant between the 

groups. In the BAL in the compared groups, there was no significant difference 

between the number of cells pre- and post- ventilation. 

Leukocyte filters have a positive effect on late lung reperfusion injury 

through the sequestration of neutrophils and reduction of the macrophage related 

early lung injury. (131) 

In this context, I have compared the circulating and resident cytokines 

between acellular and cellular solutions. In the acellular solution group there was 

a trend towards a higher airway/perfusate concentration ratio when compared to 

blood-based perfusates for cytokines such as IL-8, IL-6 or IL 1-~. An increase with 

time in cytokine levels was measured in each of the solution groups. This could 

be explained by a continuous production stimulated by IL-1 family, TNF-alpha 

chemokines and an overall decrease in cytokine absorption in the EVLP circuit. 
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In the acellular STEEN group perfusate and BAL, there was an increase in 
the production of the IL-8 pro-inflammatory cytokine. Similarly, De Perrot et al 
found higher levels of IL-8 during ischemia-reperfusion injury. (132) The IL-1 ~ 
and IL-1 ra levels could reflect a higher mobilization of monocytes and 
macrophages to the perfusate from the lungs. In these experiments, fewer cells 
were found in the leukocyte filters of blood-based perfusates. The higher number 

of leukocytes trapped in filters and higher levels of specific cytokines like IL-8 
could reflect a higher inflammatory profile of lungs perfused with acellular 
perfusates. 

This set of experiments has confirmed that there were no significant 
differences between key physiological, immunological and histological 
parameters measured when PAPWORTH-Blood solution was used. These 
observations suggest that this solution was at least equivalent to the two other 
solutions being tested. This supported its use as the perfusate solution in the 
subsequent EVLP experiments, reducing the overall cost of the experiments. 

The maximum increase in the main circulating pro-inflammatory cytokines 
occurred between 2 and 3 hours of EVLP. Based on this finding, to study the 
highest impact of excluding the filters earlier on the inflammatory profile of the 
lungs, I have decided to exclude the leukocyte filters after 2 hours of perfusion. 
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Chapter 5 Impact of leukocyte filters 

5 The impact of leukocyte filters during EVLP. 

5.1 Introduction 

The LG-6 leukocyte filter (LF) is an essential component of the EVLP 

circuit. Its purpose is to reduce the circulating inflammatory cell burden.(128) 

However, theoretically, the presence of the filter may be associated with 

deleterious effects if trapped cells become activated by the membrane and 

undergo degranulation. This theoretical risk has resulted in a debate on the 

impact on clinical outcomes when using leukocyte filters for different time 

periods during cardiopulmonary bypass (CPS) or EVLP.(82, 133, 134) 

When using leukocyte filters for reduced periods, improved lung function 

coupled with lower levels of pro-inflammatory cytokines (IL-6, IL-8, TNF-a) have 

been demonstrated in COPD patients subjected to cardio-pulmonary bypass . 

. (135) A similar short-term use of LF in addition with Aprotinin treatment reduced 

post-CPS inflammatory response and improved lung function.(136) Additionally, 

using the LF for 2 hours during CPS, could significantly decrease the IL-8 and 

adhesion molecules post CPS.(137) 

In contrast, prolonged leukocyte depletion during CPS showed improved 

lung protection, improved oxygenation, but an increase in IL-8 levels.(138) 

Leukocyte filters can activate trapped neutrophils and monocytes while allowing 

the passage of activated phagocytes. One suggested mechanism is that the 

prolonged use of filters promotes transient phagocyte adherence followed by 

detachment and re-entry of activated cells into circulation.(89) 

In lung transplantation, donor-derived monocytes contribute significantly 

to the initiation and progression of immune reactions leading to rejection 

episodes. In human and animal EVLP models, evidence suggests that the 

majority of leukocytes collected in filters are non-classical monocytes with high 

capacity to differentiate into dendritic cells capable of secreting pro

inflammatory cytokines, which could be an explanation for the previous findings 

in the CPS studies.(84, 88) The rise in EVLP perfusate levels of IL-6, IL-8 and 

IL-10 was hypothesised to be a wash-out effect during EVLP and having the LF 

in the circuit for up to 6 hours.(87) 
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Based on the current evidence, leukocyte filters can be beneficial for 

removing inflammatory cells when used strategically and for shorter periods. My 

hypothesis was that by using the leukocyte filters during EVLP for a prolonged 

period, the trapped leukocytes in the filter activate and undergo degranulation 

and release pro-inflammatory cytokines. Thus, I have investigated the effects of 

removing the LG-6 filters after 2 or 4 hours on circulating and airway 

inflammatory cells during EVLP in a DCD porcine model (n=5). The 4 hours 

control group consisted of randomly selected experiments from the 

PAPWORTH-Blood solution group. The number of experiments chosen was 

consistent with the current literature. The filters could have been excluded at 

different time points, but the two-hour time point was chosen based on the 

highest cytokine increase in the perfusates comparison set of experiments. I 

have used porcine specific antibodies to avoid the limitations of species cross

reactivity.(121, 139) 

5.2 Evaluation of the physiological parameters in the short 

and long term use of leukocyte filters 

The physiological parameters were measured as described in subchapter 

3.5. When comparing the PVR between the treatment and control group, I have 

found no significant difference (p=0.21 ). (Figure 5.1) After the first two hours of 

perfusion, a rise in PVR was noted when excluding leukocyte filters at two hours 

(500.6 to 7 45.8 vs. 409.6 to 460.8 dyn*s/cm5). Similar levels of oxygenation were 

noted during the 4 hours of EVLP in both groups (67.6 to 62.3 vs. 74.3 to 65.5 

kPa, p=0.42). (Figure 5.2) The pulmonary compliance decreased after the 

leukocyte filter was excluded at 2 hours (80.2 to 67.2 vs. 53.8 to 66.4 ml/cmH20, 

p=0.3). (Figure 5.3) At the end of the procedure the compliance had similar 

levels in both groups, but the trend was decreasing in the short term filter use 

group. Lactate excretion increased in both groups in a linear fashion (p=0.91) 

and the wet:dry ratios were stable (p=0.9) in both groups. (Figure 5.4, 5.5) 

By excluding the filters out of the circuit, it is likely that the overall circuit 

resistance reduces, which increases the perfusion pressure on the lungs. This 

can have a negative effect on PVR, oxygenation, and extravascular lung water. 

In these experiments, the wet:dry ratios did not increase when the filters were 
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excluded early, which could indicate that the ratio may be a late indicator in the 

more subtle lung water changes 



Chapter 5 Impact of leukocyte filters 

1200 

2 hours .. 4 hours -II) 

800 E 
~ ••••••• 

P = 0.2158 

• ... 
• • C T ... ·· >, 

"C -~ ••••••• ••••••• > 400 a. 

o ... ---... ---... ----.1111111--....ii..----. 
0 1 2 3 4 5 

Time (hours) 

Time 4 hours 2 hours 
X Mean SD N Mean SD N 

T1 1.000 677.333 330 .581 5 471.466 114.734 5 
T2 2.000 409.600 104.675 5 500.622 124.022 5 
T3 3.000 454.400 104.675 5 699.274 168.903 5 
T4 4.000 460.800 109.924 5 745 .842 219.505 5 

Figure 5.1 Comparison of hourly changes in pulmonary vascular resistance 

between the 2-hour and 4-hour leukocye filter exclusion groups. 

PVR was calculated by measuring the pulmonary artery pressure and left atrial 

pressure. The graph shows no difference between groups, but a rise in PVR was 

observed when exclud ing the filter at 2 hours. They axis is expressed in dyn*s*cm-

5. The data is presented as a mean ± standard deviation of the two groups (n=5). 
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••• ••• •• 
•••••••• 

2 hours 
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P = 0.4291 

0 ... ---... ----.~---.----..----.. 
0 1 2 3 4 5 

Time (hours) 

Time 4 hours 2 hours 
X Mean SD N Mean SD N 

T1 1.000 69.020 20 .665 5 76.668 3.046 5 
T2 2.000 67.672 18.894 5 74.346 19.268 5 
T3 3.000 60.286 9.088 5 74 .180 23.336 5 
T4 4.000 62 .360 12.010 5 65.522 30.547 5 

Figure 5.2 Comparison of hourly changes in oxygenation capacity quantified by 

p02/Fi02 measurements between the 2-hour and 4-hour leukocye filter exclusion 

groups. 

The p02/Fi02 was calculated by measuring the arterial p02 in kPa while ventilating on 

21 % Fi02 in the perfusate effluent at the level of the left atrium. The blood gas analysis 

was corrected for temperature. The graph shows no significant difference between 

oxygenation levels in the two groups. The y axis is expressed in kPa. The data is 

presented as a mean ±standard deviation of the two groups (n=5). 
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T4 4.000 66.400 37 .740 5 67.200 15.255 5 

Figure 5.3 Comparison of hourly changes in pulmonary airway compliance 
between the 2-hour and 4-hour leukocye filter exclusion groups. 

The compliance was measured through spirometry and a pressure line connected to 

the endotracheal tube, The graph shows initially a higher compliance in the treatment 

group, but this decreases after the exclusion of the filter. The y axis is expressed in 

ml/cmH20. The data is presented as a mean± standard deviation of the two groups 

(n==5). 
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T3 3.000 5.860 5.980 5 5.720 2.373 5 
T4 4.000 7.840 6.274 5 7.040 2.736 5 

Figure 5.4 Comparison of hourly changes in ~Lactate between the 2-hour and 
4-hour leukocye filter exclusion groups. 

The lactate levels were measured in the perfusate effluent at the level of the left atrium. 

The blood gas analysis_ was corrected for temperature. The graph shows a linear 

increase in excreted lactate both groups. They axis is expressed in mmol/L. The data 

is presented as a mean ± standard deviation of the two groups (n=5). 
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X Mean SD N Mean SD N 

TO 0.000 4.923 0.871 5 5.426 0.316 5 
T4 4.000 5.282 0.762 5 4.868 0.470 5 

Figure 5.5 Comparison of hourly changes in wet:dry ratios between the 2-hour 

and 4-hour leukocye filter exclusion groups. 

The wet:dry ratios were calculated by dividing the weight of biopsy samples obtained 

from the right accessory lobe before and after a process of dehydration at 65°C for 

24 hours. The graph shows no difference in the wet:dry ratios between the groups, 

with an improving trend in the treatment group. The data is presented as a mean ± 

standard deviation of the two groups (n=S). 
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5.3 Evaluation of the cell populations in the leukocyte filters 

and broncho-alveolar lavage 

The cells isolated from the filters and BALs of the two groups: 2-hour 

exclusion group and 4-hour exclusion group were subjected to FACS analysis as 

described in chapter 3.8. 

The total number of isolated cells in the leukocyte filters of these groups 

were 8.6 x106 vs. 14.1x106 respectively (p=0.71). There was no difference 

between the cell counts in the broncho-alveolar lavage: pre-ventilation - 2.1x106 

vs. 3.5x106 (p=0.99) and post-ventilation - 2.2x106 vs. 3.6 x106 (p=0.99). (Figure 

5.6) 

From the leukocyte filter cell population 44.6% (20-76%) were lymphocytes, 

33.9% (15-46%) macrophages/monocytes/dendritic cells and 15.9% (5.1-30%) 

granulocytes. By comparison, in the BAL the percentages were: pre-ventilation 

BAL-41.5% (23-54%) vs. 22.4% (7-37%) vs. 28.5% (21-31%); post-ventilation 

BAL - 44.8% (34-61%) vs. 12.8% (2-27%) vs. 28.8% (15-47%). More 

granulocytes and less macrophages/monocyte/dendritic cells were present in the 

BAL when compared to the filters, however, this didn't reach statistical 

significance (p=O. 76). 

In the 4-hour group leukocyte filters, the higher proportion of lymphocytes 

were identified as CD8 cytotoxic cells (31.5% vs. 16.3%, p=0.01 ), while in the 2-

hour group, B cells were the predominant lymphocytes (19.6%). (Figure 5.7) 

Overall, there was no difference in the lymphocyte populations between groups 

(p=0.15), but the CD8 T cells were significantly higher in the 2 hour group 

(p=0.02). No significant difference was noted in the granulocytes (p=0.96), with 

the majority of the cells expressing SWC3hi (69.5%) in the 4 hours exclusion 

group and SWC3-(43.4%) in the 2 hours exclusion group. (Figure 5.8) 
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Difference of total cell counts between short and long term use of LG6 filters 
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Figure 5.6 Comparison of the total cell counts in the leukocyte filter, pre- and 
post- ventilation BAL when using the leukocyte filter for 2 or 4 hours. 

Increased counts of cells were identified in BAL and filters when the filter was used 

for 4 hours. 1x106 cells were allocated for each FACS tube in each solution group 

from the total pool. The y axis is expressed in total counts of cells identified by direct 

light microscopy. The data is presented as a mean ± standard deviation of the two 

groups (n=5). 
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Comparison of Lymphocyte populations in the leukocyte filters at 2-hours and 
4-hours 
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Figure 5.7 Comparison of the lymphocyte subpopulations percentages in 

the 2-hour and 4-hour leukocyte filter exclusion groups. 

The majority of cells in the treatment group were COB cytotoxic T-cells, while in 

the control group th~ majority were B cells. The data is presented as a mean ± 

standard deviation of the two groups (n=5) . 
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comparison of Granulocyte populations in the leukocyte filters at 2-hours and 4-hours 
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Figure 5.8 Comparison of granulocyte phenotypes isolated in the 2-hour and 4-

hour leukocyte filter exclusion groups. 

The majority of granulocytes expressed SWC3+++ when the filters were excluded 

after 4 hours, while at 2 hours exclusion the majority was SWC3-. There was no 

significant difference of the different subtypes of granulocytes between the compared 

groups. The data is presented as a mean ± standard deviation of the two groups 

(n=5). 
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There were less monocytes when the filters were excluded at 2 hours 

(7.9% vs. 19.5%, p=0.49), while the macrophage (p=0.99) and dendritic cell 

(p=0.47) populations were similar in both control and treatment groups. (Figure 

5.9) ln-vivo the monocytes mobilise early in circulation, but this data suggests 

that the mobilisation from the lungs could occur after 2 hours in the ex-vivo 

setting. 

I have found no difference between pre- and post- ventilation BAL for 

lymphocytes (p=0.57; p=0.85 respectively) and granulocytes (p=0.92; p=0.93 

respectively) in the treatment and control groups. Fewer monocytes were 

present in the 2-hour group BALs (5.6% vs. 12.1 %; p=0.83 pre-ventilation and 

1.5% vs. 15.6%; p=0.18 post-ventilation). The monocyte population in the BAL 

decreased in the 2-hour group and increased in the 4-hour group. Comparing 

the baseline pre-ventilation BAL measurements, the starting percentage of 

monocytes was higher in the 4-hour group, reflected by a higher percentage of 

monocytes in the filters. There was no difference between macrophages (22.2% 

vs. 20.4%; p=0.99 in pre-ventilation BAL and 23.1 % vs. 18.9%; p=0.91 in post

ventilation BAL), with the levels relatively stable during the procedure. The DCs 

increased in the 2-hour group during the procedure from 23.4% to 41.5% 

(p=0.4), while in the control group the increase was smaller (18.8% to 21.3%; 

p=0.8). (Figure 5.10.) 
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Comparison of Macrophage/Monocyte populations in the leukocyte filters at 
2 -hours and 4-h ours 
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Figure 5.9 Comparison of monocytelmacrophagesldendritic populations in the 

2-hour and 4-hour leukocyte filter exclusion groups. 

DCs were the highest cell proportion in this population . There was no significant 

difference between the monocytes, macrophages and DCs. Less monocytes and 

more dendritic cells were present in the 2-hour group, while the macrophages were 

similar. The data is presented as a mean of percentages ± standard deviation of three 

groups (n=5). 
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comparison of Lymphocyte populations in the pre-ventilation BAL at 2-hours 
and 4-hours 

1 00 

C BO 
0 

.!!! 
:, 
c. 
0 
c. 60 

! 
>, 
u 
0 

.£: 
c. 40 
E 
>, 

..J -0 

;f/. 
2 0 

• 4 hours CJ 2 hours 

Comparison of Lymphocyte populations in the post-ventilation BAL at 
2-hours and 4-hours 
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Figure 5.10 Comparison of pre- and post-ventilation broncho-alveolar lavage 

lymphocytes between the 2-hour and 4-hour leukocyte filter exclusion 

groups. There was no difference in the lymphocyte populations. The data is 

presented as a mean of percentages± standard deviation of three groups (n=5). 
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comparison of Macrophage/Monocyte /DC populations in the pre-ventilation 
BAL a t 2-hours and 4-hours 
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Comparison of Macrophage /Monocyte / DC populations in the post-ventilation 
BAL at 2-hours and 4-hours 
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Figure 5.11 Comparison of pre- and post-ventilation broncho-alveolar lavage 
MacrophagelMonocytelDC between the. 2-hour and 4-hour leukocyte filter 
exclusion groups. DCs were significantly higher in the post-ventilation BAL when 

using filters for 2 hours (p=0.03). The data is presented as a mean of percentages± 

standard deviation of three groups (n=5). 
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co mpari son of Granulocyte populations in th e pre-vent ilation BAL at 2-hours 
and 4-hours 
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Com parison of Granulocyte populations in the post-ventilation BAL at 
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Figure 5.12 Comparison of pre- and post-ventilation broncho-alveolar lavage 

granulocytes between the 2-hour and 4-hour leukocyte filter exclusion 

groups. The majority of granulocytes were highly positive for SWC3 that 

decreased in the 4-hours exclusion group and increase in the 2-hour group. The 

data is presented as means of percentages ± standard deviation of three groups 

(n=5). 
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5.4 Cytokine expression in the perfusate and broncho

alveolar lavage 

The concentration of cytokines present in the circulating perfusate and BAL 

were measured using the magnetic beads Luminex platform as described in 

chapter 3.9 

The perfusate cytokines profile for the compared groups showed a rise in 

IL-8 in the 4-hour leukocyte filter group between 3 and 4 hours (8.3 vs. 3 ng/ml; 

p=0.56 and 13.1 vs. 4.9 ng/ml; p=0.27), IL-6 was raised in both control and 

treatment perfusates at 3 and 4 hours (2.9 vs. 3 ng/ml; p=0.99 and 4.8 vs. 6.4 

ng/ml; p=0.34). IL-1 B was higher in the 2-hour group (3.3 vs. 3.1 ng/ml; p=0.99 

and 8.4 vs. 5 ng/ml; p=0.57). I have found no significant difference in the other 

cytokines measured in the perfusate. (Figure 5.11.) The levels of IL-8 in the 

perfusate correlated positively with the macrophage percentage in LF and (R 

squared=0.63; p=0.01 ). (Figure 5.12) 

Contrary to the perfusate, in the 2-hour group BAL, the levels of IL-8 were 

raised at the beginning and end of the EVLP compared to the 2-hour group (4.6 

vs. 1.9 ng/ml; p=0.64 and 7.2 vs. 2.2 ng/ml; p=0.25). The levels of IFN-y and IL-

1 B decreased during the procedure in the 2-hour group from 4.0 to 1.7 ng/ml and 

2.1 to 1.5 ng/ml respectively. There was no statistically significant difference 

between any of the cytokine levels in the BAL. (Figure 5.13) Although, no 

significant correlation was found between IL-8 levels and macrophage 

percentage in the BAL(R squared=0.15; p=0.29). 
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Chapter 5 Impact of leukocyte filters 

Circulating IL-8/IL-1 O ratio comparison 
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Figure 5.14 Perfusates IL-BIIL-10 ratio comparison between the 2-hour and 4-

hour leukocyte filter exclusion groups. 

There was significant difference between the IL-8/IL-10 ratios at 3 and 4 hours 

between the groups (p<0.0001, p<0.0001) 
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Figure 5.15 Correlation between perfusate IL-8 levels and the macrophages in 

the leukocyte filter of composite 2-hour and 4-hour leukocyte filter exclusion 

groups. 

Positive correlation was found between the IL-8 levels and Macrophage population 

(R square=0.63, p=0.01 ). The y axis values are expressed as the percentage of 

macrophages measured in the leukocyte filter. 
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Chapter 5 Impact of leukocyte filters 

5.5 Discussion 

In this set of experiments I have compared the use of leukocyte filters for 

4 or 2 hours during EVLP. There are different strategies for the use of the 

leukocyte filter, including the exclusion at earlier or later time points and the 

replacement of the filters after exclusion. I have designed these experiments 

based on the observation that the maximal increase in pro-inflammatory 

cytokines occurred between 2 and 3 hours of EVLP in the perfusion solutions 

experiments. 

The evidence that supports the beneficial use of the leukocyte filters 

suggests the shorter use of leukocyte. (135-137) My data suggests that when the 

filter is being used for 2 hours the total number of cells isolated from both 

leukocyte filters and BAL is lower. Based on the shorter use, it could be expected 

that the number of cells would be lower in the filters only. 

While there was no significant difference in the measured physiological 

parameters between the groups, deterioration in PVR and pulmonary compliance 

was noted towards the end of the experiments when excluding the filters early. 

The removal of filters might change in the overall circuit resistance with a negative 

impact on these parameters. 

Filter saturation and loss of adhesion has been advocated previously during 

prolonged filter use in CPB. (89) Contrary to previous evidence (88), in this model 

the majority of the cells trapped in the filters were lymphocytes, which reflects the 

physiological conditions in-vivo. The level of monocytes trapped in the filter and 

isolated in BAL was lower when excluding the filter at 2 hours. One of the 

explanations for my results is that the monocytes may differentiate into dendritic 

cells in the lungs after 2 hours, demonstrated by more DCs in the post-ventilation 

BAL (p=0.03). 

The role of activated neutrophils and degranulation of monocytes and 

macrophages can improve the overall inflammatory lung stress.(89) Similar to 

previous evidence (138), the IL-8 levels increased with time in both groups. While 

the filter macrophage populations are similar between the two groups, 

significantly higher IL-8/IL-10 ratios can be noted when using the· filter for the 

whole 4 hours (p<0.0001 at 3 and 4 hours). The activation and degranulation of 

the macrophages while fixed in the leukocyte filter could be contributing to the 
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overall level of circulating IL-8. Interestingly, the levels of IL-8 were higher in the 

BAL when excluding the filters early, but no statistical significance was achieved. 

The use of blood as a perfusate component may have influenced the 

characteristics, migration and differentiation capacity of the leukocytes. 

Additionally cytokine filters could have been used to reduce the inflammatory 

response. (139) A survival transplant model would have investigated long term 

effects on the inflammatory profile, but this was not the purpose of these 

experiments. 

To fully understand the best strategy for removing or replacing the filters 

during EVLP, more studies are needed. I have demonstrated that after 2 hours, 

the filters can have deleterious effects, and the shorter use or replacement of 

these filters should be explored. 
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6 The impact of Apelin treatment in an ischaemic lung 

injury model 

6.1 Introduction 

Apelin is a circulating peptide that binds to its G-coupled APJ receptor and 

has important roles in the regulation of the cardiovascular system, angiogenesis 

and on the nervous system. Apelin has a less than 6 minutes half-time, which 

makes it ideal for an experiment with sequential boluses. (140,141) 

The current evidence suggests that Apelin induces pulmonary vasodilation 

by targeting critical mediators as endothelial nitric oxide synthase (eNOS). (145) 

This is mediated by stimulation of guanylate cyclase and release of cyclic 

guanosine monophosphate (cGMP). (140) (Figure 6.1) This effect is dependent 

on an intact endothelium. In the context of endothelial injury, Apel in has a calcium 

mediated vasoconstrictive effect on the vascular smooth muscles. (140,141) 

One of the biggest challenges in DCD lung transplantation is the primary 

allograft dysfunction due to prolonged warm ischaemic injury. (142) This has a 

significant impact on the short and long term survival and function of the donor 

lung. Additionally, Machuca et al suggested that endothelin-1 and NO metabolites 

could be markers for the endothelial dysfunction and correlate with primary graft 

failure. (143) 

The Apelin-APJ signalling pathway has been demonstrated to have 

protective effects in rats.by reducing the extra-vascular lung water, capillary 

leakage and hypoxemia in an acute respiratory distress syndrome model. (144) 

Additionally, Apelin was found to be upregulated and decreased pulmonary artery 

pressure during the first 24 hours from injury. (145) 

Based on this emerging evidence, I have decided to develop a warm 

ischaemic lung injury model and investigate the effects of Apelin as described in 

Chapter 3.14 and 3.15 .. This injury model was chosen due to its relevance to 

clinical practice, where prolonged warm ischaemic injury of the lungs can be a 

contraindication for transplantation. (145) The vasodilative effects of Apelin are 

proportional with the presence of healthy endothelium. (143) After careful 

consideration of the current evidence on warm ischaemic models, I have decided 
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that an 1 hour injury should preserve enough healthy endothelium for the 

vasodilative effects of Apelin. (146-149) 

Due to the negative results obtained, I have completed this set of 

experiments by testing a more potent Apelin-13 synthetic compound (MM07). 

MM07 has shown increased effects on endothelial dependent vasodilatation in a 

human saphenous vein model. (150) 

IP / DAG 

C • /PKC • Vasoconstriction 

OTP 

Vasodilatation 
Vascular smooth musde cells 

Figure 6.1 Schematic representation of the Apelin APJ receptor and 

different intra- and extra- cellular mechanisms of action of Apelin. 

(Ref: Kleinz, M. Davenport, A. Emerging roles of Ape/in in biology and medicine. 

Pharmacology and therapeutics. Vol2, Is. 2: 198-211. August 2005.) 
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6.2 Vasoactive effects of Apelin quantified by PVR changes. 

For this set of experiments, I have used 4 pairs of lungs that were subjected 

to EVLP for 4 hours as described in Chapter 3.3. Four of the lungs were treated 

with Apelin and one with MM07.The warm ischaemic injury was induced in the 

left lung, while the right was the negative control lung as described in Chapter 

3.14 and 3.15. Following full perfusion flow and ventilation at 1 hour of EVLP, the 

left PA was clamped for 1 hour, while the perfusion continued through the right 

PA. At 2 hours of EVLP, the left PA was unclamped and right PA clamped for 1 

hour in order to subject only the injured lung to the Apelin therapy. Following 3 

hours of EVLP, both PAs were left unclamped for another hour. 

The Apelin doses injected in the right and left PA were 0.5, 1 and 2 mmol of 

Apelin-13 (5x1 o-4M) at 10 minutes intervals. A dose response curve was 

calculated for each lung based on the effects on mean PAP and PVR. The doses 

were chosen based on previous existing evidence in human models. As the 

halving time of Apel in is 6 minutes, the boluses were administered at 10 minute 

intervals to allow enough time to avoid accumulation of the Apelin in the circuit. 

(Picture 6.1) The warm ischaemic injury was assessed macroscopically by 

observing the hepatisation of the lung parenchyma. (Picture 6.2) 

By injecting 0.5 mmols of Apelin, the MPAP remained static or reduced by 

1 mmHg, while with 1 mmol it showed maximal reduction in both control and 

injured lungs. This translated in a measured PVR change with the 1 mmol dose 

from 592 to · 523 and 811 to 765 dyn*s*cm-5 in the control and injured lungs 

respectively. (Figure 6.2) Using higher doses (2 mmol) had no effect on the 

measured PA pressures. Based on this observation, there was an indication that 

the receptors could be saturated and increased or repeated doses will achieve 

no further effect on the pulmonary pressure in this model. 
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Picture 6.1 The lung warm ischaemic injury model was established by 

dissecting and clamping the left pulmonary artery for 1 hour. 

After 1 hour of ischaemia, the clamp was released from the left PA and placed 

on the right PA. The flow was half of the target flow during the clamping of either 

the pulmonary artery. This reduction was maintained in order to avoid excess 

injury to both lungs due to raised perfusion pressure and capillary leakage. 
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Picture 6.1 The lung warm ischaemic injury model was established by 

dissecting and clamping the left pulmonary artery for 1 hour. 

After 1 hour of ischaemia, the clamp was released from the left PA and placed 

on the right PA. The flow was half of the target flow during the clamping of either 

the pulmonary artery. This reduction was maintained in order to avoid excess 

injury to both lungs due to raised perfusion pressure and capillary leakage. 
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Picture 6.2 The early ischaemic changes in the left injured lung. 

In the later stages, after 1 hour of ischaemia, hepatic consistency of the lung 

was palpated, which correlated with frothy secretions on bronchoscopy. 
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With the injury at the level of the left lung becoming evident after one hour 

of warm ischaemia, PVR was raised in the injured lung compared to the control 

lung (811 vs. 592 dyn*s*cm-5, p=0.2) .. After unclamping both PAs after 3 hours 

of EVLP, the PVR was 682±143 dyn*s*cm-5. (Figure 6.2) 

Additionally, the wet:dry ratios deteriorated during EVLP in the left lung. In 

contrast, wet:dry ratio improved in the right lung. At the end of the procedure the 

wet:dry ratios were 6.4±0.9 vs. 5.4±0.1 in the left and right lung respectively, 

p=0.1 ). (Figure 6.3) 

The pulmonary airway compliance decreased with time, which reflected the 

presence of frothy secretions in the ET tube consistent with pulmonary oedema 

(70±13.4 ml/cmH20 at 1 hour vs. 30.5±20.9 ml/cmH20 at 4 hours). (Figure 6.4) 

As the ventilation was performed through the trachea and the bronchi were not 

intubated selectively, the pulmonary compliance could not be measured 

individually in the control and injured lungs. Due to the nature of the injury, the 

left lung could have contributed predominantly to this deterioration. The 

oxygenation of the lungs was maintained during EVLP, with left atrial p02 

measuring >40kPa throughout the procedure. 
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Apelin - PVR comparison 

1000 

800 
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400 

200 

Time 

• PVR - Control + Apelin • PVR - Injured Lung + Apelin 

Figure 6.2 PVR dose response curve to different Apelin doses. Apelin was 

injected in the right lung between 1 and 2 hours of EVLP, followed by boluses 

in the left lung between 2 and 3 hours of EVLP.No significant changes were 

measured in the PVR. . (n=4) 
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Wet:dry ratios comparison 

8• 
+ Control Lung .. • lschaemic Injury Lung 
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Figure 6.3 Changes in wet:dry ratios during EVLP in the control and 

injured lungs. 

Deterioration of the lung water (expressed through wet:dry ratios) was observed 

in the injured lung, while in the control lung the wet:dry ratio improved. (n==4) 
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O 100 
N • Lung airway compliance 
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Figure 6.4 Changes in airway compliance during EVLP in the warm 

ischaemic injury model. 

Following the sequential clamping of the arterial supply of the left and right 

pulmonary arteries, a progressive deterioration was observed in the airway 

compliance. This correlated with increasing lung water in the left lung and frothy 

bronchial secretions following the warm ischaemic injury. The EVLP circuit did 

not allow the independent measurement of compliance in each lung. They axis 

values were expressed in ml/cmH20. (n=4) 
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6.3 Vasoactive effects of MM07 quantified by PVR changes. 

The minimal changes observed in the set of experiments investigating the 

vasoactive effects of Apelin could be explained by the insufficient potency of 

Apelin. MM07 has been described as a synthetic Apelin-13 peptide sequence, 

which has increased vasoactive effects. 

I have decided to investigate the effects of the MM07 peptide on PVR 

when compared to Apelin. One pair of lungs was subjected to EVLP for 4 hours 

as described in Chapter 3.3. The warm ischaemic injury was induced to the left 

lung, while the right was the negative control lung as described in the Apelin 

subchapter experiments. 

Incremental doses of MM07 (10 µI (0.05 mmol), 20 µI (0.1 mmol), 40 µI (0.2 

mmol), 80 µI (0.4 mmol), 100 µI (0.5 mmol), 150 µI (0.75 mmol), 200 µI (1 mmol), 

300 µI (1.5 mmol), 400 µI (2 mmol), 500 µI (2.5 mmol), 600 µI (3 mmol), 800 µI (4 

mmol) were injected in the right PA every 5 minutes between 1 and 2 hours of 

EVLP. The number of incremental boluses used was chosen due to the limited 

literature and dose-response data on this peptide. In the next stage, the right PA 

was clamped and left PA unclamped, while maintaining the same flow rate. The 

subsequent boluses were repeated in the left PA. The PVR response was 

measured. 

The PVR had no significant change (755 to 711 dyn*s*cm-5) following the 

20 µI boluses and was stable despite increasing boluses. After the 200 µI dose, 

the PVR maintained at 755 dyn*s*cm-5 up to the right PA clamping point at 2 

hours. In the left lung, PVR was stable, rangingfrom 977 to 933 dyn*s*cm-5 

following the repeated incremental boluses in this lung. Despite this, the PVR 

deteriorated from 933 to 1111 dyn*s*cm-5 during the last 10 minutes of the 3rd 

hour of EVLP. After both Pas were unclamped, the final PVR was 840 dyn*s*cm
s 
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MM07 PVR Comparison 
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Figure 6.5 The PVR dose response curve following sequential boluses of 

synthetic peptide MM07 in the warm ischaemic lung injury model. 

There was no significant changes in the PVR in both lungs. They axis values 

were expressed in dyn*s*cm-5. (n=1) 
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6.4 Discussion 

I have investigated the vasoactive effects of Apelin on uninjured lungs and 

lungs injured by 1 hour of warm ischaemia during EVLP. I have chosen the 1 

hour limit based on the current evidence and clinical relevance, where 

prolonged warm ischaemia of more than 1 hour is considered a contraindication 

for lung transplantation. When this is exceeded, irreversible changes occur at 

the cellular level, which corresponds to a rise of PVR, increase of capillary 

leakage and extravascular lung water, followed by a reduction in airway 

compliance. (143-145) I have established the warm ischaemic injury model by 

clamping sequentially the pulmonary arteries. The impact of the injury was 

quantified macroscopically, by measuring the wet:dry ratios and airway 

compliance. The increase in extravascular lung water was reflected in the 

deterioration of pulmonary compliance, with a hepatisation effect of the injured 

lung 

I have expected an eNOS mediated vasodilatation effect of Apelin in this 

warm ischaemic injury model. In this model, a combined vasodilation and 

vasoconstriction effect could have been present, reflecting the combined 

healthy and injured endothelium of the pulmonary vascular bed.(140) This set 

of experiments had a negative result, as there was no significant change in PVR 

in both injured and uninjured lungs. Alternatively, a different vasodilator (e.g.: 

Glyceryl Trinitrate) could have been used as a separate experimental arm. 

MM07 1s a synthetic Apelin-13 peptide.(150) I have explored the 

vasodilative effects of this new peptide in an attempt to determine if the injury 

model was too severe. There was no significant change in the PVR of both 

injured and injured lu_ngs during EVLP. 

In conclusion, I have established a warm ischaemic injury model relevant 

to clinical practice. Further examination of the effects of Apel in and MM07, as 

well as other vasodilators is needed to control and treat this injury. Models with 

reduced ischaemic injury or different injury mechanism could show improved 

therapeutic effects. 
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Chapter 7 Blood originated endothelial cells therapy 

7 The use of blood originated endothelial cells as 

cellular therapy in a lobar lung ischaemic model 

7 .1 Introduction 

In the past decade, increasing evidence supports the involvement of bone 

marrow derived cells in adult neovascularization, with the description of in vivo 

and in vitro cells that could differentiate into endothelial cells (EC). A subset of 

SM-derived cells, called endothelial progenitor cells (EPCs), were suggested as 

potential regenerative tools for treating human vascular disease and a possible 

target to restrict vessel growth in tumour pathology. Local pools of endothelial 

progenitor cells exist in the vascular wall, and have been described as the primary 

drivers of vascular regeneration and restoration of normal tissue architecture. 

Despite this, the full characterisation of their role and activation in 

neovascularisation still awaits clarification.(151) 

Endothelial cell activation is distinct from endothelial injury as the two 

phenomena may overlap in the activation process. This can be divided into: type 

I EC activation and type II EC activation. 

a) In type I EC activation, whereby the endothelium rapidly retracts, leading 

to an increased risk of haemorrhage, oedema and increased vascular 

permeability. 

b) In type II EC activation, whereby the endothelium expresses E-selectin on 

its surface and promotes the release of von Willebrand factor (vWF), chemokines 

(IL-8) and platelet-activating factor (PAF).(152) 

The hypothesis that bone marrow-derived circulating EPCs do not engraft 

into blood vessels is s_upported by a growing number of studies. The vascular 

repair properties of these circulating cells are suggested to be via paracrine 

mechanisms. Novel modes of paracrine regulation are being uncovered, such as 

the release of endothelial cell-derived micro-particles or microvesicles that 

contain microRNAs, which can promote vascular repair. (153) 

Endothelial colony forming cells (ECFC) were hypothesized to promote 

growth of the arrested alveolar walls in bronchopulmonary dysplasia and 

emphysema. However, there has been no significant evidence to support this in 
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recent studies using rat models.(154, 155) There is evidence which is still subject 

of discussion in the field in regards to the isolation, identification, 

characterisation, and the exact role of EPCs in vascular biology.(156) 

There is recent evidence on the benefits of cell therapy instillation into the 

lungs affected by acute lung injury and acute respiratory distress syndrome.(157, 

158) One study suggested that transplantation of EPC cells in a rabbit model 

could improve lung function. This was reflected by the increased Pa02/Fi02 ratios 

and reduction of lung wet-to-dry weight ratios. The detection of these cells in 

histologic sections is considered challenging due to the dispersion of EPCs in 

very large surface areas of pulmonary circulation.(159) 

This part of the thesis tries to address the potential of blood originated 

endothelial cells (BOEC) to engraft in lung tissue and vasculature, providing the 

basis of future experiments on cell directed therapies in lung injury. 

The main hypothesis was that these cells can transit through the pulmonary 

vasculature or engraft in the lung tissues. For this set of experiments, porcine 

lungs were subjected to EVLP (n=4) and I have designed and adapted a 1 hour 

lobar lung ischaemic injury model. The reduction of the ischaemic injury target to 

two lobes was aimed to reduce the total cell exposed surface area of the lung 

and increase the histological detection rate of the BOECs. The arterial and 

venous branches of the left cranial, left caudal and right accessory lobes were 

isolated. The warm ischaemic injury was induced in the right accessory and left 

cranial lobes and BOEC boluses we injected in the arterial branches of the right 

accessory and left caudal lobes. 

In order to identify these cells through FACS analysis, PE red arid green 

fluorescent protein markers were used to stain the cells prior the experiments. 

Similar to previous evidence, Evans Blue dye (EBO) marker was injected at the 

end of the last two experiments as an additional tool to quantify the degree of 

ischaemic injury to the lungs.(160, 161) The penetration of the dye was quantified 

macroscopically and through concentration coefficients. The detection and 

counting of endothelial activated cells was performed through the histological 

analysis of the biopsy samples obtained from the control and treatment lobes. 

This was previously described in Chapter 3.16. 

171 

1

111 



Chapter 7 Blood originated endothelial cells therapy 
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Figure 7.1 Development pathways of the hemato-endothelial lineage and 

the relation to the expression of CD45. 

In the embryo, CD45-_ mesodermal precursors give rise to CD45- endothelial 

precursors (EPCs), co45- haemangioblasts and/or co45- haemogenic 

endothelial cells (HECs). The CD45- EPCs differentiate into functional and 

mature CD45- ECs, whereas the haemangioblasts differentiate to both CD45-

endothelial lineage cells and co45• Hematopoietic stem and progenitor cells 

(HSCs/HPCs) in vitro. HECs differentiate only into HSCs and HPCs. (156) 
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7.2 Quantifying the transit of blood derived endothelial cells 

through FACS analysis. 

One pair of un-injured lungs was subjected to BOEC therapy during EVLP 

to determine if the BOECs embolise or transit through the lungs. Three boluses 

of 1x106 cells marked with RFP/GFP were injected into the main PA after 1 hour 

of EVLP. Venous samples were collected from the left atrial cuff prior injecting 

the bolus, at 15 sec, 30 sec, 1, 2, 3, 4, 5, 10, 15, and 30 minutes. The samples 

were centrifuged and analysed through FAGS for cell detection. BOECs were well 

differentiated from the red blood cells or leukocytes as described in Chapter 3.16. 

(Figure 7.2) The peak of detected cells in the effluent perfusate was measured 

at 15 seconds, with a mean count of 571 cells per 10.000 recorded events. No 

cells were detected in the samples following this peak. This demonstrates that 

the BOEC are detectable in our circuit and capable of transiting the lung despite 

the large capillary and pulmonary tissue bed. It was difficult to quantify exactly 

what percentage of cells migrated and what percentage remained at the level of 

the lung. (Figure 7.3) 

Three further experiments studied the transit of BOECs in the lobar lung 

ischaemia injury model previously described in Chapter 3.14. Contrary to the pilot 

transit experiment, following the triplicate boluses with BOEC in the right 

accessory lobar branch of the PA, no cells were detected in the effluent perfusate 

at the different studied time points (less than 10 per 10.000 events). This finding 

could have reflected an increase uptake of these cells by the lungs due to the 

warm ischaemic injury, which could induce changes in capillary flow resistance 

and permeability. 
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Figure 7.2 Example of FACS forward scatter plot obtained during the 

detection of blood derived endothelial cells. 

The target cell population was well differentiated from the majority of red blood 

cells/leukocytes on FACS analysis in the first image, whereas in the third image 

example BOEC cells were not detectable in the set gate. 

BOEC count over time in the effluent perfusate 
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Figure 7 .3 Representation of total blood derived endothelial cell counts 

following cell boluses in the main pulmonary artery. 
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The peak in cells was detected at 15 seconds following injection in the outflow 

perfusate of the first transit experiment. The boluses were repeated in triplicates. 

The y axis values are represented by absolute cell count numbers, while the x 

axis is time. (n=1) 

7.3 Quantifying lung injury through Evans Blue Dye. 

At the end of EVLP in the last transit experiment, 20 ml of standard 

concentration EBO were injected in the main pulmonary artery. This method was 

chosen as an additional injury assessment tool, following the absence of 

detectable BOECs in the transit experiments 2 and 3. The degree of injury was 

assessed macroscopically in all lobes based on the degree of dye penetration in 

the lung tissue. Additionally, the injury was quantified by measuring the EBO 

coefficient was measured through FACS analysis and the concentration was 

obtained by interpolating it with the standard curve as described in Chapter 3.16. 

(Figure 7.4) 

Immediately after injection, EBO was present in the effluent at the level of 

the left atrial cuff. Additionally, the presence of the dye was noted in the PA 

cannula . (Picture 7.1) The EVLP was continued for further 30 minutes to allow 

sufficient time for the uptake of EBO in the lungs. The left cranial lobe (injured but 

not treated) had the highest EBO coloration macroscopically, followed by the right 

accessory lobe (injured and treated with cells). In the uninjured lobes, the least 

affected was the left caudal lobe (uninjured with no treatment). (Picture 7.2) At 

the end of the procedure, the lobes and biopsies were sliced in similar sizes, to 

further determine the extent of EBO penetration. (Picture 7.3) In the right cranial, 

middle and basal lobes the dye was mainly present at the subpleural level. In the 

context of uninjured lobes, this could reflect a perfusion difference in the 

peripheral lung tissue. 
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Evans Blue Dye Standard Curve 
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Figure 7.4 The Evans Blue Dye (EBD) standard curve. 

The standard curve for the EBO assay was obtained by plotting the 

concentrations for different dilutions of the EBO, negative and positive controls. 

The EBO concentrations for the biopsy samples obtained from the left cranial 

lobe left basal lobe and right accessory lobe were calculated by extrapolation 

from the standard curve. 
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Picture 7.1 Evans blue dye injections in the main pulmonary artery at the 

end of the experiment. 

Standard concentration EBO was injected in the main pulmonary artery. Change 

in the lung parenchyma colour was observed in the warm ischaemia injury 

areas. 
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cranial 

lobe 
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Picture 7.2 Macroscopic appearance of the lungs after the injection of 

Evans blue dye in the main pulmonary artery. 

The most coloured lobe was the left cranial followed by the right accessory lobe. 

The left caudal lobe was the least coloured. 
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biopsy of the 

left caudal 

lobe at the 

beginning of 

Picture 7.3 Biopsies collected for measuring wet:dry ratios. The apical and 

basal areas of the left caudal lobe were biopsied at the beginning of EVLP. The 

right accessory, left caudal and left cranial lobes were biopsied at the end of 

EVLP following the EBO bolus: The basal biopsies had more dye 

macroscopically, when compared to the apical ones. 
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Each of the biopsy samples weighed 0.5 ± 0.04g. In the left caudal lobe 

biopsy taken at the beginning of EVLP there was no EBO. The highest EBO 

concentration was measured in the left cranial lobe (599.9 µg/ml) followed by right 

accessory (268 µg/ml) and left caudal lobes (19.2 µg/ml). These measurements 

reflected the previously described macroscopic findings, as they showed a higher 

EBO concentration in the injured control lobe. (Table 7.1) 

Absolute EBD 
Lobe concentration coefficient 

(ua/ml) 

Left cranial 1.011 599.92 
I 

Right 
0.499 268.10 accessory 

-

Left caudal 0.115 19.22 

Table 7 .1 The measured Evans Blue Dye (EBD) concentrations in the three 

analysed lobes. 

The EBO concentrations for were calculated by extrapolation from the standard 

concentration curve . 
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7.4 Quantifying blood derived endothelial cells activation 

through histological analysis of the biopsy samples. 

Lung biopsies were obtained from the apical and basal areas of the left 

caudal lobe before the start of EVLP. At the end of 4 hours of EVLP, the biopsy 

samples were repeated from the right accessory, left cranial and left caudal lobes. 

All biopsies were preserved and processed as described in Chapter 3.16. 

Degranulation and activation signs were quantified through histological analysis 

of haematoxylin-eosin slides. The endothelial activated cell counts were 

averaged from five different sections of the same slide and expressed as 

percentages out of the total counted endothelial cells. 

The most intact endothelium was in the right accessory lobes (ischaemic 

injury and BOEC treatment). There were no clots identified in the capillaries 

present on the slides, which demonstrated that the ischaemic conditions were 

appropriate and the results were not a reflection of vascular thrombosis. Type I 

activation of the endothelial cells was present throughout the slides, and 

significant endothelial loss was more notable in the left cranial lobe. The alveolar 

and epithelial architecture was well preserved. (Figure 7.5) 

The proportion of activated endothelial cells was quantified on histological 

slides. A higher percentage of activated cells were identified in the lobes 

subjected to warm ischaemic injury and treated (64.5% - right accessory vs. 58% 

- left cranial, 56.5% - left basal and 12.5% - baseline). The baseline biopsy sample 

was obtained from the left caudal lobe at the beginning of EVLP. (Figure 7.6) 

One of the challenging aspects of the fluoroscopy and histological analysis 

of the slides was that the BOEC and their specific location were unidentifiable. 

This may have been related to a large capillary bed and the low number of 

cells/lung tissue ratio. 
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Control baseline Control lschaemia control RMA+BOECs 

Figure 7.5 Haematoxylin-eosin histological images obtained by light 

microscopy at 200x and 400x of biopsies obtained from the control left 

dorsal, left ventral control injury and right middle accessory lobes. 

The most intact endothelium was in the right accessory lobe, with the presence 

of type I activation of the endothelial cells throughout the slides. The overall 

alveolar architecture and epithelial integrity was preserved. 
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Activated endothelial cells corn parison 

between injury and control lobes 
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Figure 7.6 Comparison of passenger blood derived endothelial cells 

remaining in the lobes after bolus into each lobe. 

The proportion of activated endothelial cells was quantified on histological slides. 

A higher percentage of activated cells were identified in the lobes subjected to 

warm ischaemic injury and treated (right accessory lobe). The baseline biopsy 

sample was obtained from the left caudal lobe at the beginning of EVLP. 
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7.5 Physiological parameters 

The physiological parameters were measured as described in chapter 3.5 

in the lobar ischaemic injury lung model, which was subjected to EVLP. 

Measuring these functional parameters are overall indicators of the effects of 

BOEC therapy on lung function and the level of injury incurred in this model. 

Three groups were compared: the control lungs subjected to EVLP with 

PAPWORTH-Blood solution (n=8) described in chapter 4; the lungs that were 

uninjured but treated with BOEC (n=1) and lobar ischaemic injury lungs treated 

with BOEC (n=3). The following parameters were compared: PVR, p02/Fi02, 

airway compliance and lactate excretion. Due to the logistical limitations of the 

model, these physiological parameters were unable to be measured individually 

for each lobe. Wet:dry ratios for the apical and basal biopsies of the three lobes: 

right accessory, left cranial and left basal were compared with the uninjured 

control group ratios. 

The PVR was similar at 1 hour in the three groups, before the warm 
'---

ischaemic injury was induced (585±345 vs. 640±0 vs. 537±303 dyn*s*cm-5 for 

BOEC, transit and control experiments respectively, p=0.98). PVR was 

significantly higher in the lungs subjected to lobar warm ischaemia at 3 hours 

(853±330 vs. 416±0 vs. 436±92 dyn*s*cm-5, p=0.01 ), and 4 hours (953±320 vs. 

416±0 vs. 444±87 dyn*s*cm-5, p=0.002), as expected when compared to the 

transit (n=1) and control EVLP experiments (n=8). (Figure 7.7). 

The oxygenation deteriorated in the injured lungs treated with BOEC from 

52 ± 11 kPa to 48 ± 12 kPa at 2 hours, 36 ±3 kPa at 3 hours and 32 ± 0.5 kPa at 

4 hours. The oxygenation was significantly lower in the ischaemic lungs treated 

with BOEC at 3 hours (p=0.02) and at 4 hours (p=0.003). This deterioration was 

likely to be secondary to the injury to the left cranial and right accessory lobes. 

The decrease in oxygenation in this group deteriorated in the context of 

worsening PVR and could reflect the ischaemic injury of the injured lungs. (Figure 

7.8) 
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PVR corn parison between treatment and control 
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Figure 7.7 Comparison of PVR between the control group (n=B) perfused 

with PAPWORTH-Blood solution, uninjured lungs treated with BOEC (n=1) 

and injured lungs treated with BOEC (n=3). 

Following careful preparation of the model and one hour of warm ischaemic injury 

to the right accessory and left cranial lobes, increased PVR was noted in these 

lungs at 3 and 4 hours (p=0.01, p=0.002) when compared to the uninjured lungs 

in the control and uninjured lungs treated with BOEC experiment groups. The y 

axis values are expressed in dyn*s*cm-5. 
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p0 21Fi0 2 corn parison between treatment and 
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Figure 7.8 Comparison of oxygenation expressed by p02IFi02 ratios 

between the control group (n=B) perfused with PAPWORTH-Blood solution, 

uninjured lungs treated with BOEC (n=1) and injured lungs treated with 

BOEC (n=3). 

Oxygenation deteriorated in the injured lungs treated with BOEC at 3 and 4 hours 

(p=0.02, p=0.003) during the 4 hours of EVLP. They axis values were expressed 

in kPa. 
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Pulmonary airway compliance increased in all three groups in the first 2 

hours, with similar trends between the groups (58 ± 10 vs. 45 ± 0 vs. 48 ± 21 

ml/cmH20 for injured lungs treated with BOEC, uninjured lungs treated with 

BOEC and control groups respectively, p=0.88). Following the one hour of warm 

ischaemic injury the compliance deteriorated in the injured lungs treated with 

BOEC treatment group (42 ± 14 vs. 60 ± 0 vs. 54 ± 28, p=84 at 3 hours and 40 ± 

9 vs. 56 ± 0 vs. 55 ± 32, p=0.7 at 4 hours), while it improved in the control and 

uninjured lungs treated with BOEC. (Figure 7.9) 

The metabolic changes were quantified by lactate excretion. A linear 

increase was measured in the uninjured and injured lungs treated with BOEC, 

from 5.5 to 15.5 mmol/L and from 0.3 to 10.2 ± 4.2 mmol/L respectively. In the 

control group the lactate excretion increased from 2.9 ± 2.6 to 6.9 ± 5.2 mmol/L. 

(Figure 7.10) 

Wet:dry ratios were measured at O and 4 hours and compared between 

the apical and basal biopsies of the studied lobes (right accessory, left cranial left 

basal, n=3) and the control lungs (n=8). The wet:dry ratios measured in the basal 

and apical sites of the lobes were: left cranial -7.1 and 6.5, followed by right 

accessory - 6.6 and 6.1, left basal - 6.2 and 5.7. There was no statistically 

significant difference between the wet:dry ratios of the compared groups. When 

comparing apical and basal wet:dry ratios, raised ratios were measured in the 

basal samples. This may be explained by higher hydrostatic pressures in the 

lower areas ofthe lung when compared to the apical areas. (Figure 7.11) 
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Pulmonary Compliance comparison between 

treatment and control experiments 
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Figure 7.9 Comparison of airway compliance between the control group 

(n=8) perfused with PAPWORTH-Blood solution, uninjured lungs treated 

with BOEC (n=1) and injured lungs treated with BOEC (n=3). The airway 

compliance had a decreasing trend in the injured lungs following 2 hours of EVLP. 

The y axis values are expressed in ml/cmH20. 
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/1 Lactate comparison between treatment 
and control experiments 
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Figure 7.10 Comparison of lactate excretion between the control group 

(n=S) perfused with PAPWORTH-Blood solution uninjured lungs treated 

with BOEC (n=1) and injured lungs treated with BOEC (n=3). The lactate 

secretion increased linearly and was not significantly different (p=0.33) between 

the groups .. The y axis values are expressed in mmol/L. 
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/1 Lactate comparison between treatment 
and control experiments 
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Figure 7.10 Comparison of lactate excretion between the control group 

(n=8) perfused with PAPWORTH-Blood solution uninjured lungs treated 

with BOEC (n=1) and injured lungs treated with BOEC (n=3). The lactate 

secretion increased linearly and was not significantly different (p=0.33) between 

the groups .. The y axis values are expressed in mmol/L. 
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Figure 7.11 Comparison of the wet:dry ratios between the three lobes (left 

caudal - control, left cranial - injury and right accessory - injury + BOEC 

lobes) and control experiments. 

The basal wet:dry ratios was higher than the apical ratios. There was no 

significant difference between the compared groups 
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7 .6 Discussion 

This chapter was dedicated to the study of BOEC treatment on lungs with 

selected lobes subjected to 1 hour of warm ischaemia. This was assessed by 

counting the cells transiting uninjured and injured lungs, injury quantification 

using EBO and endothelial activation. Additionally the functional parameters were 

compared between uninjured lungs treated with BOEC, injured lungs treated with 

BOEC and untreated control lungs. 

Conflicting results have been reported previously on the identification, 

characterization, and exact role of BOECs in vascular biology.(151, 156). 

Similarly, other authors recognised the dispersion of cells in very large areas of 

circulation as a pitfall.(159) Additionally, bone marrow-derived circulating BOECs 

were showed to modulate vascular repair through paracrine mechanisms instead 

of engraftment into the wall of the vessels.(153) 

The maximum peak of BOECs transiting through the uninjured lung treated 

with BOEC was measured at 15 seconds. In the ischaemic injury lungs treated 

with BOEC (n=3) there were no cells detected in the effluent perfusate . This may 

be explained by either a very early (between O and 15 seconds) efflux of the cells 

or increased capture or leakage in the lung tissue. 

The macroscopic appearance of the ischaemic injury assessed by EBO 

correlated with the concentration of the dye in the tissues, showing an increased 

dye uptake in the injured lobes. This reflects the endothelial damage and 

increased capillary leakage in these lobes. Endothelial activation was observed 

in all lobes in the injured lungs treated with BOEC cohort (n=3), but was not 

statistically different between the lobes. This has been shown previously to be 

reversible, which was not assessed in this set of experiments.(152) 

The lungs injured and treated with BOEC showed an overall deterioration 

after 2 hours of EVLP demonstrated by rising PVR and decreasing oxygenation. 

It is difficult to assess if injecting BOEC could have contributed to the overall 

function of the lungs, and one of the limitations of the assessment of the functional 

parameters was the difference between group sizes (n=1 vs. n=3 vs. n=8). 
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Despite the limitations of these experiments, it has been demonstrated 

BOECs are capable of transiting the lung circulation at 15 seconds. Additionally 

the injury can be assessed through the injection of EBO in an experimental 

setting. The injury was reflected by a deterioration of the functional Parameters 

and was not improved with the BOEC treatment. Further studies to refine and 

explore the hypothesis of this chapter are needed. 
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8 Discussion 

8.1 Lung transplantation 

An acute shortage of suitable lungs for transplantation has led to increasing 

waiting list morbidity and mortality. (1) This shortage is partly related to the low 

utilisation of organs. The reason for this can be the condition of the lungs prior 

the retrieval. The low utilisation may be explained by the limited standard clinical 

evaluation that consists of a combination of: x-rays, bronchoscopy, macroscopic 

assessment, blood gases, and deflation test. To increase the utilisation of organs, 

more centres utilise DCD, marginal or extended criteria lungs. The development 

of normothaermic EVLP has become an established platform to improve the 

evaluation of these lungs. The potential to recondition previously unsuitable lungs 

for transplantation is gaining clinical acceptance. (8, 17) 

8.2 Approach to lung evaluation 

The current clinical practice involves the decision of the transplant team, 

who assesses and decides the suitability of lungs for transplantation based on 

the function, x-ray and macroscopic appearance. The decision to proceed to 

transplantation is made during the explant procedure. During this period, the 

evaluation and possibility to repair the lungs is limited due to the negative effects 

of prolonged warm and cold ischaemic times. (2) 

With the emergence of EVLP, the final assessment and decision on utilising 

the organs occurs at the implanting hospital. Furthermore, the reconditioning and 

treatment can be tailored to each lung, increasing the chance of organ utilisation. 

EVLP also allows the functional assessment of the lungs and allows time for 

therapeutic interventions. -Additionally, EVLP allows more time for recipient 

preparation, while avoiding the deleterious effects of prolonged warm and cold 

ischaemia. (3) 
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8.3 Exploring EVLP directed therapies 

8.3.1 Optimal perfusate solution 

The main reason for developing EVLP as a lung evaluation method, is to 

recreate the normal lung physiological environment in an ex-vivo setting. This 

allows the assessment of the lungs that will reflect their function post 

transplantation, but as well recondition the marginal lungs. There are many 

reasons why perfusates that contain blood are considered more physiological. 

One of them is that oxygenation is measured more accurately due to the 

haemoglobin binding capacity, while maintaining its hyperosmolar and 

hyperoncotic characteristics. Additionally, the presence of blood improves the 

acid-base buffering properties of these perfusates. (8, 12) 

In the initial stages of my research, I have focused on establishing a robust 

EVLP model and explored the pitfalls of the procedure. This was detailed in 

Chapter 3. In Chapter 4. No significant difference was demonstrated from a 

functional, immunological and histological perspective between blood-based 

perfusates and the main acellular perfusate used in clinical practice. The lactate 

excretion increased with time all the perfusates, which can be explained by the 

absence of the liver in the circuit to metabolise the lactate. Historically, lactate is 

a marker of deteriorating organ function, but as a single parameter it is not 

considered predictive for lung function in an EVLP setting.(129) Despite this, I 

believe that lactate should not be ignored in the context of organ preservation 

and reconditioning. 

An important part of lung evaluation is to accurately quantify the 

inflammatory state of the lungs subjected to EVLP. In this study, an increase with 

time in pro-inflammatory cytokine levels was measured in all the studied 

solutions. This could be explained by a continuous production stimulated by IL-1 

family, TNF-alpha chemokines and a decrease in cytokine absorption in this 

EVLP circu it. 

In the acellular STEEN solution group a trend towards increased IL-8, IL-6 

and IL-113 levels has been demonstrated. De Perrot et al demonstrated higher 

levels of IL-8 during lung ischemic injury.(132) Higher IL-113 and IL-1 ra levels in 
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blood-based perfusates could signal a higher mobilisation of monocytes and 

macrophages to the perfusate from the lungs. Raised leukocytes counts in filters 

and higher levels of pro-inflammatory cytokines such as IL-8 may reflect an 

increased inflammatory profile of the lungs perfused with the studied acellular 

perfusate. 

The observation that the maximal increase in pro-inflammatory cytokines 

occurred between 2 and 3 hours of EVLP is important, as this may be the 

momentum for induced lung injury. An explanation for this is the oversaturation 

of the filters with leukocytes, which activate and release new cytokines. This 

finding can be addressed by investigating the use of leukocyte filters, with an aim 

to reduce the pro-inflammatory cytokine burden and improve the release and 

expression of protective cytokines such as IL-10.(162, 163) 

8.3.2 Improving the benefits of LG-6 leukocyte filters. 

Leukocyte filters are a key component of the EVLP circuits. There is a lack 

of data on the optimum length of time they can be used. The time during which 

the leukocyte filters are beneficial, ranges from 30 minutes to 2 hours.(135-137) 

Due to the measured maximal increase in pro-inflammatory cytokines occurring 

between 2 and 3 hours, the effects of excluding the leukocyte filters at 2 hours 

from the circuit were investigated. 

The data suggested that when the filter is being used for 2 hours the total 

number of cells isolated from both leukocyte filters and BAL is lower. It was 

technically difficult to demonstrate if any of the cells trapped within these 2 hours 

re-circulate, or the filter is simply saturated at that time point. 

The PVR and pulmonary compliance deteriorated after the filters are 

excluded early in the procedure. One of the possible explanations is that the 

removal of filters from the circuit could lead to a change in the overall circuit 

resistance with a negative impact on these parameters. Additionally, once there 

is no filter in the circuit, the lung inflammation may be raised as late mobilising 

leukocytes were not excluded. 

There is the possibility that using a blood based perfusate could influence 

the characteristics, migration and differentiation capacity of lung leukocytes. The 
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most important finding was that the level of monocytes trapped in the filter and 

isolated in BAL were decreased when excluding the filter at 2 hours .. This can 

be relevant as monocytes, have the capacity to migrate into tissues and 

differentiate into macrophages or dendritic cells. Another possible explanation is 

that the monocytes are potentially re-circulating once the filter is saturated or the 

adhesion level of cells in the filter drops. (89) 

Similar to previous evidence (138), key pro-inflammatory cytokines (IL-8) 

and surrogate ratios such as IL-8/IL-10 increased with time in the perfusate 

irrespective of the time the filter was used for. While the filter macrophage 

populations are similar between the two groups, raised IL-8 levels were measured 

when using the filter for 4 hours. This can be explained by the activation and 

degranulation undergone by the monocytes and macrophages, while fixed in the 

leukocyte leading to an additional release of circulating IL-8. The introduction of 

cytokine filters in the EVLP circuit may have reduced the levels of circulating pro

inflammatory cytokines. 

Based on these findings, I have demonstrated that after 2 hours, the filters 

may have deleterious effects, and the shorter use or replacement of these filters 

should be explored. 

8.3.3 The use of Apelin as adjuvant drug therapy in ischaemic lung injury 

One of the clinically relevant injuries associated with lung procurement and 

transplantation is the warm ischaemic injury. In this setting, Apelin has a potential 

to modulate vascular resistance through the action of eNOS and release of NO. 

This effect is dependent on a healthy endothelium. (1 40) If the endothelium 

undergoes ischaemic injury, Apelin can potentially lead to vasoconstriction 

through the contraction of the smooth muscles mediated by calcium.(1 40) 

I have established a warm ischaemic lung injury model relevant to cl inical 

practice. Warm ischaemic lung injury translates in increased capillary leakage, 

raised extravascular lung water and deterioration of pulmonary airway 

compliance. I have chosen the 1 hour limit based on the current evidence and 

clinical relevance, where prolonged warm ischaemia of more than 1 hour is 

considered a contraindication for lung transplantation. After extrapolating the 

possible doses from previous experimental models, three different incremental 
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doses were chosen.(164-166) The dose of 1 mmol of Apelin reduced the PA 

pressure, whereas higher doses showed no change in PVR. The reasoning for 

this may be that high concentrations caused saturation of the APJ receptors, 

rendering them resistant to further stimulation. 

I have explored the vasodilative effects of MM07 in an attempt to determine 

if the 1 hour warm ischaemic injury model was too severe. MM07 was described 

as a more stable peptide derivate.(150) 

This set of experiments had a negative result for both Apel in and MM07, as 

there was no significant change in PVR in both injured and uninjured lungs. 

Alternatively, a different vasodilator (e.g.: Glyceryl Trinitrate) could have been 

used as a separate experimental arm. Models with shorter ischaemic injury or 

different injury mechanism could have shown improved therapeutic effects. 

8.3.4 BOECs cell therapy in lung ischaemia reperfusion injury 

Chapter 7 addressed the use of novel cell directed therapies such as 

BOECs. These cells were suggested as potential regenerative tool for treating 

human vascular disease.(151) The main challenges of this field are represented 

by the isolation, identification, characterisation, and exact role of EPCs in 

vascular biology.(156) 

I have investigated the transit capacity of BOECs through lungs subjected 

to EVLP and established a lobar warm ischaemic injury model. I have studied the 

degree of lung injury by using EBO, quantified endothelial cell activation and 

studied the effects of BOECs on lung function. 

The maximum peak in a non-injury lung was determined at 15 seconds, 

proving that the injected BOEC do not embolise only in the lung based on the 

BOEC and capillary size· mismatch. Despite this, detectable cells in the effluent 

perfusate were absent in the lobar injury model. This can be explained either by 

a very early (between O and 15 seconds) efflux of the cells or increased capture 

in the pulmonary vasculature or lung airspace. 

The blue macroscopic appearance of injured lung tissues following injection 

of EBO correlated with the dye concentration coefficient measurements. An 

increased dye uptake was measured in the injured lobes without treatment. 
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Indications of type I endothelial cell activation, which has been shown 

previously to be reversible, was present in the injured lobes.(152) As a result, this 

finding suggests that the model of warm ischaemia reperfusion injury has the 

potential for reversibility. 

From a functional perspective, the lobes injured and treated with BOEC 

showed an overall deterioration PVR and oxygenation after 2 hours of EVLP. It 

is difficult to extrapolate if injecting BOEC could have contributed to the overall 

function in a positive or negative manner .. No significant differences were found 

in lactate excretion, airway compliance and wet:dry ratios. One of the limitations 

of the assessment of the functional parameters was the difference between group 

sizes (n=1 vs. n=3 vs. n=8). 

One of the main challenges with these experiments was the accurate 

histological detection and location of the BOEC, despite the cells being 

fluorescently and antibody marked . These findings are in keeping with the 

conflicting results on the identification, characterization, and exact role of EPCs 

in vascular biology.(151, 156). Similarly, other authors recognised the dispersion 

of cells in very large areas of circulation as a pitfall.(159) 

Despite the shortcomings and technical challenges of these experiments, 

it has been demonstrated that the BOE Cs are capable of transiting the uninjured 

lung circulation at 15 seconds. Additionally a different lobar warm ischaemic injury 

model was developed and the injury was quantified by using EBO. Despite 

treatment with BOE Cs, the lung function deteriorated in this model.. 

8.4 Future directions 

The potential of EVLP as a lung research platform for evaluation and 

reconditioning is limitless. 

One of the current areas of transplantation research is to develop chimerism 

between donor and host, leading to an increased immunotolerance. Chimerism 

is a state in which both recipient-and donor-derived blood cells remain in the 

hematopoietic system after allogeneic hematopoietic stem cells have been 

transplanted. Previous evidence in kidney and liver transplantation demonstrated 

mixed chimerism as a promising element of developing allograft 

immunotolerance.(167-169) Comparably, these experiments tried to investigate 
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the potential of blood originated endothelial cells (BOEC) to engraft in lung tissue 

and vasculature, providing a potential for future experiments to use endothelial 

cell directed therapies to prevent and treat endothelial damage, which would 

further facilitate lung chimerism. 

Alternatives to the classical therapeutic options include preconditioning the 

lungs with hydrogen or carbon monoxide ventilation, which showed great 

potential in reducing the inflammatory state of the lungs subjected to EVLP.(49, 

170,171) 

Tissue engineering has a great potential in generating new lungs tailored 

on the recipient by using a matrix, which is populated with stem cells. This 

includes a multi-modal approach through the development of not only the matrix 

and cells leading to organs, but the complex array of cell regulating pathways that 

will lead to establishing the function of the organ. Cell lines can be manipulated 

through gene therapy prior to injection towards expressing different phenotypes 

and functions. Recent progresses in regenerative medicine have demonstrated 

its potential to meet the two major challenges of organ and tissue transplantation, 

namely an immunosuppression-free state and a supply of a potentially 

inexhaustible source of organs.(172) Additionally, the use of tracheal and airway 

tissue engineering was successfully reported as safe and promising after 

transplantation and long term follow-up.(173, 17 4) The potential of future work in 

clearly defining the role of both donor and host on the engineered tissues is 

immense. 

The investigation of the long term impact and optimum replacement rate of 

leukocyte filters could further improve the current clinical standard in both 

cardiopulmonary bypass and transplantation surgery. Further work detailed in 

this thesis could continue by exploring transplantation-survival and different or 

more complex injury models relevant to clinical practice. This would provide an 

improved insight on the reconditioning capacity of EVLP and quantify the long 

term effects of directed therapies on survival and function. Developing 

experimental injury models is the basis of addressing relevant clinical scenarios. 

The potential of mediator induced and cell directed therapies in reducing organ 

injury and promoting organ repair is a tantalising field. 
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8.5 Conclusions 

The studies leading to this thesis are clinically relevant in the setting of the 

acute shortage of lungs suitable for transplantation. One of the major 

achievements of this thesis was the development of a robust and replicable EVLP 

model. 

The experimental data and conclusions of this work are contributing to the 

improvement of the technique and implementing novel targeted therapies. This 

thesis has demonstrated that EVLP is a promising technique that enables the 

assessment of lungs ex-vivo while providing a platform for innovative therapeutic 

strategies. Lung transplantation survival models and clinical trials should aim to 

consolidate the initial findings described here. Further research in this field is 

limited only by the imagination of the investigator. 
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