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Abstract

The limited availability of suitable donor livers remains a critical challenge in liver
transplantation, necessitating the use of extended criteria donor (ECD) livers, including those
from donation after circulatory death (DCD) donors and those exhibiting moderate-to-severe
hepatic steatosis (HS). These livers, however, are more susceptible to ischemia-reperfusion
injury (IRI), particularly when preserved using static cold storage (SCS). This thesis
investigates the clinical application of normothermic machine perfusion (NMP) as a dynamic
preservation strategy to mitigate the risk profile of steatotic and DCD livers and improve
transplantation outcomes. Through a large-scale analysis of donor livers from the Quality in
Organ Donation (QUOD) bioresource, I have characterised pre-retrieval predictors of donor
HS severity and explored the use of digital image analysis (DIA) as a rapid and reproducible
tool for quantifying HS, addressing limitations in macroscopic and histopathological
assessments. The clinical application of these measures could facilitate early identification of
steatotic livers and guide preservation strategies to improve utilisation. I further explored
clinical outcomes of steatotic livers preserved using NMP compared to SCS through use of
samples from a previous phase III multicentre randomised clinical trial. I demonstrated that
NMP reduced IRI related complications in steatotic livers and demonstrated graft survival rates
comparable to lean livers preserved with SCS. Despite these advances, metabolic challenges
persisted (as assessed through biochemical perfusate measurements), highlighting the need for
additional interventions beyond replacing SCS with NMP. Through proteomic analysis of this
cohort, I demonstrated that while NMP enhanced mitochondrial function and lipid metabolism,
it did not fully restore metabolic efficiency in steatotic livers. The potential to improve fat
metabolism is therefore described in the context of an ongoing clinical trial ‘The DeFat Study’
which involves defatting of donor transplant livers during NMP. If the intervention proves
effective, it could certainly expand the donor pool through utilisation of steatotic donor livers.
To further optimise defatting protocols, I performed a series of pre-clinical perfusions in
discarded human livers and explored the role of pharmacological modulation of hypoxia-
inducible factors (HIFs) during NMP. This approach facilitated a reduction in HS and improved
graft function, thereby offering an opportunity to further refine current defatting protocols.
Finally, I investigated the removal of damage-associated molecular patterns (DAMPs) in an
ex-situ porcine DCD model of liver transplant. Through use of a specialised column, I
demonstrated effective removal of DAMPs, correlating with improved graft function and

reduced microclot burden during whole blood allogenic reperfusion.
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Chapter 1: Introduction

1.1 Liver transplantation

The clinical status of liver transplantation (LT) has transformed over the past five decades from
a high-risk surgical procedure with debatable benefit to that of a standardised and definitive
procedure for end-stage liver disease. Key factors contributing to this transformation include
advances in organ preservation solutions (OPS), preservation technology, surgical approach,
immunosuppression pharmacology and peri-operative care (1). This success has led to an
expansion in LT indications, resulting in a significant shortage of donor organs and increased
deaths on the waiting list in many countries of up to 20% (1,2). This has necessitated the use
of extended criteria donor (ECD) livers including those procured from donation after
circulatory death (DCD) donors, donors >65 years old and with liver grafts with evidence of
moderate-severe hepatic steatosis (HS) (3). Traditionally, liver preservation has depended on
static cold storage (SCS), the primary functions of which are to reduce cellular swelling and
metabolic activity during storage and transport. However, the ever-present need to increase
utilisation of ECD livers (in particular those with evidence of HS and DCD status) has
prompted liver transplant teams to consider alternative dynamic (non-static) preservation
methods to minimise the storage related cold-ischaemic injury and ischaemia-reperfusion
injury (IRI) to which these livers are susceptible, in order to improve post-transplantation
outcomes (1). These factors will be discussed within this chapter: the following sections (1.4.3,
1.5.2-4 and 1.6) have been replicated (verbatim) from a review article that I have published as
first author, titled: Steatotic donor transplant livers: preservation strategies to mitigate against

ischaemia-reperfusion injury (4).

1.2 Indications for liver transplantation

Liver transplantation is recommended for all patients with end-stage liver disease when it can
extend life beyond the expected survival of the underlying condition (typically < 1 year), or
when liver disease significantly impairs quality of life. Indications for liver transplant include
end-stage chronic liver disease, hepatocellular carcinoma (HCC) and acute liver failure (5). In
adults, cirrhosis is the most commonest cause for end-stage liver disease and a common
indication for LT, particularly when complications including variceal bleeding, ascites,

hepatorenal syndrome or encephalopathy are present (5). Acute liver failure, often triggered by



viral infections (notably hepatitis A and B) or drug toxicity (such as from paracetamol),
urgently necessitates transplantation (6). The indications for liver transplantation in Europe are

detailed in Figure 1.1.

Others™:
3404 (4%) Cancers:

14,194 (15%)

Acute hepatic failure:

7347 (8%)

Metabolic diseases:
5430 (6%)

Cholestatic diseases:
9543 (10%)

Cirrhosis:
53,040 (57%)

Figure 1.1. Primary indications for LT in Europe as reported by the European Association for Liver
Disease in 2016. * Other liver diseases: n = 1304, benign liver tumours or polycystic diseases: n = 1228,
Budd-Chiari: » = 792 and parasitic diseases: n = 80. Figure reproduced with permission from Elsevier

(5).

Overall, the aetiologies of cirrhosis resulting in LT differ by geographical location and are
changing over time. Despite advancements in treating hepatitis B and C, viral hepatitis
continues to be the main cause of cirrhosis and liver cancer in Africa, Southeast Asia and East
Mediterranean countries (7). Since 2014, when direct-acting antivirals (DAAs) became
available, there has been a significant reduction in the number of liver transplants (LT) for
hepatitis C virus (HCV) in the United States and Europe (8). Alcohol-related liver disease
(ALD) remains the most common indication for LT in Europe and has also become the leading

indication in the United States.

Hepatic steatosis is characterised by the accumulation of triglycerides within the hepatocyte
cytoplasm. A new consensus on fatty liver disease (FLD) terminology has recently been

established, following a Delphi process led by three pan-national liver associations: the



American Association for the Study of Liver Diseases (AASLD), the European Association for
the Study of the Liver (EASL), and the Latin American Liver Association (ALEH). The new
nomenclature is described in Table 1.1 (9). The global proportion of LT for Metabolic
dysfunction-associated steatotic liver disease (MASLD, formerly referred to as Non-alcoholic
fatty liver disease i.e. NAFLD) and the associated inflammatory sequalae i.e. Metabolic
dysfunction-associated steatohepatitis (MASH, formerly referred to as Non-alcoholic
steatohepatitis i.e. NASH) is currently lower than for viral hepatitis and ALD (7). However,
MASLD is expected to become the predominant indication for LT within the next decade: this
affects 38% of the global population, has strong association with features of metabolic
syndrome (i.e. obesity and type 2 diabetes mellitus), and is an aetiological risk factor for
development of HCC (7,10). The World Health Organization (WHO) has identified obesity,
affecting 60% of adults and one-third of children in Europe, as a significant independent risk

factor for MASLD (11).

This trend is evident amongst deceased donors in the United Kingdom (UK); the proportion of
donors with a Body Mass Index (BMI) of >30 kg/m? has increased from 23% to 29% in the
past decade (12). Similarly, in the United States, projections suggest that by 2030,
approximately 49% of adults will be obese, with a BMI >30 kg/m? and 24% will be severely
obese with a BMI >35 kg/m? (13).

A recent scientific registry study in United States including data from 31,209 LT candidates
(>65 years, listed for transplantation between 2002-2020) demonstrated that the proportion of
MASH amongst elderly candidates increased from 13% (2002-2005) to 39% (2018-2020)
(14). With the ongoing global obesity crises, MASLD (resulting in Metabolic-associated
steatohepatitis, MASH) is likely to become the primary indication for LT and concurrently, HS

will become more prevalent in the donor pool (15,16).



Table 1.1. Updated nomenclature for fatty liver disease (FLD) (9)

Previous Nomenclature

Updated Nomenclature

Fatty liver disease (FLD)

Steatotic liver disease (SLD)

Non-alcoholic fatty liver
disease (NAFLD)

Metabolic dysfunction-associated steatotic liver disease (MASLD) with
>1 cardiometabolic risk factor (out of 5):

1. Anthropometric measures (either of):
e BMI >25 kg/m* (23 kg/m* Asia)
e Waist circumference >94cm (males) and >80cm
(females) OR ethnicity-adjusted

2. Glucose (either of):
e Fasting serum glucose > 5.6 mmol/L
e 2-h post-load glucose levels > 7.8 mmol/L
e HbAlc>5.7% (=39 mmol/L)
e Treatment for T2DM

3. Blood pressure (either of):
e Blood pressure >130/85 mmHg
e Antihypertensive drug treatment

4. Plasma triglycerides:
e >1.70 mmol/L
e Lipid lowering treatment

5. Plasma HDL cholesterol
e < 1.0 mmol/L (males) and <1.3 mmol/L (females)
e Lipid lowering treatment

Non-alcoholic
steatohepatitis (NASH)

Metabolic dysfunction-associated steatohepatitis (MASH)

Alcohol-related liver

Alcohol-associated liver disease (ALD) described as liver injury

disease (ALD) occurring in individuals with an average alcohol intake of >50 g/day
(females) and >60 g/day (males)
New terms 1. MetALD i.e. MASLD with average alcohol intake ranging

from 20-50 g/day (females) and 30—60 g/day (males)

2. Specific aetiology SLD i.e. related to drug-induced liver injury,
monogenic diseases (Wilson’s disease) and miscellaneous
(HCV)

3. Cryptogenic SLD:
e Steatosis without any cardiometabolic risk factors or
other identifiable causes
e In cases where metabolic dysfunction is highly
suspected but no cardiometabolic risk factors are
present, the term ‘possible MASLD’ may be used until
further tests are performed




As the number of indications for LT expands, organ allocation systems have evolved to ensure
that the prioritisation of recipients and timing of transplantation yield the best possible
outcomes. This task is the manifestation of a global shortage of available donor livers (17). The
Model for End-Stage Liver Disease (MELD) score (which relies on objective metrics)
including creatinine, bilirubin, and international normalised ratio (INR), is employed in many
countries in order to prioritise patients on the waiting list (18). Originally developed to predict
three-month mortality in patients with end-stage liver disease, the MELD score does not fully
account for the complications of liver disease (such as ascites and encephalopathy) or the risk
associated with HCC in determining mortality without transplantation. Consequently,

exceptions must be made to ensure that suitable patients receive access to LT (18,19).

1.3 Deceased donors

Transplantation critically depends on the availability of suitable donor organs, which remains
a limiting factor in transplant activities and has introduced ethical considerations to the field,
in particular the need to balance equity of access (i.e. ‘fairness’) with the need to make the best
use of a scarce resource. Clearly this challenge would be greatly reduced if it were possible to
increase the number of transplantable donor organs. Numerous strategies have been
implemented to expand the donor pool, including varied definitions of death (20), the
incorporation of living donors (21,22) and consideration of xenotransplantation (23).
Furthermore, media campaigns and legislative amendments in various European nations,
including the United Kingdom (UK) (24), have significantly enhanced organ donation rates
(25,26).

1.3.1 Donation after brain death (DBD) donors

In the UK, Europe, and North America, the primary source of organ donors for deceased donor
liver transplantation has been donation after brainstem death (DBD) (27,28). DBD donors are
those who have sustained irreversible neurological injury that fulfils specific criteria
confirming the absence of all brainstem functions (29). DBD donation has constituted the
majority of organ donation for liver transplantation: DBD donors are generally considered to
be of lower risk (compared to DCD donors) due to the absence of warm ischaemic injury during

organ procurement (30,31).



Despite a notable increase in donor numbers, this has not been associated with a corresponding
increase in transplant numbers, with levels plateauing or even declining just before the COVID-
19 pandemic (32) (Figure 1.2). This is largely attributed to the increasingly high-risk

characteristics of donor livers that are offered and retrieved for transplantation.

Deceased donor liver programme in the UK, 1 April 2010 - 31 March 2020,
Number of donors, transplants and patients on the active transplant list at 31 March
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Figure 1.2. The 2019/20 NHSBT Annual Report covers liver transplant activity in the UK prior to the
COVID-19 pandemic, including data on the waiting list and the number of donors available during that
period (32).

1.3.2 Donation after circulatory death (DCD) donors

Donation after circulatory determination of death involves donors declared deceased based on
cardiovascular (rather than neurological) criteria (20). DCD organ donation can be categorised
as either: (i) controlled (Maastricht category III/IV), which occurs following the withdrawal of
life-supporting care (in situations where this is deemed no longer in the best interest of the
patient) or; (i) uncontrolled, which follows an unexpected cardiac arrest and unsuccessful
resuscitation attempts (27,33). The legal framework surrounding this type of donation varies
in different countries, encompassing diverse regulations and protocols that dictate allowable
actions before and after death. These include the precise criteria for determining death, and the

duration of the mandatory ‘no touch’ period after death prior to the commencement of organ



retrieval (34). In this thesis, the term DCD is used to denote controlled Maastricht III/IV DCD,
which is standard practice in the UK (27,35).

DCD livers experience an unavoidable period of warm ischemia prior to being cooled via in-
situ perfusion during organ retrieval, and this has clinical consequences. Transplantation of
DCD livers is associated with rates of graft loss and recipient mortality approximately twice as
high compared to DBD transplants (36). In contrast to DCD, the functional warm ischaemia
time, FWIT (defined as the time from hypoxia/hypoperfusion to in-situ cold perfusion) during
DBD retrieval is minimal because the organ remains oxygenated until the point at which in-
situ cold perfusion is commenced. For DCD retrieval, the FWIT commences when the systolic
blood pressure falls (and is sustained) below 50 mmHg and extends up to the commencement
of in-situ cold perfusion (37). The duration of FWIT is a critical determinant of LT outcomes
and correlates with the risk of complications, including primary graft non-function, ischaemic
cholangiopathy and recipient mortality. It is currently recommended to maintain a FWIT of
under 20 minutes (38—40), although this recommendation is arbitrary and the decision to
proceed is multifactorial. Consequently, DCD livers that are initially retrieved may be declined

for LT after a thorough evaluation of various criteria.

Transplantation of DCD livers has been associated with inferior post-transplant outcomes,
repeating some of the challenges experienced in earlier periods of LT (41-43). Whilst the donor
pool has expanded in recent years due to an increase in the availability of DCD donors, this has
not correspondingly enhanced the rate of DCD LT. This discrepancy underscores the need for
strategies that safely optimise the use of available DCD livers. Such strategies must mitigate
the inherent risks of DCD liver transplantation, and thereby improve recipient outcomes

(28,35,43).

1.4 Extended criteria donor livers

1.4.1 Overview

Recent advancements in LT have significantly altered donor organ selection criteria i.e. beyond
donor type alone (DBD vs. DCD). In attempts to increase organ utilisation, consideration is
being given to the transplantation of extended criteria donor (ECD) livers (44,45). ECD livers
are associated with a combination of 'non-modifiable' factors as well as 'modifiable' factors,

Table 1.2. Donor livers exhibiting one or more of these non-modifiable characteristics are



frequently classified as ECDs (although no universally accepted definition currently exists)
(3,35,46-50). ECD livers are associated with suboptimal post-transplant outcomes i.e.
prolonged intensive care unit (ITU) admission, requirement for renal replacement therapy
(RRT), further interventions (radiological and/or endoscopic) and re-transplantation
(45,51,52). These outcomes affect surgical decision-making, are resource-intense (with cost
implications) and result in non-utilisation of ECD livers. Therefore, when considering the
transplantation of ECD livers, a number of recipient related factors (including MELD/UKELD
scores) are carefully assessed alongside donor characteristics in order to mitigate risks

associated with the transplantation of ECD livers, Table 1.2.

Table 1.2. Characteristics of ECD livers and recipient selection factors (3,35,46—50)

Non-modifiable factors

Modifiable factors

Recipient factors

Age (>65 years)
DCD status
Hepatic steatosis (>30%)

Cold-ischaemia time
Donor hepatectomy time

Anastomotic time

MELD/UKELD score
Re-transplantation

Size-mismatch

Deranged donor biochemistry

Split liver grafts

1.4.2 Susceptibility to ischaemia-reperfusion injury

Central to the assessment of donor liver suitability for LT is the pathophysiological process of
ischemia-reperfusion injury (IRI). This process interconnects the stages of organ donation,
preservation and transplantation in the recipient. A thorough comprehension of IRI and its
influence on donor livers from the time of donation through to transplantation is imperative for

maximising the potential of available donor livers to meet waiting list demands.

The susceptibility to severe IRI has conventionally been linked to ECD livers with
aforementioned characteristics described in Table 1.2 that can amplify the magnitude of IRI
(3,53-55). Clinically, the sequelae of IRI in LT encompass a wide range, from transient
hemodynamic instability following reperfusion (which can typically be managed
intraoperatively), or minor post-operative biochemical derangement, to more severe outcomes
such as cardiac arrest upon reperfusion, post-reperfusion syndrome (PRS), early allograft

dysfunction (EAD) and primary non-function (PNF).



IRI plays a pivotal role in liver transplantation, significantly influencing post-transplant
outcomes. Efforts in liver preservation research have been directed towards reducing the
harmful effects of IRI to enhance post-transplant outcomes. The pathophysiology of IRI
involves a complex interplay of molecular and immunological processes, some of which are
unique to solid organ transplantation. Initiation of IRI occurs during the donation phase with
the onset of ischaemia and the cascade of events that characterise IRI ensue following

reperfusion in the recipient.

1.4.3 Mechanism of ischaemia-reperfusion injury

IRI occurs following restoration of blood supply (circulation) following a period of ischaemia
(56). The process is initiated in the mitochondria; during ischaemia, metabolism is switched to
anaerobic glycolysis and the absence of oxygen results in the accumulation of succinate (57—
59). Subsequent accumulation of lactate, compounded by adenosine triphosphate (ATP)
depletion (with reliance of glycogen stores for energy generation) cause cellular acidosis and
electrolyte imbalances. Following reperfusion in the recipient, the rapid restoration of oxygen
results in a burst of reactive oxygen species (ROS) (due to the negative potential across the
mitochondrial matrix generated during cold ischaemia) and reverse electron transfer with
detachment of flavin mononucleotide from mitochondrial complex I (60). In addition, ROS

initiate a sustained sterile pro-inflammatory immune response described in Figure 1.3 (61-63).
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Figure 1.3. Liver ischemia-reperfusion injury unfolds through distinct phases. Initially, ischaemic
injury emerges as a localised disruption of hepatic metabolism, characterised by the depletion of
glycogen, a reduction in oxygen supply and subsequent ATP depletion. Following this, the cell death
process releases damage-associated molecular patterns (DAMPs e.g. HMGB1) and the damage induces
complement activation - part of the protein system involved in tissue injury and repair. There is also the
production of mitochondrial reactive oxygen species (ROS) upon reoxygenation. Together, these
factors trigger an immune response in the liver after reperfusion, engaging a variety of nonparenchymal
liver cells such as Kupffer cells, dendritic cells, T cells, natural killer cells and neutrophils. The
reperfusion phase is marked by a pro-inflammatory immune cascade that not only sustains itself by
drawing peripheral immune cells from the circulation but also drives the severe inflammatory response
responsible for extensive liver reperfusion damage and microcirculatory failure. Abbreviations:
DAMPs, damage-associated molecular patterns; DC, dendritic cells; KC, Kupffer cells; NK, natural
killer cell; PMN, polymorphonuclear cells; ROS, reactive oxygen species. Figure reproduced with
permission from Macmillan Publishers Limited (56).

1.4.4 Clinical relevance of ischaemia-reperfusion injury

The immediate effects of IRI include intraoperative hemodynamic instability and biochemical
disturbances. The condition known as post-reperfusion syndrome (PRS) has long been
recognised in clinical transplantation and was formally categorised and defined by Hilmi et al.
who linked PRS to dysrhythmias, decreased mean arterial pressure, lowered systemic vascular
resistance, right heart strain (elevated pulmonary artery pressure, pulmonary wedge pressure,
and central venous pressure), acidosis, hypothermia, hyperkalaemia and coagulation
abnormalities such as hyperfibrinolysis (64,65). These observations are crucial for assessing

the severity of IRI in the context of LT.
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Severe IRI extends its impact beyond intraoperative cardiovascular instability, leading to
immediate postoperative graft dysfunction. This condition, when followed by an eventual
recovery of function, is termed early allograft dysfunction (EAD). The concept of EAD has
undergone significant evolution; currently, the most accepted criteria, as defined by Olthoff et
al. provide a binary differentiation between grafts with limited versus more severe injury (66).
EAD is defined by specific biochemical markers: a bilirubin level of >10 mg/dL on post-
operative day 7, an international normalised ratio (INR) of >1.6 on post-operative day 7 and an
alanine aminotransferase (ALT) or aspartate aminotransferase (AST) level exceeding 2000
IU/L within the 7 days post-transplant (66). This classification has gained widespread

acceptance.

More recent evolutions of the same concept have led to continuous scores, including the Model
for Early Allograft Function (MEAF) and the Liver Graft Assessment Following
Transplantation (L-GrAFT) model (67,68). The MEAF provides a graded score from 0 to 10,
enhancing the assessment of EAD and enabling more accurate predictions (based on hazard
ratios) of early post-transplant outcomes. This represents a significant improvement over the
binary Olthoff classification (66). The L-GrAFT model, integrates clinical markers from the
first ten days post-transplant, specifically focusing on serum AST levels as a marker of graft
injury, alongside the INR and bilirubin levels as metrics of the graft's synthetic and metabolic
functions. This model has proven highly predictive for three-month graft survival outcomes.
The L-GrAFT7 model has been recently validated in the COPE liver normothermic machine
perfusion (NMP) trial and has demonstrated improved predictive accuracy with an area under
the receiver operating characteristic curve (AUROC) of 0.78 compared to the binary
classification of EAD (AUROC 0.68, P = 0.001) and MEAF score (AUROC 0.72, P <0.001)
(69).

In its most extreme form, IRI leads to primary graft non-function (PNF), a critical condition
where the liver lacks adequate function to support life, thereby necessitating an emergency re-
transplant to save the life of the patient (70,71). The aetiology of PNF is often multi-factorial,
yet the role of IRI is clearly significant and has profoundly affected donor selection strategies
(72). Severe disorders of coagulation are also associated with IRI, manifest by a prothrombotic
state that predisposes to hepatic artery thrombosis (HAT), also a reason for early emergency

re-transplantation (73-75).
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IRI is also a central factor in the development of non-anastomotic biliary strictures (NAS),
which are alternatively referred to as ischaemic type biliary lesions (ITBL) or ischaemic
cholangiopathy (IC) (52,76). This complication is particularly problematic in the context of
DCD liver transplants, not only compromising graft survival, but also significantly restricting
the utilisation of DCD livers. Patients who develop these biliary complications often require
multiple endoscopic procedures, additional surgeries and are frequently listed for re-
transplantation. These factors are associated with prolonged hospital admission, higher costs

and considerable morbidity (76,77).

Liver IRI extends its effects to other organ systems, notably affecting the kidneys and often
necessitating renal replacement therapy post-transplant. The origins of post-transplant acute
kidney injury (AKI) are diverse and intricate, with IRI playing a significant but not exclusive
role. It is well-documented that patients who develop AKI experience poorer long-term

outcomes (78).

1.5 Hepatic steatosis in liver transplantation

Since the advent of LT, hepatic steatosis (HS) has been associated with poor outcomes
including EAD, PNF and inferior graft/patient survival (79). Despite the impact of HS on LT
outcomes, the quantification of HS has been heterogenous amongst liver transplant units (80—

82), consequently, this is also reflected in the assessment and reporting of LT outcomes (83—

85).

1.5.1 Quantification of hepatic steatosis

The standard method for the quantification of HS is the histopathologist’s assessment of a
haematoxylin and eosin (H&E) stained liver section. The severity of steatosis is dependent on
the percentage of cells infiltrated by fat: no steatosis (<5%), mild steatosis (5-30%), moderate
steatosis (30-60%) and severe steatosis (>60%) (86). In the clinical setting of LT, assessment
of steatosis severity is performed by the macroscopic assessment of the surgeon and/or by
histological evaluation of the donor liver biopsy. The macroscopic indicators of a severe HS
steatotic liver include yellow liver parenchyma, rounded edges and a firm texture (87). Whilst

histological analysis is regarded as the most definitive standard, it is not performed for all cases.
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A transatlantic survey of surgeons in the UK and the United States demonstrated that donor
liver biopsies were performed in only about 50% of instances where the liver showed
macroscopic abnormalities (88). Literature on the concordance and correlation between
histological and macroscopic assessments has yielded varied results. El Badry et al. reported
that HS quantification on 46 liver sections by 4 different histopathologists varied significantly
(i.e. was observer-dependent) and lacked reproducibility (80). Conversely, Hall et al.
investigated the inter-observer concordance among 12 independent histopathologists assessing
20 liver biopsy sections and demonstrated substantial agreement in HS scoring (kappa = 0.64)
(81). When determining the accuracy of macroscopic steatosis assessment, Yersiz et al.
demonstrated that quantification of HS could be improved by consideration of liver texture
characteristics (yellowness, absence of scratch marks, and round edges) (87). However, this is
contradicted by several studies that have demonstrated a lack of concordance between the
macroscopic assessment and histological degree of steatosis, with some livers deemed
unsuitable for transplant based on surgical evaluation of steatosis, potentially leading to

unnecessary discards in up to one in six cases (89,90).

Most histological analyses of liver biopsy sections (especially in the context of organ donation
and LT) are performed on frozen-sections in order to provide urgent evaluation and minimise
CIT. However, these frozen-sections typically suffer from poor quality, making it challenging
to differentiate between fat vacuoles and tissue artefact (90,91). In addition, the accuracy of
histological assessment is also compromised by the minimal amount of tissue sampled
(approximately 1/50,000th of the total liver size) and the heterogeneity in sampling techniques
i.e. operator dependent (92). It also remains uncertain whether steatosis observed in one section

of the liver accurately reflects the condition of the entire organ (93).

The ideal methodology for assessing HS should be practical, cost-efficient, rapid and
reproducible. Computational digital image analysis (DIA) offers a promising solution that
could yield more accurate, unbiased and standardised quantification of HS. Research has
shown a strong correlation between assessments by histopathologists and those derived from
DIA software. However, histopathologists tend to overestimate steatosis relative to DIA
(80,81,94,95). This must be considered prior to implementation into routine clinical practice
especially when considering utilisation of severely steatotic livers that are at a high risk of graft

failure. Despite its utility in steatosis quantification, DIA (in the setting of LT) does not detect
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other critical pathologies (essential for evaluating the viability of high-risk grafts) including

necrosis, fibrosis, malignancy and bile duct injury.

1.5.2 Banff consensus for reporting hepatic steatosis

In 2021, Neil et al. published the Banff consensus recommendations for reporting of donor HS
into three categories (96): (i) Large droplet Macrovesicular Steatosis (Id-MaS) characterised
by a single fat vacuole causing cellular distension, being larger than adjacent non-
steatotic/minimally steatotic hepatocytes with nucleus displacement to the hepatocyte
periphery; (i) Small droplet Macrovesicular Steatosis (sd-MaS, previously described as
microvesicular steatosis) characterised by presence of fat vacuoles that are not true 1d-MaS i.e.
less than half the size of the cell and does not cause displacement of the nucleus. and; (iii) True
Microvesicular Steatosis characterised by multiple tiny droplets occupying hepatocytes with a
signature foam like appearance which require a specialised ‘fat’ stain to confirm presence.
Typically, these are either non-zonal aggregates or with diffuse liver involvement that typically
present in the setting of acute liver failure rather than in liver grafts retrieved for transplantation
(96). In the clinical setting of LT, sd-MaS has been historically described as microvesicular
steatosis. Sd-MasS is known to increase during preservation and at reperfusion and is a transient
short-lived process that indicates both liver stress/injury and recovery/regeneration from these
processes. Despite efforts to standardise quantification of HS in the setting of clinical LT, the
lack of uniformity in the histological assessment of HS should be considered when reporting

outcomes (96).

1.5.3 Hepatic steatosis and liver transplantation

In general, >30% sd-MasS is considered to be safe with no overall impact on graft survival
(96,97). However, the presence of moderate (30—60%) or severe (>60%) 1d-MasS is associated
with reduced tolerance to static cold storage (SCS, the gold standard for organ preservation)
and an increased sensitivity to the process of ischaemia-reperfusion injury (IRI), clinically
manifesting as post-reperfusion syndrome (PRS), EAD, requirement for renal replacement
therapy (RRT) and reduced graft/patient survival (83,84). Ld-MaS is widely acknowledged to
be a negative prognostic factor in models that predict graft/patient survival following LT
(97,98). Consequently, this is reflected by the reservation and caution of liver transplant units
in utilising donor livers with evidence of moderate-severe steatosis (85,99—102) and in the UK,

donor livers with evidence of HS account for 39% of organ discards (103). Recently, a large
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study analysing data from the Scientific Registry of Transplant Recipients demonstrated that
1d-MaS >31% was associated with lower odds of donor liver utilisation and the use of such

livers was associated with an increased risk of graft failure by 53% (104).

1.5.4 Hepatic steatosis and ischaemia-reperfusion injury

Steatotic livers do not tolerate SCS well and have increased sensitivity to the process of IRI. In
the clinical setting of LT, elevated hepatocellular injury markers including transaminases are
associated with histological evidence of IRI (105,106) and this is evident in recipients
transplanted with steatotic livers demonstrating higher early post-operative transaminase levels
and EAD (99,101,107-113). Experimental models indicate that hepatocellular damage (as a
result of IRI) is initiated within hepatic parenchymal cells and the presence of excess lipids
within hepatocytes contribute to an amplified IRI response (114-116). Evidence from a
hepatocyte IRI cell culture model suggests that the degree of hepatocellular injury (quantified
by transaminase release) correlates with the degree of intrahepatic triglyceride (IHTG) content
and a reduction in IHTG results in reduced hepatocellular injury. These findings suggest that
HS is independently associated with IRI (115). The underpinning pathophysiological
mechanisms are not completely understood but can be explained through a number of complex
interlinked cellular processes and mechanisms: (i) mitochondrial oxidative stress; (ii)
microcirculatory distortion and impaired sinusoidal blood flow; (iii) lipid peroxidation; (iv)
pro-inflammatory environment; (v) hypoxia inducible factors (HIFs) and (vi) damage
associated molecular patterns (DAMPs) and NETs. The described mechanisms below, while
not yet fully elucidated, lay the foundational groundwork for devising strategies aimed at

mitigating IRI injury in steatotic donor livers.

1.5.4.1 Mitochondrial oxidative stress

Experimental data point to a different inflammatory response to IRI in steatotic compared to
lean livers (characterised by increased mitochondrial oxidative stress and reduced ATP
restoration following SCS), as one reason for the increased vulnerability of steatotic livers to
IRI (116-118). The deterioration in mitochondrial function is triggered by ROS production
which results in altered energy metabolism, disrupted cellular bioenergetics and cellular
function which results in cell death (119-122). Previous studies have demonstrated that
mitochondrial proton adenosine triphosphate (ATPase) activity required for ATP synthesis and

oxidative phosphorylation is rapidly reduced following 6 hours of SCS in steatotic compared
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to lean livers (123—125). The lack of ATP restoration consequently results in ATP-dependant
Na*/K* pump failure contributing to cellular swelling and necrosis (rather than apoptosis which

is ATP dependant) in steatotic livers (126,127).

Furthermore, the mitochondrial uncoupling protein-2 (UCP-2) required for the regulation of
proton leakage across the inner membrane is paradoxically increased in steatotic livers in
attempts to counteract oxidative stress and ROS production as well as prevent chronic
hepatocellular lipid accumulation. However, due to dysregulation in ATP synthesis and
diminished ATP levels, the overexpression in UCP-2 limits the capacity of hepatocytes to
respond to increasing energy demands at reperfusion resulting in a mitochondrial permeability

transition (MPT) and membrane potential failure (118,128).

Comparatively, in lean livers, cell death is mainly a result of apoptosis (an energy dependant
process) and the ATP depletion in steatotic livers results in an inability to induce apoptosis
resulting in other pathways of programmed cell death and necrosis. This is evident in increased
iron overload, capase-1, capase-9, receptor-interacting kinase 1 (RIPKI1) and receptor-
interacting kinase 3 (RIPK3) expression observed in steatotic hepatocytes exposed to IRI,
indicating ferroptosis, pyroptosis, necroptosis and MPT mediated necrosis mechanisms

respectively (117,129-131).

1.5.4.2 Microcirculatory distortion and impaired sinusoidal blood flow

Lipid droplet accumulation in steatotic livers results in structural distortion and obstruction of
microcirculation and sinusoidal blood flow compared to lean livers (132—136). Following graft
reperfusion, impairment of microcirculation can be exacerbated by hepatocellular membrane
rupture resulting in expulsion of lipid droplets into the extracellular space (lipopeliosis) causing
obstruction of liver sinusoids and further compounding the issue (137,138). In addition, the
microcirculatory distortion and impaired blood flow contribute to a chronic hypoxic state due
to inadequate oxygenation. This results in exacerbated ischaemic injury upon reperfusion
characterised by increased ROS production and Kupffer cell activation. The activated Kupffer
cells produce endothelin-1 (ET-1, vasoconstrictor) in excess to inducible nitric oxide synthase
(INOS, vasodilator). This imbalance promotes microcirculatory damage due to sinusoidal

vasoconstriction (and limited blood flow) during reperfusion (136,139,140). The consequent
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injury impairs the role of the endoplasmic reticulum (ER) involved in hepatocellular lipid
metabolism, protein synthesis and calcium storage. The increased ER stress can also be
attributed to chaperonin downregulation (141) and results in activation of a signal transduction
cascade (unfolded protein response, UPR) that promotes JUN N-terminal kinase (JNK), NF-

kB, and caspase-12 activation (117).

1.5.4.3 Lipid peroxidation

Steatotic livers are more prone to lipid peroxidation, following ischaemia and post-reperfusion
(115,142,143). Lipid peroxidation (oxidative degradation of lipids) is characterised by the
reduction of hydrogen peroxide resulting in a hydroxyl radical involved in the destruction of
polyunsaturated fats (144). These free radicals scavenge electrons from lipids located in cell
membranes and aggravate cellular injury (145). In clinical LT, lipid peroxidation has been

associated with oxidative injury induced by ROS during reperfusion (146).

1.5.4.4 Pro-inflammatory environment

Following implantation, the reperfusion of steatotic livers is associated with an exacerbated
inflammatory response driven by pro-inflammatory mediators including TNF-a and
neutrophils. Cytokine releases is associated with endothelial dysfunction, increased expression
of adhesion molecules and the activation and migration of platelets and leukocytes (147-150).
Kupffer cell activation results in sustained ET-1 production, lower phagocytic activity and
increased ROS, IL-6 and IL-I production in steatotic livers compared to lean livers (151,152).
The ongoing activation of inflammatory cells further promote ROS and protease production

thereby promoting hepatocellular injury (151).

1.5.4.5 Hypoxia inducible factors

Hypoxia has been attributed as a central instigator in the development and progression of
hepatic steatosis due to structural distortion caused by hepatocyte swelling and fibrotic scar
formation, increased metabolic demands, oxygen consumption and perturbation of lipid
homeostasis (153). Hypoxia-inducible factors (HIFs) are cellular oxygen sensitive transcription
factors which have been implicated as the ‘master regulators’ in response to hypoxia through

activation of a number of hypoxia responsive genes. The HIF-1a isoform has demonstrated a
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protective effect through reduction in lipid synthesis, de novo lipogenesis and lipid
peroxidation as well as promotion of fatty acid B-oxidation (154). However, the HIF-2a
isoform is reported to activate genes involved in fatty acid synthesis (Srebplc and Fasn), fatty
acid uptake (Cd36) and suppression of genes that regulate fatty acid p-oxidation resulting in
progression of lipid accumulation and fibrosis (153,155). Pre-clinical murine studies have
demonstrated the benefit of pre-treatment with HIF prolyl-hydroxylase inhibitors and other
pharmacological agents including Mangafodipir (a contrast agent) in up-regulation of HIF-1a
expression with improved liver graft tolerance to IRI during reperfusion (156,157). This effect
has also been demonstrated in steatotic murine livers that received pre-treatment with
trimetazidine (an anti-ischaemic drug) through activation of cytoprotective genes (heme-
oxygenase associated with HIF-1a (157). In addition, a recent study by Dery et al. (158) has
demonstrated carcinoembryonic antigen-related cell adhesion molecule 1 (CEACAMI)
alternative splicing, mediated by HIF-1a in response to stress, significantly augments hepatic
ischaemic tolerance in hepatic tissues of both mice and humans. The research delineates the
mechanism of action, demonstrating HIF-1a 's direct association with the promoter region of
the polypyrimidine tract-binding protein 1 (PTBP1) splicing enzyme. This interaction
facilitates the induction of the CEACAMI-short isoform, thereby enhancing ischaemic
tolerance with reduction in DAMPs including Histone H3 expression. Importantly, the findings
from this study underscore a novel biomarker for assessing the viability of liver transplant

donor livers.

1.5.4.6 Damage associated molecular patterns (DAMPs)

DAMPs typically originate from an intracellular source (cytoplasm, mitochondria and nucleus)
and are associated with hepatocellular injury during reperfusion (159-162). More recently,
attention has been drawn to DAMPs of nuclear origin that have significant potential to
exacerbate injury during liver IRI. Nuclear DAMPs include nucleosomes as well as free nucleic
acids and proteins such as cell-free (cfDNA), mitochondrial DNA, free histones, HMGB-1 that
are released during unprogrammed cellular injury or death (163—165). The interaction of these
molecules with Toll-Like-Receptors (TLR, in particular 2,4, 7 and 9), RAGE (Receptor for
Advanced Glycation Endproducts) and pattern recognition receptors (PRRs) in the activation
of innate immune and inflammatory responses (166—168) during reperfusion thereby
propagating the magnitude of injury/inflammation which is already heightened in steatotic

livers (159,169).
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1.5.4.7 Neutrophils and NETosis

Neutrophils in circulation are mobilised to the site of tissue injury where they interact with
activated endothelial cells, facilitating their adhesion and subsequent migration into the sub-
sinusoidal spaces. This migration is mediated by the interaction between integrin aMB2 (Macl)
on neutrophils and Intercellular Adhesion Molecule 1 (ICAM-1) on liver sinusoidal endothelial
cells (LSECs), a process that is directed by chemokines from Kupffer cells and a chemotactic
gradient originating from the site of injury (170—172). Upon reperfusion, neutrophils contribute
to the exacerbation of tissue damage through the promotion of inflammatory responses (173).
A key mechanism through which neutrophils augment liver injury during IRI involves the
release of NETs—structures composed of extracellular DNA decorated with histones and
granular proteins. The phenomenon of NET formation, or NETosis, represents a recently
elucidated mode of neutrophil death, distinct from the caspase-dependent pathways of
apoptosis. Unlike apoptosis, which leads to the generation of apoptotic bodies without
subsequent inflammation, NETosis encompasses both lytic and non-lytic pathways that
culminate in the dissemination of nuclear contents into the extracellular milieu. The lytic
pathway of NETosis is marked by the disintegration of the nuclear envelope, cellular
depolarisation, chromatin de-condensation and cell membrane rupture leading to the dispersion
of extracellular chromatin fragments into circulation. Conversely, the non-lytic pathway of
NETosis does not culminate in cellular death, but involves the expulsion of a mesh-like
structure of decondensed chromatin, decorated with intracellular and granular proteins into the
extracellular space. The formation of NETs triggers several processes that intensify the severity
of IRI, including thrombosis and the amplification of inflammatory responses resulting in liver

graft injury (167,168,174).

1.5.5 Hepatic lipid metabolism

1.5.5.1 Hepatic lipid metabolism

Fat accumulation in the liver typically results from an imbalance in fatty acid (FA) synthesis,
intake, and clearance (disposal) (175). The liver acquires fats from three principal sources: (i)
the uptake of circulating plasma non-esterified fatty acids (NEFA), which are released during
lipolysis of subcutaneous and visceral adipose tissue; (ii) dietary sources and; (iii) de novo
lipogenesis (DNL), the endogenous production of FAs from non-lipid precursors (176—178).

FAs are removed from the liver primarily via secretion in very low-density lipoproteins
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(VLDL) as triglycerides (TG) or by oxidation through the tricarboxylic acid (TCA) cycle and
ketogenesis. FAs that are not cleared are esterified and stored predominantly as TG within the
liver (178). The metabolism of FAs in the liver is a dynamic and rapidly evolving process,
which, in a healthy state, is tightly regulated by hormonal factors and is closely linked to the
overall metabolic and nutritional status. For a detailed representation of hepatic lipid

metabolism, refer to Figure 1.4.
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Figure 1.4. Overview of hepatic fatty acid (FA) input, synthesis and disposal in the postprandial state.
FA input to the liver derives from (1) the lipolysis of adipose (subcutaneous and visceral) tissue
triglyceride (TG), and (2) dietary fat, which enter the liver as either chylomicron remnants or
chylomicron-derived spillover FAs. (3) FA synthesis occurs within the liver, via de novo lipogenesis
(DNL) which involves the synthesis of FA from acetyl-CoA derived from non-lipid precursors, such as
glucose. FAs enter a common pool and are broadly partitioning between two pathways for disposal: (4)
the esterification pathway, where predominantly TG is produced which can then be either stored in the
cytosol (as a lipid droplet) or can lipidate very-low density lipoprotein (VLDL) in the endoplasmic
reticulum (ER) to form VLDL-TG and then secreted into the systemic circulation, or 5) oxidation either
via the tricarboxylic acid (TCA) cycle to form CO2, or the ketogenic pathway where B-hydroxybutyrate
(30HB) is produced and enters the systemic circulation. Figure reproduced with permission from
BioMed Central (179).
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1.5.5.2 Lipid synthesis and esterification

Fatty acids (FAs) taken up by the liver are primarily esterified with glycerol-3-phosphate to
form triglycerides (TG) along with other lipid molecules such as phospholipids and cholesterol
esters (177). Additional contributions to the FA pool are from FAs are synthesised de novo
from non-lipid precursors like glucose and amino acids through DNL (180). In this process,
insulin and malonyl-CoA (an intermediate in the DNL pathway) regulate FA oxidation by
inhibiting carnitine palmitoyltransferase-1 (CPT-1), thereby restricting the entry of FAs into
mitochondria for oxidation. The esterification of fatty acyl-CoA with glycerol-3-phosphate is
also insulin-dependent, aligning with insulin's role in promoting the storage of FAs as TG
during the fed state, rather than directing these molecules towards oxidation pathways. In such

states, the liver primarily meets its energy needs through the oxidation of amino acids (181).

The TGs stored are later used as substrates for the secretion of fat into the bloodstream in the
form of very low-density lipoproteins (VLDL). VLDL particles, which contain a single
molecule of apolipoprotein B100 (ApoB) that remains part of the particle throughout its
lifespan, also include cholesterol esters and small quantities of apolipoproteins E and C. The

surface of VLDL particles is coated with phospholipids and unesterified cholesterol (182).

1.5.5.3 Fatty acid oxidation

The liver primarily relies on mitochondrial B-oxidation of fatty acids (FAs) for energy
production, supporting its extensive metabolic functions. FAs transition from glycerolipid
synthesis to oxidation when fatty acyl-CoA is transported into the mitochondrion. However, as
mitochondrial membranes are impermeable to fatty acyl-CoAs, these molecules must first
transfer their acyl groups to carnitine. This transfer is facilitated by the enzyme carnitine CPT-
1, which is regulated by malonyl-CoA. At the cellular level, malonyl-CoA regulates the activity
of the enzyme carnitine CPT-1, serving as a critical intermediary that integrates carbohydrate
and fat metabolism and plays a significant role in the DNL pathway (180). High concentrations
of malonyl-CoA during carbohydrate surplus inhibit CPT-1, thus suppressing fat oxidation.
This effect is complementary to the role of insulin in inhibiting FA release from adipose tissue.
Consequently, during carbohydrate excess, the liver favours esterification of FAs over
oxidation (177). Within the mitochondria, the acetyl CoA produced from oxidation enters the

Krebs’ cycle to be further oxidised to CO2, or it can proceed to ketogenesis. During
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ketogenesis, two acetyl-CoA molecules combine (within the mitochondrion) to form
acetoacetic acid, which is further converted to 3-hydroxybutyrate (3-OHB). This ketone body
is then released into systemic circulation and is often used as an indicative marker of hepatic

FA oxidation (183).

1.6 Liver preservation

The primary objective of liver preservation for transplantation is to reduce the magnitude of
ischaemic injury (resulting from anaerobic metabolism and hypoxia) while maintaining
structural and functional integrity (184,185). Post-transplant liver function is related to the
pathophysiological process of brainstem/cardiac death and subsequent ischaemic injury
(related to organ retrieval and the preservation environment). Therefore, optimisation of each
stage of the donor pathway from retrieval to implantation is essential to ensure satisfactory

outcomes in the recipient (186).

1.6.1 Static cold storage

The current standard for liver preservation is SCS, this involves rapid cooling of the liver to
4°C and is achieved by flushing of the liver with cold specialised organ preservation solution
thereby effectively removing residual blood from the liver until the effluent is clear and the
liver uniformly pale and cooled down. Subsequently, the liver is immersed and stored in
preservation solution (0-4°C), enclosed in sterile bags and positioned on ice within an insulated
organ transport ice-box. At this reduced temperature, the liver's metabolic rate is reduced to
10% of its normative rate at physiological body temperature. This reduction is facilitated by
the application of organ preservation solutions (OPS), which prevent cellular swelling and lysis
as the temperature drops and cellular membrane functions cease. Rapid execution of these
steps, from the initial cold perfusion within the donor to the final packaging and placement in
an ice-box, is crucial to sufficiently lower the temperature, diminish metabolic rate and

preserve cellular energy stores (186).

Since the 1980s, various OPS have been adopted for LT (187). The University of Wisconsin
(UW) solution is the most widely used OPS for preserving donor livers, followed by histidine-
tryptophan-ketoglutarate (HTK) solution (187-193). The UW solution has enabled extended

preservation times: Todo et al. reported successful LT after more than 15 hours of cold-
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ischemia time (CIT), significantly enhancing the feasibility of transporting organs over long

distances and thus revolutionising LT logistics (194).

However, prolonged CIT can exacerbate cellular injury during SCS and is characterised by the
depletion of ATP, increased glycolysis, and accumulation of lactic acid. For this reason, the
duration of CIT is restricted to less than 12 hours, with even stricter limitations for grafts
classified as high-risk, such as DCD grafts and those exhibiting steatosis (186). These particular
grafts are more vulnerable to hypoxia and the impacts of anaerobic metabolism, which includes
the production of metabolites that serve as precursors for IRI upon transplantation into the

recipient (184,185).

Despite the limitations of SCS and associated IRI, the use of OPS is associated with
approximately 85% survival at 1 year and 75% at 5 years. Whilst organs from standard criteria
donors usually have adequate physiological reserve to endure SCS related ischaemic injury,
ECD livers often lack this capacity, thus restricting the effectiveness of cold storage for these

organs (195).

1.6.2 Normothermic machine perfusion

The imperative to broaden the utilisation of donor organs (particularly those of the high-risk
category) and reduce waiting list mortality rates have played a pivotal role in the evolution of
NMP technology. NMP, which utilises a blood-based perfusate (packed red blood-cells,
pRBCs) warmed to physiological temperature (37°C) enriched with oxygen and nutrients, is
designed to keep the donor liver in a functional, near-physiological condition prior to LT. NMP
can be applied in a continuous manner i.e. at the point of organ retrieval (device-to-donor or
continuous NMP, cNMP) or after a period of SCS (back-to-base, end-ischaemic or post-SCS
NMP). The benefits attributed to NMP in comparison to traditional preservation techniques
encompass: (1) the capability to recover from acute injury (such as hypoxia) incurred before or
during the organ retrieval process, particularly in DCD organs; (ii) the ability to objectively
evaluate liver functionality prior to transplantation (through the assessment of metabolic or
synthetic activities), facilitating the identification of high-risk organs that would otherwise be
deemed unsuitable for transplantation (with criteria established through clinical research); (iii)
enhancement of transplant logistics via prolonged preservation durations; (v) restoration of

ATP levels and modulation of apoptosis, immune responses and enhancement of regenerative
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pathways and; (vi) the prospect of administering therapeutic treatments to the donor liver prior

to transplantation (as indicated by experimental research) (196-200).

A major advantage of NMP over SCS and other dynamic preservation methods is its capability
to evaluate liver function parameters during perfusion. This enables the assessment of liver
viability prior to exposing a recipient to the risks associated with LT. Researchers in Cambridge
and Birmingham have identified criteria including metabolic indicators (such as lactate
clearance), markers of organ injury (like perfusate transaminase levels), haemodynamic
measurements (such as perfusion flow rates), and indicators of potential biliary complications
(bile biochemistry), detailed in Table 1.3 and 1.4 (201,202). Additionally, the team in
Groningen has identified histological indicators of bile duct injury (BDI) during NMP with a
BDI scoring system (ranging from O to 7) based on stroma necrosis, damage or loss of
extramural peribiliary glands, and vascular lesions. High BDI scores have been linked to poor
biliary function predictors, including low bile pH and high levels of glucose and lactate

dehydrogenase (LDH) (203).

Table 1.3. Cambridge NMP criteria for optimal NMP parameters associated with favourable post-
transplant outcomes (201). Table reproduced with permission from MDPI (4).

NMP parameter Description

Perfusate pH The ability to maintain perfusate pH >7.2 (without
bicarbonate supplementation exceeding >30mmol)

Bile pH A minimum bile pH value >7.5

Clearance of perfusate lactate Evidence of a peak reduction in perfusate lactate > 4.4
mmol/l/kg/h

Metabolism of glucose (perfusate) Evidence of a reduction in perfusate glucose following 2h of

perfusion OR a glucose value of 10 mmol/l (that also
subsequently falls following a challenge 2.5g of glucose)

Bile glucose concentration A bile glucose concentration of <3 mmol/l OR >10 mmol/l
less than the perfusate glucose concentration

Hepatocellular injury as demonstrated | A perfusate ALT <6000 IU/1 at 2h of perfusion
by perfusate alanine aminotransferase
(ALT) level
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Table 1.4. Birmingham NMP criteria as recommended in the “VITTAL’ trial (202). Table reproduced
with permission from MDPI (4).

Mandatory NMP parameter Description
Clearance of perfusate lactate Evidence of reduction of perfusate lactate to <2.5 mmol/l

Two or more of the following NMP parameters at 4h of perfusion

Perfusate pH The ability to maintain perfusate pH > 7.3
Glucose Evidence of glucose metabolism during perfusion
Bile Evidence of bile production during perfusion

Hepatic arterial (HA) flow and portal | Maintenance of HA flow >150ml/min and PV flow
venous (PV) flow >500ml/min

Macroscopic assessment of donor | Homogenous macroscopic appearance of the liver
liver during NMP parenchyma during perfusion

Initial evidence regarding the utility of NMP emerged from case studies in Birmingham (204)
and Cambridge (205). The safety and efficacy of continuous NMP (cNMP) was first
demonstrated by Ravikumar et al. from Oxford (206) confirming the feasibility of this
preservation technique, but also demonstrating a substantial reduction in graft injury compared
to SCS. The landmark multicentre randomised controlled trial (RCT) involving 220 liver
transplant recipients, was carried out by Nasralla et al. in 2018 under the Consortium for Organ
Preservation in Europe (COPE), comparing cNMP with SCS. NMP-treated livers showed a
notable reduction in reperfusion-related injury, evidenced by a 49% decrease in peak
postoperative AST levels, and a 50% reduction in the rate of organ discard, despite a 54%
extension in mean preservation duration. The enhanced rate of organ utilisation, marked by the
lower discard rate among cNMP-treated livers, was partly credited to the capacity for direct
functional assessment of liver function for viability, thus offering surgeons increased
confidence in utilising higher-risk donor livers (207). In a subset analysis of steatotic donor
livers from this cohort, Ceresa et al. explored the impact of cNMP on histologically confirmed
steatotic livers with matched lean controls preserved with cNMP. Steatotic livers demonstrated
distinct variations in lipid metabolism during perfusion compared to lean livers, characterised
by enhanced triglyceride mobilisation, increased mitochondrial fatty acid B-oxidation and
greater hepatocellular injury (quantified by perfusate transaminase levels). Nonetheless,
steatotic livers preserved with cNMP had comparable outcomes to lean livers preserved with

SCS, suggesting a reduction in risk profile of these livers facilitated by enhanced preservation
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during cNMP. In addition, when compared to steatotic livers with SCS there was no significant

histological reduction in the degree of macrovesicular steatosis (MaS) during cNMP (208).

In 2021, Markmann et al., representing the OCS Liver ‘Protect’” Randomized Clinical Trial
Group in the United States, shared findings from a multicentre RCT examining the impact of
cNMP on transplant outcomes. This RCT compared NMP with SCS in 293 patients (per
protocol population). Compared to the COPE trial, the PROTECT trial featured shorter average
NMP durations, with a mean (SD) of 276.6 (117.4) minutes. The study highlighted that NMP
was associated with a reduction in EAD and ischaemic bile duct complications (IBC), fewer
histological features of IRI, reduction in ICU and hospital stay, improved utilisation of DCD
livers and graft survival. The research design limited inclusion to livers with MaS of 40% or

below, but it did not clearly detail the actual steatosis levels of the included livers (209).

The logistically more straightforward approach of conventional SCS, followed by connection
of the donor liver to the normothermic perfusion device at the recipient centre (‘back-to-base’),
has also been explored by Ceresa et al. who reported a series of liver transplants preserved with
pSCS-NMP. Adhering to the same recruitment criteria as a COPE trial, a total of 31 livers were
transplanted using the back-to-base (pSCS-NMP) approach with no significant differences in
graft injury indicators (peak AST in the first 7 postoperative days), graft and patient survival,
or organ discard rates when compared to all transplanted cNMP livers (n = 104) from the COPE
trial (210). However, out of the 31 livers included in the pSCS-NMP cohort, 3 (9.7%) were
discarded. Of the discarded livers, one liver had histological evidence of 80% MaS with poor

lactate clearance, glucose metabolism and lack of bile production during perfusion.

In the VITTAL study by the Birmingham group, previously declined livers were perfused.
Those meeting pre-defined functional criteria were transplanted: 22 of 31 (71%) perfused
organs were transplanted (all with immediate function) with a median preservation time of 18
hours (comprising both SCS and NMP components). The 90-day survival rate (graft and
patient) was 100% (202). However, it was notable that there was a high rate of biliary strictures
and the need for later re-transplantation, suggesting that the combination of relatively
prolonged SCS followed by NMP may not be the optimal method in the context of ECD livers.
Notably, the livers that did not meet viability criteria were heavier, with increased donor peak
AST, longer CIT (550 vs. 452 mins) and a greater proportion (77.8% vs 40.9%) had MaS >30%

(202). To achieve wider clinical adoption of this approach, specific acceptance and perfusion
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criteria will be needed, possibly in association with specific interventions during NMP to

reduce postoperative morbidity.

Patrono et al. further investigated the utilisation and outcomes of steatotic donor livers
preserved with pSCS-NMP and MaS > 30%: 10 out of 14 livers (71.4%) were transplanted, of
which 2 livers (14%) developed PNF (211). This study highlights the challenges in determining
the viability of livers with moderate-severe steatosis using existing viability criteria. The results
indicate that an extended observation period (>6 hours) may be necessary for these livers,
emphasising that consistent lactate clearance is essential for their utilisation (211). To address
the limitation of pSCS-NMP of steatotic donor livers, Patrono et al. further published a proot-
of-concept case utilising device-to-donor (c(NMP) on an HCV-positive DBD donor liver with
70% MaS (212). This case met the functional assessment benchmarks described by both the
Birmingham and Groningen groups and was transplanted with 6-month graft and patient
survival, normal post-operative graft function and the absence of any clinical or laboratory

signs of ischaemic cholangiopathy (212).

Whilst pSCS-NMP has several advantages, this end-ischaemic approach may result in
suboptimal results and discards of steatotic livers that are sensitive to even short periods of CIT
and this is evident in aforementioned end-ischaemic (pSCS-NMP) studies that have included a
small proportion of steatotic livers within the overall cohort. These data suggest steatotic donor

livers may require active intervention beyond that of simply replacing SCS with NMP.

More recently, He et al. explored the advantages of preventing ischaemia and complete
avoidance of cooling prior to LT i.e. ischemia-free liver transplantation (IFLT) which involves
the procurement, preservation, and transplantation of the donor liver using continuous
normothermic perfusion without interruption of blood flow (213). The authors described the
successful transplantation of a steatotic DBD liver with 85-95% MaS (213). The clinical
application of IFLT has been further described by Chen et al. in a study that included 26
steatotic livers (16 with moderate and 10 with severe steatosis) (214). Within this cohort, 6
livers (23.1%) underwent IFLT and demonstrated a reduction in a peak AST, GGT and
creatinine post-transplant with a significant reduction in EAD (0% vs. 60%; P = 0.001) (214).
These findings have also been further validated in a randomised clinical trial by Guo et al (215).

Nonetheless, to fully assess the potential of NMP to enhance the viability of steatotic donor
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livers for transplantation, a comparative analysis with livers preserved via post-SCS-NMP,

cNMP, and IFLT is required.

In the current clinical setting, IFLT is a sophisticated technique carried out in a high-volume,
single centre in China, making it less accessible globally. Continuous cNMP emerges as a
practical alternative, navigating between the constraints of end-ischaemic NMP (pSCS-NMP)
and the advantages of IFLT for the preservation of steatotic donor livers. Crucially, in the
current era where IFLT is not widely available, ex-situ preservation (including pSCS-NMP and
cNMP) may offer a platform for therapeutic interventions such as defatting therapies that target
hepatocellular lipid metabolism during NMP as an alternative strategy to improve ex-situ

function and the risk profile of livers with moderate-severe steatosis.

1.6.3 Ex-situ defatting of steatotic donor livers during normothermic perfusion

Attempts to improve post-transplant outcomes in steatotic livers have included treatments to
attenuate the IRI to which these grafts are particularly susceptible. However, in experimental
models, levels of injury remained higher in treated steatotic than in lean livers (179). Rather
than identifying methods to reduce IRI, targeting the primary cause, accumulation of intra-
hepatocellular triglyceride (IHTG), may yield improved transplantation outcomes. By
eliminating the root of the problem, the associated complications may be avoided. Several
groups have explored this approach, particularly using NMP as a method to enhance the quality

of steatotic grafts by actively removing IHTG during preservation.

Preclinical studies have demonstrated that NMP can improve ex-situ liver function and reduce
intrahepatic triglyceride content (IHTG) through the promotion of lipid metabolism and
thereby potentiating the reversal of steatosis. Jamieson et al. (216) investigated the effect of
NMP alone in steatotic porcine livers preserved over 48 hours. In this model, HS was induced
through pre-treatment with streptozotocin and a high-fat diet, inducing hyperglycaemia and
ketosis prior to organ retrieval for NMP. During perfusion, steatotic livers maintained perfusate
base excess, factor V and bile production. In addition, the perfusion haemodynamics and
hepatocellular injury markers were comparable to that of lean controls. Notably, these livers
demonstrated elevated levels of glucose and urea in the perfusate. Following 48 hours of
perfusion, there was a significant reduction in MaS from 28% to 15% and the size of lipid

droplets, achieved without the use of defatting agents. This study demonstrated mobilisation
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of fat from the liver into the perfusate. Indeed, one limitation of the study was the recirculation
of secreted TGs in the circuit, thereby making the perfusate extremely lipaemic. It was thought
that this might be a factor that limited the amount of fat that could be extracted by perfusion

alone.

Nagrath et al. developed an experimental oxygenated normothermic model to study the impact
of a ‘defatting cocktail’ on steatotic livers retrieved from Zucker rats during 3 hour perfusions
(217). This cocktail was a combination of pharmacological compounds, including GW501516
(a PPARS ligand), GW7647 (a PPARa ligand), forskolin (a cAMP activator), hypericin (a
pregnane X receptor ligand), visfatin (an insulin-mimicking adipokine), and scorparone (a
constitutive androstane receptor ligand), (Table 1.5). Following addition of the ‘defatting
cocktail’ to the NMP perfusate, there was a 65% decrease in hepatic triglyceride levels and a
50% reduction in intracellular lipid content. In contrast, livers perfused without the ‘defatting
cocktail” demonstrated a 30% reduction in hepatic triglycerides (217). Raigani et al. (218)
demonstrated comparable outcomes by incorporating L-carnitine (to enhance fatty acid -
oxidation) as a constituent of the ‘defatting cocktail’. The interventions led to a reduction in
MaS from 41.5% to 8.5%. Furthermore, there was a rise in ketone levels in the perfusate
(indicative of enhanced fatty acid B-oxidation), as well as increased bile bicarbonate content

and improved lactate clearance in the steatotic rat livers that received these interventions.

Table 1.5. Constituents of ‘defatting cocktail” described by Nagrath et al (217).

Defatting agent Mechanism of action

PPARS ligand GW501516 PPARGS ligand that improves fatty acid B-oxidation
Peroxisome proliferator-activated receptor | PPARa ligand improves mitochondrial fatty acid
(PPAR) a ligand GW7647 oxidation

Forskolin, cyclic adenosine monophosphate | cAMP activator that increases lipolysis and
(cAMP) activator (glucagon mimetic) improves fatty acid oxidation

Hypericin Pregnane X receptor ligand that increases f-

oxidation of very long chain fatty acids

Visfatin Adipokine (insulin-memetic, role not completely
understood)
Scorparone Upregulates PPAR (androstane receptor ligand)
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These preclinical studies demonstrate the potential of NMP as a platform to provide active
intervention to treat donor HS. The findings indicate that both hepatic triglyceride levels and
MaS can be altered during ex-situ preservation. However, the limited sample size and
uniformity of the livers, where steatosis was experimentally induced, suggest caution when
extrapolating these results to clinical settings involving a heterogenous group of steatotic

human livers intended for transplantation.

The effect of defatting agents during NMP would be better investigated in a discarded steatotic
human liver model. Initial results from a discarded human liver study involving NMP of
steatotic donor livers for 24 hour did not demonstrate and overall reduction in MaS (219).
However, Banan et al. reported outcomes from two human livers preserved with NMP and
defatting agents (L-carnitine and exendin-4), with one liver demonstrating a 10% decrease in

MasS after 8 hours of NMP (220).

More recently, Boteon et al. (221) explored the use of the ‘defatting cocktail’ developed by
Nagrath et al. with the addition of L-carnitine in livers declined for transplantation due to
advanced steatosis. These perfusion experiments comprised of 10 steatotic human livers
perfused with either the modified ‘defatting cocktail’ during NMP (n = 5) and with NMP alone
(n = 5). Discarded livers that were subjected to pharmacological defatting during NMP
demonstrated improvement in metabolic function, decreased vascular resistance, reduction in
hepatocellular injury and greater bile production. Mechanistic studies also demonstrated a
reduction in oxidative damage, immune cell activation, inflammatory cytokine release and

tissue triglycerides, achieving a 40% reduction in MaS after 6 hours of perfusion.

In addition, all 5 livers that received pharmacological defatting during NMP met the accepted
viability criteria for transplantation, in contrast to only 2 out of 5 in the control group (P =
0.04). However, not all defatted livers demonstrated a clinically meaningful reduction in MaS
of <30%. This raises questions about the relationship between histological steatosis and liver
function during NMP. Mechanistically, these findings suggests that the benefits observed may
not necessarily be due to fat removal alone. Instead, the activation of cytoprotective and vaso-
protective pathways during NMP could be critical in making these organs suitable for
transplantation, and the combined effects of NMP and defatting treatments may synergistically

contribute to meeting ex-situ functional criteria for transplantation (222).
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Although Boteon et al. demonstrated favourable outcomes, the pre-clinical nature of the study
did not involve actual liver transplants (221). A thorough assessment of the safety profile for
the suggested 'defatting cocktail' is essential before it can be adopted in clinical settings. Some
components of the 'defatting cocktail' are yet to be fully evaluated for safety, despite some in
vitro tests on cytotoxicity (151). Hypericin, found in St John's Wort, plays a role in enhancing
the activity of the cytochrome P450 3A4 enzyme, which is crucial in metabolising drugs
including cyclosporine and tacrolimus (223). Furthermore, the peroxisome proliferator-
activated receptor agonists, GW501516 and GW7647, have yet to undergo human trials, with
existing animal studies raising concerns about potential carcinogenic effects (224). A summary

of early pre-clinical studies is provided in Table 1.6.

Table 1.6. Summary of defatting interventions and effect on MaS (216,217,219-222)

Ref. Defatting Model Total ex-situ Absolute
interventions perfusion time | percentage (%)
(h) reduction in
macrovesicular
steatosis (MaS)
Nagrath et al, Zucker rats (n = 3 50
2009 GW501516, 12)
GW7647, forskolin,
hypericin, visfatin
and scorparone
Jamieson et al, NMP alone Porcine (n = 8) 48 13
2011
Raigani et al, 6 33
2019 GW501516, Zucker rats (n =
GW7647, 18)
forskolin,
hypericin,
visfatin,
scorparone and
L-carnitine
Banan et al, 8 10
2016 L-carnitine and Discarded human
exendin-4 livers (n = 2)
Liu et al, 2018 NMP alone 24 -
Discarded human
livers (n = 10)
Boteon et al, 6 40
2019 GW501516, Discarded human
GW7647, forskolin, livers (n = 10) 12 50
hypericin, visfatin,
scorparone and L-
carnitine
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Ceresa et al. (225) have recently described outcomes of a study involving 18 human discarded
steatotic livers subjected to 48 hours of NMP. Whilst designing the study the authors addressed
some of the limitations of previous defatting studies with consideration of requirements of
translation into a subsequent clinical trial. This included use of readily available
pharmacological agents, licenced for human use (albeit off-label) and with avoidance of
pharmacological agents that would require extensive testing and optimisation prior to use in
the setting a clinical trial. The study involved three groups: NMP alone (n = 6), NMP plus a
lipid apheresis filter (n = 6), and NMP with a lipid apheresis filter and the adjunct of defatting
agents including L-carnitine, water soluble forskolin (NKH477), and glucose/insulin reduction
(to reduce de novo lipogenesis), (n = 6). The use of the apheresis filter led to lowered
triglyceride and cholesterol levels in the perfusate. Incorporating defatting agents promoted
fatty acid B-oxidation and resulted in decreased steatosis, as evidenced by tissue triglyceride
measurements and a significant reduction in the amount of fat within the liver by 45% at 48
hours. Whilst none of these livers were transplanted, structural and functional improvements
were evident following 6 hours of perfusion. These improvements, reflected in enhanced
perfusion and biochemical parameters that would have rendered these livers transplantable
based on current functional criteria, suggest that these organs could meet the current criteria
for transplantation. The results suggest a minimum of 6 hours of perfusion is necessary for
functional assessment in order to assess suitability for transplantation. The logical next step
following the discarded liver study above, is to test the same therapeutic combination in a

clinical trial: this is part of the work described in this thesis (see Chapter 6) (179).

Further research on discarded steatotic human livers has been explored by Da Silva et al. (226)
who have recently published on defatting ex-situ over multi-day perfusions. In this study, a
total of 51 liver grafts were included (23 discarded liver grafts and 28 partial livers obtained
from hepatic resections) and were subjected to NMP. Out of 51 liver grafts, 20 were steatotic
with MaS up to 85% and were subjected to NMP for as long as 12 days. Of these, half showed
a significant reduction in steatosis and the remaining half showed no change. The authors
attributed defatting as a consequence of extended perfusion duration, regulated glucose levels,
tailored nutrition and supplementation with L-carnitine and fenofibrate. The majority of liver

grafts maintained their synthetic and metabolic functions throughout the perfusion period.
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1.7 Adding objectivity to current functional liver assessment during NMP

Hepatic function assessment during NMP is dependent on monitoring of functional parameters
during NMP such as lactate clearance and bile production. However, the effectiveness of these
specific parameters is limited due to their inability to consistently differentiate between donor
livers that function well and those that do not (227,228). Consequently, there is a vital need for
more dependable functional assessments to evaluate liver functional capacity during NMP.
Notably, the metabolic functional (as opposed to injury) assessment of NMP livers in current
clinical practice is based on relatively uncontrolled measures of lactate clearance and glucose
consumption. A more quantifiable assessment of hepatocellular function may provide a more

consistent means to define a viable liver.

1.7.1 LiMAXx

Assessing the activity of cytochrome p450 (CYP) enzymes might provide insights into core
hepatocellular function. These enzymes are responsible for metabolising a variety of
substances, including steroids, fatty acids and xenobiotics (229). The Maximum Liver Capacity
(LiMAx test, Humedics GmbH) allows real-time monitoring of CYPIA2 (prominent in
functional livers cells and less prominent in damaged cells) and is based on the metabolism of
13C-methacetin into '*CO; and paracetamol (acetaminophen). The *CO; in exhaled air can be
quantified and compared to '?CO,. From this, a LiIMAx value is derived based on the
3CO,:12CO; ratio (230). The technology has been used to measure functional liver capacity in
patients with liver tumours and those undergoing major liver surgery/transplant in order to
predict and monitor post-operative outcomes (230-233). A LiMAx value exceeding 315
png/kg/h signifies normal hepatic function, while a score under 140 pg/kg/h reflects impaired

liver function, associated with a 40% mortality risk following major liver resection (231).

In the context of NMP, the LIMAX test may provide useful point-of-care information to support
functional assessment for transplantation (234). The LiMAXx test utilises a substrate that is
known to be metabolised by all segments of the liver thereby providing a more objective and
global assessment of liver function during ex-situ perfusion: this contrasts with conventional
liver function tests that only provide an indication of liver injury/damage. In the future, such a
test could become standard of care during NMP and increase the number of safe and successful

transplants. The use of this test in the context of NMP is described in Chapter 7.
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1.7.2 MEGX

The hepatic conversion of lidocaine to monoethylglycinexylidide (MEGX) can be used as a
dynamic liver function test to provide additional prognostic information, which can supplement
existing static liver function assays. Historically, the MEGX test was used clinically for real-
time assessment of liver function in transplantation and critical care medicine. However, this
test is no longer widely used in clinical practice due to various factors including complex
kinetics, potential drug interactions and insufficient data to support its prognostic value (235).
Lidocaine undergoes primary metabolism in the liver through successive oxidative N-
dealkylation, predominantly mediated by the liver cytochrome P450 system (specifically
through CYP3A4 activity) (236). The major first metabolite in humans is known as MEGX.
The liver function test is influenced by both the hepatic metabolic capacity and the hepatic
blood flow due to the comparatively high extraction ratio of lidocaine. The majority of
published research indicate that the MEGX test is a valuable tool that can enhance decision-
making process when selecting liver transplant candidates. Patients who have a MEGX 15 or
30 minute test value below 10 pg/L are at risk of pre-transplant non-survival (236,237). There
is a paucity in the literature regarding application of MEGX during NMP and its ability to
supplement current functional tests therefore warrants further investigation (238). The use of

this test in the context of NMP is described in Chapter 7.

1.7.3 ICG

Indocyanine green (ICG) is a non-toxic inert water soluble tricarbocyanine dye and is
fluorophore that absorbs near-infrared light within the 790-805 nm range and emits
fluorescence at 835 nm (239). The use of ICG was established as early as 1961 and the
elimination rate has been used as a measure of liver function and hepatic blood flow. ICG is
almost exclusively extracted by the hepatic parenchymal cells (independent of ATP) and
excreted via an ATP-dependent transport system into the bile unconjugated (240,241). In the
context of LT, the ICG clearance test can provide a quantitative measure of liver function prior
to transplantation. Tang et al. identified that donor ICG retention rate at 15 minutes (ICGR15)
before procurement was independently predictive of three-month post-transplant survival, with
an optimal ICGR15 threshold of 11%/min to guide utilisation decisions (242). In a porcine
DCD NMP model, Dondossola et al. measured ICG levels in perfusate and bile samples. A
decrease in perfusate ICG and an increase in bile ICG correlated with less injury on histological

evaluation (243). More recently, Lau et al. have assessed the use of ICG in discarded human
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livers subjected to NMP for a median of 7.2 days and have demonstrated the ability of ICG
plasma disappearance rate (PDR) to distinguish between short and long-surviving grafts over
the course of perfusion (243). If translated into clinical practice, the ICG clearance test holds
promise for future functional assessment due to its safety and ease of use. The use of this test

in the context of NMP is described in Chapter 7.

1.8 Overview and aims

The success of liver transplantation is critically limited by the increasing disparity between the
demand and supply of suitable donor livers. This shortage has necessitated the use of extended
criteria donor (ECD) livers and in turn has catalysed the clinical implementation of
normothermic machine perfusion (NMP) which aims to enhance liver preservation and mitigate
the impact of cold ischaemic injury on graft viability. However, it remains uncertain if NMP
alone is sufficient to reduce the risk profile of ECD livers which are particularly sensitive to
the process of ischaemia-reperfusion injury (IRI). Within this thesis, I explore the utility of
NMP as a platform for targeted therapeutic interventions and enhanced functional assessment
to further optimise ECD livers (i.e. those with hepatic steatosis and DCD status) to meet

functional criteria for transplantation. The aims of this thesis are to:

e Explore the utility of pre-retrieval donor predictors including anthropometric measures,
clinical risk scores and biochemical tests in the early identification of livers with
evidence of hepatic steatosis in order to guide preservation strategies (Chapter 3)

e Investigate clinical outcomes of recipients transplanted with steatotic livers preserved
with NMP and SCS compared to lean counterparts and explore the impact of NMP on
IRI (Chapter 4)

e Explore tissue proteomic signatures of steatotic livers preserved with NMP and SCS
compared to lean counterparts and identify the impact of preservation technique on
molecular, cellular and biological pathways (Chapter 5)

o Facilitate the clinical adoption of NMP as a therapeutic platform to optimise steatotic
donor livers for transplantation by investigating the safety and assessing the efficacy of
defatting during NMP in the setting of a multicentre randomised clinical trial (Chapter

6)
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Explore the role of hypoxia-inducible factor modulation as an adjunct to defatting
during NMP in order to enhance ex-situ defatting and mitigate ischaemia-reperfusion
injury (Chapter 7)

To explore the role of ex-situ damage-associated molecular pattern (DAMP) removal

to mitigate ischaemia-reperfusion injury in an ex-situ model of DCD liver transplant

(Chapter 8)
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Chapter 2: General Methods

The methods described in this chapter have been commonly used within the context of this
thesis. Additional methods pertinent to individual chapters are described in the methods section

of those chapters.
2.1 Normothermic machine perfusion (NMP)

2.1.1 The OrganOx metra for normothermic liver perfusion

All normothermic liver perfusions described within experimental chapters of this thesis were
performed using the 2™ Generation OrganOx metra (OrganOx Ltd, Oxford, UK) NMP device
(Figure 2.1). The commercially available OrganOx metra is a CE-marked device, licenced for
use (up to 24 h) and is also FDA approved (for use up to 12 h) in the clinical setting of

normothermic liver perfusion (206,207).

Figure 2.1. The OrganOx metra (2™ Generation) for normothermic machine perfusion (NMP) of the
liver.
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The device enables ex-situ normothermic perfusion of the liver in a closed automated system
through cannulation of the hepatic artery (HA), portal vein (PV) and inferior vena cava (IVC).
The core components of the device comprise of: (i) a centrifugal pump; (ii) heater/oxygenator;
(ii1) blood (perfusate) reservoir and; (iv) a blood gas analyser. Arterial flow is non-pulsatile,
delivered continuously with automated pressure control between 60-75mmHg (244,245)

(Figure 2.2).
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Figure 2.2. The OrganOx metra circuit: The liver is situated in the liver bowl and is cannulated via
the hepatic artery (HA), portal vein (PV) and inferior vena cava (IVC). Blood (perfusate) exits the liver
via the IVC cannula (traversing through a flow sensor) before reaching the centrifugal pump. Perfusate
is pumped via the centrifugal pump to a disposable Extracorporeal Membrane Oxygenation (ECMO)
oxygen concentrator within the disposable perfusion circuit. This is a stand-alone device (within the
tower of the disposable perfusion circuit) that extracts oxygen from air and allows for the perfusate to
be warmed to 37°C and oxygenated to a partial pressure of oxygen (pO2) between 12-18kPa . Perfusate
inflow back to the liver is via two routes: (i) directly to the liver via the hepatic artery line/cannula (low
flow and high pressure) and; (ii) to the soft-shell portal reservoir (via a line that has a variable-setting
pinch valve to regulate arterial pressure) before flowing back to the liver (traversing through a flow
sensor) via the portal vein line/cannula (at high flow and low pressure). Portal pressure is dictated by
the height of the reservoir fluid level relative to the liver. A second portal pinch valve (non-variable)
serves as a safety mechanism to prevent air entering the liver i.e. secondary to inadequate liver
haemostasis causing the soft-shell portal reservoir to empty. Air detected by the portal flow sensor will
cause this pinch valve to completely occlude, allowing the portal soft-shell reservoir to refill and
preventing air entry into the liver. Any blood collected in the liver bowl (secondary to bleeding from
the liver) is recirculated to the soft-shell portal reservoir via a roller pump at a rate of 120-140ml/min.
The bile duct is also cannulated, and bile drains into a separate chamber within the liver bowl (passing
through a flow sensor) with bile flow recorded in ml/h. Bile can also be collected manually without
connection to the flow sensor. Real time blood gas monitoring (using an in-built Terumo shunt sensor)
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is enabled via a shunt between the hepatic artery and inferior vena cava line. This allows for continuous
monitoring of pO2, pCO2 and pH during perfusion. Figure reproduced with permission from Elsevier
(206).

2.1.2 Perfusate solutions

The OrganOx metra is primed following device set-up and calibration of the blood gas
analyser. This allows for optimal perfusate conditions to be met prior to commencement of
perfusion i.e. temperature (37°C), pO2 (12-18 kPa), pCO2 (4-6 kPa) and pH (7.25 — 7.35).
Whilst in prime mode, the donor liver is benched and cannulated ready for connection to the

device. Perfusate components are described below:

2.1.2.1 Blood

The circuit was primed with 3 units of donor/recipient-matched or group O packed red blood
cells (pPRBCs) as an oxygen carrier. Normalisation of haematocrit and osmolarity was achieved
through addition of a colloid solution i.e. 500ml Gelofusine (B Braun, Sheffield, UK). For
clinical normothermic liver perfusions within the context of randomised clinical trials pRBC
units were sourced from blood banks at either the donor (Chapter 4) or recipient (Chapter 6)
hospitals, respectively. For pre-clinical research human liver perfusions (Chapter 7), recently
expired pRBC units were sourced from the blood bank at John Radcliffe Hospital, Oxford or

purchased from non-clinical issue surplus (Filton, Bristol, UK).

2.1.2.2 Boluses
Boluses were administered directly to the soft-shell portal reservoir during priming of the

circuit (before commencement of liver perfusion) and comprised of:

e 10% calcium gluconate (B Braun), 10mls for correction of calcium binding

e 10,000 IU unfractionated heparin sodium (Wockhardt UK Ltd, Wrexham, UK), for
prevention of thrombosis

e 750mg of cefuroxime (Flynn Pharma Ltd, Dublin, Ireland) or 500mg Meropenem
(Pfizer, Kent, UK) in porcine perfusions were administered for prevention of bacterial
overgrowth. In Chapter 6, antibiotic and antifungal agents were delivered as per current
local hospital protocols.

¢ 8.4% sodium bicarbonate (B Braun), 30mls for normalisation of perfusate pH prior to

connection of the liver and commencement of perfusion
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2.1.2.3 Continuous infusions during perfusion
Infusions solutions were delivered to the soft-shell portal reservoir at 1ml/h via automated
integrated pumps (n = 4). All infusion solutions were made up to 30ml with 0.9% sodium

chloride (B Braun):

e 25,000 IU unfractionated heparin sodium (Wockhardt UK Ltd) for prevention of
thrombosis

e 200 units insulin (Actrapid) (Novo Nordisk, West Sussex, UK) for glucose control

e 4.5g sodium taurocholate (bovine bile salt) (OrganOx Ltd) to replace exogenous bile
salts

e 0.5mg epoprostonol sodium (Flolan®) (Glaxo, Middlesex, UK) for optimisation of

microperfusion

Total parenteral nutrition (TPN) (Nutriflex Special, B Braun), a source of glucose and amino
acids for liver maintenance, was infused at a rate of 4ml/h when the perfusate glucose level fell

below 10mmol/L.

2.1.2.4 Graphical user interface (GUI)
The graphical user interface (GUI) allows for real-time monitoring of the perfusion providing
information on pressure and flow dynamics. The arterial flow is not directly measured and is

derived as a difference between portal and IVC flow. Other GUI features include (Figure 2.3):

e pH and blood gas analyser values: updated every 10 seconds
e Glucose values: measured and inputted every 4h (manually) to regulate the TPN
infusion

¢ Bile production: updated every hour
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Figure 2.3. Graphical user interface (GUI) for real-time monitoring of perfusion metrics

2.2 Liver preparation and cannulation

During multi-visceral deceased donor organ retrieval (246), all donor livers were flushed (in-
situ cold perfusion) with University of Wisconsin (UW) (Bridge to Life, London, UK) solution.
On completion of donor hepatectomy, livers were benched and cannulated either at the donor
hospital (device-to-donor) without cold-storage and placed on the OrganOx metra (Chapter 4)
or transported on ice (static cold storage, in UW solution) back to the recipient hospital and

there placed on the OrganOx metra (back-to-base, Chapter 6).

2.2.1 Liver bench-work

Donor livers were benched as described by Makowka et al (247) in preparation for liver
cannulation. Briefly, the retro-hepatic IVC was dissected free from surrounding non-hepatic
tissue and the adrenal vein was ligated. Tissue adherent to the posterior aspect of the liver was
removed and the supra-hepatic IVC was dissected free from any diaphragm remnants.
Following identification and ligation of phrenic vein orifices, the suprahepatic IVC was
oversewn with a 4’0 prolene suture (Ethicon, Johnson & Johnson Medical Devices,
Wokingham, UK). The portal vein was dissected free from surrounding tissue to demonstrate

the portal bifurcation. Following initial inspection for any aberrant arterial anatomy, dissection
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of the common hepatic artery and coelic trunk was performed to the level of the gastroduodenal
artery (GDA) with suture ligation of small branches and any residual lymphatic tissue.
Anomalous hepatic arteries were identified and preserved for arterial reconstruction prior to
cannulation. Following closure of the gallbladder and cystic duct suture ligation, only minimal

dissection to the common bile duct (CBD) was performed prior to cannulation.

2.2.2 Liver cannulation

A 2°0 prolene suture was used for a purse-string suture around the infra-hepatic IVC for
placement of a 28 Fr bespoke IVC cannula (Sorin, Gloucester, UK). The portal vein and coelic
trunk were cannulated with 20 and 10 Fr cannulae (Sorin, Gloucester, UK) respectively and
secured with 2°0 vicryl ties (Ethicon). Depending on the diameter of the CBD, cannulation was
performed using a 12-18 Fr T-tube (Summit Medical, Cheltenham, UK) and secured with a 2°0
vicryl tie (Ethicon). On completion of cannulation, the liver was primed (initially through the
portal cannula followed by the arterial cannula) with 0.5-1L of Gelofusine (B Braun) in order
to remove any residual air pockets prior to connecting the liver to the OrganOx metra (Figure

2.4).

Figure 2.4. Prepared and cannulated liver prior to the commencement of NMP: The inferior vena cava
(IVC), portal vein (PV) and hepatic artery and common bile duct (CBD) are cannulated.
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2.3 Liver tissue preparation and staining

2.3.1 Tissue acquisition

The liver biopsies described in this thesis were obtained using a the Biopince™ Full Core
Biopsy Instrument (Argon Medical Devices, Texas, USA). The instrument has a 33mm throw
length which yields a 29mm specimen length. Following acquisition of biopsies, the specimens
were fixed on 10% formalin and stored at 4°C or snap frozen using liquid nitrogen with

subsequent storage at -80°C for use in mechanistic studies.

2.3.2 Paraffin-embedding of formalin-fixed tissue

Formalin-fixed biopsies were transferred to cassettes and washed in phosphate buffered saline
(PBS) (Sigma-Aldrich, Dorset, UK) prior to being automatically processed through 70% to
100% methanol (VWR International Ltd, Leighton Buzzard, UK), xylene (Fisher Scientific
UK Ltd, Loughborough, UK) and paraffin (VWR International Ltd) using a Leica TP1020
automatic tissue processor (Leica Biosystems, Newcastle, UK) in order to fix, dehydrate and
infiltrate the biopsy specimens. Melted paraffin was used to embed the tissue into blocks and

subsequently allowed to cool prior to storage.

2.3.3 Tissue sectioning

Formalin-fixed paraffin-embedded (FFPE) blocks were sectioned at 3um thickness using a
microtome (Leica Biosystems, Newcastle, UK) for general histological staining and at 4um
thickness for immunohistochemical (IHC) staining. The sections cut onto superfrost plus

microslides (VWR International Ltd, Leighton Buzzard, UK).

2.3.4 Haematoxylin & Eosin (H&E) Staining
2.3.4.1 Principle

Haematoxylin is a deep blue stain (positively charged) which binds basophilic molecules, such
as DNA/RNA, which are acidic and negatively charged. Eosin is a pink, acidic stain that binds
to positively charged acidophilic components in tissue such as amino side chains (lysine and

arginine) in the cytoplasm (248).
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2.3.4.2 Method

Processing of slides was performed using the automated Leica ST 5020 Multistainer. Slides
were processed through 2x2 min washes of xylene (Genta Medical Ltd, York, UK) to dewax
specimens. Sections were rehydrated in 4x30 secs washes of Industrial Denatured Alcohol
(IDA, 100%, 100%, 95% and 70%) (Genta Medical Ltd, York, UK). After rinsing the slides in
water for 30 secs, they were placed in haematoxylin (Leica Biosystems, Newcastle, UK) for 8
minutes and subsequently rinsed in water for 30 secs. Acid Alcohol 1% (Atom Scientific,
Cheshire, UK) was applied for 2 secs and the slides were rinsed in water for a further 30 secs
followed by application of Scott's tapwater substitute (Atom Scientific, Cheshire, UK) for 1
min. Eosin (Atom Scientific, Cheshire, UK) was then applied for 5 mins and slides were rinsed
in water for 30 secs. Sections were then dehydrated in ethanol with 4x30 secs washes (70%,
95%, 100% and 100%) and cleared in 2x30 secs washes of xylene (Genta Medical Ltd, York,
UK). The H&E-stained sections were subsequently mounted under a coverslip using the Leica

CV5030 Robotic Coverslipper.

2.3.5 Periodic acid-Schiff (PAS) Staining
2.3.5.1 Principle

Periodic acid-Schiff (PAS) is a staining technique used for identification of polysaccharides
(macromolecules, consisting of monosaccharide units linked by covalent bonds). The primary
polysaccharide identified using the PAS stain is glycogen (249). The initial reaction involves
periodic acid as an oxidising agent that oxidises the carbon-to-carbon bonds between two
adjacent hydroxyl groups resulting in Schiff-reactive aldehyde groups. In the subsequent
reaction, tissue reacts with Schiff reagent (comprising of basic fuchsin, hydrochloric acid and
sodium metabisulphite) (249). The reaction of basic fuchsin with the aldehyde groups results
in a bright magenta colour, the intensity of which is proportionate to the hydroxyl group
concentration originally present with in the monosaccharide units (249). Haematoxylin is

employed as a counter-stain to facilitate the visualisation of other tissue components.

2.3.5.2 Method
Slides were manually processed through xylene (Genta Medical Ltd, York, UK) and IDA
(Genta Medical Ltd, York, UK) using steps described in section 2.3.4.2. Slides were then

immersed in periodic acid solution (Leica Biosystems, Newcastle, UK) for 5 min and rinsed
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with distilled water prior to immersion in Schiff solution (TCS Biosciences Ltd, Buckingham,
UK) for 10 min. After washing in in tap water, slides were placed in haematoxylin (Leica
Biosystems, Newcastle, UK) for 2 min and dipped in acid alcohol 1% (Atom Scientific,
Cheshire, UK) for 2 secs, rinsed in water for 30 secs followed by application of Scott's tapwater
substitute (Atom Scientific, Cheshire, UK) for 1.5 min. Slides were then dehydrated, cleared
in xylene (as described in section 2.3.4.2) and mounted under a cover slip with distyrene

plasticizer xylene (DPX) (Sigma-Aldrich, Dorset, UK).

2.3.6 Masson’s Trichome

2.3.6.1 Principle

The Masson’s trichrome stain is used to specifically visualise connective tissues. It utilises
Weigert's iron hematoxylin to stain cell nuclei, ponceau fuchsin to stain muscle, cytoplasm,
and red blood cells, and methyl blue to stain collagen. Post fixation with Bouin's solution
enhances the staining of collagen and muscle fibres by increasing selectivity of the dyes,

particularly when the initial staining is insufficient.

2.3.6.2 Method

Slides were manually processed through xylene (Genta Medical Ltd, York, UK) and IDA
(Genta Medical Ltd, York, UK) using steps described in section 2.3.4.2, then incubated in
Bouin’s solution (Atom Scientific, Cheshire, UK) at 60°C for 1 hour and washed in running
tap water for 10 min (to remove yellow colour). Masson Trichome Kit (Atom Scientific,
Cheshire, UK) was prepared by mixing equal volumes of Haematoxylin Weigerts - Part A and
Haematoxylin Weigerts — Part B with incubation of slides for 30 mins. Slides were washed in
running tap water and differentiated in 1% acid alcohol solution and then rinsed with distilled
water prior to application of Ponceau Fuchsin Masson Solution for 5 min. Subsequently, slides
were further rinsed with application Phosphotungstic Acid 1% Solution for 15 mins and
transferred without rinsing to 2% Methyl Blue solution for 5 mins. Following this, slides were
rinsed in water and then dehydrated, cleared in xylene (as described in section 2.3.4.2) and
mounted under a cover slip with distyrene plasticizer xylene (DPX) (Sigma-Aldrich, Dorset,

UK).
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2.3.7 Picrosirius RED
2.3.7.1 Principle

The combination of yellow picric acid dye (a small anionic and marginally hydrophobic
compound) and Sirius Red (a large hyrdophillic red acid dye, combined with a metal complex

cationic dye) provide the mechanism for staining collagen fibres and related tissues.

2.3.7.2 Method

Slides were manually processed through xylene (Genta Medical Ltd, York, UK) and IDA
(Genta Medical Ltd, York, UK) using steps described in section 2.3.4.2. Weigert’s
haematoxylin was applied for 8 mins to stain nuclei and slides washed in running tap for 10
min. Subsequently, slides were stained in Picorsirius red solution (Sigma-Aldrich, Dorset, UK)
for 60 min and washed in two changes of acidified water. Following this, slides were rinsed in
water and then dehydrated, cleared in xylene (as described in section 2.3.4.2) and mounted

under a cover slip with distyrene plasticizer xylene (DPX) (Sigma-Aldrich, Dorset, UK).

2.3.8 Immunohistochemistry

Liver tissue sections (4um thickness) from formalin-fixed, paraffin embedded blocks were
tested for the presence of anti-HIF-1a (ab16066, Abcam), anti-HIF-2a (D9E3, Cell Signal),
anti-MPO (EPR20257, Abcam), anti-Histone H3 (CITH3, 14955, Abcam) and anti-HMGBI1
(EPR35047, Abcam), primary antibodies using Bond Polymer Refine Detection DAB (Leica
Microsystem, Bannockburn, Illinois). This detection system utilises controlled polymerisation
technology to prepare polymeric HRP-linked antibody conjugate system for the detection of
tissue-bound primary antibodies. The antibody concentrations used for each

immunohistochemical stain are described in Table 2.1:

Table 2.1. Immunohistochemical stain antibody concentrations

Antibody Antibody concentration
HIF-10.: Mouse monoclonal anti-HIF-1 alpha (ab16066, Abcam) 1/100
HIF-20.: Rabbit monoclonal anti-HIF-2 alpha (D9E3, Cell Signal) 1/200
MPO: Rabbit monoclonal anti-Myeloperoxidase (EPR20257, Abcam) 1/500
CITH3: Rabbit polyclonal anti-Histone H3 (Ab5168, Abcam) 1/500
HMGBI1: Rabbit monoclonal anti-HMGB1 (EPR3507, Abcam) 1/500
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The detection system avoids the use of streptavidin and biotin, and therefore eliminates non-
specific staining, as a result, of endogenous biotin. All steps were performed on the Leica Bond
IIT automated system (Leica Microsystems) with exception of HIF-1a and HIF-2a stains which
were performed manually. Tissue sections were deparaffinised (Dewax Solution, AR9222,
Leica Biosystems) and antigen retrieval carried out on the instrument for 20 minutes using

Heath Mediated (Bond Epitope retrieval Solution 2 (ER2), AR9640, Leica Biosystems).

The slides were incubated with the primary antibody for 15 minutes, post primary for 8
minutes, mixed chromogen (DAB) refine for 10 minutes, and haematoxylin as counter stain

for 5 minutes. These incubations were performed at room temperature.

Between incubations sections were washed with buffered Bond washed solution (Wash
Solution AR9590, Leica Biosystem). The stained slides were dehydrated on Autostainer (Leica
Microsystem, Bannockburn, Illinois) and coverslipped using Leica CV5030 fully automated
coverslipper. Known positive tissue section controls were run in parallel with the actual liver
core tissue sections. For negative controls, the primary antibody tested was omitted and

replaced with Tris buffer. This was done to eliminate false positive results.

2.4 Digital image analysis
2.4.1 Hepatic steatosis quantification

2.4.1.1 Reveal Biosciences

In Chapter 3, hepatic steatosis (HS) was quantified using imageDx™ (RevealBiosciences,
USA) artificial intelligence (Al)-based rapid automated image analysis digital assay.
Haematoxylin and Eosin (H&E) stained slides digitised a 3DHISTECH PANNORAMIC™
series scanner (Epredia) by RevealBiosciences (USA). The commercially available imageDx™
digital assay (RevealBiosciences, USA) which provides the total percentage of lipid
accumulation within an entire H&E stained section and an algorithm derived score (0-3) for
HS severity: none=0, mild=1, moderate=2 and severe steatosis=3. This artificial intelligence
(Al)-based rapid automated image analysis platform has been co-developed with
histopathologists to provide precise, consistent machine and deep learning trained on several
thousand image patches and has been validated for human liver tissue. The workflow involves

upload of digitised whole slide images (WSI) on the imageDx™ cloud for analysis. This
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platform features in-built quality control to identify and exclude debris, artefacts, tears and out-

of-focus regions (Figure 2.5) (250).

imageDx™

Image upload

(1) Digitisation:
upload image of whole
slide onto cloud

(2) Quality control
(automated) with focus
control (tile by tile)

Figure 2.5. imageDx™ workflow quantification of HS. Positive lipid regions (steatotic areas) are
identified by overlay of blue mask to produce quantitative outputs including steatosis scores (0-3), %
lipid area, total lipid area (mm?), % microvesicular steatosis, % macrovesicular and mean vesicle size

(um?).

2.4.1.2 Visiopharm®

In Chapters 4 and 7, in addition to the formal histopathologist report, HS was also quantified
using the Visiopharm® Al-based rapid automated image analysis digital assay (Visiopharm®
Ltd, Egham, UK). This application is validated for the quantification of small and large droplet
macrovesicular steatosis i.e. sd-MaS and 1d-MaS (Visiopharm® application 10119, H&E liver
steatosis). The H&E stained slides were digitised using the Hamamatsu NanoZoomer 2.0-HT
whole slide imager (Hamamatsu UK Ltd, Welwyn Garden City, UK). The Visiopharm®
Integrator System (VIS) platform version 2023.01 was used to analyse digitised slides. Image
analysis protocols are implemented as Analysis Protocol Packages (APP) in VIS. Several APPs
were designed to quantify droplets in H&E slides. Prior to the image analysis, it is important
to outline the Region of Interest (ROI), a number of auxiliary APPs were designed to detect

ROlIs.
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The first auxiliary APP runs on the slide using threshold classification that identifies the tissue
ROI. The second auxiliary APP runs on the slide using DeepLabv3 network of the VIS Al
module that identifies and excludes regions that look similar to fat droplets i.e. liver sinusoids
(Figure 2.6A). The droplet detection APP runs on 10X on the H&E slides using the linear
Bayesian method of classification that identifies small and large droplets (Figure 2.6B). Several
post-processing steps are performed including applying unbiased counting frames to avoid the
droplets that are intersecting with neighbouring tile boundaries counted twice (or more) and
setting the minimum threshold of 250 square micrometre (um) for classifying the large
droplets. The quantitative output variables obtained from this APP include a described in Table

2.2 and demonstrated in Figure 2.6C:

Table 2.2. Visiopharm® application 10119 (H&E liver steatosis) quantitative output variables
Y pp

Quantitative output Definition

sd-MaS Count Number of small-droplets inside the liver tissue
1d-MaS Count Number of large-droplets inside the liver tissue
Fat Percentage Total fat percentage

sd Percentage Percentage of sd-MasS inside the tissue area

1d Percentage Percentage of 1d-MaS inside the tissue area
Percentage sd of Fat Percentage of sd-MasS of fat

Percentage 1d of Fat Percentage of 1d-MaS of fat
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Figure 2.6A-C. Whole slide digitised H&E
rapid automated image analysis digital assay (application 10119, H&E liver steatosis). The region of
interest (ROI) is defined by the green line delineating the whole tissue section (first auxiliary APP) and
yellow lines within the ROI delineate segments from the biopsy for exclusion i.e. liver sinusoids (second
auxiliary APP) (A). The droplet detection APP (application 10119, H&E liver steatosis) identifies lipid
droplets within the whole tissue section and characterises them by size and shape. Large droplet
macrovesicular steatosis (Id-MaS) is labelled red and small droplet macrovesicular steatosis (sd-MaS)
is labelled orange (B). Post-processing thresholds are applied to distinguish lipid droplets by their size
and shape. The quantitative output variables obtained include (but are not limited to) sd-MaS
percentage, ld-MaS percentage and total fat percentage (C).
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2.4.2 Immunohistochemistry quantification

In Chapter 8, a bespoke immunohistochemistry (IHC) APP was created using the U-Net
convolutional neural network of the AI module within Visiopharm® (version 2023.01) to
quantify IHC slides at 40x. Following identification of the tissue ROI (as described in section
2.4.1.2) and application of the bespoke IHC APP, several post-processing steps are performed
including applying unbiased counting frames to avoid the cells that are intersecting with

neighbouring tile boundaries counted twice (or more) (Figure 2.7).

The quantitative output variables obtained from this APP include:
* Positive Cell Count: The number of positive cell inside the liver tissue
* Tissue Area: The area measurement of total liver tissue area
* Positive Cell Density: The number of positive cell divided by the area of total liver

tissue area
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Figure 2.7A-C: Whole slide digitised immunohistochemistry (IHC) image for quantification of
positively stained cells. The region of interest (ROI) is defined by the green line delineating the whole
tissue section (A). The bespoke IHC Visiopharm® IHC APP identifies positively stained cells within
the whole tissue section. The positively stained cells are labelled blue (B). Post-processing thresholds
are applied to quantify the overall positive cell count, tissue area and positive cell density (um?) (C).
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2.5 Perfusate analysis and sampling

During all perfusions described in this thesis, perfusate sampling was performed from the
arterial sampling port on the metra, located on the shunt between the hepatic artery and IVC.
Perfusate samples were either tested immediately after collection on clinical ABL90 Flex or
ABLS800 Flex Analysers (Radiometer, Crawley, UK) for: pO2, pCO2, pH, haemoglobin (Hb),
haematocrit (Hct), sodium (Na), potassium (K), calcium (Ca), lactate and glucose or processed
and stored at -80°C for future analysis. Prior to storage, perfusate was centrifuged at 3500rpm
for 15 min at room temperature. Supernatant was aspirated and pipetted in 2ml aliquots and

initially stored on dry ice and then at -80°C.

2.5.1 Biochemistry

Perfusate samples collected during normothermic machine perfusion (NMP) studies were
thawed, vortexed and analysed on a clinical biochemistry analyser via spectrophotometry
(Abbott Architect c8000, Abbott diagnostics, Illinois, USA) at the Department of Clinical
Biochemistry, John Radcliffe Hospital, Oxford. The relevant biochemical tests pertinent to
each chapter are listed in Table 2.3.

Table 2.3. Perfusate biochemistry measurements for NMP studies

Biochemical test Chapter 4 Chapter 7 Chapter 8
category
Hepatocellular ALT (IU/L) ALT (IU/L) ALT (IU/L)
enzymes and AST (IU/L)
injury
Cholangiocellular GGT (IU/L) X X
ALP (IU/L)
Bilirubin (umol/L)
Bile salts (umol/L)
Hepatic lipid Total cholesterol (mg/dL) Total cholesterol (mmol/L) X
metabolism Total triglycerides (mg/dL) | Total triglycerides (mmol/L)
ApoB (g/L) 3-OHB (mmol/L)
3-OHB (mmol/L)
General Urea (mmol/L) X X
metabolism Insulin (pmol/L)
Systemic CRP (mg/L) CRP (mg/L) X
inflammation and
metabolic stress
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2.5.2 Fibroblast growth factor 21

In Chapter 4, perfusate FGF-21 was measured by sandwich enzyme-linked immunosorbent
assay (ELISA) according to manufacturer instructions (RD191108200R, Oxford Biosystems,
Oxford, UK). Briefly, perfusate samples (100 pl in duplicate) were incubated for 1 h at 25°C
(room temperature) in a 96-well microtiter plate pre-coated with polyclonal anti-human FGF-
21 antibody and placed on an orbital microplate shaker (300 rpm). After washing steps, the
level of FGF-21 was quantified by adding 100 pl of biotin-labelled polyclonal anti-human
FGF-21 antibody for 1 h at room temperature and placed on an orbital microplate shaker (300
rpm). After another washing, 100 pl streptavidin- HRP conjugate was added to each well. After
30 min of incubation, the last washing step was performed and a peroxidase substrate: 3,3°,5,5’-
Tetramethylbenzidine (TMB) was added. The colorimetric reaction was stopped after 15 min
by adding 100 p1 of Stop Solution and optical densities of each well were read at 450 nm using
a Multiskan™ microplate reader (Thermo Fisher Scientific, Inc). Where the levels remained
above the detectable range, repeat analysis was performed in duplicate through multiple serial

dilutions.

2.5.3 Cytokine multiplex

In Chapter 7, perfusate plasma samples (100 pl in duplicate) were analysed on the Luminex
[S-200™ instrument for cytokines commonly implicated in hepatic IRI (251). A bespoke
magnetic Luminex® assay kit (MILLIPLEX® MAP Human Cytokine Panel A, HCYTA-60K,
Merck Life Science, LLC, Darmstadt, Germany) containing the analytes: IL-1f, IL-2, IL-6, IL-
10 and TNF-a was used according to the manufacturer’s instructions for use. Briefly,
Luminex® products employ unique proprietary methods to internally colour-code microspheres
with two fluorescent dyes. By adjusting the concentrations of these dyes, it is possible to
produce distinctly coloured sets of microspheres, ranging from 500-5.6 pum in size for
polystyrene microspheres and 80-6.45 um for magnetic microspheres. Each set is coated with
a specific capture antibody. Once an analyte from a sample binds to a bead, a biotinylated
detection antibody is added. This is followed by incubation with a Streptavidin-PE conjugate,

serving as the reporter molecule, to finalise the reaction on each microsphere's surface.
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2.5.4 Extracellular chromatin

In chapter 8, perfusate nucleosomes including H3.1 and H3R8cit were measured using Nu.Q™
ELISA assays (Belgian Volition SRL, Isnes, Belgium) according to the manufacturer’s
instruction for use. Briefly, plasma samples (20 pl, in duplicate) were incubated at room
temperature for 2h in a 96-well microtiter plate with a specific monoclonal antibody targeting
either Histone H3.1 or a Histone H3R8cit epitope. Following the washing steps, quantification
of nucleosomes levels was determined by addition of 100 pl of a horseradish peroxidase (HRP)-
labelled anti-nucleosome antibody (directed to a nucleosome conformational epitope) with
incubation for 90 minutes at room temperature. The wells were washed again prior to the
addition of peroxidase substrate (TMB). The colorimetric reaction was stopped after 20 min by
adding 100 p1 of Stop Solution and optical densities of each well were read at 450 nm using a
Multiskan™ microplate reader (Thermo Fisher Scientific, Inc.) Samples that exceeded the
measurable range were further analysed with dilutions at Volition HQ's central lab (Isnes,
Belgium) using the DYNEX DS2® automated ELISA system (Dynex Technologies,
Denkendorf, Germany).

2.5.5 Indocyanine green

In Chapter 7, indocyanine green (ICG) clearance tests were performed as an adjunct to
functional assessment during NMP as described by Liu et al. (238). Following injection of 6.25
ml of 0.1% ICG solution (Verdye™ ICG, Diagnostic Green, GmbH) into the perfusate
reservoir, sequential perfusate samples were taken at 1 min, 5 min, 15 min, 30 min, 45 min, 60
min and up to 120 min post-injection. The perfusate serum samples were analysed (100 pl in
duplicate) using the CLARIOStar® (BMG LABTECH) microplate reader for fluorescence
intensity (FI) of ICG with excitation between 728-743 (728-15) nm and emission between 820-
840 (820-20) nm i.e. 728-15/820-20 nm.

2.6 Bile sampling

Bile was collected via a T-tube inserted into the common bile duct. The biochemical analysis
was conducted immediately after bile collection using point-of-care blood gas analysers i.e.
either the ABL90 Flex or ABL800 Flex Analysers (Radiometer, Crawley, UK). The

quantitative outputs included pH, haemoglobin (Hb), bicarbonate and glucose concentrations.
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2.7 General statistical methods

All analyses (unless otherwise stated) in this thesis were performed using GraphPad Prism
version 10.1.0 for Mac OS X, GraphPad Software, La Jolla California USA. The normality of
data distribution for continuous variables was determined using a combination of the
D’Agostino-Pearson and Kolmogorov-Smirnov normality tests, supplemented by Q-Q plots
and graphical visualisation i.e. histograms. Parametric continuous variables were analysed
using the Student's t-test and the Mann-Whitney U test (Wilcoxon rank-sum test) was used for
non-parametric continuous variables. For categorical data, the Chi-square (X?) test was applied.
Comparative analyses of more than two groups were performed using one-way ANOVA
(Kruskal-Wallis). Perfusion data between two groups were compared using either multiple
unpaired t-tests or and mixed effect analysis for repeated measures with post-hoc tukey
correction to adjust for multiple comparisons between timepoints. Survival data were analysed
using the log-rank test. Pearson r test was used to test for correlation. Continuous variables
were reported as either mean + standard deviation (SD) or median (with range and/or

interquartile range). A p value <0.05 was considered statistically significant.
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Chapter 3: Prediction of hepatic steatosis prior to deceased donor

retrieval

3.1 Introduction

The transplantation of livers with moderate-severe steatosis (>30% large-droplet
macrovesicular steatosis, ld-MaS) has been associated with early allograft dysfunction (EAD),
primary non-function (PNF) and reduced graft and patient survival (252-255). For this reason,
donor livers with HS are frequently declined for transplantation. In addition, donors with a
BMI >30kg/m? have increased from 23% to 29% in the last decade reflecting the ongoing
obesity epidemic (12) and will continue to form a greater proportion of the donor pool. Early
identification and optimisation of these organs may become valuable in directing specific

interventions to improve utilisation and post-transplantation outcomes.

There are currently no validated methods to determine the degree of HS prior to retrieval.
Whilst donor BMI may be a useful predictor of HS (256), other anthropometric measures,
clinical risk scores and biochemical tests have not been specifically evaluated in this context.
In addition, ultrasonography is an operator dependant procedure and is limited in its ability to
quantify HS (89). Cross-sectional imaging including CT and MRI are not compatible with
organ donation related time constraints despite providing a more accurate quantification of HS
(253,257,258). More recently, the use of hand-held optical spectroscopy devices able to predict
>30% ld-MaS in retrieved donor livers have been reported with strong concordance to biopsy

results (259,260).

Clinical practice has mainly relied on the retrieval surgeon’s macroscopic assessment (which
is known to be inaccurate) and in some instances, histopathological evaluation of a donor liver
biopsy (89). However, despite being regarded as a gold standard, there are limitations to using
biopsies, including histopathologist availability, inter-observer variability, overestimation of
1d-MaS in frozen sections and the additional time required to prepare a permanent formalin
section (87,89,261). Emerging digital image analysis (DIA) platforms (262) may mitigate some
of these concerns by providing rapid ‘real time’, automated and more sensitive HS

quantification of donor biopsies while minimising CIT (263,264).
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The hypothesis being explored in this chapter is that pre-retrieval donor predictors including
anthropometric measures, clinical risk scores and biochemical tests can facilitate early

identification of livers with evidence of HS.

The overall aim of this chapter is to develop a first large scale ‘Liver Atlas’ of deceased donor
livers using samples from the Quality in Organ Donation (QUOD) Bioresource in order to
provide additional information to organ retrieval and transplant teams to aide utilisation

decisions and avoid unnecessary discards of donor livers. The overall objectives are to:

1. Investigate the incidence of HS in the UK donor pool (quantified using rapid automated
DIA);

2. Identify pre-retrieval predictors of HS severity i.e. anthropometric measures, clinical
risk scores and biochemical tests;

3. Evaluate the impact of HS severity on organ retrieval, utilisation and post-

transplantation outcomes.

3.2 Methods
3.2.1 Study design

In this retrospective study, an unbiased selection of consecutive samples from deceased organ
donors was requested from the QUOD bioresource in written application (Project RAP063)
and made available following approval of the management board. These samples included pre-
retrieval donor bloods and liver biopsy tissue collected over a two-year period between
01/01/2017-31/12/2018. Corresponding donor and recipient demographic, intra-operative and
outcome data was obtained from the NHS Blood and Transplant (NHSBT) Registry as part of
the QUOD infrastructure.

Whole donor livers (both donation after brain death, DBD and donation after circulatory death,
DCD) were included in this study. Donor livers transplanted into recipients that developed
primary non-function (PNF) were excluded due to restricted access of these samples from the
QUOD bioresource. A total of 1,048 consecutive deceased whole donor livers were identified
over the study period. HS was quantified using imageDx™ (RevealBiosciences, USA)

artificial intelligence (AI)-based rapid automated image analysis of Haematoxylin and Eosin
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(H&E) stained slides. 906 out of 1,048 donor livers had adequate tissue for histological
assessment and were included in the final analysis with none (n=670, 74%), mild (n=102,

11.3%), moderate (n=81, 8.9%) and severe steatosis (n=53, 5.3%) (Figure 3.1).

There was a full complement of data for donor demographics, recipient demographics, graft
survival and patient survival. However, there was a small proportion of missing data for clinical
risk scores (Fatty Liver Index, FLI and Hepatic Steatosis Index, HSI), biochemical tests, peri-
operative outcomes (ITU stay and renal status post-transplant) and post-transplant
complications (vascular, biliary and infection), these are reported in Figure 3.1. There was no

imputation for missing data.
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1.048 consecutive donor livers
(2017-2019), QUOD Research Project
RAP063:

e Donor demographics
® Recipient demographics
o Graft & patient survival

v

Final study cohort, 906 livers available for
imagerTM digital image analysis

o Digital image analysis
© 0-3, algorithm derived score
e Histopathologist (trained)

Full complement of corresponding data
o Donor demographics

o Recipient demographics
o Graft & patient survival (12-month)

Steatosis, n = 236
e Mild (1), n=102
o Moderate (2). n = 81
e Severe (3), n =53

No steatosis
e None (0), =670

y A 4

Retrieved, n =163
eMild (1). n=171
® Moderate (2), n =57
e Severe (3) ., n=35

Retrieved
e None (0), 7= 522

y b

Transplanted n = 107
e Mild (1), n=57
 Moderate (2), n =35
e Severe (3) ,n=15

Transplanted
e None (0), 7=472

Excluded n» = 142

Inadequate retrieval donor liver formalin biopsy for imagerTM
analysis

Pre-retrieval donor bloods & steatosis clinical risk scores with
valid values (out of 906)

e Fatty liver index (FLI) n = 902, 99.6%
Missing: nonen =3 &mildn=1
e Hepatic steatosis index (HSI) » = 893, 98.6%
Missing: none 7 = 5, mild 7 =4, moderate n = 3 & severe n =1
e Albumin 7 = 905, 99.9%
Missing: mild n =1
e ALP n =904, 99.8%
Missing: nonen =2 & mildn=1
e ALT n =905, 99.9%
Missing: mild n =1
® AST n =894, 98.7%
Missing: none 77 =4, mild » =4, moderate n = 3 & severe n =1
e Bilirubin » = 905, 99.9%
Missing: mild n =1
e Cholesterol n = 905, 99.9%
Missing: mild 7 =1
e CRP n =905, 99.9%
Missing: mild n =1
e Fructosamine n =904, 99.8%
Missing: none n =1 & mildn=1
¢ GGT n=903,99.7%
Missing: none 7 =2 & mild n =1
o Glucose n =905, 99.9%
Missing: mild n =1
e Phosphate n = 905, 99.9%
Missing: mild n =1
e Total triglycerides n = 905, 99.9%
Missing: mild n =1
e HDL » = 905, 99.9%
Missing: mild 7 =1
e Insulin » = 904, 99.8%
Missing: mild 7 =2
@ Total cholesteroV/HDL n = 905, 99.9%
Missing: mild n =1
e HOMA-IR n =902, 99.6%
Missing: nonen =2 & mildn=2

v v

579 out of 685 retrieved livers transplanted
Follow-up data included:

@ Post-operative ITU stay/ventilation
e Renal status post-transplant
® Vascular complications
e Biliary complications
o Post-operative infection:
- CMV. Fungal
- Sputum, Blood, Urine
- Ascites, Wound

y

Follow-up data with valid values (out of 579)

e Post-operative ITU stay/ventilation n = 556, 96%
Missing: none 77 = 18, mild » = 2 & moderate n =3
o Renal status post-transplant » = 569, 98.3%
Missing: none 7 = 8, mild #» = 1 & moderate n =1
e Vascular complications n» = 569, 98.3%
Missing: none 77 = 8, mild » = 1 & moderate n =1
e Biliary complications » = 569, 98.3%
Missing: none 7 = 8, mild » = 1 & moderate n =1
® Post-operative infection n = 569, 98.3%
Missing: none 77 = 8, mild » = 1 & moderate n =1

Figure 3.1. Study cohort of 906 donor livers with 579 out of 685 retrieved livers (84.5%) transplanted.
Percentage of valid data and missing values for pre-retrieval steatosis predictors (clinical risk indices
and biochemical tests), peri-operative outcomes and post-operative complications are reported.
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3.2.2 QUOD sample selection and processing
3.2.2.1 Donor blood and biopsy

This study utilised donor blood samples collected in serum separator tubes (SST) prior to
commencement of organ retrieval. Samples were processed by QUOD and provided in 0.5ml
aliquots per donor liver for analysis on a clinical biochemistry analyser via spectrophotometry
(Abbott Architect c8000, Abbott diagnostics, Illinois, USA) at the Department of Clinical
Biochemistry, John Radcliffe Hospital, Oxford. The measurements performed included
albumin (g/L), alkaline phosphatase (ALP; U/L), aspartate aminotransferase (AST; U/L),
alanine aminotransferase (ALT; U/L), gamma-glutamyl transferase (GGT; U/L), bilirubin
(umol/L), total cholesterol (mmol/L), HDL cholesterol (mmol/L), total triglycerides (mmol/L),
phosphate (mmol/L), fructosamine (umol), glucose (mmol/L), insulin (pmol/L), HOMA-IR
and c-reactive protein (CRP). The clinical risk scores (FLI and HSI) were derived from

biochemical tests and their formulae (265,266):

Fatty Liver Index (FLI) = ¢ /(1 + ¢’) x 100, Where y = 0.953 x In(triglycerides, mg/dL) +
0.139 x BMI, kg/m’ + 0.718 x In (GGT, U/L) + 0.053 X waist circumference, cm — 15.745

Hepatic Steatosis Index (HSI) = 8 x ALT/AST + BMI (+ 2 if type 2 diabetes yes, + 2 if female)

The FLI score ranges between 0 and 100 and FLI < 30 (negative likelihood ratio = 0.2) rules
out hepatic steatosis and a FLI > 60 (positive likelihood ratio = 4.3) rules in hepatic steatosis.
A HSI score of <30.0 rules out hepatic steatosis with sensitivity of 93.1% and a value of >36.0

rules in hepatic steatosis with a specificity of 92.4% (265,266).

The QUOD retrieval donor liver biopsy is routinely taken from segment three of the liver and
formalin samples are processed by QUOD into Formalin-Fixed Paraffin-Embedded (FFPE)
blocks. These blocks were sectioned, stained for Haematoxylin and Eosin (H&E) and digitised
using a 3DHISTECH PANNORAMIC™ series scanner (Epredia) by RevealBiosciences
(USA) (250).

60



3.2.2.2 Steatosis quantification using imageDx™

HS was quantified using the commercially available imageDx™ digital assay
(RevealBiosciences, USA) described in Chapter 2 (2.4.1). This artificial intelligence (Al)-
based rapid automated image analysis platform has been co-developed with histopathologists
to provide precise, consistent machine and deep learning trained on several thousand image
patches and has been validated for rodent and human liver tissue (250). Briefly, the quantitative
outputs include total lipid %, macrovesicular (MaS) %, microvesicular (MiS) steatosis % and
mean vesicle size (um?). The total lipid % is the combination of Ma$S (defined as the presence
of intracytoplasmic fat vacuole of >65 pum?) and MiS (<65 pum?) rather than the recently
published LT specific steatosis reporting Banff consensus guidelines (see chapter to further
1.5.2). Overall, the imageDx™ digital assay also provides a rapid automated, reproducible and
objective propriety deep learning algorithm derived score (0-3) of HS severity: none=0,

mild=1, moderate=2 and severe steatosis=3.

This algorithm has been recently validated in a NASH mouse model against the conventional
histopathologist report (250). In this validation study, the imageDx™ digital assay HS severity
score was consistent with the histopathologist-reported HS severity score (0-3). In addition,
while the total lipid % followed a similar trend to the histopathologist report, the total lipid %
(MaS and MiS) were significantly lower compared to actual percentage reported by the
histopathologist e.g. a digital assay-reported value of 15.1% (with HS severity score of 3)
corresponded to a histopathologist-reported value of over 67% (despite a consistent steatosis
severity score of 3). This finding reflects current literature demonstrating that the actual
steatosis percentages obtained from conventional histopathological evaluation are 1.5-4 fold
higher than those generated by DIA resulting in its limited use (80,94,267-270). These findings
have been taken into consideration in the current study and percentage scores derived from the
imageDx™ digital assay have been normalised to conventional histopathology categorisation
of HS severity graded 0-3 (Table 1): none, 0: <5%; mild, 1: < 30%; moderate, 2: 30%-60%
and; severe 3: >60% (29,30), albeit with the limitations described above (80,81,267,271) using

the following min-max normalisation formula:
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/ XﬁX[niu
X' = (m) X (Rmax - Rmin) + Ruin

e Xis the original value.
®  Xninand Xmax are the minimum and maximum values in the original range.

®  Rmin and Rmax are the minimum and maximum values in the new range

To further validate the imageDx™ (RevealBiosciences, USA) software in the present study
and context of LT, additional independent histopathological evaluation of histology slides was
performed by Professor Alberto Quaglia (Consultant Liver Transplant Histopathologist, Royal
Free Hospital, London) who was blinded to the steatosis scores generated by the imageDx™
digital assay. This validation included blinded review of the median and maximum DIA scores
(as quantified using the imageDx™ digital assay) for each steatosis category. The degree 1d-
MaS (defined as a single fat vacuole causing cellular distension, being larger than adjacent
non-steatotic/minimally steatotic hepatocytes with nucleus displacement to the hepatocyte
periphery) was subsequently reported according to the Banff consensus guidelines for the

selection of histology slides described (96).

3.2.3 Statistical analysis

All statistical analysis was performed using SPSS (v.25.001) and GraphPad Prism (9.4.1)
software. Distribution of continuous variables was determined using the Kolmogorov-Smirnov
test. Due to non-normal distribution, data were expressed as median and interquartile range
(IQR). The Chi-square test was used for categorical data and the non-parametric Kruskal-
Wallis test was used for continuous data. Multiple comparisons of significant continuous data
were performed using Dunn’s test. Simple logistic regression analysis was performed to assess
the diagnostic accuracy of significant pre-retrieval predictors in predicting moderate-severe
from none-mild steatosis. Pre-retrieval predictors with significant likelihood ratios identified
on simple logistic regression were further evaluated in a multiple logistic regression model
which included BMI, WC, FLI, HSI, GGT, total triglycerides and insulin. A P value of <0.05
was considered statistically significant. Graft and patient survival were reported using Kaplan-
Meier curves and statistical significance was determined using the log-rank test. Cox
proportional hazards regression analysis was performed to study the effect of HS severity on
graft survival adjusting for potential donor confounders (donor type, age, BMI, WC and CIT)

and potential recipient confounders (age and BMI).

62



3.3 Results

3.3.1 Donor demographics

The donor characteristics are summarised in Table 3.1. Donors in all 4 groups were
predominately male with a median age over 50 years. Intracranial haemorrhage and hypoxic
brain damage were identified as the most common causes of death across groups. The incidence
of co-morbid disease including diabetes, hypertension and pre-existing liver disease was higher
in donors with HS. The proportion of DCD livers decreased with increasing HS severity (mild,

44.1% vs. moderate, 40.7% vs. severe, 30.2%; P = 0.808).

There was a significant difference in mean MaS percentage (quantified using the imageDx™
digital assay) between groups: none=0.2+0.1 (normalised: 1.0+1.0); mild=1.0+0.4
(normalised: 13.0+4.0); moderate=2.0+0.8 (normalised: 43+5.0) and; severe=7.0£3.0
(normalised: 68+8.0); P <0.0001, Table 3.1. Following blinded independent histopathological
evaluation (according to the Banff consensus for the reporting of donor liver 1d-MaS), the
median and maximum histopathological 1d-MaS per group as reported by the histopathologist
were as follows: none=0% (maximum: 0%); mild=2% (maximum: 25%); moderate=30%
(maximum: 40%) and; severe=40% (maximum: 90%). The corresponding imageDx™ digital
assay median and maximum total lipid percentage (including percentage MaS and MiS) are

shown in Figure 3.2 (slides magnified to 40X).
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Table 3.1. Donor demographics

Median [IQR] & None (0) Mild (1) Moderate (2) Severe (3)
Column frequency [%] n=670 n=102 n=81 n=53 P - value
Age 54 [43-65] 59 [51-66] 56 [51-64] 54 [46-60] 0.016
Donor type
DBD 412 [61.5] 57 [55.9] 48 [59.3] 37 [69.8] 0.389
DCD 258 [38.5] 45 [44.1] 33 [40.7] 16 [30.2]
ImageDx™ digital assay
Macrovesicular (MaS)%? 0.2 £0.1 1.0+0.4 2.0£0.8 7.0£3.0 | <0.0001
Total lipid % (MaS + MiS)? 0.3£0.2 1.3+04 2.9+0.7 7.6+3.1 | <0.0001
Lipid droplet size (um?)® 65 [23.3-193.3] 87[29.2-215.2] 115 [26.1-260] 161.4 [66-313] | <0.0001
Normalised ImageDx™ digital
assay HS percentage
Macrovesicular (MaS) %? 1.0£1.0 13.0+4.0 43+5.0 68+8.0 | <0.0001
Total lipid % (MaS + MiS)? 1.6£1.0 4.6£1.0 38+5.7 68+7.7 | <0.0001
Gender
Male 344 [51.3] 53 [52] 45 [55.6] 30 [56.6] 0.808
Female 326 [48.7] 49 [48] 36 [44.4] 23 [43.4]
Donor ethnicity
White 612 [91.3] 97 [95.1] 75 [92.6] 1[96.2] N/A
Asian 15[2.2] 3[2.9] 2[2.5] -
Black 17 [2.5] 1[1] - 1[1.9]
Chinese/Oriental 410.6] - 1[1.2] -
Mixed 410.6] - 1[1.2] -
Other 13[1.9] - 1[1.2] 1[1.9]
Not reported 2[0.3] 1[1] 1[1.2] -
Unknown 3[0.4] - - -
Weight (kg) 75 [65-85] 81.75 [70-90] 85 [75-90] 90 [80-100] 0.000
Height (cm) 171 [164-178] 171 [165-176] 170 [163-178] 173 [167-181] 0.333
BMI (kg/m?) 25.5[22.8-29.1] 28.1 [25.4-30.6] 28.7[26.6-31.3] 30.7 [25.4-33.4] 0.000
Waist Circumference (cm) 93 [84-103] 102 [95 112] 102 [95-110] 106 [96-118] 0.000
Diabetes 39 [5.8] 1[10.8] 9[11.1] 8[15.1] 0.077
Hypertension 187 [27.9] 5[34.3] 27 [33.3] 20 [37.7] 0.257
Liver disease 21[3.1] 5 [4.9] 11[13.6] 4[7.5] | <0.0001
Smoking history 439 [65.5] 70 [68.6] 54 [66.7] 40 [75.5] 0.688
Cause of death
Intracranial haemorrhage 384 [57.3] 57 [55.9] 50 [61.7] 33 [62.3] N/A
Intracranial thrombosis 28 [4 2] 7[6.9] 6[7.4] 3[5.7]
Brain tumour 711] 1[1] - 1[1.9]
Hypoxic brain damage 162 [24.2] 7 [26.5] 18 [22.2] 12 [22.6]
Intracranial - CVA 16 [2 4] 2 [2] 4[4.9] 3[5.7]
Trauma 7 [4] 3[2.9] 1[1.2] -
Cardiac arrest 7[1] - - -
Myocardial infarction 1[0.1] - - -
Pneumonia 1[0.1] 1[1] - -
Respiratory failure 410.6] 1[1] - -
Respiratory - type unclassified 1[0.1] - - -
Meningitis 3[0.4] - - -
Infections - type unclassified 210.3] - -
Acute blood loss - - - -
(hypovolaemia) 1[0.1] - 1[1.2] -
Other drug overdose 9[1.3] - 1[1.2] -
Other 17 [2.5] 3[2.9] - 1[1.9]
Not reported
Liver retrieved
No 148 [22.1] 31[30.4] 24 [29.6] 18 [34] 0.051
Yes 522 [77.9] 71 [69.6] 57[70.4] 35 [66]

“Reported as mean + SD, rather than median [IQR]; "Reported a median and range [min-max], rather

than [IQR]
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No steatosis

Histopathologist median 1d-MaS = 0% vs. corresponding Histopathologist maximum Id-MaS = 0% vs. corresponding
imageDx™ median total lipid percentage = 0.33% (MaS: 0.15%, imageDx™ maximum total lipid percentage = 0.94% (MaS:
and MiS: 0.18%) for histopathology slide 0.61%, and MiS: 0.33%) for histopathology slide

Mild steatosis

Histopathologist maximum ld-MaS = 25% vs. corresponding
imageDx™ maximum total lipid percentage = 2.79% (MaS:
2.64%, and MiS: 0.15%) for histopathology slide
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Histopathologist median 1d-MaS = 2% vs. corresponding
imageDx™ median total lipid percentage = 1.7% (MaS: 0.88% and
MiS 0.82%) for histopathology slide
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Histopathologist median 1d-MaS = 30% vs. corresponding Histopathologist maximum ld-MaS = 40% vs. corresponding

imageDx™ median total lipid percentage = 2.69% (MaS: 2.32% imageDx™ maximum total lipid percentage = 5.72% (MaS:
and MiS: 0.37%) for histopathology slide 5.17% and MiS: 0.55%) for histopathology slide
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Histopathologist median 1d-MaS = 40% vs. corresponding Histopathologist maximum ld-MaS = 90% vs. corresponding

imageDx™ median total lipid percentage = 6.35% (MaS: 5.77% imageDx™ maximum total lipid percentage = 20.34% (MaS:

and MiS: 0.58%) for histopathology slide 19.95% and MiS: 0.39%) for histopathology slide

Figure 3.2. Percentage 1d-MaS (median and maximum per steatosis category) as reported by the
histopathologist vs. corresponding total lipid percentage reported using the imageDx " digital assay.
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There was a significant difference in donor median BMI between groups: none=25.5kg/m?,
interquartile range [IQR] (22.8-29.1); mild=28.1kg/m?> (25.4-30.6); moderate=28.7kg/m?
(26.6-31.3); severe=30.7kg/m? (25.4-33.4); P = 0.000. This was also reflected in donor median
WC: none=93cm (84-103); mild=102cm (95-112); moderate=102cm (95-110); severe=106cm
(96-118); P = 0.000. The median FLI also significantly increased with donor HS severity:
none=51.3 (21.7-79); mild=71.7 (42.2-88.5); moderate=81.3 (62.2-93.8); severe=86.8 (68.6-
95.9); P=10.000. In addition, a significant difference was also present in the median donor HSI:
none=36.2 (31.7-41.3); mild=39.7 (34.8-44); moderate=38 (34.6-42.4), severe=40.9 (34.9-
45.2); P = 0.000. Pre-retrieval donor biochemical tests for the 4 groups are summarised in
Table 3.2 and demonstrated significant differences in GGT, total triglycerides, insulin and

HOMA-IR (P = 0.000, 0.002, 0.000 and 0.002 respectively).

Table 3.2. Pre-retrieval clinical risk scores and biochemical tests

Median [IQR] None (0) Mild (1) Moderate (2) Severe (3) P-

n=670 n=102 n=81 n=53 value

FLI 51.3[21.7-79] 71.7 [42.2-88.5] 81.3[62.2-93.8] 86.8 [68.6-95.9] 0.000

HSI 36.2 [31.7-41.3] 39.7 [34.8-44.0] 38 [34.6-42.4] 40.9 [34.9-45.2] 0.000

Albumin (g/L) 25.2[21.8-29] 25.7[22.8-29.6] 24.8 [21.4-28.5] 25.9[20.9-30] 0.486

ALP (IU/L) 71.3 [54.4-99.3] 71.2 [56-88.1] 73.7 [54.3-99.7] 77.6 [60.3-95] 0.922

ALT (IU/L) 29.2 [16.7-64.6] 30.7 [17.8-55.4] 28.1[16.7-54.0] 47 [29.8-67.8] 0.086

AST (IU/L) 36.5[21.3-63.7] 30.1[18.3-55.1] 35.6 [18.7-82.6] 50.4 [27.4-81.9] 0.065

Bilirubin (pmol/L) 5.8 [4.0-9.0] 6.3[3.9-11.0] 6.0[3.9-11.1] 6.5 [4.0-9.4] 0.513

Total cholesterol 3.38 [2.67-4.06] 3.39 [2.75-4.14] 3.45[2.92-4.07] 3.43[2.77-4.34] 0.461
(mmol/L)

CRP (mg/L) 165.1 [102.4-236] 159.3 [113-220.3] 168 [102-265.1] 169.8 [110.9-238] 0.876

Fructosamine 207.8 [187.7-236] 212.3 [189.6-241.7] 219.6 [189.6-237.9] 221.1[191.4-254.6] 0.075
(pmol/L)

GGT (IU/L) 44.6 [21.8-104] 50.3 [24.2-104.7] 73.5[35-161.8] 84.8 [43.2-230.8] 0.000

Glucose (mmol/L) 7.36 [5.71-9.26] 7.65 [6.14-9.52] 7.05 [6.04-9.77] 8.21[6.18-10.66] 0.243

Phosphate 1[0.78-1.3] 0.98 [0.68-1.24] 1.03 [0.71-1.28] 0.92 [0.69-1.29] 0.493
(mmol/L)

Total triglycerides 1.17[0.8-1.71] 1.42[0.86-2.22] 1.47[0.99-2.01] 1.40[0.94-1.9] 0.002
(mmol/L)

HDL cholesterol 0.96 [0.68-1.28] 0.93 [0.62-1.28] 0.90 [0.68-1.17] 0.91[0.61-1.14] 0.407
(mmol/L)

Insulin (pmol/l) 124.6 [63.4-255.7] 128.7 [68.6-355.2] 171.7 [66.4-363.2] 247 [136.5-501.6] 0.000

AST/ALT ratio 1.17 [0.77-1.68] 1.02 [0.78-1.47] 1.21[0.9-1.177] 1.28 [0.85-1.75] 0.081

Total 3.56 [2.57-4.65] 3.49 [2.65-4.83] 3.59 [2.80-4.79] 3.97 [2.89-5.60] 0.091
cholesterol/HDL
ratio

HOMA-IR 5.92[2.6-13.5] 6.02 [3.1-17.8] 8.10 [3.3-21.4] 13.9 [5.2-33.4] 0.002
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Dunn’s test for multiple comparisons demonstrated that BMI, WC and FLI were able to
differentiate the presence and absence of HS (across all HS categories). However, of the
biochemical tests, only GGT was able to differentiate between HS grades (mild vs. moderate,

P =0.076 and mild vs. severe, P = 0.004), Figure 3.3.
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Figure 3.3. Data presented as median and IQR. Dunn’s test for multiple comparisons: BMI, WC and
FLI were able to differentiate the presence and absence of HS (across all HS categories). Only GGT

was able to differentiate between HS grades (mild vs. moderate, P = 0.076 and mild vs. severe, P =
0.004). * P<0.05, ** P<0.01, *** P<0.001, ***** P <(.0001.
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Simple logistic regression was performed to assess the diagnostic accuracy of significant pre-
retrieval predictors in differentiating moderate-severe from none-mild steatosis: BMI
[AUROC: 0.67; P =0.000], WC [AUROC: 0.69; P = 0.000], FLI [AUROC: 0.72; P = 0.000],
HSI[AUROC: 0.58; P =0.003], triglyceride [AUROC: 0.58; P = 0.004, GGT [AUROC, 0.64;
P =0.000], insulin [AUROC: 0.60, P = 0.0003] and HOMA-IR [AUROC: 0.59, P = 0.001],
see Table 3.3 and Figure 3.4.

Multiple logistic regression demonstrated an AUROC of 0.734 (P = 0.000) with a negative
predictive power (NPP) of 86.2% and positive predictive power (PPP) of 88.9% for: BMI [OR:
1.07, 95% CI 0.99-1.15; P =0.080], WC [OR: 1.02, 95% CI 0.99-1.04; P = 0.182], FLI [OR:
1.02, 95% CI 1.00-1.03; P = 0.040], HSI [OR: 0.95, 95% C1 0.91-0.99; P = 0.009], GGT [OR:
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1.001, 95% CI 1.00-1.002; P = 0.041], triglycerides [OR: 1.14, 95% CI 0.96-1.34; P = 0.144]
and insulin [OR: 1.001, 95% CI 1.00-1.001; P =0.001], see Table 3.3.

Table 3.3. Simple and multiple logistic regression of pre-retrieval steatosis predictors (moderate-severe

vs. none-mild steatosis)

Pre-retrieval predictors Odds ratio (95% CI) P —value Log- P—value | AUROC | P-—value
(moderate-severe vs. none- likelihood
mild steatosis) ratio
Simple logistic regression
Donor BMI (kg/m?) 1.11 [1.07 to 1.15] 0.000 37.28 0.000 0.67 0.000
WC (cm) 1.04 [1.03-1.06] 0.000 45.92 0.000 0.69 0.000
FLI 1.03 [1.02-1.04] 0.000 66.21 0.000 0.72 0.000
HSI 1.02 [1.00-1.04] 0.017 5.40 0.020 0.58 0.003
Donor GGT (IU/L) 1.002 [1.001-1.003] 0.000 21.38 0.000 0.64 0.000
Donor total triglycerides 1.36 [1.17-1.59] 0.000 17.47 0.000 0.58 0.004
Donor blood insulin (pmol/L) 1.001 [1.00-1.001] 0.012 5.83 0.016 0.60 0.0003
Donor HOMA-IR 1.004 [0.99-1.008] 0.132 2.15 0.142 0.59 0.001
Multiple logistic regression 0.734 0.000
Donor BMI (kg/m?) 1.07 [0.99-1.15] 0.080 - - - -
Donor WC (cm) 1.02 [0.99-1.04] 0.182 - - - -
FLI 1.02 [1.00-1.03] 0.040 - - - -
HSI 0.95[0.91-0.99] 0.009 - - - -
Donor GGT (IU/L) 1.001 [1.00-1.002] 0.041 - - - -
Donor total triglycerides 1.14 [0.96-1.34] 0.144 - - - -
Donor insulin (pmol/L) 1.001 [1.00-1.001] 0.001 - - - -
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Figure 3.4. AUROCs demonstrating diagnostic accuracy of pre-retrieval predictors of hepatic steatosis
(moderate-severe vs. none-mild steatosis)
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3.3.2 Retrieved livers

Overall, 685 out of 906 livers (75.6%) were retrieved with the intent of transplantation. Of
these, 522 (76.2%) had no steatosis, 71 (10.4%) had mild steatosis, 57 (8.3%) had moderate

steatosis and 35 (5.1%) had severe steatosis, P =0.051. There was a poor concordance between

the retrieval surgeon’s macroscopic assessment and imageDx™ digital assay score (none,

56.9% vs. mild, 43.7% vs. moderate, 40.4% vs. severe, 28.6%; P = 0.000). Only a proportion

of retrieved livers (579 out of 685, 84.5%) resulted in transplants. The number of transplanted

livers decreased with increasing steatosis severity (none, 90.4% vs. mild, 80.3% vs. moderate,

61.4% vs. severe, 42.9%; P = 0.000), see Table 3.4. There was a non-significant difference in

median cold ischaemia times (CIT) between groups: none=486min (391-593); mild=552min

(416-641); moderate=512min (386-607); severe=516min (384-607); P = 0.240.

Table 3.4. Retrieval surgeon’s macroscopic assessment and proportion of livers transplanted

Median [IQR] & Column None (0) Mild (1) Moderate (2) Severe (3) P - value
frequency [%] n=522 n=T1 n=57 n=35
Steatosis (Surgeon’s assessment)
No 297 [56.9] 19 [26.8] 9[15.8] 1[2.9] 0.000
Yes 224 [42.9] 52[73.2] 48 [84.2] 33 [94.3]
Not reported 1[0.2] - - 1[2.9]
Steatosis (Surgeon’s assessment)
None 297 [56.9] 19 [26.8] 9[15.8] 1[2.9] 0.000
Mild 176 [33.7] 31 [43.7] 14 [24.6] 6[17.1]
Moderate 45 [8.6] 17 [23.9] 23 [40.4] 17 [48.6]
Severe 31[0.6] 4 [5.6%] 11[19.3] 10 [28.6]
Not reported 1[0.2] - - 1[2.9]
Liver transplanted
No 50 [9.6] 14 [19.7] 22 [38.6] 20 [57.1] 0.000
Yes 472 190.4] 57 [80.3] 35[61.4] 15 [42.9]
Cold ischaemia time (minutes) 486 [391-593] 552 [416-641] 512 [386-607] 516 [384-607] 0.240

3.3.3 Recipient characteristics

Recipients were predominately male with a median age over 50 years and livers with HS were

transplanted into older recipients: none=>55 years (42-62); mild=57 years (45-62); moderate=57
years (47-61); severe=59 years (53-64); P = 0.373. Recipients of livers with HS also had a
higher BMI: none=26.5kg/m?, (23.1-30.7); mild=29.2kg/m? (24.9-32.6); moderate=28.7kg/m>
(24.2-32.8); severe=32.9kg/m? (30.1-35.6); P = 0.000, Table 3.5.
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Table 3.5. Recipient demographics

Median [IQR] & Column frequency [%] None (0) Mild (1) Moderate (2) Severe (3) P-
n=472 n=57 n=35 n=15 value
Age 55[42-62] | 57[45-62] 57 [47-61] 59 [53-64] 0.373
Gender
Male | 276 [58.5] 43 [75.4] 25[71.4] 10 [66.7] 0.045
Female | 196 [41.5] 14 [24.6] 10 [28.6] 5[33.3]
Recipient ethnicity
White | 415 [87.9] 48 [84.2] 27[77.1] 14 [93.3] N/A
Asian 28 [5.9] 51[8.8] 2[5.7] 1[6.7]
Black 13 [2.8] 1[1.8] 1[2.9] -
Chinese/Oriental 6[1.3] 1[1.8] - -
Mixed - - - -
Other 9[1.9] 2[3.5] 3 [8.6] -
Not reported 1[0.2] - 2[5.7] -
Weight (kg) 75[65-91] | 85[74-95] 82 [66-97] 91 [84-103] 0.000
Height (cm) 170 [162- 170 [168- 170 [162-178] 172 [167- 0.607
176] 175] 177]
BMI (kg/m?) 26.5[23.1- | 29.2 [24.9- 28.7 [24.2- 32.9[30.1- 0.000
30.7] 32.6] 32.8] 35.6]
Transplant primary indication
Primary biliary cirrhosis 37[7.8] 2[3.5] - - N/A
Autoimmune chronic active liver disease 16 [3.4] 2[3.5] 3[8.6] 1[6.7]
Hepatitis B cirrhosis 10 [2.1] - 1[2.9] -
Primary sclerosing cholangitis 59 [12.5] 3[5.3] 4[11.4] 1[6.7]
Alpha-1-antitrypsin deficiency 2[0.4] 1[1.8] - -
Budd-Chiari syndrome (other) 1[0.2] - - -
Cryptogenic cirrhosis 13 [2.8] 1[1.8] 2[5.7] 1[6.7]
Secondary biliary cirrhosis 410.8] - - -
Alcohol-associated liver disease 96 [20.3] 16 [28.1] 4[11.4] 4[26.7]
Biliary atresia 410.8] - - -
Congenital hepatic fibrosis 1[0.2] - - -
Wilson's Disease 1[0.2] - - -
Hepatitis C cirrhosis 17 [3.6] 51[8.8] 3 [8.6] -
MASLD 44 19.3] 10 [17.5] 4[11.4] 4126.7]
Acute hepatic failure - Budd-Chiari syndrome 1[0.2] - - -
Acute hepatic failure - other virus - 1[1.8] - -
Acute hepatic failure - serologically indeterminate 16 [3.4] 1[1.8] 1[2.9] -
Acute hepatic failure - Wilson's disease 2[0.4] - - -
Acute Hepatic Failure - paracetamol 9[1.9] - - -
Acute Hepatic Failure - other drug toxicity 21[0.4] - - -
Acute Hepatic Failure — other causes 9[1.9] - - -
Hepatocellular carcinoma - cirrhotic 42 [8.9] 6[10.5] 6[17.1] 2 [13.3]
Other metabolic liver disease 3[0.6] - 1[2.9] -
Cystic fibrosis 3[0.6] - - -
Primary oxalosis 1[0.2] - - -
Familial amyloidosis 3[0.6] - - -
Polycystic liver disease 14 [3.0] - - -
Hereditary haemochromatosis 1[0.2] - - -
Glycogen storage disease 2[0.4] - - -
Progressive familial intrahepatic cholestasis 1[0.2] - - -
Crigler-Najjar syndrome 1[0.2] - - -
Chronic rejection 410.8] 2 [3.5] - 1[6.7]
Primary non-function 3[0.6] 1[1.8] 1[2.9] -
Non-thrombotic infarction 3[0.6] - - -
Recurrent disease 7[1.5] - - -
Biliary complications 11[2.3] 1[1.8] 2 [5.7] -
Hepatic artery thrombosis 10 [2.1] 3[5.3] 1[2.9] -
Early graft dysfunction 2[0.4] - - -
Acute vascular occlusion - venous 410.8] - - -
Other causes 13 [2.8] 2[3.5] 2[5.7] 1[6.7]
Recipient liver failure grading
Hyperacute 35[7.4] 41[7.0] 2[5.7] - N/A
Acute 15[3.2] 2[3.5] - -
Subacute 2[0.4] - - -
Not acute | 389 [82.4] 48 [84.2] 30 [85.7] 15 [100.0]
Not reported 31[6.6] 3[5.3] 3 [8.6] -
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The primary indications for transplant in all groups included alcohol-associated liver disease
(ALD), metabolic dysfunction-associated steatotic liver disease (MASLD) and hepatocellular
carcinoma (cirrhotic). The relative frequency of donor livers (per HS grade) transplanted into
recipients with MASLD as the primary indication for transplant was disproportionately highest
for livers with severe steatosis (none, 9.3% vs. mild, 17.5% vs. moderate, 11.4% vs. severe,

26.7%), Table 3.5.

3.3.4 Peri-operative outcomes and post-operative complications

A significant difference was noted in the number of days (d) spent in ITU post-transplant with
increasing HS severity: none=3d (2-5); mild=2d (2-4); moderate=3d (2-7); severe=5d (3-38);
P =0.004. The requirement for transient renal filtration post-transplant also increased with HS
severity (none, 10.6% vs. mild, 7.1% vs. moderate, 22.9% vs. severe, 40%; P = 0.002).
Vascular complications only occurred in livers with no steatosis (hepatic artery thrombosis,
2.5%; portal vein thrombosis, 3.8%; hepatic vein occlusion, 1.1%) and mild steatosis (portal
vein thrombosis, 3.8%; hepatic vein occlusion, 1.1%). Haemorrhage requiring re-operation was
highest in livers with severe steatosis (26.7%; P = 0.043) as was the requirement for anti-
fibrinolytic therapy (26.7%; P = 0.001). Biliary leaks requiring re-operation were highest in
livers with moderate (8.7%) and severe (6.7%) steatosis. Biliary tract strictures within the first
12 months follow-up occurred in 11.4% of livers with moderate steatosis and 6.7% of livers
with severe steatosis. Post-operative infection (CMV, fungal, pulmonary and bacteraemia)
increased with steatosis severity with bacteraemia being statistically significant across groups

(none, 4.9% vs. mild, 7% vs. moderate, 17.1% vs. severe, 20%; P = 0.003), see Table 3.6.
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Table 3.6. Peri-operative outcomes and post-operative complications

Median [IQR], Column frequency [%] & None (0) Mild (1) Moderate (2) Severe (3) P-
Missing data [Number, %] n=472 n=57 n=35 n=15 value
Anti-fibrinolytic therapy 57[12.1] 5[8.8] 6[17.1] 4[26.7] 0.001
Intra-operative death 1[0.2] - - - 0.157
Number of days ventilated post- 1[1-2] 1[1-1] 1[1-3] 2 [1-4] 0.002
transplant ?
Number of days in ITU post-transplant ? 3 [2-5] 2 [2-4] 3[2-7] 5 [3-38] 0.004
Renal status post-transplant
No or minor renal impairment 359 [76.1] 47 [83.9] 20 [57.1] 7 [46.7] 0.002
Required transient renal filtration 50[10.6] 417.1] 8[22.9] 6 [40.0]
Short-term dialysis 30 [6.4] 1[1.8] 5[14.3] 1[6.7]
Long-term dialysis 6[1.3] - - 1[6.7]
Not reported 19 [4] 4[7.1] 1[2.9] -
Missing data 8[1.7] 1[1.8] 1[2.9] -
Vascular Hepatic artery 12 [2.5] - - - 0.239
complications thrombosis ?
Portal vein 18 [3.8] 1[1.8] - - 0.256
thrombosis *
Hepatic vein 5[1.1] 1[1.8] - - 0.516
occlusion P
Haemorrhage 46 [9.7] 2[3.5] 2[5.7] 41[26.7] 0.043
(reoperation) ®
Biliary tract leaks
No leak 434 191.9] 49 [86] 29 [82.9] 14 [93.3] 0.255
Leak not treated 310.6] - - -
Leak requiring reoperation 10 [2.1] 1[1.8] 3 [8.6] 1[6.7]
Other radiological intervention 8[1.7] 2[3.5] 1[2.9] -
Not reported 9[1.9] 417] 1[2.9] -
Missing data 8[1.7] 1[1.8] 1[2.9] -
Biliary tract stricture P 24 [5.1] 2[3.5] 4[11.4] 1[6.7] 0.409
Post-operative CMV? 74 [15.7] 2 [3.5] 6[17.1] 3 [20] 0.168
infection Fungal 17 [3.6] 1[1.8] 2 [5.7] 1[6.7] 0.538
Sputum P 34[7.2] 5[8.8] 4[11.4] 3 [20.0] 0.091
Blood P 23 [4.9] 4[7] 6[17.1] 3 [20] 0.003
Urine ? 26 [5.5] - - 1[6.7] 0.086
Ascites ? 24 [5.1] 4[7] 5[14.3] 1[6.7] 0.074
Wound P 26 [5.5] 2 [3.5] 2[5.7] - 0.296

* Missing data and column frequency per steatosis category: none, n = 18 (3.8%) vs. mild n =2 (3.5%)
vs. moderate n =3 (8.6%) vs. severe n =0 (0%)
®Missing data and column frequency per steatosis category: none, n = 8 (1.7%) vs. mild n = 1 (1.8%)
vs. moderate n =1 (2.9%) vs. severe n =0 (0%)

3.3.5 Graft and patient survival

Graft and patient survival rates between groups are demonstrated in Figure 3.5. Differences in
death censored graft survival rate at 12 months post-transplant (none, 94.5% vs. mild, 96.5%
vs. moderate, 85.7% vs. severe, 86.7%) did not achieve statistical significance (P = 0.091).
Similarly, differences in patient survival at 12-months (none, 94.1% vs. mild, 93% vs.
moderate, 85.7% vs. severe, 86.7%) did not achieve statistical significance (P = 0.195). In all
groups, biliary complications were the main cause of graft failure and highest in livers with
moderate and severe steatosis (40% and 50% respectively). The most common cause of death
was multi-system failure in all groups (none, 32.1% vs. mild, 50% vs. moderate, 80% vs.

severe, 100%), see Table 3.7. Cox proportional hazard regression analysis identified DCD
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donors (HR: 2.35, 95% CI 1.15-4.84; P = 0.02) and moderate steatosis (HR: 2.67, 95% CI
1.002-7.11; P = 0.049) as independent predictors of graft survival see Table 3.8.
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Figure 3.5. Graft and patient survival (with number at risk) reported using Kaplan-Meier curves.
Statistical significance determined using the Log-rank (Mantel-Cox) test
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Table 3.7. Graft and patient survival including cause of graft failure and death

Column frequency [%] None (0) Mild (1) Moderate (2) Severe (3) P —value
n=472 n=57 n=35 n=15
Death censored 12-month graft survival
Graft Function 446 [94.5] 55[96.5] 30 [85.7] 13 [86.7] 0.0907
Graft Failure 26 [5.5] 2[3.5] 5[14.3] 2[13.3]
Cause of graft failure
Acute Rejection 1[3.8] - - - N/A
Chronic Rejection 01[0.0] - - -
Hepatic Artery Thrombosis 4[15.4] - - -
Vascular occlusion 2[7.7] - - -
Non-thrombotic infarction 1[3.8] - - -
Ductopenic rejection 1[3.8] - - -
Recurrent disease - - - -
Biliary Complications 6[23.1] - 1[20] 1 [50]
Others 10 [38.5] 1 [50] 2 [40] 1 [50]
Unknown 1[3.8] 1 [50] 2 [40] -
12-month patient survival
Patient alive 444 194.1] 53 193] 30 [85.7] 13 [86.7] 0.195
Patient dead 28 [5.9] 417] 5[14.3] 2[13.3]
Primary recipient cause of death
Other causes of cardiac failure 2[7.1] - - - N/A
Sudden unexplained cardiac death 1[3.6] - - -
Cerebro-vascular accident - - - -
Haemorrhage from surgery - - - -
Pulmonary infection (bacterial) 1[3.6] - - -
Pulmonary infection (viral) 1[3.6] - - -
Septicaemia 1[3.6] - - -
Cystic liver disease 1[3.6] - - -
Liver failure — cause unknown - - - -
Renal failure 2[7.1] - - -
Recurrent primary disease — benign - - - -
Recurrent primary disease — malignant - - - -
Therapy ceased for any other reason - - - -
Lymphoid malignant (immunosuppressive) 1[3.6] - - -
Non-lymphoid malignant disease 1[3.6] - - -
Multi-system failure 9[32.1] 2 [50] 4180] 2 [100]
Donor organ failure 1[3.6] - - -
Other identified cause of death 6[21.4] 1[25] 1 [20] -
Unknown 1[3.6] 1[25] - -

Table 3.8. Graft survival: Cox proportional hazard regression

analysis using donor and recipient

variables

Donor and recipient variables Hazard ratio (95% CI) P —value

Donor Type (DCD) 2.35[1.15-4.84] 0.020

Donor age 1.02 [0.99-1.04] 0.243

Donor BMI (kg/m?) 0.96 [0.85-1.07] 0.461

Donor waist circumference (cm) 1.02 [0.98 to 1.06] 0.379

Mild steatosis 0.59 [0.14 to 2.56] 0.480

Moderate steatosis 2.67[1.002 to 7.11] 0.049

Severe steatosis 3.09 [0.67 to 14.24] 0.148

Cold ischaemia time (min) 1.00 [0.998-1.002] 0.810

Recipient age 1.01 [0.98 to 1.04] 0.720

Recipient BMI (kg/m?) 1.03[0.96 to 1.11] 0.355
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3.4 Discussion

3.4.1 Pre-retrieval predictors of donor liver steatosis

There are currently no validated methods to determine the degree of HS prior to retrieval and
the accurate identification remains challenging in the setting of deceased donor transplantation.
Fedchuk et al. (272) investigated the diagnostic value of clinical risk-scores including the FLI
and HSI as predictors of HS using histopathological evaluation as the gold standard. In this
study of 324 patients with suspected HS, both the FLI and HSI demonstrated AUROCS of 0.65
for predicting moderate-severe steatosis. In our study cohort, the FLI had an improved
accuracy with an AUROC of 0.72 for predicting moderate-severe steatosis while the HSI had
a lower diagnostic accuracy with an AUROC of 0.58 compared to that reported by Fedchuk et
al (272).

Anthropometric measures have also been investigated as predictors of HS. A large United
Network for Organ Sharing (UNOS) registry study identified 1,277 donors that had evidence
of moderate-severe steatosis on biopsy. In this study, donors with a BMI >30kg/m? were more
likely to have >30% ld-MaS (273). In addition, Rodriguez et al. (274) performed a large cross-
sectional study of 6,194 patients to develop a predictive model of HS using 14 predictors to
identify moderate-severe steatosis determined using liver computed tomography (CT). In the
validation cohort, patients with moderate-severe steatosis had a median WC of 108cm [98—
118] and mean BMI of 33kg/m?+7.1, these values are comparable to the findings in our study.
The final predictive models of HS included the NAFLD-MESA Index and NAFLD Clinical
Index which had better or similar performance to the FLI with AUROCs of 0.83, 0.78 and 0.78
respectively. Whilst Rodriguez et. al did not report individual AUROCs for WC and BMI, we
were able to demonstrate limited diagnostic accuracy with AUROCs of 0.69 and 0.67
respectively and a comparable AUROC of 0.72 for FLI.

The use of biochemical tests to predict HS in donors has not been widely reported (275). In our
present study, GGT had a higher diagnostic accuracy [AUROC, 0.64; P = 0.000] in predicting
moderate-severe compared to triglyceride [AUROC: 0.58; P = 0.004], insulin [AUROC: 0.60,
P =0.0003] and HOMA-IR [AUROC: 0.59, P = 0.001]. However, only GGT [OR: 1.001;
1.000-1.002; P = 0.041] and insulin [OR: 1.001; 1.000-1.001; P = 0.001] were identified as

independent predictors of moderate-severe steatosis on multiple logistic regression.
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3.4.2 Assessment of donor liver steatosis

The macroscopic assessment of the retrieval surgeon is the mainstay of determining the degree
of HS during organ retrieval (276). However, this assessment is known to be inaccurate and
remains challenging even when performed by experienced retrieval surgeons (87). This was
also evident in our study which demonstrated a poor concordance between the retrieval
surgeon’s macroscopic assessment and imageDx™ digital assay score, (none, 56.9% vs. mild,

43.7% vs. moderate, 40.4% vs. severe, 28.6%; P = 0.000).

The gold standard for HS assessment is the histopathological evaluation of the donor liver
biopsy with HS graded 0-3: (none, 0: <5%; mild, 1: <30%; moderate, 2: 30%-60% and; severe
3: >60%) (267,277). It has been reported that improved accuracy and reproducibility of HS
assessment can be achieved by DIA of liver biopsy sections (262,267,268). However, the actual
steatosis percentages obtained from conventional histopathological evaluation are 1.5-4 fold
higher than those generated by DIA resulting in its limited use (80,94,267-270). Whilst this
observation was also apparent in the current cohort (see Table 3.1), steatosis percentages were
normalised to conventional histopathological evaluation of HS severity. Overall, the ability of
the imageDx™ digital assay to provide a rapid automated, reproducible and objective deep
learning algorithm derived score (0-3) of HS severity addressed this limitation (250). In
addition, to validate the imageDx™ digital assay against recently published Banff guidelines
for histopathological reporting of 1d-MaS in donor liver biopsies, an independent
histopathologist blinded to the steatosis scores generated by the imageDx™ digital assay
provided a histopathological evaluation of the median and maximum DIA scores (as quantified

using the imageDx™ digital assay) for each steatosis category (96).

In the setting of organ retrieval, several studies have supported use of portable Al-based
platforms including use of smartphones and digital image analysis devices to quantify HS at
the point of organ procurement (263,264). Other authors have described hand-held optical
spectroscopy devices that are able to accurately predict moderate-severe steatosis (Ld-MaS
>30%) in retrieved donor livers as an alternative to liver biopsy (259,260). However, whilst
these techniques demonstrate strong concordance with histopathological evaluation, they have
only been tested in the setting of pilot studies. In the future, it is therefore possible that a

combination of portable rapid automated DIA platforms and optical spectroscopy devices may
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facilitate assessment of HS in donor livers. If used in combination with machine perfusion
technology, additional benefits can be gained including minimisation of CIT, ex-situ
interventions (defatting and siRNAs targeting steatosis related genes) and functional

assessment prior to transplantation (278).

3.4.3 Peri-operative and post-transplant outcomes

Overall, the proportion of retrieved livers transplanted decreased with increasing HS severity
(none, 90.4% vs. mild, 80.3% vs. moderate, 61.4% vs. severe, 42.9%; P = 0.000). Donor livers
with HS were disproportionately transplanted into recipients with higher BMIs and those with
MASLD as a primary indication for liver transplant. Whilst there is no clinical policy to explain
this trend, ascites, a common feature of advanced liver disease, can artificially elevate recipient
BMI (by adding significant weight without reflecting actual body fat or lean mass) and can
complicate accurate size matching between donor livers and recipients. The findings are
comparable to other large cohort studies that highlight these complexities and reflect the

increasing problem of MASLD in both the general population and deceased donors (51,277).

Transplantation of donor livers with HS was associated with an unfavourable peri-operative
course and more post-operative complications. Haemorrhage requiring re-operation was
highest in livers with severe steatosis (26.7%; P = 0.043) as was the requirement for anti-
fibrinolytic therapy (26.7%; P = 0.001). The median duration of ITU stay, requirement for
transient renal filtration, post-operative infections, biliary complications (leading to graft
failure) and multi-system failure (leading to death) was highest in recipients transplanted with

livers of the moderate-severe steatosis category.

There was a trend towards reduction in graft and patient survival for livers with moderate and
severe steatosis (85.7% and 86.7% respectively) that did not achieve statistical significance,
possibly related to size of the cohort. The only factors found to predict graft survival
independently were DCD donors and those with moderate steatosis. Severe steatosis was not
identified as an independent predictor graft survival, this is likely due to small proportion of
livers transplanted with severe steatosis (n=15). Overall, these findings are comparable to
previous studies reporting transplantation of livers with moderate-severe steatosis indicating
unfavourable short-term outcomes but similar 12-month survival (279,280). The use of such

high-risk livers relies on risk analysis by the implanting surgeon: balancing the risk of a
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recipient dying on the waiting list versus the risk incurred by waiting for a more optimal graft
(42). One approach to formalise this is the selection of higher-risk livers for lower-risk
recipients i.e. ‘preferred recipient matching’ (defined by MELD 15-34, not on life support and
absence of primary biliary cirrhosis) when considering transplantation of donor livers with
>30% HS (281). This strategy has been associated with no significant increase in graft loss or
mortality compared to transplantation of livers with no HS (281,282). See Figure 3.6 describing

proposed utilisation decision-making algorithm.

Donor, pre-retrieval Retrieval Steatosis >30% Transplant recipient
Anthropometric measures Retrieval surgeon: Visual 'fat’ Allocate to machine perfusion Liver demonstrating ex-situ
assessment function
Clinical risk scores __| Donor biopsy: Rapid __ Functional assessment _ OR
automated digital image
analysis (DIA) e Low MELD recipient
Biochemical tests e No primary biliary
Hand-held spectroscopy: Therapeutic optimisation cirrhosis
Real-time assessment e Not on life support

Figure 3.6. Proposed decision-making algorithm for utilisation of donor livers with moderate-severe
steatosis

3.4.4 Limitations

This study relies on the use of registry data and, while there was a full complement of donor
and recipient outcome data, there was a small proportion of missing data for peri-operative
outcomes and post-operative complications. PNF cases were not included due to the scarcity
of this event/availability of samples from the QUOD bioresource, and this may limit
generalisability of the outcome data. At the time of data extraction, the NHSBT Registry did
not routinely collect data on DCD normothermic regional perfusion (NRP) or the use of ex-
situ machine perfusion i.e. NMP and therefore the implications of these perfusion modalities
on liver discard, utilisation and post-transplantation outcome is unknown. Regarding the study
cohort, the majority of donors in our study did not have HS (670 out of 906, 74%) assessed
using the imageDx™ digital assay, and this does reflect the incidence of HS in the general
population (HS affects 33% of the population) (283). The imageDx™ digital assay addressed
the potential limitation of inter-observer variability evident in conventional histopathology.
Despite the ability of the imageDx™ digital assay to provide a score of HS severity (0-3), this
software was developed before the recent Banff consensus guidelines for reporting HS as
described in Chapter 1 (1.5.2) and therefore has similar limitations to previous DIA algorithms

in overall steatosis percentages being significantly lower than what would be expected from a

79



conventional histopathologist report (80,94,267-270). This is evident in the low mean MaS
percentages per steatosis category which required normalisation following the imageDx™
digital assay analysis: none=0.2 +0.1 (normalised: 1.0+1.0); mild=1.0+0.4 (normalised:
13.0+4.0); moderate=2.0+0.8 (normalised: 43+5.0) and; severe=7.0+3.0 (normalised: 68+8.0).
To further address this limitation, an independent histopathologist (blinded to the steatosis
scores quantified using the imageDx™ digital assay) performed histopathological assessment
of the median and maximum DIA scores for each steatosis category based on the recent Banff
consensus guidelines for reporting donor HS (96). The histopathologist reported the following
median and maximum ld-MaS values for each steatosis category: none = 0% (maximum: 0%),
mild = 2% (maximum: 25%), moderate = 30% (maximum: 40%), and severe = 40%
(maximum: 90%). These findings are clinically relevant and suggest potential of the

imageDx™ digital assay in differentiating between none-mild and moderate-severe steatosis.

Rather than providing a histopathological report for all 906 donor liver biopsies, the
histopathological assessment within this study was targeted to assess ability of the imageDx™
digital assay to accurately categorise donor biopsies according to HS severity. In a smaller
cohort study, Gambella et al. have recently described and validated an automated and deep-
learning algorithm for 1d-MaS quantification based on Banff consensus guidelines with a
percentage discrepancy of 1.20% (£5.58) when compared to the histopathologist report using
292 donor liver biopsies (284). To ensure clinicians can reliably decide to accept or decline a
donor livers for transplantation based on DIA assessments, the algorithms must achieve not
only high accuracy but also a low false positive rate. A high rate of false positives could lead
to unnecessary organ discards and exacerbate the shortage of donor livers. Therefore, further
evaluation of the current cohort using the recently developed algorithm by Gambella et al. and
other commercially available DIA platforms is required to provide comparisons and strengthen
conclusions from the current results as well as establish thresholds that are both clinically

acceptable and feasible within the clinical setting of LT.

3.4.5 Conclusions

This study supports the use of pre-retrieval predictors to enable early identification of donors
at high risk of liver steatosis. This complements the use of routine liver biopsy from donors
deemed ‘high-risk’ with ‘real-time results’ using DIA platforms, thereby avoiding unnecessary

organ discard, guiding utilisation decisions and minimising CIT. Further, transcriptomic
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analysis of this cohort is currently being undertaken to map independent signatures associated
with HS severity. This may enable targeted ex-situ optimisation with functional assessment
prior to transplantation, further improving organ utilisation and outcomes of livers in the
moderate-severe steatosis category. This further work is not included and beyond the scope of

this thesis.
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Chapter 4: Normothermic machine perfusion of steatotic donor

transplant livers

4.1 Introduction

Normothermic machine perfusion (NMP) provides a platform to improve outcomes of steatotic
donor transplant livers. This is achieved through prevention of the deleterious effects of cooling
i.e. static cold storage (SCS), enhanced preservation and reduction in subsequent ischaemia-
reperfusion injury (IRI) to which steatotic donor livers have increased susceptibility (126).
However, to date, there have been no comprehensive mechanistic studies from large multi-
centre randomised clinical trials investigating changes in tissue histology and the perfusate

metabolic profile with relation to steatotic donor transplant livers preserved with NMP.

The hypothesis of this chapter is that NMP of steatotic donor transplant livers improves clinical
outcomes compared to those preserved with SCS (through reduction in cooling), enhanced
preservation (metabolic recovery and repair) and reduction in recipient IRI (through ex-situ

reperfusion reconditioning).

The overall aim of this chapter is to characterise longitudinal histological and metabolic
changes during perfusion of steatotic donor transplant livers preserved with NMP. The overall
objectives are to:
1. Investigate clinical outcomes of recipients transplanted with steatotic livers preserved
with NMP and SCS compared to lean counterparts;
2. Investigate the utility of a reproducible automated digital image analysis platform for
consistent and accurate assessment of donor liver Id-MaS; and,
3. Compare the mechanistic effect of NMP on steatotic donor livers and lean counterparts

through examination of sequential tissue biopsy and perfusate samples

4.2 Methods

4.2.1 Consortium on Organ Preservation in Europe Liver NMP Trial
The COPE liver NMP trial (ISRCTN 39731134) was a phase I1I randomised clinical trial where
donor livers were randomised to continuous NMP using OrganOx metra® (1% Generation

device, OrganOx Ltd, Oxford, UK) (n=121) or SCS alone (n =101) across 7 European liver
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transplant units (207). Following organ procurement (either standard DBD retrieval or
Maastricht III/IV DCD rapid cannulation technique), donor livers randomised to continuous
NMP were back-benched and immediately placed on the OrganOx metra® device at the donor
centre (device-to-donor approach) in order to minimise cold-ischaemia time (CIT) (207). For
the purposes of this thesis, the NMP of this clinical trial will be referred to as continuous NMP
(cNMP).

4.2.2 Liver core biopsy and perfusate samples

Histological images, proteomic data and cNMP perfusate samples from this Phase III
multicentre randomised clinical trial (RCT) comparing efficacy of cNMP to SCS were obtained
from the Consortium for Organ Preservation in Europe (COPE, www.cope-eu.org)
bioresource, following written application and approval from the management board (Table

4.1). Proteomic analysis of this cohort is described in Chapter 5.

Table 4.1. Samples selected from the COPE bioresource

Sample Timepoints Sample ID
Liver core biopsy (digitised H&E & PAS image): | Pre-preservation (c(NMP or SCS) | LTI
3 samples per liver Post-preservation (¢(NMP or SCS) | LT2
Post-reperfusion (in recipient) LT3
Perfusate (collected during NMP): 15 min P1
3 samples per liver 60 min P2
End (range 4-24h) P3

Donor livers with evidence of steatosis were identified from the COPE liver database and
selected based on the pre-preservation (LT1) H&E biopsy demonstrating evidence of mild (>
5% ld-MaS) to severe steatosis (defined by a histopathological score of 1-3). Lean controls
were identified and selected based on availability of tissue proteomic and recipient data. A total
of 120 donor livers were identified, of these 14 livers were discarded due to steatosis (LT1, >
5% 1d-MaS) and 1 steatotic DCD liver (15% Id-MaS) was excluded from the study cohort due
to an ABO incompatible transplant following cNMP. The final study cohort comprised of 105
transplanted livers (Table 4.2).
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Table 4.2. Final study cohort

Liver phenotype | Preservation DBD | DCD | Total number | Transplanted livers
Steatotic cNMP
Transplanted | 16 5 28 21
Discarded | 4 2
Excluded | - 1
Steatotic SCS
Transplanted | 11 1 20 12
Discarded | 7 1
Lean cNMP 31 15 46 46
Lean SCS 17 9 26 26

4.2.3 Demographics, preservation data and clinical outcomes

Donor and recipient demographics, preservation data, peri-operative and post-transplantation
outcome data was obtained from the COPE clinical database. Data was reported for steatotic
livers preserved with cNMP and SCS compared to lean counterparts for each group. The

following early outcome data was also reported:

e Evidence of PRS defined by a decrease in mean arterial pressure (MAP) of more than
30% for than one minute during the first five minutes after reperfusion (64,285)
e Post-reperfusion lactate (mmol/L)
e Bilirubin (umol/L), AST (IU/L), ALT (IU/L), INR, Platelets, Lactate (mmol/L) and
Creatinine (umol/L) on day 1 and 7
e Peak AST (IU/L) in the first 7 days post-transplant
e EAD) defined by presence of any of the following criteria (66):
- Peak AST >2000 IUL/L in the first 7 days post-transplant
- Day 7 post-transplant Bilirubin > 172 pmol/L
- Day 7 post-transplant INR > 1.6
e Evidence of PNF characterised by irreversible liver graft dysfunction necessitating
emergency re-transplant during the first 10 days post-transplant and occurring in the
absence of immunological or technical causes (207)
e Need for RRT on day 1, 7 and 10 post-transplant
e HDU/ITU stay on day 1, 7 and 10 post-transplant
¢ Bilirubin (umol/L), AST (IU/L), ALT (IU/L), INR, and Creatinine (umol/L) on day 10,
day 30, month 6 and month 12 post-transplant
e QGraft and patient survival at day 1, day 7, day 10, day 30, month 6 and month 12 post-

transplant
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4.2.4 Effect of preservation of on steatosis severity, hepatocellular injury and function

4.2.4.1 Histological analysis

To determine the effect of cNMP and SCS on steatosis severity, retrieval/preservation and
reperfusion related injury, sequential liver biopsy samples were examined including those
taken pre-preservation (LT1), post-preservation (LT2) and post-reperfusion (LT3) in the
recipient. Histopathological evaluation of H&E and PAS stained tissue was performed by the
study consortium of consultant histopathologists blinded to the randomisation allocation and
trained to consensus guidelines for scoring of large droplet macrovesicular steatosis (Id-MaS),
small droplet macrovesicular steatosis (sd-MaS), glycogen depletion, congestion, portal
oedema, red cells in the space of disse, portal oedema, portal haemorrhage and preservation
reperfusion injury (PRI, including preservation related factors in the reperfusion injury
following transplantation), (286). The PRI score comprises of small droplet fat, glycogen
depletion, neutrophil infiltration, hyper-eosinophillic hepatocytes and necrosis: 0 = nil, 1 =
minimal, 2 = mild, 3 = mild to moderate, 4 = moderate, 5 = moderate to severe and 6 = severe,

(Appendix A).

In addition to the histopathological steatosis score, digitised images were also analysed using
an automated digital image analysis software (Visiopharm application 10119, H&E liver
steatosis) (Visiopharm Ltd, Egham, UK) to provide quantitative outputs including total
macrovesicular steatosis, ld-MaS and sd-MaS percentage described in Chapter 2.4.1.2. The

change in percentage steatosis was compared between groups.

4.2.4.2 Perfusate analysis

To determine the effect of cNMP on ex-situ isolated liver metabolism, biochemical function
and hepatocellular injury, sequential perfusate samples collected at 15 min (P1), 60 min (P2)
and end of perfusion (P3) were analysed using a clinical biochemistry analyser via
spectrophotometry (Abbott Architect ¢8000, Abbott diagnostics, Illinois, USA) with the
exception of FGF-21 which was measured by sandwich enzyme-linked immunosorbent assay
(ELISA) according to manufacturer instructions (Oxford Biosystems, Oxford, UK), see

Chapter 2.5.1-2. The following perfusate measurements were performed:
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e Hepatocellular enzymes and injury:
o ALT (IU/L)
o AST (IU/L)
e Cholangiocellular:
o GGT (IU/L)
o ALP (IU/L)
o Bilirubin (umol/L)
o Bile salts (umol/L)
e Hepatic lipid metabolism:
o Total cholesterol (mg/dL)
o Total triglycerides (mg/dL)
o ApoB (g/L)
o 3-OHB (mmol/L)
e General metabolism:
o Lactate (mmol/L)
o Urea (mmol/L)
o Glucose (mmol/L)
o Insulin (pmol/L)
e Systemic inflammation and metabolic stress:
o CRP (mg/L)
o FGF-21 (ng/L)

4.3 Results
4.3.1 Donor demographics

4.3.1.1 Transplanted donor livers

Donor characteristics of transplanted livers are summarised in Table 4.3. Donors in all 4 groups
were predominately male with a mean age over 50 years. There was a significant difference in
donor median BMI between groups: Steatotic ¢cNMP=30.56kg/m? [IQR] (26.24-35.83);
Steatotic SCS=31.58kg/m? (26.22-34.04); Lean ¢cNMP=25.47kg/m? (22.34-30.07); Lean
SCS=26.28kg/m? (22.39-30.44); P = 0.005. Donor liver steatosis was associated with co-
morbid disease including diabetes, cardiac disease and history of alcohol use. This did not

achieve statistical significance.
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Table 4.3. Donor demographics

Mean = SD; Median Steatosis Steatosis SCS | Lean cNMP Lean SCS P-
[IQR]; Column cNMP n=12 n=46 n=26 value
frequency [%]; Missing n=21
[Number, %]
Age 52.03 £12.58 55.92 +£13.04 | 56.78 £15.86 | 53.83+14.94 | 0.631
Age
<65 years 19 [90.5] 9[75.0] 33[71.7] 21[80.8] | 0.370
>65 years 219.5] 3[25.0] 13 28.3] 5[19.2]
Gender
Male 14 [66.7] 7[58.3] 22 [47.8] 1716541 | 0.371
Female 7[33.3] 5[41.7] 24 [52.2] 9[34.6]
Donor type
DBD 19 [90.5] 9[75.0] 33[71.7] 21[80.8] | 0.324
DCD 2 [9.5] 3[25.0] 13 28.3] 5[19.2]
Ethnicity
Caucasian 20[95.2] 12 [100.0] 45197.8] 25196.2] N/A
Other 1[4.8] - 1[2.2] 1[3.8]
Donor risk index ET 1.65[1.47- 1.55[1.39- 1.81[1.50- 1.9411.63- | 0.122
1.93] 1.98] 2.11] 2.49]
Missing 3[14.3] 3 [25] 5[10.86] 4[15.38]
Cause of death
CVA 11 [52.4] 6[50.0] 27 [58.7] 1453.8] | 0.912
Hypoxia 5123.8] 2 [16.7] 12 [26.1] 6[23.1]
Trauma 3[14.3] 1[8.3] 3[6.5] 2[7.7]
Other 2 [9.5] 3[25.0] 4[8.7] 4[15.4]
Weight (kg) 90 [80-105] | 86 [75-107.50] | 72.5[60-90] 80[70-90] | 0.005
Height (cm) 175.0 £10.31 175.54+9.95 171.549.51 172.0£7.81 | 0.360
BMI (kg/m?) 30.56 [26.24- | 31.58[26.22- | 25.47 [22.34- | 26.28 [23.39- | 0.005
35.83] 34.04] 30.07] 30.44]
BMI (kg/m?)
<30 kg/m* 91[42.9] 5141.7] 34173.9] 19[73.1]1 | 0.023
>30 kg/m* 12 [57.1] 7158.3] 12 [26.1] 7[26.9]
Diabetes
No 16 [76.2] 10 [83.3] 39 [84.7] 23 [88.5] | 0.227
Yes 5[23.8] 2 [16.7] 3[6.5] 2[7.7]
Missing - - 4 [8.7] 1[3.8]
Cardiac disease
No 12 [57.1] 7[58.3] 29 [63.0] 19173.11 | 0.961
Yes 3[14.3] 2 [16.7] 10 [21.7] 5119.2]
Missing 6 [28.6] 3[25.0] 7[15.2] 2[7.7]
Smoking history
No 14 [66.7] 8 [66.7] 31[67.4] 14[53.8] | 0.685
Yes 7[33.3] 4 [33.3] 15 [32.6] 12 [46.2]
Alcohol history
No 18 [85.7] 9[75.0] 4291.3] 25[96.2] | 0.155
Yes 3[14.3] 3[25.0] 3[6.5] 1[3.8]
Missing - - 1[2.2] -
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4.3.1.2 Discarded donor livers

Donor characteristics of discarded livers are described in Table 4.4.

Table 4.4. Discarded livers

Study arm &
discard number

Donor
type

Age
(years)

BMI
(kg/m’)

1d-Ma$S
(H&E)

DLI
(ET)

NMP
Bile
(ml)

Reason for discard

1: SCS

DBD

54

36.8

15%

1.51

N/A

Macroscopic steatosis

2: SCS

DBD

68.9

284

10%

1.85

N/A

60% steatosis (frozen
section)

3. SCS

DBD

73

33.0

5%

1.75

N/A

Macroscopic steatosis
& lesion

4. SCS

DBD

50.7

324

70%

1.38

N/A

60% steatosis (frozen
section)

5. 8CS

DBD

63.8

33.0

30%

1.69

N/A

Macroscopic steatosis
(severe) & size
mismatch

6. SCS

DBD

66.1

38.8

20%

N/A

Macroscopic steatosis

7. SCS

DBD

30.1

38.0

33%

1.28

N/A

Retrieval biopsy
(frozen section):

o Fibrosis stage 3
o 55% MiS
o 15%1d-MaS

8. SCS

DCD

61.3

31.2

10%

N/A

Macroscopic steatosis
& poor perfusion

9. cNMP

DBD

61.8

32.8

50%

1.77

Nil

>50% steatosis (frozen
section) & peri-portal
fibrosis

10. cNMP

DBD

43.1

22.9

30%

1.39

125

Macroscopic steatosis
& anaesthetic decision

11. cNMP

DBD

554

34.7

34%

1.86

Macroscopic steatosis
& persistently acidotic
with lactate >8mmol/l
during NMP

12. cNMP

DBD

65

33.2

10%

1.62

160

Macroscopic steatosis

13. cNMP

DBD

52

43.5

20%

2.30

25

Macroscopic steatosis
& persistently acidotic
with lactate >6mmol/l
during NMP

14. cNMP

DCD

46.2

25.1

60%

1.75

250

Macroscopic serve
steatosis & retrieval
ALT 2900 TU/L
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4.3.2 Pre-preservation donor liver biopsy steatosis quantification
The retrieval surgeon’s macroscopic assessment of steatosis overestimated the degree of
steatosis severity when compared to the histopathologist report of the pre-preservation (LT1)

donor biopsy (Table 4.5).

Table 4.5. Steatosis quantification of LT1 biopsy

Frequency [%)] Steatosis | Steatosis Steatosis Lean Lean P - value
cNMP SCS Discarded cNMP SCS
n=21 n=12 n=14 n=46 n=26
Surgeon’s steatosis
assessment
None 1[4.8] 4[33.3] -| 15[32.6] | 10[38.5] N/A
Mild 7[33.3] 2 [16.7] 1[7.1]| 21[45.7] | 14[53.8]
Moderate 5[23.8] 4 [33.3] 4 [28.6] 9[19.6] 2[7.7]
Severe 8 [38.1] 2 [16.7] 9[64.3] 1[2.2] -
Histopathologist
steatosis assessment
N/A
None - - -| 46[100] 26 [100]
Mild | 14 [66.7] 9[75] 10 [71.4] - -
Moderate 6 [28.6] 2 [16.7] 3[21.4] - -
Severe 1[4.8] 1[8.3] 1[7.1] - -

A full complement of pre-preservation (LT1) histopathology reports were available for
steatosis assessment. There was a significant difference in median 1d-MaS percentage reported
by the histopathologist on the pre-preservation (LT1) biopsy between groups: Steatotic cNMP,
15% and range (5-70%); Steatotic SCS, 10% (5-80%); Steatotic discarded, 25% (5-70%), Lean
cNMP, 0.5% (0-4%); Lean SCS, 1% (0-4%); P < 0.001 (Figure 4.1A).

Ninety-three livers had a corresponding digitised LT1 biopsy image available for digital image
analysis (DIA) and with a significant difference in median 1d-MaS percentage also noted
between groups: Steatotic cNMP=19, 13.08% (0.10-36.11%); Steatotic SCS=11, 7.37% (0.35-
47.2%); Steatotic discarded=9, 8.11% (1.05-35.95%); Lean cNMP=37, 0.16% (0.00-2.54%);
Lean SCS=17, 0.19% (0.04-6.784%); P = 0.000 (Figure 4.1B). The correlation between digital
image analysis and the histopathologist report of 1d-MaS was also assessed (» = 0.81, P <

0.001), (Figure 4.1C).
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Figure 4.1A-C. The median and IQR are presented for each group. Scatter dot plots demonstrating pre-
preservation (baseline) 1d-MAS percentage in all groups as quantified by histopathological assessment
(A) and digital image analysis (B). Correlation between digital image analysis and histopathological
assessment of 1d-MAS, (»=0.81, P =0.000), (C).

4.3.3 Recipient demographics

Recipient demographics are summarised in Table 4.6. Recipients in all 4 groups were
predominately male with a mean age over 50 years and a comparable MELD score. There was
a non-significant difference in recipient median BMI between groups: Steatotic

cNMP=28.98kg/m? [IQR] (25.07-36.78); Steatotic SCS=29.30kg/m? (25.74-33.70); Lean
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cNMP=25.41kg/m? (22.48-33.39); Lean SCS=28.03kg/m? (24.59-30.63); P = 0.060. The main
indication for liver transplant in all 4 groups was Alcoholic Liver Disease (Steatotic cNMP,

33.3% vs. Steatotic SCS, 41.7% vs. Lean cNMP 34.8% vs. Lean SCS, 38.5%).

Table 4.6. Recipient demographics

Median [IQR], Steatosis Steatosis SCS | Lean cNMP Lean SCS P - value
Column frequency cNMP n=12 n=46 n=26
[%] & Missing n=21
data [Number, %]
Age 61.22 [55.07- | 55.53[50.77- | 54.22 [44.88- | 60.95 [52.68- 0.060
66.09] 61.06] 61.67] 65.97]
Gender
Male 17 [81.0] 9[75.0] 34173.9] 22 [84.6] 0.773
Female 4[19.0] 3[25.0] 12 [26.1] 4[15.4]
MELD score 14 [11.0-19.0] | 11.5[8.0-17.0] 13.0[9.0- 10.5 [8.0- 0.219
16.0] 14.0]
Transplant
indication
N/A
NASH - 1[8.3] 418.7] 2[7.7]
PBC 2 [9.5] - 5[10.9] 2[7.7]
ALD 7[33.3] 5[41.7] 16 [34.8] 10 [38.5]
HCC (Cirrhosis) 3[14.3] 3[25.0] 6[13.0] 1[3.8]
NAFLD 1 [4.8] 1[8.3] - -
Other 8[38.1] 2[16.7] 15 [32.6] 11 [42.3]
Weight (kg) 86.50 [75.0- | 94.43 [87.53-| 74.55[63.8- 80.6 [71.8- 0.032
107.6] 103.33] 92.8] 96.6]
Height (cm) 173.0 [164.0- 176.5[168.5- | 170.5[164.0- | 174.5 [167.0- 0.603
180.0] 183.5] 179.0] 179.0]
BMI (kg/m?) 28.98 [25.07- | 29.30[25.74- | 25.41 [22.48- | 28.03 [24.59- 0.060
36.78] 33.70] 33.39] 30.63]
Creatinine 69.0 [54.0- 79.0 [51.5- 66.0 [55.0- 70.5 [45.0- 0.449
(mmol/L) 100.0] 117.5] 89.0] 87.0]
eGFR 78.53 [59.5- 93.04[41.4- | 95.78[70.8- | 94.48[79.8- 0.652
106.1] 104.2] 110.1] 107.2]
Missing - - 1[2.2] 1[3.8]
Bilirubin (umol/L) 37.0[16.0- 18.5[11.0- 26.5[10.0- 18.0 [13.0- 0.289
72.0] 35.0] 52.0] 27.0]
INR 1.40[1.2-1.7] | 1.20[1.1-1.5] 1.28 [1.17- 1.26 [1.1- 0.198
1.40] 1.4]

4.3.4 Peri-operative and early post-operative outcomes

Peri-operative outcomes are summarised in Table 4.7. There was a significant reduction in the

incidence of post-reperfusion syndrome (PRS) in recipients of Steatotic cNMP livers (14.3%)

compared to Steatotic SCS livers (50%), P = 0.0267. There was also a significant reduction in
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the incidence of early allograft dysfunction (EAD) in recipients of Steatotic cNMP livers
(14.3%) compared to Steatotic SCS livers (66.7%), P = 0.002.

Table 4.7. Peri-operative outcomes

Median [IQR + Steatosis Steatosis SCS | Lean cNMP Lean SCS P - value
range], Column cNMP n=12 n=46 n=26
frequency [%] n=21
Re-transplant
operation
No 20 [95.2] 12 [100.0] 42191.3] 26 [100.0] 0.325
Yes 1[4.8] - 418.7] -
Operation 5.75 [4.42- 6.23 [5.04- 5.02 [4.30- 5.23 [3.88- 0.243
duration (hours) 7.32]; 6.95]; 6.15]; 6.85];
[2.95-10.27] [4.67-7.67] | [3.32-15.42] [2.58-13.12]
Operative 37.0 [26.0- 43.0 [34.0- 33.5 [24.0- 33.5 [28.0- 0.521
reperfusion time 53.0]; 48.5]; 53.0]; 44.01;
(minutes) [21.0-70.0] [31.0-55.0] | [14.0-133.0] [18.0-112.0]
Evidence of post-
reperfusion
syndrome
No 18 [85.7] 6 [50.0] 42 [91.3] 19 [73.1] 0.007
Yes 3[14.3%] 6 [50.0] 418.7] 7126.9]
Post-reperfusion 3.6 [2.5-4.2]; 4.4[2.5-6.0]; | 3.5[2.6-4.1]; | 3.45[3.0-4.2]; 0.464
lactate [1.5-6.1] [2.2-6.9] [1.3-8.7] [2.1-5.7]
Early allograft
dysfunction
(EAD)
No 18 [85.7] 4 [33.3] 42191.3] 21 [80.8] <0.001
Yes 3[14.3] 8[66.7] 4[8.7] 5[19.2]

Day 1 post-operative outcomes are summarised in Table 4.8. There was a significant reduction
in day 1 median serum AST in recipients of Steatotic cNMP livers (898 IU/L (IQR: 466.0-
1355.0)) compared to Steatotic SCS livers (2478.5 TU/L (978-4084.5)); P = 0.0270 (Figure
4.2A). Day 1 serum AST in recipients of steatotic cNMP livers (898 IU/L (466.0-1355.0)) was
comparable to Lean SCS livers (741 IU/L (476.0-1193.0)); P = 0.995 (Figure 4.2B). Day 1
serum AST in recipients of Lean cNMP livers (421 IU/L (238.0-626.5)) was significantly lower
than Steatotic cNMP livers (898 TU/L (466.0-1355.0)); P = 0.001 (Figure 4.2C). Day 1 serum
AST in recipients of Lean SCS livers (741 IU/L (465.0-1419.0)) was significantly higher than
Lean cNMP livers (421 IU/L (235.0-633.8)); P = 0.0007 (Figure 4.2D).

There was also a significant reduction in day 1 median serum ALT in recipients of Steatotic

cNMP livers (668 TU/L (379.0-1165.0)) compared to Steatotic SCS livers (1524 TU/L (854.5-
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2474.5)); P =0.0390 (Figure 4.2A). Day 1 serum ALT in recipients of steatotic cNMP livers
was comparable to Lean SCS livers (557 IU/L (417.0-1063.0)); P = 0.689 (Figure 4.2B). Day
1 serum ALT in recipients of Lean cNMP livers (304.5 TU/L (176.0-486.0)) was significantly
lower than Steatotic cNMP livers (668 IU/L (379.0-1165.0)); P = 0.001 (Figure 4.2C). Day 1
serum ALT in recipients of Lean SCS livers (577.0 IU/L (368.5-1122.0)) was significantly
higher than Lean ¢cNMP livers ( 304.5 TU/L (175.3-496.3)); P = 0.0017 (Figure 4.2D). There

was a non-significant reduction in the requirement for renal replacement therapy (RRT) in

recipients of Steatotic cNMP livers (19%) compared to Steatotic SCS livers (33.3%), P=0.357.

Table 4.8. Day 1 post-operative outcomes

Mean = SD, Median Steatosis Steatosis SCS | Lean cNMP | Lean SCS | P-value
[IQR =+ range], cNMP n=12 n=46 n=26
Column frequency n=21
[%] & Missing data
[Number, %]
Day Patient 21[100.0] 12 [100.0] 46 [100.0] | 26[100.0] N/A
1 survival
Graft survival
Yes 21 [100.0] 12 [100.0] 45197.8] | 26[100.0] N/A
No - - 1[2.2] -
Level of care
ITU/HDU 21[100.0] 12 [100.0] 46 [100.0] 25196.2] N/A
Ward - - - 1[3.8]
RRT 4 119.0] 4133.3] 6[13.0] 3[11.5] 0.602
Bilirubin 54.0 [24.0- 71.0 [34.5- 33.0[16.0- | 39.0[16.0- 0.256
(nmol/L) 101.0] 93.5] 66.0] 73.0]
Missing - - 1[2.2] -
AST (IU/L) 898 [466.0- 2478.5 [978- 421 [238.0- | 741 [476.0- <0.0001
1355.0] 4084.5] 626.5] 1193.0]
Missing - - 6[13.0] 1[3.8]
ALT (IU/L) 668 [379.0- 1524 [854.5- | 304.5[176.0- | 577 [417.0- <0.0001
1165.0] 2474.5] 486.0] 1063.0]
Missing 2 [9.5] 4 [33.3] 8[17.4] 9[34.6]
INR 1.71.4-2.0] | 1.55[1.3-2.19] 1.59 [1.3- 1.6 [1.4- 0.487
1.8] 1.8]
Missing - - 2 [4.4] -
Lactate 1.5[1.2-2.4]; 2.2[1.05- | 1.5[1.0-2.0]; 1.2 [0.9- 0.386
(mmol/L) [0.6-13.4] 2.73]; [0.5-3.7] 2.5];
4119.04] [0.9-4.1] 9[19.6] [0.2-7.4]
- 4[15.4]
Missing
Creatinine 100 [78.0- 144.5 [120.5- 65.0 [54.0- | 96.0 [56.0- 0.002
127.0] 172.5] 99.0] 133.0]
Missing - - 1[2.2] -
Platelets 71.5[52.0- 68.0 [41.0- 95.0[67.0- | 91.0[73.0- 0.178
107.0] 83.0] 116.0] 106.0]
Missing 1[4.8] 2 [16.7] 1[2.2] 3[11.5]
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Figure 4.2A-D. Box and whisker plots demonstrating significant reduction in Day 1 serum AST &
ALT between Steatotic cNMP and Steatotic SCS livers (A), comparable Day 1 serum AST & ALT
between Steatotic cNMP and Lean SCS livers (B) and significantly lower AST & ALT between Lean
cNMP and Steatotic cNMP livers (C) and significantly higher AST & ALT between Lean SCS and
Lean cNMP livers (D). Data present as median with IQR and range. *p < 0.05, ** p < 0.01, *** p <
0.001.
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Day 7 and 10 post-operative outcomes are summarised in Table 4.9. One liver in the Steatotic
cNMP group developed PNF, this was also associated with recipient mortality within the first
7 days post-transplant. Perfusion characteristics of this liver demonstrated persistent acidosis
with lactate >4mmol/L throughout perfusion and absence of bile production despite a

homogenously perfused appearance of the liver parenchyma.

In addition, there was a significant reduction in median serum peak AST (during first 7 days
post-transplant) in recipients of Steatotic cNMP livers (906 IU/L (IQR: 524.0-1417.0))
compared to Steatotic SCS livers (2479 IU/L (1173.0-4476.0)); P=0.0126 (Figure 4.3A). Peak
AST in recipients of steatotic cNMP livers (906 TU/L (524.0-1417.0)) was comparable to Lean
SCS livers (683.5 TU/L (470.5-1320.0)); P = 0.649 (Figure 4.3B). Peak AST in recipients of
Lean cNMP livers (407 TU/L (229.5-654.5)) was significantly lower than Steatotic cNMP livers
(906 TU/L (524.0-1417.0)); P <0.001 (Figure 4.3C).
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Figure 4.3A-C. Box and whisker plots demonstrating significant reduction peak AST between Steatotic cNMP and Steatotic SCS livers (A), comparable peak AST between
Steatotic cNMP and Lean SCS livers (B) and significantly lower AST between Lean cNMP and Steatotic cNMP livers (C). Data present as median with IQR and range. *p <

0.05, ** p< 0.01, *** p < 0.001.
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Recipients transplanted with both Steatotic cNMP livers and Steatotic SCS livers required

continued critical care support (ITU/HDU stay) at post-operative day 10 compared to Lean
NMP and SCS livers: Steatotic cNMP (31.6%); Steatotic SCS (33.3%); Lean cNMP (8.7%);

Lean SCS (3.8%). There was a significant difference in the requirement for RRT between all

4 groups at post-operative day 10: Steatotic cNMP (10.5%); Steatotic SCS (33.3%); Lean
cNMP (2.2%); Lean SCS (11.5%); P =0.013.

Table 4.9. Day 7 and 10 post-operative outcomes

Mean = SD, Median Steatosis Steatosis SCS | Lean cNMP Lean SCS P-
[IQR =+ range], cNMP n=12 n=46 n=26 value
Column frequency n=21
[Yo]
Day Patient
7 survival
Yes 20 [95.2] 12 [100.0] 46 [100.0] 26 [100.0] N/A
No 1[4.8]° - - -
Graft survival
Yes 20 [95.2] 11 [91.7] 45197.8] 26 [100.0] N/A
No 1[4.8]* 1[8.3] 1[2.2] -
Level of care
ITU/HDU 9 [45.0] 7[58.3] 9[19.6] 6[23.1] 0.066
Ward 10 [50.0] 4 [33.3] 36 [78.3] 19 [73.1]
Qutpatient 1[5.0] 1[8.3] 1[2.2] 1[3.8]
RRT 3 [15.0] 3 [25.0] 2 [4.3] 3[11.5] 0.174
Peak AST (IU/L) 906 [524- 2479 [1173- 407 [229.5- | 683.5[470.5- | <0.0001
1417] 4476] 654.5] 1320]
Day Patient
10 survival N/A
Yes 19 190.5] 12 1100.0] 46 [100] 26 [100.0]
No 2[9.5]° - - -
Graft survival
Yes 19 190.5] 11 [91.7] 45197.8] 26 [100.0] N/A
No 2[9.5]° 1[8.3] 1[2.2] -
Level of care
ITU/HDU 6 [31.6] 4 [33.3] 4 [8.7] 1[3.8] 0.065
Ward 10 [52.6] 6 [50.0] 31[67.4] 20 [76.9]
Qutpatient 3 [15.8] 2 [16.7] 11[23.9] 5[19.2]
RRT 2 [10.5] 4133.3] 1[2.2] 3[1L.5] 0.013

* Death due to primary non-function (PNF)

4.3.5 Longer-term outcomes

There was a non-significant reduction in graft survival between the 4 groups at post-operative
months 6 and 12 (Table 4.10): Steatotic cNMP (90.5%); Steatotic SCS (88.3%); Lean cNMP
(93.5%); Lean SCS (100%).
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Table 4.10. Longer-term post-operative outcomes

Median [IQR], Column Steatosis Steatosis Lean Lean SCS P - value
frequency [%] & Missing cNMP SCS cNMP n=26
data [Number, %] n=21 n=12 n=46
Month  Patient survival
6 Yes 19 [90.5] 12 [100.0] 45 [97.8] 25[96.2] 0.443
No 2[9.5]° 010.0] 1[2.2] 1[3.8]
Graft survival
Yes 19 [90.5] 10 [88.3] 43 [93.5] 26 [100] 0.255
No 2[9.5]° 2[16.7] 3[6.5] 010.0]
Bilirubin 9.0 [4.0- 11.0[9.0- | 8[6.0-14.0] 8.0 [6.0- 0.793
(nmol/L) 16.0] 12.0] 418.9] 13.0]
Missing - 3 [25.0] -
AST (IU/L) | 20.5[14.0- 22.0[17.0- | 28.0[22.0- 21.0[16.0- 0.156
31.0] 25.0] 37.0] 27.0]
Missing 1[5.3] 5[41.7.0] 8[17.8] 3[12.0]
ALT (IU/L) | 19.0[14.0- 15.0[13.5-| 25.5[17.5- 21.0 [14.0- 0.244
42.0] 20.0] 43.5] 39.0]
Missing 1[5.3] 4133.3] 5[11.1] -
Creatinine | 92.0[70.0- 95.0 [80.0- | 88.0[76.0- | 100.0[88.0- 0.336
107.0] 126.0] 105.0] 124.0]
Missing - 3 [25.0] 4 18.9] -
Month  Patient survival
12 Yes 19 [90.5] 12 [100.0] 45 [97.8] 25[96.2] 0.443
No 2[9.5]* 010.0] 1[2.2] 1[3.8]
Graft survival
Yes 19 [90.5] 10 [83.3] 43 [93.5] 26 [100] 0.255
No 2[9.5]° 2116.7] 3[6.5] 010.0]
Bilirubin 10.0 [4.0- 12.0 [5.0- 9.0 [4.0- 9.0 [6.5- 0.948
(pmol /L) 15.5] 13.0] 15.0] 12.0]
Missing 3[15.8] 3 [25.0] 6 [13.3] 1[4.0]
AST (IU/L) | 21.0[19.0- 25.0[13.0- | 25.5[20.0- 21.0[15.0- 0.174
22.0] 38.0] 37.5] 27.0]
Missing 7 [36.8] 5[41.7] 13 [28.9] 6 [24.0]
ALT (IU/L) | 25.5[18.5- 19.5[12.5- | 24.0[16.0- 17.0 [13.0- 0.111
30.5] 26.0] 36.0] 24.0]
Missing 3[15.8] 4133.3] 6 [13.3] 2 [8.0]
Creatinine | 89.5[67.0- | 107.0[96.0- | 90.0 [74.0- | 102.0[83.5- 0.188
109.5] 120.0] 106.0] 128.0]
Missing 3[15.8] 3 [25.0] 6 [13.3] 1[4.0]

* Death due to primary non-function (PNF)

4.3.6 Histological analysis
4.3.6.1 Changes in ld-MaS

Seventeen out of 21 steatotic donor livers preserved with cNMP had a full complement of pre-

preservation (LT1), post-preservation (LT2) and post-reperfusion (LT3) biopsy available for

comparison of 1d-MaS. There was a non-significant reduction in median histopathological 1d-
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MaS percentage during preservation and post-reperfusion: LT1, 15% and range (5-70%); LT2,
5% (0-35%); LT3, 7% (1-36%); P = 0.078. This reduction in 1d-MaS was not evident on DIA:
LTI, 13.17% (0.10-36.11%); LT2, 13.24% (0.085-37.85); LT3, 9.01% (0.14-43.07%); P =
0.840 (Figure 4.4A).

Ten out of 12 steatotic donor livers preserved with SCS had a full complement of pre-
preservation (LT1), post-preservation (LT2) and post-reperfusion (LT3) biopsy available for
comparison of 1d-MaS. There was a non-significant reduction in median histopathological 1d-
MaS percentage during preservation and post-reperfusion: LT1, 10% and range (5-80%); LT2,
5.5% (1-80%); LT3, 5.5% (2-80%); P = 0.342. This reduction in 1d-MaS was not evident on
DIA: LTI, 6.40% (0.35-47.2%); LT2, 4.52% (0.57-44.44); LT3, 6.27% (0.00-29.89%); P =
0.889 (Figure 4.4B).
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Figure 4.4A-B. Scatter dot plots demonstrating change in 1d-MaS in Steatotic cNMP livers (A) and Steatotic SCS livers (B) on histopathological evaluation
and digital image analysis (DIA). The median, IQR and range are presented for each group.
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4.3.6.2 Glycogen depletion

There was a non-significant difference in median glycogen depletion percentage between
groups pre-preservation (LT1): Steatotic cNMP, 10% and range (0-99%); Steatotic SCS, 10%
(0-80%); Lean cNMP, 12.5% (0-100%); Lean SCS, 5.5% (0-80%); P = 0.538 (Figure 4.5A).
Static cold stored livers had a higher median glycogen depletion percentage at the end of
preservation (LT2) compared to NMP preserved livers: Steatotic NMP, 1% and range (0-95%);
Steatotic SCS, 24% (0-80%); Lean NMP, 4% (0-90%); Lean SCS, 8% (0-90%); P = 0.157
(Figure 4.5B). There was a significant difference between groups post-reperfusion (LT3), livers
preserved with cNMP had lower median glycogen depletion percentage compared to livers
preserved with SCS: Steatotic cNMP, 30% and range (0-85%); Steatotic SCS, 67.5% (0-90%);
Lean cNMP, 10% (0-100%); Lean SCS, 40% (2-100%); P =0.0221 (Figure 4.5C). In addition,
Dunn’s multiple comparisons test demonstrated a significant difference in glycogen depletion

percentage between Lean cNMP and Lean SCS livers, P = 0.0337.
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Figure 4.5A-C. Scatter dot plots demonstrating change glycogen depletion percentage for all groups: pre-preservation (LT1) (A) post-preservation (B) and
post-reperfusion (C) on histopathological evaluation. The median, IQR and range are presented for each group. *p < 0.05.
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4.3.6.3 Histological preservation reperfusion injury (PRI)

There was a significant difference in histological PRI scores between groups, Steatotic cNMP
livers had comparable median PRI scores (0-6) post-reperfusion (LT3) to Lean SCS livers:
Steatotic cNMP, 2 and range (0-5); Steatotic SCS, 4 (0-6); Lean cNMP, 1 (0-6); Lean SCS, 2
(0-5); P =0.0463 (Figure 4.6). In addition, Dunn’s multiple comparisons test demonstrated a
significant difference in PRI scores between Steatotic SCS and Lean cNMP livers, P = 0.040
(Figure 4.6).
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Figure 4.6. Violin plots demonstrating median PRI post-reperfusion for all groups. The median, IQR
and range are presented for each group. *p < 0.05.

4.3.7 Perfusate analysis
Sequential perfusate samples collected at 15 min (P1), 60 min (P2) and end of perfusion (P3)
from all Steatotic cNMP livers (including those not transplanted following NMP) were

compared with lean counterparts.
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4.3.7.1 Hepatocellular injury

Steatotic cNMP livers demonstrated evidence of a greater degree of hepatocellular injury
compared to lean cNMP livers throughout preservation, with a high mean ALT at 15 min
(1560.46 + 1766.04 TU/L vs. 840.40 + 1560.70 IU/L, P = 0.0104) and, at 60 min (1673.50 +
1758.88 TU/L vs. 993.61 + 1869.37 IU/L, P = 0.0035) and end of preservation (2242.33 +
2138.77 TU/L vs. 1492.95 + 2977.11 IU/L, P = 0.0042), (Figure 4.7A). This trend was also
reflected in perfusate AST at 15 min (2180.63 +£2130.35 IU/L vs. 1151.71 = 2206.80 IU/L, P
= 0.0105) (2348.32 + 2262.45 IU/L vs. 1313.01 + 2450.82 IU/L, P = 0.0145) and end of
preservation (3341.84 +2971.30 IU/L vs. 1929.60 + 3505.02 IU/L, P = 0.0029), (Figure 4.7B).
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Figure 4.7A-B. Perfusate ALT (A) and AST (B) in steatotic compared to lean donor livers during
cNMP. Data presented as mean + SD. *p < 0.05, ** p < 0.01, *** p < 0.001.

4.3.7.2 Cholangiocellular

There was no significant difference in perfusate GGT during cNMP in steatotic livers compared
to lean counterparts at 15 min (P = 0.813) and, at 60 min (P = 0.672) and end of preservation
(P = 0.895), (Figure 4.8A). Similarly, perfusate ALP was comparable between groups at 15
min (P =0.159) and, at 60 min (P = 0.480) and end of preservation (P = 0.677), (Figure 4.8B).
Perfusate bilirubin was comparable between groups 15 min (P = 0.473) and, at 60 min (P =
0.346) and end of preservation (P = 0.841), (Figure 4.8C). Steatotic cNMP livers demonstrated
a greater production of bile salts compared to lean livers throughout preservation with a mean
bile salt concentration at 15 min (6.49 £ 8.68 pumol/L vs. 4.17 + 7.47 umol/L, P = 0.278) and,
at 60 min (6.99 + 11.36 pmol/L vs. 4.26 = 7.43 umol/L, P = 0.218) and end of preservation
(81.40 = 136.01 umol/L vs. 67.80 £ 113.19 umol/L, P = 0.717), (Figure 4.8D).
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Figure 4.8A-D. Perfusate GGT (A), ALP (B), Bilirubin (C) and Bile salts (D) in steatotic compared to
lean donor livers during cNMP. Data presented as mean + SD.

4.3.7.3 Hepatic lipid metabolism

There was no significant difference in perfusate cholesterol during cNMP in steatotic livers
compared to lean counterparts at 15 min (P = 0.219) and, at 60 min (P = 0.536) and end of
preservation (P = 0.743), (Figure 4.9A). Steatotic cNMP livers demonstrated greater
mobilisation of triglycerides compared to lean livers throughout preservation with a high mean
perfusate triglyceride concentration at 15 min (56.37 + 37.88 mg/dL vs. 30.11 + 19.83 mg/dL,
P =0.0008) and, at 60 min (61.57 = 36.80 mg/dL vs. 34.68 = 19.35 mg/dL, P =0.001) and end
of preservation (149.50 + 117.63 mg/dL vs. 99.33 + 58.92 mg/dL, P = 0.052), (Figure 4.9B).
There was no significant difference in perfusate ApoB during cNMP in steatotic livers
compared to lean counterparts at 15 min (P = 0.458) and, at 60 min (P = 0.995) and end of
preservation (P = 0.343), (Figure 4.9C). Steatotic cNMP livers demonstrated greater fatty acid
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metabolism compared to lean livers throughout preservation with a high mean perfusate 3-
OHB concentration at 15 min (0.27 + 0.15 mmol/L vs. 0.17 £ 0.09 mmol/L, P =0.001) and, at
60 min (0.48 + 0.34 mmol/L vs. 0.27 = 0.14 mmol/L, P = 0.003) and end of preservation (1.47
+ 1.30 mmol/L vs. 0.83 £ 1.07 mmol/L, P = 0.018), (Figure 4.8D).
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Figure 4.9A-D. Perfusate cholesterol (A), triglycerides (B), ApoB (C) and 3-OHB (D) in steatotic
compared to lean donor livers during cNMP. Data presented as mean + SD. *p < 0.05, ** p < 0.001,
*** p <0.0001.

4.3.7.4 General metabolism

Steatotic cNMP livers demonstrated inferior lactate clearance compared to lean livers
throughout preservation with a high mean perfusate lactate concentration at 15 min (9.29 +
3.91 mmol/L vs. 8.96 + 4.16 mmol/L, P = 0.656) and, at 60 min (4.20 = 4.60 mmol/L vs. 2.85
+ 2.50 mmol/L, P = 0.392) and end of preservation (1.42 + 2.13 mmol/L vs. 0.73 + 0.65
mmol/L, P = 0.601), (Figure 4.10A). There was no significant difference in urea production

during cNMP in steatotic livers compared to lean counterparts at 15 min (P = 0.735) and, at 60
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min (P = 0.694) and end of preservation (P = 0.546), (Figure 4.10B). Similarly, there
comparable glucose metabolism between groups at 15 min (P = 0.653) and, at 60 min (P =
0.810) and end of preservation (P = 0.673), (Figure 4.10C). However, steatotic cNMP livers
demonstrated non-significant lower perfusate insulin levels compared to lean livers throughout
preservation with a reduction in perfusate insulin concentration at 15 min (1024.67 + 1521.15
pmol/L vs. 1246.36 + 1442.97 pmol/L, P =0.271) and, at 60 min (566.40 + 967.93 pmol/L vs.
824.95 £ 1107.48 mmol/L, P = 0.143) and end of preservation (1158.60 + 1397.10 pmol/L vs.
1622.11 + 1509.32 pmol/L, P = 0.088), (Figure 4.10D).
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Figure 4.10A-D. Perfusate lactate (A), urea (B), glucose (C) and insulin (D) in steatotic compared to
lean donor livers during cNMP. Data presented as mean + SD.
4.3.7.5 Systemic inflammation and metabolic stress

There was no significant difference in perfusate CRP during cNMP in steatotic livers compared
to lean counterparts at 15 min (P = 0.542) and, at 60 min (P = 0.620) and end of preservation
(P = 0.603), (Figure 4.11A). Steatotic cNMP livers demonstrated greater FGF-21 release
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compared to lean livers throughout preservation with a high mean perfusate FGF-21
concentration at 15 min (9579.71 + 23403.31 ng/L vs. 7007.63 + 23276.50 ng/L, P = 0.173)
and, at 60 min (17742.92 + 30348.72 ng/L vs. 14974.65 + 34362.35 ng/L, P =0.110) and end
of preservation (376987.0 + 322046.51 ng/L vs. 234686.29 + 260028.16 ng/L, P = 0.116),
(Figure 4.11B).
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Figure 4.11A-B. Perfusate CRP (A) and FGF-21 (B) in steatotic compared to lean donor livers during
cNMP. Data presented as mean + SD.

4.4 Discussion

In this chapter, through analysis of clinical data, biological (biopsy) and cNMP perfusate
samples from obtained from a Phase III multicentre RCT comparing the efficacy of cNMP to
SCS, I have demonstrated the potential clinical benefit of cNMP in the transplantation of
steatotic donor livers. I have also explored the utility of digital image analysis to map changes
in 1d-MaS during perfusion and reperfusion, thereby reducing inter-observer variability of
conventional histopathology reports allowing for a more reproducible and accurate
quantification of hepatic steatosis. The biochemical analysis of perfusate has identified
potential biomarkers associated with metabolic changes occurring during perfusion of steatotic

donor livers.

4.4.1 Clinical outcomes

From the data presented, the clinical manifestations of IRI (PRS and EAD) and reduction in
peak AST in the first 7 days post-transplant were significantly reduced in steatotic livers
preserved with cNMP compared to SCS and were also comparable to lean livers preserved with

SCS. Whilst one liver in the Steatotic cNMP group with persistently high lactate (4mmol/L)
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throughout perfusion developed PNF (with associated recipient mortality within the first 7 days
post-transplant), the overall clinical data suggest the ability of cNMP to reduce the risk profile
of steatotic donor livers to that comparable with lean livers preserved with SCS. It can be
hypothesised that cNMP allows for ex-situ reperfusion reconditioning (the ability to overcome
the ‘first hit’), prior to the actual reperfusion in the recipient (the ‘second hit’, following
transplantation). The reason for the success of this reconditioning is likely multifactorial, and
related to molecular, biological and cellular changes (see Chapter 5) occurring during cNMP
but also influenced by cold ischaemia time (CIT), which was minimised in this cohort due to

continuous NMP.

As an alternative approach to cNMP, many centres have adopted a back-to-base approach of
NMP post SCS (pSCS-NMP) to facilitate transplant logistics. However, this end-ischaemic
approach may provide inferior results as the liver graft may be significantly damaged even after
a short period of CIT and result in discard of steatotic livers as demonstrated in a number of
end-ischaemic (pSCS-NMP) studies that have included a small proportion of steatotic livers

within the overall cohort, Table 4.11.
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Table 4.11. Outcomes of pSCS-NMP studies

Author Number (n)

Outcomes

Watson et al., 2018 (227) 1

Liver described as ‘very steatotic’ and was accepted
for research with no subsequent transplant
Liver demonstrated no glucose metabolism and
high ALT of 7542 IU/L at 2 hours of NMP

Ceresa et al., 2019 (210) 1

Out of the three (9.7%) discarded livers, one liver
had histological evidence of 80% MaS. This liver
was discarded due to poor lactate clearance, glucose
metabolism and lack of bile production.

Mergental et al., 2020 2
(202)

Out of the 9 (29%) non-transplanted livers, 2 livers
had histological evidence of moderate and severe
steatosis, respectively.

7 out of the 9 non-transplanted livers failed to meet
the study viability criteria for transplantation. Out
of 2 remaining livers, 1 was not transplanted due to
poor vessel quality and the other due to donor
cancer despite meeting viability criteria for
transplantation.

Notably, the livers that did not meet viability
criteria were heavier, with increased donor peak
AST, longer CIT (550 vs. 452 mins) and a greater
proportion (77.8% vs 40.9%) had MaS >30%.

Patrono et al., 2022 (211) 14

Out of the 14 livers with MaS > 30%, 10 livers
(71.4%) resulted in transplantation and of these, 2
(14.3%) developed PNF.

In this present cohort, 22 out of 28 steatotic livers (78.6%) preserved with cNMP resulted in

transplants. Of these, 1 steatotic liver was excluded following cNMP due to a subsequent ABO

incompatible transplant, resulting in a final cohort of 21 transplanted steatotic livers preserved

with cNMP available for recipient outcome analysis. In contrast, only 12 out 20 (60%) livers

preserved with SCS resulted in transplants. Overall, steatotic livers preserved with cNMP had

comparable graft survival compared to SCS (90.5% vs. 88.3%) and comparable graft survival

to lean livers preserved with SCS (90.5% vs. 93.5%). Only lean livers preserved with SCS had

100% graft survival at 12 months. Whilst our cohort of steatotic livers preserved with cNMP

also included those with MaS < 30%, the findings suggest higher utilisation of steatotic donor

livers compared to the end-ischaemic (pSCS-NMP) study performed by Patrono et al., which

resulted in transplantation of 10 out 14 steatotic livers (71.4%) (211).
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In support of the findings of our current cohort and addressing the limitations of end-ischaemic
NMP, Patrono et al. have published a recent proof-of-concept case describing using upfront
NMP (cNMP) of a HCV-positive DBD donor with 70% MaS which fulfilled metrics of ex-situ
functional assessment (as prescribed by both the Birmingham and Gronigen criteria). Post-
operative recipient follow-up at 6-months demonstrated both graft and patient survival with
normal hepatic function and no clinical (or laboratory) evidence of ischaemic cholangiopathy

(212).

The potential benefits of preventing ischaemia and complete avoidance of cooling have been
explored by He et al., with the first report of successful ischaemia free liver transplantation
(IFLT) performed in China of a steatotic DBD donor liver with 85-95% MaS (213). IFLT
involves procurement, preservation, and implantation of the donor liver under cNMP without
any interruption of blood flow. The subsequent clinical application of this procedure has

demonstrated promising results which are detailed in Chapter 1.6.2.

4.4.2 Histological changes

Whilst research FFPE biopsies were taken as part of the study, the results of these were not
immediately available and therefore did not influence the decision to transplant. However, the
routine use of biopsies with real-time automated results could guide donor liver preservation
strategies in future studies, particularly when directed towards livers with moderate-severe
steatosis in order to improve utilisation and reduce discard rates. I therefore explored the utility
of rapid automated image analysis using Visiopharm® digital image analysis (DIA) software
to assess the degree of hepatic steatosis (HS) compared to the histopathologist's report. There
was a strong correlation at LT1 (pre-preservation) between histopathologist assessment of 1d-

MasS and Visiopharm® DIA software (r = 0.81, P <0.001).

In previous studies, the main limitation of DIA has been the actual steatosis percentages
obtained from conventional histopathological evaluation being 1.5-4 fold higher than those
generated by other DIA platforms, resulting in its limited use (80,94,267-270). This limitation
was addressed using the Visiopharm® DIA software which provided comparable 1d-MaS
percentages to that reported by histopathologists. In addition, the effect of NMP and SCS pre-
preservation (LT1), post-preservation (LT2) and post-reperfusion (LT3) on percentage of 1d-

MaS was also assessed. Both preservation techniques demonstrated a reduction in 1d-MaS
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overtime as reported by the histopathologist. However, use of the Visiopharm® DIA software
provided improved accuracy in assessment of 1d-MaS and demonstrated no reduction overall
in 1d-MaS. This finding supports the role of DIA in assessment in sequential biopsies obtained
during preservation as means of providing reproducible and accurate quantification of steatosis
(284) and potential application in monitoring the effect of pharmacological interventions i.e.

defatting during NMP.

The findings of non-reduction in HS following cNMP in our cohort are consistent with those
of Liu et al. whose series included 10 discarded human steatotic livers perfused over 24h with
no histological reduction in steatosis (219). The inability to reduce HS during cNMP in this
study cohort as evidenced by significantly higher post-operative peak AST in recipients of
steatotic livers preserved with cNMP compared to lean livers preserved with cNMP support
the concept that steatotic livers have a greater susceptibility to hepatocellular injury initiated at
the level of parenchymal hepatocytes (115,116,287). Whilst the findings overall suggest a
comparable outcome of steatotic livers preserved with cNMP and lean livers preserved with
SCS, there is scope for ex-situ optimisation to further reduce the risk profile of steatotic livers

preserved with cNMP to that comparable to lean livers preserved with cNMP.

In the current cohort, all livers had similar degrees of median glycogen depletion prior to
preservation (LT1), only livers preserved with cNMP had repletion of glycogen at the end of
preservation (LT2). However, during recipient reperfusion (LT3) livers preserved with cNMP
had lower median glycogen depletion percentage compared to livers preserved with SCS.
Under the hypoxic conditions of SCS, glycolysis becomes a pivotal metabolic pathway,
essential for maintaining cellular integrity and viability. The cessation of hepatic glycolysis,
triggered by either the accumulation of its end products or insufficient glycogen substrate, can
lead to cell death (288,289). In a study by Cherid et al., analysis of 62 liver biopsies revealed
significant glycogen depletion i.e. 48% in peri-portal regions and 78% overall during cold
ischemia, which further exacerbated upon reperfusion (290). This depletion of glycogen plays
a critical role in ischemia-reperfusion injury (IRI) and subsequent post-transplantation
outcomes, as glycogen reserves are crucial for preserving hepatocellular integrity and function
through glucose provision for ATP synthesis. The consumption of glycogen results in ATP

depletion, culminating in irreversible cellular damage and necrosis (291).
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Several studies have underscored the significance of hepatocellular ATP levels ex-situ and the
functionality of post-transplant grafts, indicating a strong association between elevated ATP
levels and favourable transplant outcomes (292-294). The differential glycogen storage
observed among groups in this study during preservation may elucidate the attenuated
reperfusion injury in ischaemia-reperfusion injury (IRI) in livers preserved with cNMP
compared to SCS counterparts with improved post operative graft function. In addition, the
ability of cNMP to attenuate IRI is also reflected in the histological preservation reperfusion
injury (PRI) scores of steatotic livers. Steatotic cNMP livers had comparable median PRI
scores (0-6) post-reperfusion (LT3) to Lean SCS livers: Steatotic cNMP, 2 and range (0-5);
Steatotic SCS, 4 (0-6); Lean cNMP, 1 (0-6); Lean SCS, 2 (0-5); P =0.0463. These histological
findings also correlate with clinical outcomes of steatotic livers preserved with cNMP
including reduction in PRS, EAD, peak AST and need for RRT with comparable outcomes to

lean livers preserved with SCS.

4.4.3 Perfusate analysis during cNMP

Steatotic livers demonstrated a greater degree of hepatocellular injury (ALT and AST) during
cNMP compared to lean counterparts throughout preservation with highest levels at end of
perfusion. This finding supports the hypothesis that steatotic livers are susceptible to greater
injury initiated at the level of the hepatocytes. Several mechanisms can explain this
observation: (i) altered membrane permeability and cellular integrity: fatty infiltration in
hepatocytes alters cell membrane stability and permeability, making them more prone to
rupture and necrosis under perfusion conditions with release of ALT and AST into the perfusate
(115,148); (i1) inflammatory response and hepatocellular damage: steatosis is often associated
with a chronic inflammatory state within the liver, characterised by the infiltration of pro-
inflammatory cells and cytokines that can exacerbate hepatocellular damage during NMP
(116); and; (iii) impaired regenerative capacity: steatotic livers have been shown to possess
impaired regenerative capacity, this can result in sustained hepatocellular damage during

perfusion (217,295).

An interesting finding was higher mean bile salts at the end of preservation in steatotic livers:
end of preservation (81.40 £ 136.01 pmol/L vs. 67.80 £ 113.19 pmol/L, P = 0.717). The
changes in perfusate bile salts during normothermic perfusion of steatotic livers has not been

previously reported. Whilst the mechanism is unknown, it can be hypothesised that the higher
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levels of bile salts observed in the perfusate of steatotic livers are attributed to: (i) impaired bile
acid transport: steatosis can impair the function of bile acid transporters on including the bile
salt export pump (BSEP) and sodium-taurocholate co-transporting polypeptide (NTCP)
resulting in altered bile acid dynamics and subsequent release into the perfusate (296,297) and;
(i1) enhanced bile acid synthesis: steatotic livers may exhibit enhanced bile acid synthesis as a
compensatory mechanism to deal with increased hepatic lipid content (297,298). However,
further research is needed to elucidate the precise mechanisms by which steatotic livers exhibit
higher levels of bile salts in perfusate, including detailed studies on bile acid transport and

metabolism in the context of liver steatosis.

cNMP of steatotic livers resulted in greater mobilisation of triglycerides compared to lean livers
at 15 min of perfusion. This is comparable to a previous study by Liu et al. who demonstrated
an increase in perfusate TG in steatotic livers preserved over 24 h, however, without a control
group, the authors were unable to establish if this effect was greater in steatotic livers (219). In
addition, steatotic livers preserved with cNMP demonstrated evidence of greater fatty acid -
oxidation concentration (through ketone body production) compared to lean counterparts.
These changes noted in the perfusate can be attributed to the utilisation of an expanded fatty
acid reservoir present within the steatotic liver, supplying fatty acyl-CoA for both esterification

and oxidation processes.

Although not statistically significant, steatotic livers demonstrated inferior lactate clearance
compared to lean livers throughout cNMP. Impaired lactate clearance in steatotic livers during
perfusion can be contributed to by a number of factors: (i) mitochondrial dysfunction: impaired
oxidative phosphorylation and the efficient use of oxygen for ATP production with greater
reliance on anaerobic glycolysis, even in the presence of oxygen (a phenomenon known as the
Warburg effect), leading to an increased production of lactate (299,300); (ii) hypoxia:
excessive fat accumulation in steatotic livers can lead to structural and functional alterations in
the liver microcirculation, potentially causing inadequate oxygen supply to hepatocytes, the
resulting hypoxia favours anaerobic glycolysis over oxidative phosphorylation, further
increasing lactate production and release during NMP (301) and; (iii) impaired lactate
clearance: due to hyperacetylation of lactate clearing enzymes, such as lactate dehydrogenase
B (LDHB) (302). However, in the context of normothermic perfusion, it is also important to

contextualise lactate measurements with the liver functional reserve compared with the limited
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volume of the perfusion circuit i.e. lactate can be cleared at minimal levels of hepatocellular
activity (227). Therefore, when considering lactate measurements, the rate of lactate reduction
per unit of liver weight might serve as a more accurate indicator of hepatocellular function and
elevated lactate levels can also be attributed to trauma or lobar ischemia, due to lactate

production in ischaemic segments of the liver (227).

Steatotic livers had similar glucose levels compared to lean livers during cNMP, however,
demonstrated lower insulin levels throughout preservation. During the initial stages of
normothermic perfusion, liver glycogen levels decrease, indicative of glycogenolysis as the
primary source of observed glucose elevation, which also accounts for heightened glucose
concentrations in cold storage fluids for anaerobic ATP synthesis (227). This glycogenolytic
activity, triggered by glucagon, epinephrine, and other stress hormones, is pronounced during
the withdrawal of treatment in Donation after Circulatory Death (DCD) donors and during
coning in Donation after Brain Death (DBD) donors, periods marked by elevated hormone
levels. Concurrently, lactate conversion to glucose, an oxygen-dependent mechanism, partially
contributes to initial perfusate glucose increase (227). A spontaneous reduction in glucose
levels during perfusion is likely due to glucose uptake by the liver through the insulin-
independent GLUT2 transporter, with subsequent glycogen synthesis, primarily in zone 3.
Despite insulin's established roles in inhibiting glycogenolysis and promoting glycogenesis,
high glucose levels may override insulin's effects, as evidenced by glycogen synthesis in its
absence during normothermic perfusion. In instances where perfusate glucose does not rise
during normothermic perfusion suggest either severe hepatocellular damage or a halt in
glycogenolysis, potentially from glycogen depletion, with glucose challenge tests proposed to

assess metabolic functionality during normothermic perfusion (227).

Steatotic livers preserved with cNMP demonstrated a non-significant increase in Fibroblast
Growth Factor 21 (FGF-21) perfusate concentration at the end of preservation compared to
lean counterparts. The elevation of FGF-21 (a critical regulator of metabolism and stress
response) is likely to reflect the liver's response to ex-situ reperfusion injury and its effort to
correct metabolic dysfunctions. This rise may also indicate of the liver's attempt to regulate
disrupted lipid metabolism and restore normal function amidst the excessive lipid

accumulation. In addition, the function of FGF-21 in hepatocellular protection and repair is
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particularly relevant during normothermic perfusion with respect to mitigating cellular damage

and facilitating recovery from injury (303).

4.4.4 Conclusions

This chapter provides a comprehensive analysis of clinical data, biopsy samples, and
continuous normothermic machine perfusion (c(NMP) perfusate from a previously conducted
Phase III multicentre randomized controlled trial. Specifically, the data presented have enabled
a comparison of the efficacy of cNMP with static cold storage (SCS) for the transplantation of
steatotic donor livers. The findings suggest significant clinical benefits of cNMP in reducing
ischemia-reperfusion injury (IRI) markers such as post-reperfusion syndrome (PRS) and early
allograft dysfunction (EAD), alongside a reduction in peak alanine aminotransferase (AST)
levels in the first 7 days post-transplant. I have also highlighted the advantage of digital image
analysis in quantifying hepatic steatosis with greater reproducibility compared to conventional
histopathology, potentially offering a more objective measure of this important parameter, and

improving donor liver assessment during perfusion.

Whilst this chapter is not without limitations, despite the retrospective nature of this study and
small sample size, I have been able to provide a detailed insight into steatotic livers preserved
with cNMP compared to well matched lean controls with available proteomic data (see Chapter
5). In addition, despite variability in the degree of 1d-MaS in steatotic livers, clear differences
in hepatic lipid metabolism were observed in comparison to lean livers preserved with cNMP.
Biochemical analysis of perfusate has highlighted potential biomarkers indicative of metabolic
changes during perfusion, with steatotic livers showing higher levels of hepatocellular injury
markers, bile salts, triglycerides, 3-hydroxybutyrate (3-OHB) and FGF-21 as well as lower
levels of lactate clearance and perfusate insulin concentrations compared to lean livers. These
findings underscore the metabolic challenges faced by steatotic livers during normothermic
perfusion and open the potential to pharmacologically optimise fat metabolism and enhance
ex-situ function of steatotic liver grafts. I have also identified the need for future clinical trials
to compare different preservation techniques (pSCS-NMP, cNMP, and ischemia-free liver
transplantation [IFLT]) in order to fully understand the impact of cNMP on steatotic liver risk
profiles. In addition, beyond standard normothermic perfusion, these findings provide the basis
for pharmacological optimisation (defatting) as adjunct for improving transplantability of

steatotic donor livers (see chapter 6).
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Chapter 5: The effect of preservation on the proteomic profile of

steatotic donor transplant livers

5.1 Introduction

Poor graft function following transplantation of steatotic livers can be attributed to both
structural and metabolic abnormalities that increase susceptibility to ischaemic injury during
organ procurement, cold storage and following implantation (reperfusion in the recipient).
Large droplet macrovesicular (ld-MaS) steatosis results in the compression of adjacent
sinusoids, which results in decreased sinusoidal perfusion compared to non-steatotic livers
(304). This reduced baseline sinusoidal flow becomes exacerbated following ischaemia-
reperfusion injury (IRI) and consequently limits recovery from acute hepatocellular injury
(305). Metabolically, steatosis is linked to decreased baseline hepatocyte adenosine
triphosphate (ATP) stores, alongside impaired ATP recovery following depletion (306-308).
As recovery from IRI relies on ATP-dependent processes, steatotic livers are at risk of
inadequate function post-transplantation. Additionally, steatotic hepatocytes exhibit increased
sensitivity to oxidative stress (resulting from chronic reductions in antioxidant capacity) and
reactive oxygen species (ROS), potentially leading to graft necrosis following liver

transplantation (309).

Normothermic machine perfusion (NMP) has demonstrated potential in reducing organ discard
rates and early allograft dysfunction (EAD), while achieving comparable graft survival rates to
static cold storage (SCS) (310). The ability to use steatotic donor livers without adversely
affecting patient outcomes could greatly increase the availability of donor livers (221). NMP
presents an opportunity to enhance the quality of steatotic donor livers prior to transplantation.
However, the cellular impairments in steatotic livers during NMP are not fully understood, as
steatotic liver disease is influenced by a variety of systemic factors, making it challenging to

separate these influences from intrinsic hepatocyte abnormalities observed in vivo (311).

To gain a comprehensive understanding of the biological, molecular, and cellular alterations
occurring during preservation, proteomic profiling of steatotic donor livers may provide
valuable insights. This approach enables the detailed characterisation of the proteome within a

given sample under specific conditions by identifying and quantifying the proteins present,
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often in comparison to a control or standard treatment, thus providing differential expression
data (312-314). The differentially expressed proteins (DEPs) identified through this analysis
are subsequently examined using bioinformatics tools to determine the biological, molecular,
and cellular alterations and biological pathways involved. This subsequent analysis is

commonly known as Gene Ontology (GO) enrichment analysis.

Proteomic analysis has been widely applied in drug discovery and biomarker research.
However, its utilisation has largely been confined to centres with adequate resources to operate
expensive instrumentation and manage substantial bioinformatics data (315). The high cost of
such analyses, coupled with the novelty of machine perfusion technology, has led to a scarcity
of proteomic studies on livers preserved with NMP (313). To date, no human clinical studies
have investigated the proteomic profile of steatotic human livers preserved with continuous

NMP (cNMP) that have resulted in transplantation.

This chapter explores the proteomic profile of steatotic donor livers preserved using cNMP and
static cold storage (SCS) compared to lean counterparts. The hypothesis of this chapter is that
NMP of steatotic donor livers improves preservation and reperfusion characteristics compared
to those livers preserved with SCS through activation of biological pathways that favour

recovery from retrieval/preservation related injury and improve graft tolerance to IRI.

The aim of this chapter is to investigate the proteomic profile of steatotic donor livers preserved

with continuous NMP*. The overall objectives are to:

1. Identify tissue proteomic signatures of steatotic livers preserved with continuous NMP
and SCS compared to lean counterparts; and,

2. Identify the impact of preservation technique on proteomic signatures in steatotic livers
preserved with NMP and SCS compared to lean counterparts following reperfusion in

the recipient

*This work was performed as a collaboration between the COPE consortium and the
Target Discovery Institute (University of Oxford, Kessler Group). I was not personally
involved in the sample preparation of the COPE liver samples or the LC-MS data
analysis. However, I performed the subsequent downstream bioinformatics analysis of

donor livers described in this chapter under the post-doctoral supervision of Dr Sadr
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Shaheed (Oxford Transplant Research Group) and Dr Letizia Lo Faro (Oxford

Transplant Research Group).

5.2 Methods

Donor livers with evidence of steatosis were identified from the Consortium for Organ
Preservation in Europe (COPE) liver database and selected based on the pre-preservation (LT1)
H&E biopsy demonstrating evidence of mild (> 5% 1d-MaS) to severe steatosis (defined by a
histopathological score of 1-3). Lean controls were identified and selected based on availability
of tissue proteomic and recipient data. The final study cohort comprised of 105 transplanted
livers, of these only 92 livers had a full set of pre-preservation (LT1), post-preservation (LT2)

and post-reperfusion (LT3) biopsies for proteomic analysis (Table 5.1).

Table 5.1. Number of livers (per phenotype and preservation method) used in the proteomics analysis

Liver phenotype | Preservation | Study cohort, n=105 | Full set of biopsies, n=92
Steatotic NMP 21 18

Steatotic SCS 12 7

Lean NMP 46 46

Lean SCS 26 21

5.2.1 Proteomics analysis

Shotgun proteomics was performed using ion mobility spectrometry (IMS) with liquid
chromatography (LC) and tandem mass spectrometry (MS/MS). All samples were analysed
using the timsTOF Pro (Bruker) instrument (a time-of-flight mass spectrometer that utilises
trapped ion mobility spectrometry) operated in the parallel accumulation-serial fragmentation
(PASEF®) scan mode. The sample preparation and LC-MS analysis is described in Appendix
B.

5.2.1.1 Statistical and bioinformatic analysis

All statistical analyses were conducted using the proDA package (Bioconductor Software
Package version 3.14, in R Studio version 1.4.1106) to identify differentially abundant proteins
between each group, in label-free mass spectrometry data. Proteins were considered
differentially expressed (differentially expressed proteins, DEPs) using P < 0.05, with adjusted
p-values of 5% false discovery rate (FDR, Benjamini-Hochberg method) for multiple
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comparisons. Volcano plots were constructed using the SRPlot web-based bio-informatic tool
with P-min: le-100, fold change cut-off: 1 and P (or FDR) cut-off: 0.05. Protein-protein
interaction (PPI) of statistically significant (P < 0.05) differentially expressed proteins (DEPs)
was performed using the STRING®™ (version 12.0) online database for PPI maps, bio-informatic
Gene-Ontology (GO) and with either general network analysis (when <100 DEPs identified)
or Markov Clustering (MCL) Algorithm cluster analysis (with an inflation parameter of 3 when
>100 DEPs identified). In addition, over-representation analyses of gene ontology (GO) terms,
including the cellular components, biological process and pathway, molecular function, and

enriched pathway analysis was performed using FunRich Version 3.1.4; Functional

Enrichment Analysis Tool (www.funrich.org).

5.3 Results

Proteomes of tissue biopsy samples collected from steatotic and lean livers preserved with
either NMP or SCS were compared between timepoints (LT2, post-preservation vs. LT1, pre-
preservation i.e. the preservation period), (Figure 5.1). In addition, proteomes of post-
reperfusion biopsies (LT3) from steatotic livers (preserved with NMP or SCS) were compared
with lean counterparts (Figure 5.2). Proteins were considered differentially expressed

(differentially expressed proteins, DEPs) using P < 0.05 unless otherwise stated.

Lean SCS LT2 vs. LT1 Steatotic NMP LT2 vs. LT1

Lean NMP LT2 vs. LT1 : Steatotic LT2 SCS vs. LT1

' ~su 29

163 0 1

11

Figure 5.1. Venn diagram demonstrating unique DEPs (P < 0.05) over the preservation phase for
steatotic and lean livers preserved with either NMP or SCS (LT2 vs. LT1).
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Steatotic NMP LT3 vs. Lean NMP LT3 Steatotic SCS LT3 vs. Lean SCS LT3

212 3 57

Figure 5.2. Venn diagram demonstrating unique DEPs (P < 0.05) at reperfusion (LT3) in steatotic livers
(preserved with NMP or SCS) compared with lean counterparts.

5.3.1 Effect of NMP on proteomes of steatotic livers

227 significant (P < 0.05) differentially expressed proteins (DEPs) were identified during NMP
of steatotic donor livers (LT2, post-preservation vs. LTI, pre-preservation). 144 were
upregulated and 83 downregulated. The top 25 most upregulated and downregulated DEPs are
demonstrated in Figure 5.3. Of these, the 5 most clinically relevant (based on biological
function) upregulated DEPs (with functions related to autophagy, leukocyte adhesion,
oxidative phosphorylation and cytoprotection) and downregulated DEPs (with functions
related to lipid storage/metabolism and removal of damaged DNA/protein) are described in

Table 5.2.
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Figure 5.3. The effect of NMP on proteomes of steatotic donor livers. Top 25 upregulated and
downregulated proteins are labelled in the plot.
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Table 5.2. Clinically relevant upregulated (n = 5) and downregulated proteins (n = 5) during NMP of
steatotic donor livers.

Upregulated

Protein name

Function

Fold
change

value

SQSTM1

Sequestosome-1: Autophagy receptor involved in selective
macroautophagy (aggrephagy).

0.799

0.000

ICAM1

Intercellular adhesion molecule 1: Ligand for leukocyte adhesion
protein LFA-1 (integrin alpha-L/beta-2).

0.529

0.000

COX7A2L

Cytochrome c oxidase subunit 7A-related protein, mitochondrial:
Oxidative phosphorylation, energy metabolism, formation of
mitochondrial respiratory super-complex. Part of cytochrome c
oxidase VIla family.

0.956

0.001

NDUFB4

NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 4:
Transfer of electrons from NADH to the respiratory chain.

0.328

0.001

HMOX1

Haem oxygenase 1: Cleaves haem ring to form biliverdin (which
is converted to bilirubin by biliverdin reductase). Cytoprotective
role against free haem which is induces cell apoptosis.

0.368

0.002

Downregulated

Protein name

Function

Fold
change

value

NAXE

NAD(P)HX Epimerase: Protection of cells from reactive oxygen
species (ROS). An epimerase in involved in catalyses of R-
NAD(P)HX to S-NAD(P)HX (toxic cellular metabolites).
Dehydratase NAXD then reconverts S-NAD(P)HX to S-
NAD(P)H. Promotes cholesterol efflux to high-density
lipoprotein (HDL).

-0.730

0.004

APOB

Apolipoprotein B100: Protein constituent of chylomicrons
(ApoB48), LDL (ApoB100) and VLDL (ApoB100). ApoB100
functions as a recognition signal for both the binding and
internalisation of LDLs via the ApoB/E receptor.

-0.904

0.005

PSMB4

Proteasome 20S Subunit Beta 4: Degradation of ubiquitinated
proteins and removal of misfolded and damaged proteins that
could impair cellular function.

-0.676

0.010

APOC4

Apolipoprotein C-IV: Involved in lipoprotein metabolism.

-0.640

0.017

BABAMI1

BRISC and BRCA1-A complex member 1: Component of the
BRCA1-A complex involved in recognition of 'Lys-63'-linked
ubiquitinated histones H2A and H2AX located at DNA lesions
sites and targeting the BRCA1-BARDI heterodimer to sites of
DNA damage at double-strand breaks (DSBs).

-0.699

0.046

Protein-protein interaction (PPI) of statistically significant (P < 0.05) DEPs was performed
using STRING® (version 12.0) online database for PPI maps, bio-informatic and Gene
Ontology (GO). MCL cluster analysis demonstrated 51 unique clusters. Of these, the two main
clusters (identified by their modularity i.e. more densely connected internally than with the rest
of the network and clear separation from other clusters) identified changes in:

e Mitochondrial pathways (Figure 5.4)

e Lipid metabolism, coagulation and immune pathways (Figure 5.5)
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Figure 5.4. STRING cluster analysis of mitochondrial pathways during NMP of steatotic livers: The upregulation of CHCHD2, CHCHD3, COAS®,
COX7A2, COX7A2L, MT-ATP8, NDUFA13, NDUFB4, NDUFB7, NDUFS6, NDUFV2, and UQCRB suggests a coordinated response to enhance
mitochondrial respiratory capacity and oxidative phosphorylation in the liver, crucial for meeting the metabolic demands of hepatocytes. Downregulation of
ATP5PB and NDUFS1 may indicate a shift in metabolic strategy or a response to cellular stress, potentially leading to altered ATP synthesis efficiency. MTHFS
downregulation could affect folate metabolism, impacting nucleotide synthesis and repair processes. Blue halo represents upregulation and red halo represents

downregulation of protein.
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Figure 5.5. STRING cluster analysis of lipid metabolism, coagulation and immune pathways during NMP of steatotic livers: The upregulated proteins
GOLMI, F2, ASGR1, and ICAMI1 are associated with various aspects of hepatic physiology. GOLMI is involved in the secretory pathway and is often
upregulated in liver diseases, F2 (prothrombin) is central to the coagulation cascade, ASGR1 plays a role in lipoprotein metabolism, and ICAMI1 is involved in
inflammatory responses. Downregulated proteins such as APOC4 and APOB, both key components in lipid transport and metabolism, along with C3, a central
protein in the complement system, suggest alterations in lipid homeostasis and innate immunity. Blue halo represents upregulation and red halo represents

downregulation of protein.
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5.3.2 Effect of SCS on proteomes of steatotic livers

46 significant (P < 0.05) DEPs were identified during SCS of steatotic donor livers (LT2, post-
preservation vs. LT1, pre-preservation). 36 were upregulated and 10 downregulated. The top
25 most upregulated and all 10 downregulated DEPs are demonstrated in Figure 5.6. Of these,
the 5 most clinically relevant (based on biological function) upregulated DEPs (with functions
related to metabolism of fatty acids and protein folding) and downregulated DEPs (with

functions related to RAS activation, cellular energy metabolism, succinate dehydrogenase

assembly and ATP hydrolysis) are described in Table 5.3.
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Figure 5.6. The effect of SCS on proteomes of steatotic donor livers. Top 25 upregulated and all 10
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Table 5.3. Clinically relevant upregulated (n = 5) and downregulated proteins (» = 5) during SCS of
steatotic donor livers.

Upregulated

Protein name

Function

Fold
change

value

ACADI11

Acyl-CoA dehydrogenase family member 11: Maximum activity
towards saturated C22-CoA. Role in B-oxidation and metabolism
of fatty acids.

1.334

0.001

ACLY

ATP-citrate synthase: Catalyses the cleavage of citrate into
oxaloacetate and acetyl-CoA (providing a substrate for de novo
cholesterol and fatty acid synthesis).

1.122

0.006

CCT2

T-complex protein 1 subunit beta: Molecular chaperone that
facilitates the folding of proteins upon ATP hydrolysis.

0.486

0.027

HSD17B8

Estradiol 17-beta-dehydrogenase 8: Role in mitochondrial fatty
acid biosynthesis.

0.549

0.035

ACSF2

Medium-chain acyl-CoA ligase ACSF2, mitochondrial: Acyl-
CoA synthases, involved in catalysing the first reaction in fatty
acid metabolism (through formation of thioester with CoA).

0.456

0.044

Downregulated

Protein name

Function

Fold
change

value

APBBI1IP

Amyloid beta A4 precursor protein-binding family B member 1-
interacting protein: Involved in signal transduction (from Ras
activation to actin cytoskeletal remodelling). Suppression of
insulin-induced promoter activities and mediates Rapl-induced
adhesion.

-1.540

0.000

PRKAGI

5'-AMP-activated protein kinase subunit gamma-1: AMP/ATP-
binding subunit of AMP-activated protein kinase (AMPK).
Regulates cellular energy metabolism in response to reduction in
intracellular ATP levels through AMPK related activation of
energy producing pathways and inhibition of energy consuming
pathways i.e. protein, carbohydrate and lipid biosynthesis.

-1.325

0.006

SDHAF2

Succinate dehydrogenase assembly factor 2, mitochondrial:
Assembly of succinate dehydrogenase (SDH, respiratory complex
II), a component of both the tricarboxylic acid (TCA) cycle and
the mitochondrial electron transport chain.

-0.797

0.014

ATP2A2

Sarcoplasmic/endoplasmic reticulum calcium ATPase 2: A
magnesium-dependent enzyme that catalyses the hydrolysis of
ATP coupled with cytosolic calcium (Ca®") translocation to the
sarcoplasmic reticulum lumen.

-0.422

0.028

RALY

NA-binding protein Raly: RNA-binding protein that functions as
a transcriptional cofactor for cholesterol biosynthetic genes.

-0.724

0.040

Protein-protein interaction (PPI) of statistically significant (P < 0.05) DEPs was performed
using STRING® (version 12.0) online database for PPI maps, bio-informatic and Gene
Ontology (GO). As only 46 DEPs were identified, MCL cluster analysis of pathways was not

performed. Instead, general network analysis is demonstrated in Figure 5.7.
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Figure 5.7. STRING network analysis of upregulated and downregulated proteins during SCS of steatotic donor livers: Upregulated DEPs including
UGT2B17, ACAD11, ACLY, CCT2, HSD17B8, and ACSF2 indicate enhanced detoxification, fatty acid B-oxidation, lipid synthesis, protein folding, steroid
metabolism, and fatty acid activation, respectively. UGT2B17 has a key role in the glucuronidation pathway required for detoxification. ACADI11 enhances
fatty acid B-oxidation, a key process in cellular energy production. ACLY is essential in lipid synthesis, catalysing the conversion of citrate to acetyl-CoA,
thereby signifying an increase in lipid biosynthetic activities. CCT2, which is integral to protein folding, indicates an increased requirement for maintaining
protein conformation and functionality under stress conditions. Involvement of HSD17B8 in steroid metabolism indicate modifications in hormonal processing
pathways. ACSF2, known for its role in activating fatty acids for both synthesis and degradation, reflects adaptive changes in fatty acid metabolism.
Downregulated DEPs including APBB11P, PRKAG1, SDHAF2, ATP2A2, and RALY demonstrates a reduction in cell signalling, energy balance, mitochondrial
efficiency, calcium transport and RNA processing. The downregulation of PRKAGI (a key regulator of AMP-activated protein kinase) and SDHAF2 indicate
alterations in energy metabolic pathways and reduction in mitochondrial respiratory efficiency. Downregulation of ATP2A2 indicates disruption of intracellular
calcium homeostasis (essential for numerous cellular functions). In addition, downregulation of RALY indicates reduction on RNA metabolism and gene
expression.
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5.3.3 Effect of NMP on proteomes of lean livers

708 significant (P < 0.05) DEPs were identified during NMP of lean donor livers (LT2, post-
preservation vs. LT1, pre-preservation). 408 were upregulated and 300 downregulated. The top
25 most upregulated and downregulated DEPs are demonstrated in Figure 5.8. Of these, the 5
most clinically relevant upregulated (functions related to leucocyte adhesion, cytoprotection,
HLA, DNA/protein repair and autophagy) and downregulated DEPs (functions related to
complement activation, fat metabolism and cytochrome P450 activity) are described in Table

5.4.

Down regulated(300) Not sig(1926) Up regulated(408)
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Figure 5.8. The effect of NMP on proteomes of lean donor livers. Top 25 upregulated and
downregulated proteins are labelled in the plot.
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Table 5.4. Clinically relevant upregulated (n = 5) and downregulated proteins (n = 5) during NMP of
lean donor livers.

Upregulated
Protein name | Function Fold P -
change | value
ICAMI1 Intercellular adhesion molecule 1: Ligand for leukocyte adhesion 0.587 | 0.000
protein LFA-1 (integrin alpha-L/beta-2). During leukocyte trans-
endothelial migration, ICAM1 engagement facilitates formation
of endothelial apical cups through associated ARHGEF26/SGEF
and RHOG activation.
HMOX1 Heme oxygenase 1: Cleavage of heme ring to form biliverdin 0.480 | 0.000
(which is subsequently converted to bilirubin by biliverdin
reductase). Cytoprotetive effect as free heme sensitises cells to
apoptosis.
HLA-C HLA class I histocompatibility antigen, C alpha chain: Anti-viral 0.422 | 0.000
immunity through interaction with NK cells.
PSMDA4 26S proteasome non-ATPase regulatory subunit 4: ATP- 0.309 | 0.000

dependent degradation of ubiquitinated proteins and protein
haemostasis (removal of misfolded or damaged proteins). Role in
cellular processes including cell cycle progression, apoptosis and
DNA damage repair.

SQSTM1 Sequestosome-1: Autophagy receptor with role in selective 0.598 | 0.000
macroautophagy (aggrephagy).

Downregulated

Protein name | Function Fold P -
change | value

C3 Complement C3c alpha' chain fragment 1: Activation of | -0.390 | 0.000

complement system (central reaction in classical and alternative
complement pathways via processing by C3 convertase).
Following activation, C3 binds (via its reactive thioester) to
immune aggregates, cell surface carbohydrates and is also
chemoattractant to neutrophils.

ACOX1 Peroxisomal acyl-CoA oxidase 1, A chain: Catalyses the | -0.448 | 0.000
desaturation of acyl-CoAs to 2-trans-enoyl-CoAs. Isoform 1
exhibits highest activity against medium-chain fatty acyl-CoAs,
with decreasing activity as the chain length increases. Isoform 2
displays a broader substrate range and is active against very long-
chain acyl-CoAs.

CYP2E1 Cytochrome P450 2E1: A cytochrome P450 monooxygenase | -0.534 | 0.000
participates in the metabolism of fatty acids, specifically
facilitating hydroxylation at the omega-1 position. It demonstrates
the greatest catalytic efficiency when acting on saturated fatty
acids.

APOB Apolipoprotein  B-100: Primary protein component in | -0.924 | 0.000
chylomicrons (designated as apo B-48), as well as in LDL (apo B-
100) and VLDL (apo B-100). Apo B-100 acts as a recognition
signal, facilitating the binding and internalization of LDL particles
through the apoB/E receptor on cells.

ACSL5 Long-chain-fatty-acid--CoA  ligase = 5:  Catalyses the | -0.437 | 0.000
transformation of long-chain fatty acids into their active acyl-CoA
form and facilitates both the synthesis of cellular lipids and
degradation through B-oxidation. ACSLS activates exogenous
fatty acids resulting in the production of triacylglycerol for storage
within cells.
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As there were 708 DEPs that were significantly changed, for PPIs we applied a more restricted
P-value (using the adjusted P-value) to improve the confidence of the MCL clusters. PPIs of
statistically significant (adjusted P < 0.05) DEPs was performed using STRING® (version 12.0)
online database for PPI maps, bio-informatic Gene Ontology (GO) and MCL cluster analysis.
MCL cluster analysis demonstrated 99 unique clusters. Of these, four main clusters (identified
by their modularity i.e. more densely connected internally than with the rest of the network and

clear separation from other clusters) demonstrated changes in:

¢ Ribosomal pathways (Figure 5.9)

¢ Anti-inflammatory, coagulation and lipid transport pathways (Figure 5.10)
e Mitochondrial pathways (Figure 5.11)

e Lipid metabolism (Figure 5.12)
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v Biological Process (Gene Ontology)

GO-term description count in network  strength  false discovery rate
G0:0001731 Formation of translation preinitiation complex 20of 11 2.16 0.0416
G0:0000028 Ribosomal small subunit assembly 30f19 2.09 0.0012
G0:0002181 Cytoplasmic translation 18 of 123 2.06 5.58e-30
G0:0030490 Maturation of SSU-TRNA 5 of 55 1.86 5.64e-06
G0:0042274 Ribosomal small subunit biogenesis 70f78 1.85 6.08e-09
G0:0000462 Maturation of SSU-rRNA from tricistronic rRNA transcript (S... 30f39 1.78 0.0080
G0:0006412 Translation 21 of 389 1.63 2.60e-28
G0:0006364 rRNA processing 9 of 220 1.51 3.72e-09
G0:0006413 Translational initiation 30f75 1.5 0.0438
G0:0042254 Ribosome biogenesis 10 of 299 1.42 1.53e-09
G0:0022618 Ribonucleoprotein complex assembly 6 of 203 1.37 9.37e-05
G0:0022613 Ribonucleoprotein complex biogenesis 12 of 449 1.32 8.40e-11
G0:1901566 Organonitrogen compound biosynthetic process 22 of 1338 1.1 8.82e-20
G0:0044271 Cellular nitrogen compound biosynthetic process 22 of 1494 1.06 8.49e-19
G0:0010467 Gene expression 23 of 2101 0.94 1.70e-17
G0:0044260 Cellular macromolecule metabolic process 23 of 2512 0.86 8.21e-16
G0:0034641 Cellular nitrogen compound metabolic process 25 of 3463 0.75 1.88e-16
G0:0016070 RNA metabolic process 10 of 1550 0.71 0.0042
G0:0019538 Protein metabolic process 22 of 3910 0.65 3.97e-10
G0:0090304 Nucleic acid metabolic process 11 of 2203 0.59 0.0135
G0:0044085 Cellular component biogenesis 13 of 2702 0.58 0.0027
G0:1901564 Organonitrogen compound metabolic process 23 of 4981 0.56 2.25e-09
G0:0006139 Nucleobase-containing compound metabolic process 12 of 2722 0.54 0.0168
G0:0043170 Macromolecule metabolic process 24 of 5781 0.51 2.21e-09
G0:0044238 Primary metabolic process 25 of 7156 0.44 6.29e-09
G0:0071704 Organic substance metabolic process 25 of 7522 0.42 2.03e-08

(less...)

Molecular Function (Gene Ontology)

GO-term description count in network  strength false discovery rate
RYM1, G0:0003735 Structural constituent of ribosome 17 of 169 19 8.73e-26
G0:0045296 Cadherin binding 50f334 1.07 0.0411
G0:0003723 RNA binding 21 of 1672 1.0 8.03e-16
G0:0003676 Nucleic acid binding 22 of 4003 0.64 9.25e-10
v Cellular Component (Gene Ontology)
GO-term description count in network  strength  false discovery rate
G0:0098556 Cytopl ic side of rough p nic reticulum membrane 40f5 2.8 4.29¢-08
G0:0042788 Polysomal ribosome 7 of 31 2.25 6.58e-12
G0:0022627 Cytosolic small ribosomal subunit 90f44 221 2.06e-15
G0:0022626 Cytosolic ribosome 16 of 101 21 3.23e-27
G0:0005844 Polysome 10 of 65 2.08 4.33e-16
G0:0015935 Small ribosomal subunit 100f 77 2.01 1.73e-15
G0:0022625 Cytosolic large ribosomal subunit 7 of 56 1.99 2.26e-10
Halo Color G0:0044391 Ribosomal subunit 17 of 187 1.86 9.27e-26
G0:0005791 Rough endoplasmic reticulum 5 of 81 1.69 8.37e-06
G0:1990904 Ribonucleoprotein complex 19 of 687 1.34 1.95e-20
o - - G0:0005925 Focal adhesion 90of 416 1.23 2.18e-07
G0:0014069 Postsynaptic density 40f 324 0.99 0.0434
The halo color is based on 60:0005730  Nucleolus 7 0f 996 0.74 0.0130
the value of the protein in your G0:0070062 Extracellular exosome 13 of 2096 0.69 3.44e-05
submitted set G0:0030054 Cell junction 130f 2115 0.69 3.58e-05
G0:0032991 Protein-containing complex 24 of 5506 0.54 2.23e-10
G0:0005829 Cytosol 20 of 5438 0.46 8.91e-06
G0:0043232 Intracellular non-membrane-bounded organelle 19 of 5191 0.46 3.44e-05
G0:0005654 Nucleoplasm 13 of 4169 0.39 0.0426
G0:0005737 Cytoplasm 23 of 12056 0.18 0.0426

Figure 5.9. Cluster analysis of ribosomal pathways during NMP of lean livers: Upregulated DEPs including DENR, EEF2, EIF4H, ribosomal proteins
(RPL14, RPL15, RPL18A, RPL27, RPL30, RPL31, RPLP2, RPS10, RPS16, RPS19, RPS21, RPS26, RPS28, RPS29, RPS3) and mitochondrial components
(MRPS7, MT-ATPS), indicate enhanced protein synthesis and mitochondrial activity during NMP. This enrichment reflects a response to increased demands
for protein production required for metabolic processes and response to cellular stress during NMP. Blue halo represents upregulation and red halo represents
downregulation of protein.
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> Biological Process (Gene Ontology)

GO-term description count in network  strength  false discovery rate
G0:2000257 ion of protein activati d 20f3 2.8 0.0018
G0:0043152 Induction of bacterial agglutination 20f6 25 0.0041
G0:0031639 Plasminogen activation 3of11 2.4 0.00010
G0:2000427 Positive regulation of apoptotic cell clearance 20f8 237 0.0058
G0:0042730 Fibrinolysis 40f19 23 3.43e-06
(more ...)
v ion (Gene Ontology)
GO-term description count in network strength false discovery rate
G0:0070325 Lipoprotein particle receptor binding 3of 30 1.97 0.0020
G0:0004869 Cysteine-type endopeptidase inhibitor activity 3of 54 1.72 0.0090
G0:0004866 Endopeptidase inhibitor activity 90f 177 1.68 6.40e-10
G0:0004867 Serine-type endopeptidase inhibitor activity 50of 98 1.68 3.31e-05
G0:0008201 Heparin binding 70f173 1.58 2.69e-07
G0:0016209 Antioxidant activity 30of76 1.57 0.0227
G0:0005539 Glycosaminoglycan binding 8 of 245 1.49 1.14e-07
G0:1901681 Sulfur compound binding 8 of 272 1.44 1.83e-07
G0:0002020 Protease binding 40f 135 1.44 0.0042
G0:0005102 Signaling receptor binding 13 of 1499 0.91 2.11e-07
G0:0030234 Enzyme regulator activity 10 of 1239 0.88 8.33e-05
G0:0098772 Molecular function regulator activity 11 of 1960 0.72 0.00050
G0:0005515 Protein binding 19 of 7242 0.39 0.00021
G0:0005488 Binding 21 of 12838 0.19 0.0343
(less...)
v Cellular Component (Gene Ontology)
GO-term description count in network strength false discovery rate
G0:0097013 Phagocytic vesicle lumen 20f5 2.57 0.0013
G0:0005577 Fibrinogen complex 3of8 2.55 1.17e-05
G0:0034366 Spherical high-density lipoprotein particle 20f8 2.37 0.0025
G0:0071682 Endocytic vesicle lumen 40f23 2.21 1.20e-06
G0:0042627 Chylomicron 20f13 2.16 0.0056
G0:0031093 Platelet alpha granule lumen 8 of 66 2.06 7.11e13
G0:0072562 Blood microparticle 130f 118 2.01 5.30e-21
AMEP G0:0034364 High-density lipoprotein particle 30f29 1.99 0.00033
G0:0034361 Very-low-density lipoprotein particle 20of 20 1.97 0.0117
G0:0031983 Vesicle lumen 16 of 326 1.66 1.82e-21
G0:0034774 Secretory granule lumen 15 of 321 1.64 7.32e-20
G0:0005788 Endoplasmic reticulum lumen 110f 312 1.52 7.49e-13
G0:0035578 Azurophil granule lumen 30f91 1.49 0.0064
G0:0062023 Collagen-containing extracellular matrix 13 of 407 1.48 6.12e-15
G0:0005775 Vacuolar lumen 40f175 1.33 0.0019
G0:0030139 Endocytic vesicle 50f 338 1.14 0.0014
G0:0009897 External side of plasma membrane 5 of 388 1.08 0.0025
G0:0009986 Cell surface 10 of 894 1.02 6.83e-07
Hal I G0:0005769 Early endosome 40of 411 0.96 0.0350
alo Color 60:0070062 Extracellular exosome 20 0f 2096 0.95 2.92e16
G0:0005764 Lysosome 5of 746 0.8 0.0381
o - - G0:0031410 Cytoplasmic vesicle 16 of 2482 0.78 4.67e-09
G0:0005783 Endoplasmic reticulum 13 of 2021 0.78 1.00e-06
N The halo color is based on G0:0005576 Extracellular region 21 of 4175 0.67 8.91e-13
=5 G0:0012505 Endomembrane system 19 of 4721 0.58 1.96e-08
the value of the protein in your G0:0070013 Intracellular organelle lumen 19 of 5660 0.5 5.17e-07

submitted set

Figure 5.10. Cluster analysis of anti-inflammatory, lipid metabolism and coagulation pathways during NMP of lean livers: Upregulated DEPs including
CLU, ASGR1 and AMBP indicate tissue remodelling, glycoprotein clearance and anti-inflammatory responses, respectively. CLU, involved in processes like
tissue remodelling and apoptosis in response to cellular stress. ASGR1 is essential in clearing glycoproteins indicating enhancement in liver detoxification
processes. AMBP has an anti-inflammatory role, conferring protection against oxidative stress. Conversely, downregulated proteins including A2M, APOAL,
APOB, C3 and C4A, CTSG, FGA, FGB, FGG, HRG, KNG1, LTF, MPO, NAXE, S100A9, SERPINA1, SERPINCI1, and TF are implicated in various functions
including lipid transport and metabolism, immune responses, coagulation, and inflammation. The downregulation of these DEPs reflect alterations in lipid
homeostasis, immune function, coagulation pathways, and the overall capacity to respond to inflammation and oxidative stress during NMP. Blue halo represents
upregulation and red halo represents downregulation of protein.
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The halo color is basgd pn GO:0098796
the value of the protein in your G0:0005739
submitted set G0:0016021

Biological Process (Gene Ontology)

description
Mitochondrial electron transport, ubiquinol to cytochrome ¢
Mitochondrial ATP synthesis coupled electron transport
Mitochondrial electron transport, NADH to ubiquinone
Proton motive force-driven mitochondrial ATP synthesis
Aerobic electron transport chain
Oxidative phosphorylation
Mitochondrial respiratory chain complex | assembly
Mitochondrial respiratory chain complex assembly
Mitochondrion organization
Protein-containing complex assembly

Molecular Function (Gene Ontology)

description
NADH dehydrogenase (ubiquinone) activity

Oxidoreduction-driven active transmembrane transporter ac...

Electron transfer activity
Oxidoreductase activity

Cellular Component (Gene Ontology)

description
Mitochondrial respiratory chain complex |
Mitochondrial respiratory chain complex Il
Respiratory chain complex IV
Respiratory chain complex
Mitochondrial respirasome
Cytochrome complex
Mitochondrial respiratory chain complex IV
Inner mitochondrial membrane protein complex
Oxidoreductase complex
Mitochondrial intermembrane space
Transmembrane transporter complex
Mitochondrial envelope
Membrane protein complex
Mitochondrion
Integral component of membrane

count in network

20f13
120f 92
6 of 46

8 of 64
10 of 87
130f 122
6 of 61

7 of 98
10 of 445
9 of 1303

count in network
7of 41
80of 71
80of121
90of 731
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8 of 50
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13 0f 90
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50f 86
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23
2.12
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v Strength
2.27
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2.17
2.16
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1.36
1.12
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false discovery rate
0.0198
1.14e-20
1.90e-09
7.15e-13
1.70e-16
1.47e-21
7.44e-09
1.45e-09
5.40e-10
0.00013
(less ...)

false discovery rate
1.57e-11
5.37e-12
4.40e-11
1.17e-06

false discovery rate
1.27e-14
0.0052
1.09e-06
4.71e-24
1.27e-21
3.06e-08
0.00012
1.27e-21
5.71e-16
1.08e-06
1.77e-11
4.48e-19
8.84e-13
2.14e-16
0.0047

Figure 5.11. Cluster analysis of mitochondrial pathways during NMP of lean livers: Upregulated DEPs including CHCHD2, CHCHD3, CMC1, COAS6,
COX19, COX4I1, COX7A2, NDUFA10, NDUFA12, NDUFA13, NDUFB4, NDUFB7, NDUFS6, NDUFV2, and UQCRB are implicated in the mitochondrial
respiratory chain and oxidative phosphorylation system. These DEPs have important roles in electron transport, ATP synthesis, and overall mitochondrial
integrity, indicating an enhanced mitochondrial function and energy production during NMP. Conversely, downregulated DEPs including NDUFS1 (part of
complex I) and UQCRC?2 (a component of complex III) are essential for efficient electron transport and ATP production. Their reduced expression indicates a
complex regulatory mechanism of mitochondrial function during NMP characterised by increased energy requirements during NMP and compensatory
responses to cellular stress. Blue halo represents upregulation and red halo represents downregulation of protein.
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Ketone body biosynthetic process 20f6
Fatty acid beta-oxidation 6 of 60
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Ribonucleoside bisphosphate metabolic process 6 0f 120
Carboxylic acid catabolic process 8of 225
Fatty acid metabolic process 11 of 325
Long-chain fatty acid metabolic process 30f 107
Purine ribonucleotide metabolic process 6 of 390
Carboxylic acid metabolic process 12 0f 819
Cellular lipid metabolic process 120f 918
Lipid metabolic process 13 of 1210
Small molecule metabolic process 13 of 1645
Primary metabolic process 14 of 7156
Cellular metabolic process 13 of 6568
Organic substance metabolic process 14 of 7522
Molecular Function (Gene Ontology)

description count in network
enoyl-CoA hydratase activity 30f10
Catalytic activity 15 of 5522
Cellular Component (Gene Ontology)

description count in network
Mitochondrial matrix 7 of 494
Mitochondrion 11 of 1681

v strength false discovery rate
2.64 0.0058
212 6.58e-09
2.05 0.0013
2.03 4.67e-10
2.03 3.90e-05
1.87 4.13e-06
1.82 2.52e-07
1.82 2.52e-07
1.67 2.88e-09
1.65 6.03e-13
1.57 0.0234
1.31 0.00016
1.28 6.17e-11
1.23 1.07e-10
1.15 6.78e-11
1.02 1.57e-09
0.41 0.0030
0.41 0.0113
0.39 0.0053
(less ...)
ystrength  false discovery rate
2.6 0.00025
0.55 2.60e-05
v strength  false discovery rate
1.27 3.62e-05
0.93 3.65e-06

Figure 5.12. Cluster analysis of lipid metabolism pathways during NMP of lean livers: Upregulated proteins including ACOT13, ECI1, ECHDC2, MCEE,
MCCC?2 are mainly involved in the catabolism and processing of fatty acids and organic acids. ECI1 and MCCC?2 are key enzymes in fatty acid f-oxidation, a
primary pathway for energy production from lipids indicating increased fatty acid catabolic activity. In addition, MCEE is involved in the metabolism of
methylmalonic acid, indicative of altered propionate metabolism. Conversely, downregulated DEPs including ACAT?2 (ketone body production) and ACOX1
(enzyme involved in peroxisomal fatty acid B-oxidation) indicate a reduction in these lipid metabolism pathways. ACSLS is essential for the activation of long-
chain fatty acids, and its downregulation could signify a decrease in fatty acid utilisation. GCDH and HMGCS?2 play roles in amino acid and ketone body
metabolism respectively, and their reduced expression may reflect metabolic adaptations during NMP. Overall, these changes suggest a complex reprogramming
of metabolic pathways in the liver during NMP as a response to alterations in energy requirements, nutrient availability, or cellular stress. This adaptive response
indicates balancing energy production with the need to manage lipid accumulation and mitigate inflammation and cellular injury. Blue halo represents

upregulation and red halo represents downregulation of protein.

135



5.3.4 Effect of SCS on proteomes of lean livers

71 significant (P < 0.05) DEPs were identified during SCS of lean donor livers (LT2, post-
preservation vs. LT1, pre-preservation). 33 were upregulated and 38 downregulated. The top
25 most upregulated and downregulated DEPs are demonstrated in Figure 5.13. Of these, the
5 most clinically relevant upregulated (functions related to ATP synthesis, NADH
dehydrogenase activity, amino acid/lipid degradation, cytoprotection and B-oxidation) and
downregulated DEPs (functions related to protein kinase-C activity, nuclear transport,

mTORCI activation and inflammatory cytokine activity) are described in Table 5.5.

Down regulated(38) Not sig(2563) Up regulated(33)
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Figure 5.13. The effect of SCS on proteomes of lean donor livers. Top 25 upregulated and
downregulated proteins are labelled in the plot.
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Table 5.5. Clinically relevant upregulated (n = 5) and downregulated proteins (n = 5) during SCS of
lean donor livers.

Upregulated

Protein name

Function

Fold
change

value

ATPSF1A

ATP synthase subunit alpha, mitochondrial (Complex V):
Generates ATP by converting ADP when there is a proton
gradient across the membrane. This gradient is established by the
electron transport complexes of the respiratory chain.

0.386

0.003

NDUFA12

NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit
12: Accessory subunit within the mitochondrial membrane
respiratory chain NADH dehydrogenase (Complex I). Complex I
facilitates the transfer of electrons from NADH to the respiratory
chain.

0.326

0.004

MMUT

Methylmalonyl-CoA mutase, mitochondrial: Participates in the
catabolism of various amino acids, odd-chain fatty acids, and
cholesterol through the conversion of propionyl-CoA to the
tricarboxylic acid cycle.

0.271

0.009

HMOX1

Heme oxygenase 1: Cleavage of heme ring to form biliverdin
(which is subsequently converted to bilirubin by biliverdin
reductase). Cytoprotetive effect as free heme sensitises cells to
apoptosis.

0.256

0.026

ACAA2

3-ketoacyl-CoA thiolase, mitochondrial: Generation of energy
from lipid sources, this enzyme is implicated in catalysing the
final stage of the mitochondrial B-oxidation pathway - an aerobic
metabolic process that converts fatty acids into acetyl-CoA.

0.409

0.031

Downregulated

Protein name

Function

Fold
change

value

MARCKS

Myristoylated alanine-rich C-kinase substrate: MARCKS
represents the primary cellular substrate targeted by protein kinase
C. It forms interactions with calmodulin, actin, and synapsin.

-1.033

0.001

MACRODI1

ADP-ribose glycohydrolase MACROD1: Eliminates ADP-ribose
from aspartate and glutamate residues in proteins featuring a
singular ADP-ribose moiety.

-0.463

0.004

NUTF2

Nuclear transport factor 2: Facilitates the translocation of GDP-
bound RAN from the cytoplasm to the nucleus, a critical process
for RAN's functionality in cargo receptor-mediated
nucleocytoplasmic transport.

-0.537

0.008

LAMTORS

Ragulator complex protein LAMTORS: As a component of the
Ragulator complex, it participates in amino acid detection and the
initiation of mTORCI, a signalling complex that stimulates cell
growth in response to growth factors, energy status, and amino
acids.

-0.600

0.013

AIMP1

Aminoacyl tRNA synthase complex-interacting multifunctional
protein: Enhances the catalytic function of cytoplasmic arginyl-
tRNA synthase and exhibiting tRNA binding capability.
Additionally, it demonstrates inflammatory cytokine activity,
plays a negative regulatory role in TGF-beta signalling by
stabilizing SMURF2 through direct binding, thereby inhibiting its
SMAD7-mediated degradation, and is implicated in glucose
homeostasis through the induction of glucagon secretion in
response to low glucose levels.

-0.200

0.029
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Protein-protein interaction (PPI) of statistically significant (P < 0.05) DEPs was performed
using STRING® (version 12.0) online database for PPI maps, bio-informatic and Gene
Ontology (GO). As only 71 DEPs were identified, MCL cluster analysis of pathways was not

performed. Instead, general network analysis is demonstrated in Figure 5.14.
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Biological Process (Gene Ontology)

GO-term description count in network  strength  false discovery rate
G0:0044237 Cellular metabolic process 45 of 6568 0.29 0.00099
G0:0071704 Organic substance metabolic process 50 of 7522 0.27 0.00029
(G0:0044238 Primary metabolic process 47 of 7156 0.27 0.00099
G0:0006807 Nitrogen compound metabolic process 44 of 6643 0.27 0.0020
G0:0009987 Cellular process 67 of 14826 0.1 0.0138

Molecular Function (Gene Ontology)

GO-term description count in network strength false discovery rate
G0:0003723 RNA binding 22 of 1672 0.57 0.00022
v Cellular Component (Gene Ontology)

GO-term description count in network  strength false discovery rate
G0:0032432 Actin filament bundle 6 of 74 1.36 7.93e-05
G0:0001725 Stress fiber 50of 65 1.34 0.00077
G0:0032153 Cell division site 40f 70 121 0.0117
G0:1990904 Ribonucleoprotein complex 12 of 687 0.69 0.00077
G0:0015629 Actin cytoskeleton 8 of 482 0.67 0.0270
G0:0070062 Extracellular exosome 20 of 2096 0.43 0.0033
G0:0005615 Extracellular space 25 of 3247 0.34 0.0072
G0:0070013 Intracellular organelle lumen 43 of 5660 0.33 1.26e-05
G0:0031981 Nuclear lumen 33 of 4526 0.31 0.00100
G0:0005654 Nucleoplasm 30 of 4169 0.31 0.0037
G0:0005829 Cytosol 38 of 5438 0.29 0.00042
G0:0005634 Nucleus 49 of 7672 0.25 4.36e-05
G0:0032991 Protein-containing complex 33 of 5506 0.23 0.0397
G0:0005737 Cytoplasm 64 of 12056 0.17 1.26e-05
G0:0043231 Intracellular membrane-bounded organelle 63 of 12149 0.16 3.74e-05
G0:0043227 Membrane-bounded organelle 65 of 13188 0.14 7.02e-05
G0:0043229 Intracellular organelle 65 of 13231 0.14 7.46e-05
G0:0005622 Intracellular anatomical structure 70 of 14891 0.12 6.64e-06
G0:0043226 Organelle 66 of 14017 0.12 0.00025
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Figure 5.14. STRING network analysis of upregulated and downregulated proteins during SCS of lean donor livers: Upregulated DEPs including
ATPS5F1A and NDUFA12, MMUT, HMOXI1, and ACAA?2 indicate changes in mitochondrial activity, branched chain amino acid metabolism, response to
cellular stress and fatty acid B-oxidation, respectively. In addition, upregulation of ribosomal proteins (RPL23A) and mitochondrial proteins (MRPS36) further
indicate increased protein synthesis and mitochondrial function required for energy production and metabolic homeostasis. Other upregulated DEPs including
CHD4, SRSFI1, SRRT, RMDN3, and USP15 indicate increased gene regulation, RNA splicing, and protein ubiquitination, indicative of dynamic cellular
remodelling in response to cellular stress. Downregulated DEPs including MARCKS, MACROD1 and SEPTINY indicate modifications in cellular signalling
pathways and cytoskeletal dynamics in response to changes in hepatocyte environment or inflammatory stimuli during SCS. Downregulation of NUTF2,
LAMTORS, and AIMP1, implicated in nuclear transport, mTOR signalling, and amino acid metabolism, respectively, indicate a potential downscaling of these
metabolic and signalling pathways in response to altered cellular conditions or energy demands during SCS.
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5.3.5 Effect of NMP on reperfusion proteomes in steatotic vs. lean donor livers

215 significant (P < 0.05) DEPs were identified at reperfusion (LT3) in steatotic livers
compared to lean livers preserved with NMP. 44 were upregulated and 171 were
downregulated. The top 25 most upregulated and downregulated DEPs are demonstrated in
Figure 5.15. Of these, the 5 most clinically relevant upregulated (functions related to B-
oxidation, self-nonself discrimination, molecular repair, bile acid amidation and scavenging of
damaged nuclear material) and downregulated DEPs (functions related to Ca?* haemostasis,
cytochrome ¢ oxidase activity, innate immunity and oxidative stress) are described in Table

5.6.
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Figure 5.15. The effect of NMP on proteomes at reperfusion (LT3) in steatotic livers compared to lean
donor livers. Top 25 upregulated and downregulated proteins are labelled in the plot.
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Table 5.6. Clinically relevant upregulated (n = 5) and downregulated proteins (n = 5) at reperfusion
(LT3) of steatotic livers preserved with NMP compared to lean donor livers.

Upregulated
Protein name | Function Fold P -
change | value
CRAT Carnitine O-acetyltransferase: Catalytic function involved in the 0.296 | 0.004
bidirectional transference of acyl groups between carnitine and
coenzyme A (CoA), concurrently modulating the ratio of acyl-
CoA to CoA. Also involved on transport of fatty acids for -
oxidation.
HLA-E Soluble HLA class I histocompatibility antigen, alpha chain E: 0.694 | 0.005

Non-classical major histocompatibility class Ib molecule engages
in immune self-nonself discrimination.

HSPA6 Heat shock 70 kDa protein 6: Central role in the protein quality 0.623 | 0.006
control system, overseeing the accurate folding of proteins, the re-
folding of misfolded proteins, and the regulation of protein
targeting for subsequent degradation.

BAAT Bile acid-CoA:amino acid N-acyltransferase: Catalyses the 0.304 | 0.007
amidation process in which bile acids (BAs) are conjugated with
the amino acids taurine and glycine to form bile salts.

APCS Serum amyloid P-component(1-203): Exhibits the capability to 0.370 | 0.012
engage with DNA and histones, potentially scavenging nuclear
material released from damaged circulating cells.

Downregulated
Protein name | Function Fold P -
change | value
WFS1 Wolframin: Regulation of cellular Ca* homeostasis through | -1.159 | 0.001
modulating the filling state of the endoplasmic reticulum Ca**
store.
CMCl1 COX assembly mitochondrial protein homolog: Component of the | -0.463 | 0.002

MITRAC (mitochondrial translation regulation assembly
intermediate of cytochrome c¢ oxidase complex) complex.
Involved in regulation of cytochrome c oxidase assembly.

RPS23 40S ribosomal protein S23: Integral to the ribosome, a large | -0.352 | 0.002
ribonucleoprotein complex accountable for protein synthesis in
the cell. The small ribosomal subunit (SSU) binds to messenger
RNAs (mRNAs) and interprets the encoded information by
selecting appropriate aminoacyl-transfer RNA (tRNA) molecules.
G3BP1 Ras GTPase-activating protein-binding protein 1: An ATP- and | -0.336 | 0.002
magnesium-dependent helicase with a central role in innate
immunity. Involved in the DNA-triggered cGAS/STING pathway
by facilitating DNA binding and activation of cGAS. It
additionally augments DDX58-induced type 1 interferon
production, likely by assisting DDX58 in sensing pathogenic
RNA.

APEX1 DNA-(apurinic or apyrimidinic site) lyase, mitochondrial: Rolein | -0.256 | 0.002
the cellular response to oxidative stress, APEX1 exhibits dual
major activities involving DNA repair and redox regulation of
transcriptional factors. It acts as an apurinic/apyrimidinic (AP)
endodeoxyribonuclease in the DNA base excision repair (BER)
pathway, specifically addressing DNA lesions induced by
oxidative and alkylating agents.

141



Protein-protein interaction (PPI) of statistically significant (P < 0.05) DEPs was performed
using STRING® (version 12.0) online database for PPI maps, bio-informatic Gene Ontology
(GO) and MCL cluster analysis. MCL cluster analysis demonstrated 55 unique clusters. Of
these, the five main clusters (identified by their modularity i.e. more densely connected
internally than with the rest of the network and clear separation from other clusters)

demonstrated changes in:

e Ribosomal pathways (Figure 5.16)

e RNA splicing pathways (Figure 5.17)

e Immune cell migration pathways (Figure 5.18)

e Glycogen, carbohydrate and energy precursor catabolic processes (Figure 5.19)

e Protein folding and heat shock protein binding processes (Figure 5.20)
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Figure 5.16. Cluster analysis of ribosomal pathways during reperfusion (LT3) in steatotic vs. lean donor preserved with NMP: Upregulated DEPs
including RPS27L, RPL10 and HSPAG6 are important mediators of ribosomal activity and stress response mechanisms. RPS27L. and RPL10 (ribosomal
components involved in protein synthesis) indicate a selective increase in translational capacity during reperfusion. HSPAG6 (a stress-responsive chaperone)
indicates an enhanced mechanism for mitigating cellular stress during liver inflammation and injury. Conversely, downregulated ribosomal proteins (RPL15,
RPL17, RPL18, RPL18A, RPL19) and mediators of translation initiation and elongation (EIF1, EIF3J, EIF4B, EIF5A) indicate an altered metabolic state
characterised by an overall reduction in protein synthesis to conserve energy during cellular stress. In addition, downregulated proteins including AK4
(mitochondrial metabolism) and PGRMCI1 (associated with steroid signalling) demonstrate shifts in energy metabolism and hormone response pathways. Blue

halo represents upregulation and red halo represents downregulation of protein.
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Figure 5.17. Cluster analysis of RNA splicing pathways during reperfusion (LT3) in steatotic vs. lean donor preserved with NMP: The upregulation of
DHX15 and the downregulation of C1QBP, HNRNPDL, KHSRP, PCBP2, PHF5A, PPMI1G, SF1, SF3B1, SF3B2, SNRPD2, and YBXI1 indicate adaptations
in RNA processing, splicing and cellular metabolism. DHX15 (an RNA helicase) is involved in RNA processing and regulation of gene expression indicating
an increase in RNA metabolic activities necessary to adaptation to fluctuating cellular environments. The downregulated DEPs including HNRNPDL, KHSRP,
SF3B1, and SF3B2 have central functions in RNA binding and splicing pathways. A reduction in these DEPs could affect a range of RNA molecules and result
in alterations in gene expression. A downregulation of C1QBP (involved in mitochondrial function and apoptosis) and PPM1G (involved in RNA splicing and
cell cycle regulation) further indicate shifts in mitochondrial metabolism and cell proliferation pathways. Blue halo represents upregulation and red halo

represents downregulation of protein.
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GO-term description count in network strength false discovery rate
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G0:0043495 Protein-membrane adaptor activity 20f27 2.39 0.0308
G0:0030674 Protein-macromolecule adaptor activity 40f 322 1.61 0.0053
G0:0019904 Protein domain specific binding 4 of 695 1.28 0.0274
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Cellular Component (Gene Ontology)

GO-term description count in network  strength  false discovery rate
G0:0019897 Extrinsic component of plasma membrane 30f176 1.75 0.0286
G0:0009898 Cytoplasmic side of plasma membrane 30f174 1.75 0.0286
G0:0070062 Extracellular exosome 5 of 2096 0.89 0.0384

Figure 5.18. Cluster analysis of cytoskeletal and immune cell migration pathways during reperfusion (L'T3) in steatotic vs. lean donor preserved with
NMP: The upregulation of DOCK1 and the downregulation of CRK, GNB1, JUP, RHOA, and SLC9A3R1 indicate adaptations in cellular signalling and
cytoskeletal dynamics. DOCKI1 (involved in actin cytoskeleton remodelling and cell migration) indicate a response to liver injury or regenerative processes
during reperfusion. CRK (involved in cell adhesion and growth signalling pathways), GNB1 (G protein complex involved in cellular signalling) and RHOA
(regulation of stress fibre formation) have an important role in maintaining cell structure and mediating signal transduction. The downregulation of these DEPs
indicates an alteration in their associated pathways and shift in signal transduction mechanisms. A reduction in JUP and SLC9A3R1 (both involved in cell-cell
adhesion and signal transduction) further indicate alterations in cell junction integrity and signalling cascades with potential impact on liver integrity (cellular
architecture) in response to physiological stressors. Blue halo represents upregulation and red halo represents downregulation of protein.
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Biological Process (Gene Ontology)

GO-term description count in network  strength false discovery rate
G0:0005980 Glycogen catabolic process 20f12 291 0.0110
G0:0016052 Carbohydrate catabolic process 40f113 2.24 1.85e-05
G0:0006091  Generation of precursor metabolites and energy 40of 411 1.68 0.0015

Molecular Function (Gene Ontology)

GO-term description count in network  strength false discovery rate
Halo Color G0:0102499  SHG alpha-glucan phosphorylase activity 20f3 3.52 0.0015
G0:0102250 Linear malto-oligosaccharide phosphorylase activity 20f3 3.52 0.0015
O - - G0:0008184  Glycogen phosphorylase activity 20f3 3.52 0.0015
G0:0030170 Pyridoxal phosphate binding 2of 54 2.26 0.0468
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G0:0034774  Secretory granule lumen 3of 321 1.66 0.0356

Figure 5.19. Cluster analysis of glycogen, carbohydrate and energy precursor catabolic pathways during reperfusion (L'T3) in steatotic vs. lean donor
preserved with NMP: The upregulation of ENO3, PYGL and PYGB with the downregulation of ALDOA indicate adaptations in carbohydrate metabolism
and energy production pathways. ENO3 (part of the glycolytic pathway) facilitates the conversion 2-phosphoglycerate to phosphoenolpyruvate resulting in
enhanced glycolytic activity. The upregulation of PYGL and PYGB (involved in glycogenolysis) indicating increased conversion of glycogen to glucose-1-
phosphate to facilitate heightened glucose demands during reperfusion compared to lean livers. The downregulation of ALDOA (an enzyme responsible for the
conversion of fructose-1,6-bisphosphate to glyceraldehyde-3-phosphate and dihydroxyacetone phosphate) suggests a compensatory mechanism in response to
increased glycogenolysis. Blue halo represents upregulation and red halo represents downregulation of protein.
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STIP1

Halo Color
GO-term

G0:0061077
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Chaperone-mediated protein folding

Protein folding
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Figure 5.20. Cluster analysis of protein folding and heat shock protein (HSP) binding processes during reperfusion (LT3) in steatotic vs. lean donor
preserved with NMP: The downregulation of STIP1, FKBP5 (FK506 Binding Protein 5), PTGES3 and CHORDCI1 indicate adaptations in cellular stress
response, protein folding mechanisms, and inflammation pathways. STIP1 (co-chaperone interacting with HSP70 and HSP90) facilitates protein folding and
stabilisation of protein complexes under stress. Downregulation indicates a reduced capacity for managing misfolded proteins in steatotic livers, potentially
affecting cellular homeostasis. Downregulation of FKBPS5 (involved in the regulation of glucocorticoid receptor sensitivity) indicates reduced hepatic response
to hormonal stimuli and to immunosuppressive therapy i.e. FK506 (Tacrolimus). PTGES3 (involved in steroid hormone receptor activity and protein folding)
downregulation indicates alterations in steroid metabolism and reduction in anti-inflammatory gene expression. CHORDCI (protection against stress-induced
apoptosis) downregulation indicates an increase in hepatic apoptosis during reperfusion of steatotic livers compared to lean livers. Blue halo represents

upregulation and red halo represents downregulation of protein.
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5.3.6 Effect of SCS on reperfusion proteomes in steatotic vs. lean donor livers

60 significant (P < 0.05) DEPs were identified at reperfusion (LT3) in steatotic livers compared
to lean livers preserved with SCS. 48 were upregulated and 12 were downregulated. The top
25 most upregulated and all 12 downregulated DEPs are demonstrated in Figure 5.21. Of these,
the 5 most clinically relevant upregulated (functions related to lipoprotein receptors, hydrolysis
of acyl-CoAs, platelet aggregation, respiratory chain and DNA repair) and downregulated
DEPs (functions related to metabolism of pteridines, elimination of toxic compounds, N-linked
glycosylation, cholesterol biosynthesis and maintenance of sodium (Na®)/potassium (K*)

gradient across the cell membrane) are described in Table 5.7.
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Figure 5.21. The effect of SCS on proteomes at reperfusion (LT3) in steatotic livers compared to lean
donor livers. Top 25 upregulated and all 12 downregulated proteins are labelled in the plot.
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Table 5.7. Clinically relevant upregulated (n = 5) and downregulated proteins (n = 5).

Upregulated

Protein name

Function

Fold
change

value

APOC1

Truncated apolipoprotein C-I: Inhibits binding of lipoproteins to
low density lipoprotein (LDL) receptor, LDL receptor-related
protein and very low-density lipoprotein (VLDL) receptor and
inhibits uptake of fatty acids.

0.894

0.001

ACOT13

Acyl-coenzyme A thioesterase 13, N-terminally processed: Acyl-
CoA thioesterases constitute an enzyme group responsible for
catalysing the conversion of acyl-CoAs into free fatty acids and
coenzyme A (CoASH). This enzymatic activity presents a
mechanism to control the internal concentrations of acyl-CoAs,
free fatty acids and CoASH.

0.373

0.006

PF4

Platelet factor 4, short form: Released during the aggregation of
platelets, PF4 counteracts the anticoagulant properties of heparin
due to its higher affinity for binding to heparin over the
chondroitin-4-sulfate chains found in the carrier molecule. It
exhibits chemotactic properties for both neutrophils and
monocytes.

0.869

0.014

NDUFB6

NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 6:
Accessory subunit of the mitochondrial membrane respiratory
chain NADH dehydrogenase, also known as Complex I (role not
directly related to the catalytic process).

0.534

0.024

SMC1A

Structural maintenance of chromosomes protein 1A: Maintains
chromosome cohesion throughout the cell cycle and is actively
involved in DNA repair mechanisms.

0.826

0.024

Downregulated

Protein name

Function

Fold
change

value

PTER

Phosphotriesterase-related protein: Part of the phosphotriesterase
family (and metallo-dependent hydrolases superfamily). Function
characterised by dependence on metal ions for catalytic activity.
The specific function of PTER involves the hydrolysis of
phosphotriesters.

-2.014

0.000

UGT2BI15

UDP-glucuronosyltransferase 2B15: Role in the conjugation and
removal of toxic exogenous substances (xenobiotics) and
endogenous compounds.

-1.400

0.000

DDOST

Dolichyl-diphosphooligosaccharide--protein glycosyltransferase
48 kDa subunit: Component of the N-oligosaccharyl transferase
(OST) complex. DDOST catalyses the transfer of a high mannose
oligosaccharide from a lipid-linked oligosaccharide donor to the
asparagine residue found in the Asn-X-Ser/Thr consensus motif
in nascent polypeptide chains.

-0.498

0.011

RALY

RNA-binding protein Raly; Functions as a transcriptional co-
regulator for genes involved in cholesterol synthesis within the
liver.

-0.868

0.019

ATPIA1

Sodium/potassium-transporting ~ ATPase  subunit  alpha-1:
Catalytic unit responsible for driving the hydrolysis of ATP in
conjunction with the exchange of sodium and potassium ions
across the plasma membrane.

-0.401

0.043
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Protein-protein interaction (PPI) of statistically significant (P < 0.05) DEPs was performed
using STRING® (version 12.0) online database for PPI maps, bio-informatic and Gene
Ontology (GO). As only 60 DEPs were identified, MCL cluster analysis of pathways was not

performed. Instead, general network analysis is demonstrated in Figure 5.22.
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GO-term description count in network  strength false discovery rate
G0:0042803 Protein homodimerization activity 11 of 709 0.71 0.0231
G0:0046983 Protein dimerization activity 14 of 1094 0.62 0.0212
v Cellular Component (Gene Ontology)

GO-term description count in network  strength  false discovery rate
G0:0005759 Mitochondrial matrix 9 of 494 0.78 0.0146
G0:0005739 Mitochondrion 19 of 1681 0.57 0.00070
G0:0031982 Vesicle 25 of 3957 0.32 0.0397
G0:0005737 Cytoplasm 52 of 12056 0.15 0.0146
G0:0043227 Membrane-bounded organelle 54 of 13188 0.13 0.0146
G0:0043226 Organelle 56 of 14017 0.12 0.0146

Figure 5.22. The effect of SCS on proteomic signature at reperfusion (LT3) in steatotic livers
compared to lean donor livers. Network analysis of upregulated and downregulated proteins
during: Upregulated DEPs including APOC1 and ACOT13, NDUFB6 and MT-ATP8, SMCIA
indicate adaptations in lipoprotein transport, mitochondrial activity and genetic stability, respectively.
In addition, the upregulation of PF4 (a chemotactic cytokine released by platelets) indicates a pro-
thrombotic state and MACRO (scavenger receptor) has an important role in innate immune defence and
inflammatory response. Similarly, FERMT3 and SERPINHI (involved in cellular adhesion and the
extracellular matrix) indicate an amplified inflammatory response and tissue remodelling during
reperfusion of steatotic livers compared to lean controls. Conversely, the downregulation of PTER and
UGT2BI15 (essential for detoxification processes) DDOST (involved in N-glycosylation), RALY
(associated with RNA processing) and ATP1A1 (essential for maintaining ion gradients) indicate
adaptions in various metabolic processes, including detoxification, protein glycosylation, and ion
homeostasis. These expression changes reflect the disruption in functional integrity and cellular
homeostasis during reperfusion of steatotic livers. Blue halo represents upregulation and red halo
represents downregulation of protein.
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5.3.7 Effect of preservation technique and steatosis on reperfusion liver biopsy proteomes
Statistically significant DEPs (P < 0.05) were compared between two groups to identify
differences in proteomic signatures during reperfusion in the recipient (LT3) according to
preservation strategy. A total of 212 unique DEPs were identified at reperfusion in steatotic
livers preserved with NMP vs. lean livers (Group 1) and 57 unique DEPs were observed in
steaotic livers preserved with SCS vs. lean livers (Group 2), 3 DEPs were common between
the groups (see Figure 5.2). The change in proteomes within each of these groups is described

in sections 5.3.5 and 5.3.6 respectively:

e Group 1: Steatotic NMP LT3 vs. Lean NMP LT3
e Group 2: Steatotic SCS LT3 vs. Lean SCS LT3

Over-representation analyses of gene ontology (GO) terms, including the cellular components,
biological process and pathway, molecular function, and enriched pathway analysis was

performed using FunRich; Functional Enrichment Analysis Tool (www.funrich.org). A

comparison of Group 1 and Group 2 demonstrating the effect of preservation technique and

steatosis during reperfusion is demonstrated in Figure 5.23.
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Figure 5.23A-C. The effect of preservation technique and steatosis on reperfusion (LLT3) liver biopsy proteome. Significant alterations in biological
processes, biological pathways, molecular and cellular components were observed between Group 1 (Steatotic NMP LT3 vs. Lean NMP LT3) and Group 2
(Steatotic SCS LT3 vs. Lean SCS LT3). Biological processes and pathways upregulated included those related to protein modification, cell proliferation,
cytoskeletal organisation, protein folding/organisation and anti-apoptotic pathways with downregulation of lipid storage, glycogenolysis and immunoregulatory
pathways (A). Molecular pathways upregulated included those related to ribosomal stability and chaperone activity with downregulation of MHC Class I and
IT activity (B). Similarly, cellular pathways upregulated included those related ribosomal and spliceosomal complex, membrane attack complex with
downregulation of secretory granules, nuclear chromosome components and mitochondrial machinery complex activity (C).
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5.4 Discussion

This chapter investigated the impact of preservation techniques, specifically continuous
normothermic machine perfusion (cNMP) and static cold storage (SCS), on the proteomic
profiles of steatotic donor livers compared to lean counterparts intended for transplantation.
Both ¢cNMP and SCS preservation methods induced significant and progressive alterations in
the proteomic profiles of donor livers during the preservation and reperfusion phases.
Understanding these proteomic changes is critical for optimising graft outcomes and expanding

the donor pool, particularly by enabling the safe utilisation of steatotic livers in transplantation.

Despite increasing integration of NMP into clinical practice, machine perfusion (MP)
technologies still represent a relatively new avenue of organ preservation. Consequently, the
limited availability of samples and tissue has led to a lack of 'omics' studies related to MP. A
systematic review by Lopez et al. on proteomics research in liver transplantation found that
none of the included studies examined machine-perfused organs (313). Out of the 12 studies
involving human samples, only two analysed liver tissue (316,317). Since this review, two key
studies have emerged, focusing on proteomic analysis in liver normothermic machine perfusion

(NMP).

The first study, conducted by Laing et al., analysed the proteomic profile of discarded human
livers undergoing NMP. The study specifically looked at the effect of administering
multipotent adult progenitor cells (MAPC®) to six livers deemed unsuitable for transplantation.
These cells were introduced through the portal vein or hepatic artery and their localisation was
tracked using immunofluorescence to assess subsequent engraftment. Proteomic analysis of the
perfusate aimed to identify proteins related to MAPC® post-therapy, supporting the hypothesis
that these cells were modulating the graft. The study identified several unique proteins, such
as IL6, ICAM1, TIMP-1, and STIPI1, in the treatment group, which were attributed to the
introduced cells. However, due to the small sample size, heterogeneity of discarded livers and
focus on perfusate (rather than liver tissue) the study did not provide clinically significant

insights into the proteomic environment within the graft during NMP (318).
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The second study by Ohman et al. performed a comprehensive multi-omics analysis on 12
discarded human livers perfused using NMP. This study compared molecular signatures
between livers with adequate and inadequate function (based on predetermined functional
criteria). The authors demonstrated that livers with adequate function showed prominent
processes of innate immune activation, along with repair mechanisms and autophagy.
Conversely, in livers with inadequate function, there was a significant delay in the emergence
of proteins related to cellular repair and autophagy. This suggests a correlation between specific

molecular processes and the varying outcomes observed during NMP (198).

To date, no human clinical studies have investigated the tissue proteomic profile of steatotic
human livers preserved with continuous NMP (cNMP) that have resulted in transplantation.
Therefore, the study described within this chapter includes a large cohort of unique samples
that have not been previously reported in the literature and represent a clinically relevant group
of steatotic livers. Through analysis of the protein expression profiles of cNMP preserved
steatotic livers that were successfully transplanted, this chapter provides valuable insights into
how NMP affects grafts in a clinical context and serves as an important reference for future

studies.

5.4.1 Steatotic livers preserved with continuous NMP (¢cNMP)

MCL cluster analysis revealed two main clusters (identified by their modularity i.e. more
densely connected internally than with the rest of the network and clear separation from other
clusters) involving mitochondrial pathways as well as lipid metabolism, coagulation and
immune responses. Upregulated mitochondrial proteins (e.g., COX7A2, NDUFA13) enhance
respiratory capacity, while downregulated proteins (e.g., ATPSPB, NDUFS1) may reflect a
shift in ATP synthesis efficiency or a cellular stress response. In lipid metabolism, the
upregulation of GOLM1, coupled with downregulation of lipid transporters like APOC4 and
APOB, suggests significant alterations in lipid homeostasis. In addition, the upregulation of
ICAMI1 and F2 (prothrombin) indicate an inflammatory and hypercoagulable state in steatotic
livers preserved with NMP. The down regulation of C3 (complement component 3) suggests

a dampened immune response in steatotic livers preserved with NMP.
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Among the upregulated DEPs, several proteins of significant clinical relevance (based on
biological function) were identified. The upregulation of proteins involved in oxidative
phosphorylation (e.g., COX7A2L, NDUFB4) (319,320) suggests enhanced mitochondrial
respiratory capacity during cNMP. These proteins are essential for oxidative phosphorylation,
which is critical for maintaining energy metabolism in the liver during NMP. These changes
suggest that cNMP of steatotic livers may confer protection against mitochondrial dysfunction
and oxidative stress in the clinical setting of liver transplantation (321). These findings also
align with that of Raigani et al. who performed metabolomic and lipidomic profiling on 8
discarded human livers (steatotic, n = 5 vs. non-steatotic, n = 3) preserved with NMP. The
authors demonstrated both steatotic and non-steatotic livers were able to regenerate ATP and
maintain similar energy charge ratios, despite clear signs of metabolic deficiencies (322).
However, the downregulation of ATPSPB and NDUFS1 (323,324) in steatotic livers preserved
with ctNMP described within the current chapter suggest a metabolic shift in response to
cellular stress that can potentially alter ATP synthesis efficiency suggesting a only a partial

resuscitative effect of NMP on steatotic livers.

The upregulation of Intercellular Adhesion Molecule 1 (ICAMI1) suggests an increase in
leukocyte adhesion, which may play a role in mediating the innate immune responses during
perfusion and pro-inflammatory response following ex-situ reperfusion during NMP
(325,326). However, the upregulation of HMOX1 and SQSTMI indicates an enhanced
cytoprotective response in steatotic livers preserved with NMP. HMOXI plays a role in
protecting cells from oxidative stress by degrading free heme (327), while SQSTM1 confers
protection against lipotoxicity and is involved in autophagy (facilitating the removal damaged
cellular components) (328). These results are similar to that reported by Ohman et al. (see
above) who demonstrated initial upregulation of innate immune response followed by the
activation of autophagy and mechanisms that promote cell survival in adequately functioning
discarded human livers preserved with NMP (198). However, the study by Ohman et al.
included a small heterogenous cohort of marginal DCD human livers declined for
transplantation. In addition, none of the livers actually had steatosis (Id-MaS of >5%) and the
livers were all subjected to a varying degree of cold ischaemia with preservation using NMP
in a back-to-base approach (pSCS-NMP) (198). It is therefore difficult to draw meaningful
conclusions or comparisons when compared to steatotic livers preserved with cNMP described

within this chapter.

156



In addition, the upregulation of F2 (prothrombin) during cNMP of steatotic donor livers was
an important finding. Prothrombin (F2) is primarily known for its role in the coagulation
cascade, where it is converted into thrombin, a key enzyme in blood clotting. Literature
indicates that steatosis is independently linked to endothelial dysfunction with a chronic
proinflammatory state that can result in thrombosis. This heightened risk may result from
disruptions in multiple aspects of the haemostatic process, including endothelial and platelet
dysfunction, alterations in the coagulation cascade, reduced fibrinolytic activity, or a
combination of these factors (316,317). In the context of machine perfusion, elevated thrombin
generation during perfusion could potentially worsen microcirculatory disturbances in the
liver, leading to increased ischaemic injury and biliary complications. This is particularly
concerning in steatotic livers, which are already more susceptible to such injuries due to their
impaired microcirculation and higher metabolic demands. Recently, Watson et al. reported the
impact of fibrin deposits in deceased donor livers undergoing NMP and evaluated the potential
role of fibrinolysis during ex-situ liver perfusion. D-dimer levels, indicative of fibrin
degradation, were measured in the perfusate of 163 livers after 2 hours of perfusion, including
91 that were subsequently transplanted. The authors demonstrated that D-dimer levels were
lowest in livers recovered using in situ normothermic regional perfusion (NRP) and highest in
those treated with alteplase, a fibrinolytic agent. A significant correlation was observed
between D-dimer levels and cold ischemia duration in livers from DBD donors. Elevated D-
dimer levels were associated with reduced transplant survival in non-alteplase-treated livers.
Importantly, fibrinolytic treatment with alteplase during NMP resulted in increased D-dimer
release, indicating a significant fibrin burden, and was linked to positive transplant outcomes,
with 8 out of 9 treated livers remaining free from cholangiopathy (329).These findings suggest
that fibrinolytic therapy during NMP could be a valuable strategy to improve transplant

outcomes of steatotic donor livers, however, this remains to be investigated.

The downregulation of APOB and APOC4, which are involved in lipid transport, suggests
alterations in lipid homeostasis during cNMP. APOB is crucial for the formation and secretion
of very low-density lipoproteins (VLDL) in the liver, which are responsible for exporting
triglycerides from hepatocytes. When the production or secretion of APOB is disrupted,
triglycerides can accumulate within the liver, leading to the development of hepatic steatosis.
Anson et al. demonstrated that siRNA-mediated knockdown of ApoB led to elevated hepatic

triglycerides and liver steatosis in mice, highlighting the importance of APOB in maintaining
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lipid homeostasis and preventing fatty liver disease (330). APOCA4 is a relatively underexplored
member of the APOC family. Although the APOC4 gene was identified and characterised
nearly 25 years ago, it has received limited research focus, possibly due to its plasma
concentrations being significantly lower than those of APOC1, APOC2, and APOC3. Like
other APOCs, APOC4 is associated with circulating triglyceride-rich lipoproteins (TRLs) and
high-density lipoproteins (HDL) (331). There is evidence to suggest that endogenous APOC4
may contribute to increased plasma triglyceride levels. Studies have shown that overexpression
of human APOC4 in mice, at levels beyond the normal physiological range, lead to elevated
very low-density lipoprotein (VLDL) levels, indicating a potential role in lipid metabolism
regulation (332). These findings suggest a metabolic shift that prioritises energy production

over lipid storage/haemostasis during NMP of steatotic livers.

The down regulation of Complement component 3 (C3) during cNMP of steatotic donor livers
represents an important finding. The complement system is essential in initiating the innate
inflammatory response, facilitating both cell-mediated and antibody-mediated defences against
pathogens. It also plays a crucial role in sterile tissue injury by responding to damage-
associated molecular patterns (DAMPs). The extent and persistence of complement activation
are key factors in determining whether inflammation leads to tissue regeneration or destruction
after sterile injury. Studies in kidney transplantation have highlighted the significance of
complement activation in delayed graft function, a finding supported by rodent models of renal
ischemia-reperfusion injury. In the context of liver transplantation, particularly with donor
livers exhibiting moderate steatosis, targeting the complement cascade (specifically
anaphylatoxins like C3a and C5a) could be a promising strategy to mitigate reperfusion injury
and improve graft outcomes. Steatotic livers, burdened by excess lipids, may experience
amplified stress responses and increased hepatocyte turnover, further exacerbating complement
activation. This activation could contribute to complications such as rejection and thrombosis
post-transplantation (333). The results within this chapter therefore highlight the potential of
NMP in mitigating complement activation in steatotic donor livers as well as providing a

platform for pharmacological modulation of the complement system.

5.4.2 Steatotic livers preserved with SCS
During SCS of steatotic donor livers, there was an upregulation in proteins involved in fatty

acid B-oxidation (e.g., ACAD11, ACSF2) (334,335) indicating an increased reliance on fatty
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acid metabolism for energy production during SCS. The downregulation of PRKAGI, a key
regulator of AMP-activated protein kinase (AMPK), suggests a reduced capacity to respond to
cellular stress during SCS. Zaouali et al. investigated the role pharmacological AMPK
modulation on autophagy and endoplasmic reticulum (ER) stress in steatotic livers. The
addition of melatonin and trimetazidine to the IGL-1 cold preservation solution resulted in
enhanced AMPK activation with a reduction in ER stress and enhanced autophagy in livers
procured from zucker rats, with improved liver function following ex-situ normothermic

reperfusion (336).

Succinate dehydrogenase (SDH), also known as Complex II in the mitochondrial electron
transport chain, plays an important role in cellular metabolism. SDH catalyses the oxidation of
succinate to fumarate in the tricarboxylic acid (TCA) cycle. This reaction is crucial for the
continued production of energy-rich molecules like NADH and FADH2, which are used in the
electron transport chain to generate ATP (337). The downregulation of SDHAF2 during the
SCS of steatotic livers can impair the proper assembly and function of the succinate
dehydrogenase (SDH) complex, resulting in a diminished mitochondrial respiratory capacity
and reduced SDH activity. This impairment of the tricarboxylic acid (TCA) cycle decreases
ATP production due to disrupted oxidation of succinate to fumarate. The resulting
mitochondrial dysfunction exacerbates oxidative stress and energy deficits in steatotic livers,
increasing their sensitivity to the process of ischemia-reperfusion injury (IRI) during

transplantation.

5.4.3 Lean livers preserved with NMP

MCL cluster analysis revealed four main clusters (identified by their modularity i.e. more
densely connected internally than with the rest of the network and clear separation from other
clusters) involving ribosomal, anti-inflammatory, mitochondrial and lipid metabolism
pathways. The upregulation of ribosomal proteins and mitochondrial components indicates
increased protein synthesis and enhanced mitochondrial function, which are essential for
energy production and cellular repair during NMP. The modulation of anti-inflammatory and
lipid metabolism pathways highlight the metabolic shift to balance energy production, mitigate
inflammation and thrombosis, and prevent lipid accumulation, all of which are crucial for

maintaining liver function during preservation.
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Among the upregulated DEPs, several proteins of significant clinical relevance (based on
biological function) were identified, including ICAM1, HMOXI1, HLA-C, PSMD4, and
SQSTMI1. The upregulation of ICAM1 (Intercellular Adhesion Molecule 1) is particularly
notable, as it plays a critical role in leukocyte adhesion and trans-endothelial migration. The
upregulation of ICAM-1 in both steatotic livers and lean livers preserved during NMP suggests
a pro-inflammatory response following ex-situ reperfusion during NMP (325) and monitoring
ICAMI during NMP could be a valuable marker of recovery from (or worsening injury) (326).
In addition, similar to steatotic livers preserved with NMP, the upregulation of HMOX1 was
evident in lean livers preserved with NMP, thereby confirming the cytoprotective effects of

NMP during preservation (338).

Late allograft dysfunction remains a critical issue in liver transplantation, with its underlying
mechanisms not fully understood. HLA-C serves as the primary inhibitory ligand for killer
immunoglobulin-like receptors (KIRs), which regulate the cytotoxic function of natural killer
(NK) cells. HLA-C alleles are categorised into HLA-C1 and HLA-C2 groups, with HLA-C2
providing stronger inhibition of NK cell activation. The upregulation of HLA-C in lean livers
preserved with c¢cNMP is an important finding as it highlights potential for
immunoregulation/altering the immunogenicity of the liver graft during preservation.
Furthermore, Hanvesakul et al. performed a large cohort study of liver transplant recipients,
and demonstrated that donor allografts carrying at least one HLA-C2 allele showed
significantly reduced histological signs of chronic rejection and graft cirrhosis, along with a
16.2% decrease in graft loss (p = 0.003) (hazard ratio: 2.7, 95% CI 1.4-5.3) and a 13.6%
improvement in patient survival (p = 0.01) (hazard ratio: 1.9, 95% CI 1.1-3.3) over 10 years.
Notably, transplantation of HLA-C2 homozygous allografts led to a 26.5% reduction in graft
loss (p < 0.001) (hazard ratio: 7.2, 95% CI 2.2-23.0) compared to HLA-C1 homozygous
allografts. These findings underscore the pivotal role of donor HLA-C genotype in liver
transplantation outcomes, highlighting the influence of NK cells in chronic rejection. Targeting
HLA-C and KIR interactions may offer a promising strategy to enhance long-term graft and

patient survival (339).
The increase in PSMD4 (a subunit of the 26S proteasome) and SQSTM1 further supports the

idea that NMP promotes cellular homeostasis and autophagy, essential for removing damaged

proteins and maintaining cellular integrity during the stress of preservation (198) as also

160



demonstrated in steatotic livers preserved with NMP which demonstrated an upregulation of

SQSTM.

Conversely, the downregulation of proteins such as C3, ACOX1, CYP2E1, APOB, and ACSL5
provides insights into altered metabolic and immune functions during NMP. Similar to steatotic
livers preserved with NMP, the downregulation of C3 in lean livers preserved with cNMP
indicates a reduction in immune activation, which could be a protective mechanism against
excessive inflammation that might otherwise contribute to tissue damage following
transplantation (333). The downregulation of ACOX1, ACSL5 and APOB points to altered
lipid haemostasis during cNMP of lean donor livers. ACOX1 is a key enzyme in the
peroxisomal B-oxidation of fatty acids, and its downregulation suggests a shift away from the
catabolism of fatty acids during NMP. This reduction in fatty acid oxidation might be a
protective response to prevent the accumulation of reactive oxygen species (ROS) that are
typically generated during B-oxidation, thereby minimising oxidative damage to the liver graft
(340,341). Recently. Lu et al. demonstrated that ACOX1-mediated B-oxidation in the liver
significantly influences inter-organ communication, thereby regulating metabolic homeostasis.
Mice with a liver-specific knockout of ACOX1 (Acox1-LKO) exhibited resistance to diet-
induced obesity, reduced adipose tissue inflammation and improved systemic insulin
sensitivity. These findings position hepatic peroxisomal -oxidation as a crucial regulator of
systemic metabolic balance and suggest that modulation of ACOX1 activity or its substrates
could serve as a therapeutic approach for obesity-associated metabolic disorders. ACSLS5 is an
enzyme critical for the activation of long-chain fatty acids, facilitating their conversion into
acyl-CoA, which is essential for lipid metabolism, including both synthesis and B-oxidation of
fatty acids. The reduction in ACSL5 and APOB expression during cNMP suggests a metabolic
shift in the liver, where there is decreased reliance on the utilisation and breakdown of fatty

acids for energy production in lean livers preserved with NMP (330,342)

The downregulation of CYP2E1 points to a decrease in and cytochrome P450 activity. In vitro
research indicates that cytochrome P450 enzyme activity can be impacted by hepatic ischemia-
reperfusion (IR) injury. Shaik et al. explored how one hour of partial ischaemia, followed by
either 3 hours (IR3) or 24 hours (IR24) of reperfusion, affects the metabolism of chlorzoxazone
(CZX) and its CYP2E1-mediated metabolite, 6-hydroxychlorzoxazone (HCZX), in rats. After

3 hours of reperfusion, there was a 30% reduction in CZX clearance, though HCZX levels in
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plasma were unaffected. However, isolated perfused rat liver (IPRL) experiments showed that
IR3 also led to a 70% reduction in HCZX biliary clearance. Microsomal analysis found a 50%
decrease in HCZX formation due to reduced enzyme activity, despite no change in CYP2E1
protein levels. This reduction was linked to a 30% decrease in cytochrome P450 reductase
activity. After 24 hours of reperfusion, no significant changes were observed in the metabolism
of CZX or HCZX. This suggests that metabolism of xenobiotics and endogenous compounds
that are substrates for CYP2E1 could be temporarily impaired following surgical procedures
that interrupt liver blood flow (343). Whilst this reduction was evident in livers preserved with
cNMP, it may be further downregulated with a back-to-base approach (pSCS-NMP, where

there is a longer cessation in blood supply) with potential implications on drug metabolism.

5.4.4 Lean livers preserved with SCS

STRING® network analysis provided insights into the complex interactions and pathways
affected during SCS of lean livers. The upregulated proteins, such as ATPSF1A, NDUFA12,
MMUT, HMOXI1, and ACAA?2, indicate increased mitochondrial activity, protein synthesis
and metabolic homeostasis, suggesting an adaptive response to maintain energy production and
cellular integrity during SCS. On the other hand, downregulated proteins like MARCKS,
MACRODI, and NUTF2 indicate alterations in signalling pathways and cytoskeletal

dynamics, potentially conferring hepatocellular protection to minimise injury during SCS.

Among the upregulated DEPs, several proteins of significant clinical relevance (based on
biological function) were identified. The upregulated proteins identified during SCS are
primarily involved in critical metabolic processes such as ATP synthesis, NADH
dehydrogenase activity, amino acid/lipid degradation, cytoprotection, and fatty acid B-
oxidation. These processes are essential for maintaining cellular energy balance and protecting

hepatocytes from ischaemic injury during storage.

ATPSFIA is involved in ATP production through oxidative phosphorylation (344). Its
upregulation suggests an increased demand for ATP synthesis to maintain cellular homeostasis
during the stress of cold storage. NDUFA12 is part of Complex I of the mitochondrial
respiratory chain, which is crucial for electron transport and ATP generation. The upregulation
of NDUFA12 reflects a heightened mitochondrial activity, possibly as a compensatory

mechanism to meet energy demands under the ischaemic conditions of SCS (345). ACAA2
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participates in the final step of fatty acid B-oxidation. The acetyl-CoA generated by ACAA?2 is
then utilised in the tricarboxylic acid (TCA) cycle, contributing to ATP production, or directed
towards ketogenesis, especially during periods of low glucose availability. The role of ACAA2
role in fatty acid metabolism is critical for energy production in the liver, particularly during
fasting or metabolic stress when the ability to oxidise fatty acids becomes essential for

maintaining energy balance (for example in the context of static cold storage, SCS) (346).

MMUT is involved in the breakdown of amino acids and odd-chain fatty acids, indicating
increased metabolic activity during SCS to prevent the accumulation of toxic intermediates.
This role of MMUT is particularly important during periods of fasting or metabolic stress when
the liver needs to efficiently convert stored fats and proteins into energy. Moreover, MMUT
helps prevent the accumulation of methylmalonic acid, which can be toxic to cells if it
accumulates at high levels (347,348). HMOXI1 (Heme oxygenase 1) provides cytoprotection
and its upregulation highlights the response to oxidative stress during cold storage (as also

observed in steatotic preserved with SCS) (349).

Conversely, the downregulated proteins are involved in pathways such as protein kinase-C
activity, nuclear transport, mTORCI activation and inflammatory cytokine activity. These
reductions suggest a potential decrease in signalling pathways, cellular transport, and
inflammatory responses during cold storage, which might be a protective mechanism against

cold storage-induced injury.

MARCKS is a key protein involved in the regulation of cellular processes such as signal
transduction, cell motility and cytoskeletal dynamics. It is one of the major substrates of protein
kinase C (PKC), which phosphorylates MARCKS in response to various extracellular signals.
MARCKS plays a significant role in modulating actin cytoskeleton dynamics, which is crucial
for maintaining the structural integrity of cells and their response to environmental stress (350).
During SCS of lean livers, the downregulation of MARCKS indicates a potential reduction in
PKC-mediated signalling pathways and cytoskeletal remodelling. This downregulation may be
a protective response to minimise cellular stress and prevent over-activation of signalling

pathways that could lead to cytoskeletal instability during SCS.

MACRODI is implicated in the removal of ADP-ribose from proteins, a process important for
DNA repair and stress responses (351). Decreased levels of MACROD1 indicate reduced DNA

163



repair activity during SCS. NUTF2 has an important role in nucleocytoplasmic transport (352).
Downregulation of NUTF2 during SCS could be related to energy conservation (and reduced

cellular metabolism) during SCS.

LAMTORS is involved in mTORCI signalling, which regulates cell growth in response to
nutrient availability (353). During SCS of lean livers, a reduction in LAMTORS could be
related to a suppression of mTORCI signalling, likely as a response to the anaerobic and
nutrient-deprived conditions characteristic of SCS. The downregulation of LAMTORS
indicates a metabolic shift from growth and anabolic processes to energy conservation in order

to enhance cell survival during SCS.

5.4.5 Reperfusion of steatotic livers preserved with NMP compared to lean donor livers

MCL cluster analysis revealed five main clusters (identified by their modularity i.e. more
densely connected internally than with the rest of the network and clear separation from other
clusters). These clusters highlight shifts in metabolism, immune response and stress
management during reperfusion of steatotic livers preserved with NMP (compared to lean
livers) that are critical for determining the success of liver transplantation, particularly in the

high-risk category of steatotic donor livers and are described in Table 5.8:
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Table 5.8. Reperfusion MCL cluster analysis of steatotic NMP liver vs. lean counterparts

Pathway Function

Ribosomal The upregulation of specific ribosomal proteins (e.g., RPS27L, RPL10)
indicates an increased capacity for protein synthesis and stress response, while
the downregulation of others (e.g., RPL15, EIF1) suggests a shift towards
energy conservation during reperfusion (354-357).

RNA splicing The upregulation of RNA helicases like DHX15 indicates enhanced RNA

processing activities (358), while downregulation of splicing factors (e.g.,
SF3B1, HNRNPDL) suggests a reduction in overall RNA splicing efficiency
(359,360), possibly impacting gene expression regulation during reperfusion.

Immune cell
migration

The upregulation of proteins like DOCK, a key regulator of cytoskeletal
dynamics (particularly in the context of cell migration) (361) indicate that
steatotic livers actively engage in processes that promote tissue repair and
regeneration during reperfusion in the recipient with mobilisation of immune
cells to sites of injury. These processes may facilitate the removal of damaged
cells and promote hepatocellular regeneration.

Conversely, the downregulation of proteins such as CRK and RHOA reflects
a complex balancing act during reperfusion. CRK is involved in cell adhesion
and growth signalling pathways, while RHOA plays a pivotal role in
regulating stress fibre formation and cellular contraction (362,363). The
reduced expression of these proteins may indicate a suppression of certain
signalling pathways that are usually involved in maintaining cell structure and
integrity. This downregulation could lead to decreased cell adhesion and
altered signal transduction, potentially compromising the structural integrity
of steatotic livers during the stress of reperfusion.

The simultaneous upregulation of proteins promoting cell migration and
downregulation of those involved in cell adhesion and signalling suggests that
while the liver is attempting to repair itself, there may be a trade-off that
impacts its overall structural stability. The weakened cell adhesion could make
steatotic livers more vulnerable to further hepatocellular injury or impair
ability to fully recover from the reperfusion event. This is an important finding
especially in steatotic livers where the metabolic and inflammatory burdens
are already high.

Glycogen and
carbohydrate
metabolism

The upregulation of enzymes like ENO3 and PYGL suggests increased
glycolytic activity and glycogen breakdown (364,365) which are essential for
meeting the energy demands of steatotic livers during reperfusion.

Protein folding and
glucocorticoid
activity

The downregulation of STIP1 (heat shock protein co-chaperone) indicates a
reduced capacity for managing protein misfolding and stress (366,367). This
could contribute to cellular dysfunction steatotic livers preserved with NMP
following reperfusion. The downregulation of FKBP5 (involved in the
regulation of glucocorticoid receptor sensitivity) (368) indicates reduced
hepatic response to hormonal stimuli and to immunosuppressive therapy i.e.
FK506 (Tacrolimus).
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Among the upregulated DEPs, several proteins of significant clinical relevance (based on
biological function) were identified. The upregulation of CRAT during reperfusion of steatotic
livers preserved with NMP suggests an enhanced capacity for fatty acid B-oxidation (369),
which is likely a compensatory response to the excess lipid content in these livers. This
metabolic adaptation is crucial for meeting the increased energy demands during reperfusion.
The upregulation of HLA-E during reperfusion of steatotic livers preserved with NMP indicate
an immunomodulatory effect of NMP. HLA-E is recognised by the CD94/NKG2A receptor on
NK cells, which transmits an inhibitory signal that can prevent NK cell-mediated cytotoxicity
(370). This may overall contribute to graft tolerance by inhibiting NK cell activity during
reperfusion. The upregulation of HSPA6 demonstrate the hepatocellular response to maintain
protein homeostasis during injury sustained during reperfusion by promoting the correct
folding of proteins and preventing the accumulation of misfolded proteins (371). An important
finding was that NMP of steatotic livers results in altered bile metabolism during reperfusion
and is characterised by upregulation of BAAT suggesting enhanced bile acid amidation
required for bile detoxification processes and maintaining cellular homeostasis (372). In
addition, the upregulation of APCS reflects a mechanism for scavenging nuclear debris from
damaged cells, which is essential in mitigating inflammation and tissue damage during the

critical phase of reperfusion (373).

Conversely, the downregulation of key proteins during reperfusion of steatotic livers indicate
only a partial resuscitative effect of NMP in mitigating against IRI compared to lean livers.
WEFS1 is essential for maintaining calcium homeostasis, when downregulated, leads to
increased endoplasmic reticulum stress and a higher likelihood of cell death during reperfusion
(374,375). Similarly, the reduced expression CMC1 indicates impaired mitochondrial function,
specifically in cytochrome ¢ oxidase assembly, which is essential for energy production and
mitigating oxidative stress (376). The downregulation of RPS23 suggests a reduction in protein
synthesis (377) as a consequence of IRI. In addition, an important finding was the
downregulation of G3BP1. G3BP1 plays a critical role in the formation of stress granules
(SGs), which are essential for controlling excessive inflammation and apoptosis triggered by
double-stranded RNA. G3BP1 inhibits the entry of p53 into the nucleus, preventing it from
binding to the promoter of SLC7A11 thereby reducing hepatocyte ferroptosis during acute liver
failure. G3BP1-mediated SGs also protect hepatocytes from apoptosis by inhibiting the
hypoxia-inducible factor lo-endoplasmic reticulum stress pathway. Increased G3BP1

expression correlates with better prognosis in liver failure (378). However, the downregulation
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of G3BP1 during reperfusion of steatotic livers preserved with NMP indicate an exacerbated
inflammatory response. Furthermore, the downregulation of APEX1 indicates increased
sensitivity to oxidative stress during reperfusion with impaired cellular and DNA repair

functions (379).

5.4.6 Reperfusion of steatotic livers preserved with SCS compared to lean donor livers

Steatotic livers do not tolerate static cold storage (SCS) and have a heightened sensitivity to
the process of IRI (4). Among the upregulated DEPs during reperfusion of steatotic livers
preserved with SCS, several proteins of significant clinical relevance (based on biological
function) including APOC1, ACOT13, NDUFB6 and PF4 stand out. APOC1, which inhibits
lipoprotein binding to receptors such as LDL and VLDL, suggests impaired lipid metabolism
and consequent accumulation of intrahepatic triglycerides that could exacerbate hepatocellular
injury during reperfusion (380). ACOT13, involved in the hydrolysis of acyl-CoAs, further
highlights disruptions in fatty acid metabolism during reperfusion (381). NDUFB6, a subunit
of the mitochondrial respiratory chain complex I, indicates mitochondrial response to oxidative
stress and energy demands in steatotic livers (compared to lean livers) preserved with SCS
(382). PF4, a platelet factor involved in counteracting the anticoagulant properties of heparin
which can promote a pro-thrombotic state during reperfusion. The upregulation of PF4 suggests
an enhanced risk of thrombosis (383,384) in steatotic livers preserved with SCS. This may

exacerbate IRI and complicate post-transplantation outcomes.

Conversely, the downregulated proteins, such as PTER, UGT2B15, and ATP1A1, indicate
significant metabolic impairments. PTER, involved in the hydrolysis of phosphotriesters (385),
is crucial for detoxification, and its downregulation suggests a reduced capacity to process toxic
substances during reperfusion, further aggravating IRI in steatotic compared to lean livers
preserved with SCS. UGT2B15, which plays a role in glucuronidation and detoxification (386),
further underscores the compromised detoxification processes in steatotic livers preserved with
SCS during reperfusion. The reduction in ATP1Al1, essential for maintaining ion gradients
across the plasma membrane, points to disturbances in ion homeostasis (387), suggest impaired

cellular function during reperfusion.

Overall, these proteomic changes indicate that steatotic livers experience more severe

metabolic disruptions during reperfusion following SCS than lean livers. The upregulation of
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proteins involved in lipid metabolism, mitochondrial function, inflammatory response, and
thrombosis, alongside the downregulation of proteins crucial for detoxification and ion

homeostasis, highlights the increased sensitivity of steatotic livers to IRI.

5.4.7 Effect of preservation technique and steatosis on reperfusion liver biopsy proteomes
Over-representation analyses of gene ontology (GO) terms demonstrated significant
upregulation of biological processes related to protein modification, cell proliferation,
cytoskeletal organisation, protein folding, and anti-apoptotic pathways during reperfusion of
steatotic livers preserved with NMP. These changes suggest that NMP may help mitigate some
of the detrimental effects of steatosis by enhancing cellular repair mechanisms, promoting cell
survival, and maintaining cytoskeletal integrity compared to SCS. Moreover, molecular
pathways related to ribosomal stability and chaperone activity were also upregulated,
indicating an increased need for protein synthesis and proper folding during reperfusion
compared to SCS. Conversely, pathways related to lipid storage, glycogenolysis, and
immunoregulatory functions were downregulated, which may reflect a shift away from
metabolic storage and immune activation towards cellular recovery and stabilisation during
reperfusion. However, the downregulation of cellular pathways associated with mitochondrial
machinery and secretory granules suggests impaired energy production and diminished
secretory functions suggesting that further optimisation, beyond NMP is required to improve

outcomes of steatotic donor livers.

5.4.8 Limitations

Several limitations were inherent in this study. The main limitation is the absence of subgroup
analysis i.e. DCD (Donation after Circulatory Death) and DBD (Donation after Brain Death),
despite their potential biological differences. The duration of normothermic preservation could
also have influenced the proteomic profiles of the grafts, with varying levels of protein
translation occurring over different preservation times, which may have confounded the results.
However, no significant impact of donor type or the length of NMP on the proteomic profiles
was identified (when previously explored by our group), therefore supporting the decision not
to perform subgroup analysis. The study's relevance is further supported by its focus on a
clinically pertinent cohort of livers, using technology consistent with common clinical practice,
thereby providing important mechanistic insights into a real-world application. Including a

larger cohort of discarded livers, such as those with primary non-function (PNF) or poor
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outcomes, could have enhanced the study by allowing for the identification of molecular
characteristics linked to graft quality, an area not addressed in this research. However, this
study is distinguished by its unbiased observational approach and large sample size, breaks
from the more traditional, small-cohort, biomarker-focused proteomics work. Through
avoidance of a targeted proteomics approach, which often introduces bias, this research
provides a more comprehensive understanding of the proteomic landscape. Unlike previous
studies that have relied on easily accessible tissues such as serum, urine, plasma, or perfusate
as surrogates for the organ of interest, this work directly accessed graft tissue, offering more

accurate insights into the proteomic changes occurring within the liver itself.

5.4.9 Conclusion

This chapter provided a comprehensive analysis of the impact of preservation techniques,
specifically continuous normothermic machine perfusion (c(NMP) and static cold storage
(SCS), on the proteomic profiles of steatotic donor livers compared to their lean counterparts.
The findings underscore the significant and progressive alterations in proteomic profiles
induced by both cNMP and SCS during the preservation and reperfusion phases, highlighting
the critical role of these changes in graft outcomes. Despite the increasing adoption of NMP in
clinical practice, the technology remains relatively new, with limited studies focusing on its
proteomic effects. The chapter therefore offers valuable insights into how ¢cNMP influences the
proteomic environment of steatotic livers, potentially enhancing mitochondrial function, lipid
metabolism, and cytoprotective responses while mitigating immune activation and oxidative
stress. Moreover, the study identified key differences in the proteomic responses between
steatotic and lean livers preserved with ¢cNMP, with steatotic livers exhibiting distinct
metabolic challenges during reperfusion. The upregulation of proteins related to lipid
metabolism and mitochondrial function in steatotic livers suggests a compensatory mechanism
for the heightened metabolic demands during reperfusion. In contrast, SCS preserved steatotic
livers demonstrated a greater sensitivity to the process of IRI with dysregulation in lipid
metabolism, mitochondrial function, and detoxification processes compared to lean livers.
Preservation of steatotic livers with both NMP and SCS resulted in upregulation in pro-
thrombotic proteins. Overall, the chapter highlights the potential of cNMP in improving the
viability of steatotic donor livers, offering a foundation for future studies aimed at further

optimising preservation strategies and expanding the donor pool.
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Chapter 6: Defatting of donor transplant livers during
normothermic perfusion — a randomised clinical trial:

Study protocol for the DeFat study

Liver disease is the third leading cause of premature death in the UK. Transplantation is the
only successful treatment for end-stage liver disease but is limited by a shortage of suitable
donor organs. As a result, up to 20% of patients on liver transplant waiting lists die before
receiving a transplant. A third of donated livers are not judged suitable for transplant, often due
to steatosis. Hepatic steatosis, which affects 33% of the UK population, is strongly associated
with obesity, an increasing problem in the potential donor pool. We have recently tested
defatting interventions during normothermic machine perfusion (NMP) in discarded steatotic
human livers that were not transplanted (see Chapter 1, 1.6.3). A combination of therapies
including forskolin (NKH477) and L-carnitine to defat liver cells and lipoprotein apheresis
filtration were investigated. These interventions resulted in functional improvement during
perfusion and reduced the intrahepatocellular triglyceride (IHTG) content. We hypothesise that
defatting during NMP will allow more steatotic livers to be transplanted with improved

outcomes.

The hypothesis will be tested in a multi-centre randomised clinical trial (the DeFat study),
where we will randomly assign 60 livers from donors with a high-risk of hepatic steatosis to
either NMP alone or NMP with defatting interventions. We aim to test the safety and feasibility
of the defatting intervention, and will explore efficacy by comparing ex-situ and post-
reperfusion liver function between the groups. The primary endpoint will be the proportion of
livers that achieve predefined functional criteria during perfusion which indicate potential
suitability for transplantation. These criteria reflect hepatic metabolism and injury and include:
lactate clearance; perfusate pH; glucose metabolism; bile composition; vascular flows;
transaminase levels. Clinical secondary endpoints will include: proportion of livers
transplanted in the 2 arms, graft function; cell-free DNA (cfDNA) at follow-up visits; patient
and graft survival; hospital and ITU stay; evidence of ischemia-reperfusion injury (IRI); non-

anastomotic biliary strictures; recurrence of steatosis (determined on MRI at 6 months).
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In this first clinical study, the primary objective is to confirm the safety and assess efficacy of
the NMP-defatting protocol in steatotic donor livers intended for transplant. The secondary
objective is to test the feasibility of the (i) inclusion criteria (false positives & negatives); (ii)
delivery of intervention; and; (iii) the study endpoints. These objectives will provide
information of likely effect sizes in order to design a subsequent phase III study in the future.

The mechanistic studies will be analysed subsequent to the main clinical outcomes. These will
be carried out for two broad reasons (i) to identify more sensitive and specific markers of
transplantability and; (ii) to understand the process of defatting that leads to a steatotic organ

being reconditioned.

This chapter describes the ongoing clinical trial (the DeFat study) outlined above. Whilst no
results have been included in this chapter, pertinent sections of the study protocol (v3.3)
including the background, rationale, trial design, methods, outcomes (primary, secondary and
mechanistic), sample size, recruitment and assignment of the intervention have been replicated
verbatim from the study protocol manuscript that I have published as first author, titled:
Defatting of donor transplant livers during normothermic perfusion — a randomised clinical
trial: Study protocol for the DeFat study. The online link for the full study protocol which
includes further information on consent, data collection and management, research sample

collection, statistical analysis plan, oversight and monitoring is included in Appendix C.

6.1 Background and rationale

Our pre-clinical results in organs retrieved for clinical transplantation but discarded due to
steatosis have demonstrated the potential of a novel defatting strategy which forms the basis of
the NMP-defatting protocol that is being investigated within the DeFat study (388). Using the
commercially-available OrganOx metra® device, 18 livers were perfused in the pre-clinical
study: 6 using a standard NMP protocol (Group 1); 6 using a circuit including a lipoprotein
apheresis filter to remove circulating lipids (Group 2), and 6 using the lipoprotein apheresis

filter and pharmacological interventions (Group 3). All livers were perfused over 48 hours.

The first intervention was aimed at reducing the amount of VLDL-TG circulating in the
perfusate; these are thought to be pro-inflammatory and might contribute to on-going IHTG
accumulation (these can be recycled through the liver). To remove VLDL, a lipoprotein

apheresis (DALI® 500) filter (Fresenius Medical Care (UK) Ltd, Huthwaite, UK) was
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incorporated into the circuit (Figure 6.1). In clinical practice, this adsorption system is used for

patients with severe hyperlipidaemia, refractory to medical therapy (389). The DALI® 500

consists of a matrix of polyacrylate beads, effective for the adsorption of cholesterol,

lipoprotein (a) and TGs (389).

Figure 6.1. Lipoprotein apheresis filter connected to the NMP circuit

Following this, we further modified the perfusate to include the following interventions:

L-carnitine: to increase -oxidation of fatty acids from the mitochondrial membrane.
The perfusate will be supplemented with of L-carnitine 1g/5ml aqueous solution (390—
393).

Forskolin (NKH477, water-soluble forskolin): a glucagon mimetic cAMP activator
which results in increased lipolysis of lipid droplets and fatty acid oxidation (394).
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e Insulin: infused at a 50% lower concentration than in the OrganOx instructions for use.
This reduces the stimulation of de novo lipogenesis (DNL), the only source of fatty acid
production in the liver during NMP (177).

e Glucose: Glucose acts as a non-lipid precursor for DNL (180). In order to reduce the
liver’s ability to de novo synthesise fatty acids, the glucose threshold to commence
infusion of parenteral nutrition (TPN) infusion was reduced from 10 mmol/L to 5

mmol/L to reduce perfusate glucose concentration.
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Figure 6.2A-D. Group 1 — NMP alone, Group 2 — filter, Group 3 — filter plus defatting agents

The results described relate to pre-clinical perfusions outside the scope of this thesis. They are
included here solely for illustrative purposes, providing context and background for the DeFat
clinical trial protocol presented in this chapter. Over 48 hours of perfusion, a significantly
increased arterial flow was seen in both intervention groups (Groups 2 and 3) (Figure 6.2A).
The lipoprotein apheresis filter (Groups 2 and 3) significantly reduced circulating TG
concentrations (Figure 6.2B). 3-OHB measurements showed a significant increase in fatty acid
B-oxidation in Group 3, where L-carnitine and forskolin had been added (Figure 6.2C).
Significant reduction in intrahepatic DNL (as measured in liver tissue using stable-isotope
methodology) was seen in Group 3 (Figure 6.2D). Other functional benefits observed in both

Groups 2 and 3 were increased hepatic glycogen production, less rise in perfusate transaminase,
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and a reduction in haemolysis (which we previously identified as a marker of ex-situ liver

function (207)).

The combination of lipoprotein apheresis filtration and defatting interventions significantly
reduced the amount of fat within the liver by 45% at 48 hours. However, the functional
improvements were seen much earlier, by 6 hours. From this experimental study, we concluded
that a combination of lipoprotein apheresis filtration and perfusate modification reduces hepatic

steatosis and improves ex-situ liver function.

The pre-clinical study outlined of ex-situ defatting in discarded human livers has demonstrated,
a ‘proof of concept’ (388): if this translates into clinical practice, it will significantly increase
the number of safely-transplantable organs by increasing utilisation of ‘marginal’ organs. The
interventional agents proposed are safe, well-tolerated and available for clinical use (in contrast
to previous studies) (217,221). We do not anticipate any systemic side effects following
transplantation; first, because the doses are much lower than those used in human studies and,
second, because, these agents will be administered ex-situ to livers that are then thoroughly
flushed prior to transplant (as per standard practice following NMP) removing the agents from

the liver prior to transplantation.

In addition, structural and functional differences were evident after 6 hours of perfusion. These
were associated with improved perfusion and biochemical metrics that would have defined
these organs as transplantable on current functional criteria. This suggests that 6 hours of
perfusion should be the minimum required prior to considering implantation of the organ into

the recipient (with a maximum of 24 hours as per OrganOx metra® instructions for use).

In the proposed clinical trial (the DeFat study) we intend to enrol livers that have been retrieved
for the purpose of transplantation, and that have been identified as high-risk of steatosis. We
know that such livers are likely to be discarded after retrieval either because of appearance,
histology or unfavourable perfusion metrics on NMP. We will test the targeted defatting

protocol described above, using objective measures of function to assess outcomes.
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6.2 Trial design

This is a prospective, blinded randomised study, which will test the effect of normothermic
defatting of steatotic donor livers. Donor organs meeting enrolment criteria will be randomised,
using a 1:1 allocation ratio, using permuted blocks of varying undisclosed size and will be
stratified by donor organ type (DBD/DCD). Livers will be perfused using the OrganOx metra®
NMP device and assigned to either NMP alone (n = 30) or NMP with defatting interventions

(n=30). An interim safety review will be undertaken after perfusion of the first 10 livers.

All recruiting centres have extensive experience in the clinical use of NMP and are current
users of the OrganOx metra® device. The OrganOx metra® is a CE marked normothermic
preservation device for use in human liver transplantation. It perfuses the donor liver with
blood, oxygen and nutrients, as well as a number of medications, at normal body temperature
to replicate physiological conditions and preserve the organ for up to 24 hours. The device
provides information as to the haemodynamic, synthetic and metabolic function of the liver
during perfusion, which may assist the clinician in assessing the organ’s suitability for

transplantation. The device is available at all recruiting liver transplant centres.

Perfusions will be supervised by a member of the central trial team. Randomisation (through
the web-based service, www.sealedenvelope.com) will be carried out by the trial co-ordinator
(clinical research fellow) after inspection of the organ with the transplanting surgeon.
Following randomisation, setting up the NMP device will follow standard practice, with
addition of the apheresis filter and pharmacological protocol (see below). The presence or
absence of the lipoprotein apheresis filter will be blinded through use of a ‘dummy’ filter
covered by a drape. This will prevent the local transplant team (and therefore the patient) from
knowing the study allocation. An interim safety review will be undertaken after perfusion of

the first 10 livers.

Study visits will align with routine outpatient clinics to avoid extra hospital visits where
possible. These will be at post-operative days 1-7, day 30 and, months 3 and 6. At each study
visit, details of adverse events, biochemical liver function tests and graft and patient survival

will be documented.
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The collaboration with the NHSBT Clinical Trials Unit (CTU) will facilitate longer-term (12
month) follow-up of basic parameters (where data is available) beyond the end of the trial and
we will request consent to do so. This data will be collected from the UK Transplant Registry

(UKTR) held by NHSBT.

Data will be collected into a secure central online electronic database (MACRO) using
electronic case report forms. The study will close after the final patient has completed 6 months
of follow-up. Longer-term (12 month) follow-up data (beyond the end of the trial) will be
collected from the UKTR.

6.3 Methods: Participants, interventions and outcomes

Recruitment will take place at five UK liver transplant centres (Addenbrooke’s Hospital,
Cambridge; King’s College Hospital, London; Queen Elizabeth Hospital, Birmingham; Royal
Free Hospital, London; St James’s Hospital, Leeds). All of these centres have extensive

experience in the clinical use of NMP and are current users of the OrganOx metra® device.

6.3.1 Eligibility criteria

The randomised entity in this study is a donor liver, rather than a transplant recipient. Donor
livers accepted by each participating transplant centre will be screened for a high likelihood of
fatty liver disease at each point of the donor pathway based on: (i) waist circumference (>88
females and >102c¢m males) or BMI >30kg/m? or both at point of acceptance (395) (ii) evidence
of macroscopic moderate-severe steatosis identified by the retrieval surgeon (or biopsy result)

at point of retrieval.

In addition, any liver offer fast tracked due to moderate-severe steatosis (based on appearance

or biopsy result) will also be considered for enrolment (regardless of WC and/or BMI).

The final entry criterion will occur at the point of inspection upon arrival at the transplant
hospital: A surgeon from the implanting team will assess the liver to confirm its suitability for
inclusion into the trial (based on macroscopic characteristics: colour, texture, rounded edges,
size, weight) (87). The objective of this second entry criterion is to reduce the number of false

positive (non-fatty) livers enrolled in the trial. Where available, the results of clinical biopsies
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demonstrating moderate-severe steatosis (typically >30%) will also be taken into account to

assess suitability for randomisation.

The outcomes of livers transplanted during the study will be recorded. Liver transplant
recipients will be those on the waiting list in participating centres to whom the livers are
offered, and recipients will be consented for use of their data. This study does not alter the

normal UK offering process in any way. The inclusion and exclusion criteria are described in

Table 6.1:

Table 6.1. Donor and liver transplant recipient inclusion and exclusion criteria

Inclusion criteria

Exclusion criteria

Donor Livers:

Donors aged 18 years or over

Offered through the national offering
scheme and accepted by participating
liver transplant centre

Moderate-severe steatosis: macroscopic
characteristics based on colour, texture,
rounded edges, size and weight at point
of inspection at the transplant hospital to
confirm suitability for randomisation.
Where available, the results of clinical
biopsies demonstrating moderate-severe
steatosis (typically >30%) will also be
taken into account to assess suitability
for randomisation.

Donor Livers:

Donors from outside of the UK

Donor is HIV, hepatitis B or C positive
Cold ischaemia time (CIT) expected to
exceed > 10 hours

Macroscopic evidence of fibrosis

Livers undergoing any other form of ex-
situ machine preservation

Participating centre cannot offer NMP
due to device, logistical or staffing
reasons

Liver transplant recipients:

Recipients 18 years of age or above
Elective waiting list at a participating
centre

Willing to consent for inclusion into the
study and collection and use of their data

Liver transplant recipients:

Receipt of a liver that has not undergone
randomisation

Receipt of super urgent transplant for
acute liver failure

Receipt of a split liver transplant
Receipt of a multi-organ transplant
Transplanted outside of the participating
centres

Contra-indication to MRI e.g.
pacemaker

6.3.2 Recruitment

All UK liver offers meeting the inclusion criteria will be eligible for consideration. Offers are
managed by NHS Blood and Transplant Hub Operations using the electronic offering system
(EOS). Following NHSBT standard practice potential donors are identified by the donor
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hospital ITU staff and referred to the specialist nurse for organ donation (SNOD). The SNOD
will obtain donor family consent for donation, and/or research samples, arrange any necessary
investigations and register the donor with Hub Operations as per standard practice. Liver
offering will follow standard NHSBT policy, and offering will not be altered in any way by
participation in the study (37).

6.3.2.1 Screening and Eligibility Assessment

Screening of donor livers is described above and the anticipated flow of liver offers through
the trial is depicted in Figure 6.3. Randomisation will be undertaken by the trial co-ordinator
upon arrival at the recipient liver transplant centre and after inspection of the liver by a surgeon
from the implanting team. Where available, the results of clinical biopsies demonstrating
moderate-severe steatosis (typically >30%) will also be taken into account to assess suitability

for randomisation.

Allocation of organs will not be affected in any way by this study. NHSBT matching runs and

in-centre allocation of organs will follow usual practice, irrespective of eligibility for the study.
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Figure 6.3. Eligibility screening of donor livers and eligible participants for the DeFat study. *Consent
refers to evidence of a signed informed consent form, if a patient on the waiting list has indicated
intention to consent and has not returned the signed consent form prior to admission for transplant, they
will be asked to sign and confirm consent on admission for transplant. Randomisation and perfusion
will only be carried out if the informed consent form has been signed.
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6.3.3 Interventions

All livers in this study will be perfused using the OrganOx metra®. The primary perfusion fluid
for the liver comprises packed red blood cells, supplemented by colloid solution (human
albumin solution or Gelofusine as per local protocol) to normalise the haematocrit and

osmolarity.

Before connection of the liver the blood-based perfusate is supplemented with:

e Antibiotic and antifungal agents as per current local protocols. Heparin (anticoagulant)
to prevent thrombosis in the circuit. In clinical use, a half-life of ~90 minutes is
assumed; on this basis heparin is also given as a maintenance infusion.

e Sodium bicarbonate (buffer) for adjusting the pH of the perfusate.

e Calcium gluconate/calcium chloride to correct the binding of citrate to calcium

During the perfusion the following are infused at a constant rate:
e Parenteral nutrition solution - a source of amino acids and glucose for liver
maintenance.
e Insulin to control the perfusate glucose level
e Heparin to maintain anticoagulation
e A 2% solution of sodium taurocholate in isotonic saline to compensate for loss of bile
salts.

e Prostacyclin to optimise micro-perfusion

All solutions required will be attached to the circuit during set-up and before the liver is
attached. All solutions are prepared immediately before the organ is attached to the device and
contain sufficient solution for 24 hours operation, the intended maximum perfusion time for a

liver on the device.

6.3.3.1 NMP (Control Group)

All livers included in the study will undergo NMP using the OrganOx metra®, a CE-marked
device already in use in liver transplant units in both clinical trials and routine clinical practice

(providing special arrangement for consent, governance, audit and research) (207,396).
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Livers will be transported on ice to the transplant centre, and those meeting the inclusion
criteria will undergo NMP (minimum 6 hours, maximum 24 hours), in accordance with the
manufacturer’s instructions for use and current local protocols. The procedure for preparing
the device for use and placing the organ on the device is described in detail in the instructions
for use (IFU) document (L300-0437ReV1.0 RoW Version 25/09/2017). All livers will be
perfused with 3 units of donor-type (or O-negative) red blood cells and will be arranged by the
recipient surgical team at the recruiting liver transplant centre. The procedure for removing the
liver from the device is also described in the IFU. Implantation and reperfusion of the liver

proceed as per the usual practice of the implanting centre.

6.3.3.2 NMP with defatting interventions (Study Group)

The study arm of this trial combines the use of a lipoprotein apheresis filter to the normothermic
circuit (for a minimum of 6 hours and a maximum of 24 hours), with targeted pharmacological
strategies during ex-situ perfusion. Therefore, in addition to NMP, livers randomised to the
study group will undergo the defatting protocol developed in our pre-clinical experimental
study described in the background/rationale section of this chapter (388). All components of

this protocol are licensed for clinical use and include:

e Lipoprotein apheresis filtration (DALI® 500): This is licensed for patients with severe
hyperlipidaemia refractory to maximal medical therapy (389).

e L-carnitine (Carnitor, Alfa Sigma): This is licensed for use in primary carnitine
deficiency due to inborn errors of metabolism and prevention of L-carnitine deficiency
in patients with kidney disease undergoing haemodialysis. It has been shown to increase
B-oxidation of fatty acids from the mitochondrial membrane. The perfusate will be
supplemented with of L-carnitine 1g/5ml aqueous solution (390-393).

e Forskolin: This is a glucagon mimetic cAMP activator which results in increased
lipolysis of lipid droplets and fatty acid oxidation (394). The perfusate will be
supplemented with 1 mg of NKH477 (water-soluble version of forskolin: Adehl,
Nippon Kayaku) in 2 ml of 0.9% sodium chloride (from a stock solution of 5mg of
NKH477 in 10 ml of 0.9% sodium chloride) (397,398).

e Insulin: This will be infused at a 50% lower concentration than in the OrganOx
instructions for use. This reduces the stimulation of de novo lipogenesis (DNL), the

only source of fatty acid production in the liver during NMP (177).
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e Glucose: The threshold to infuse parenteral nutrition (TPN) will be reduced from 10
mmol/L to 5 mmol/L. As glucose is a non-lipid precursor for DNL, this will reduce the

liver’s ability to synthesise fatty acids de novo during perfusion (180).

Normothermic defatting will treat the liver in the ex-situ setting. Following treatment, prior to
transplantation, the liver will be flushed with 2L of preservation solution, as per standard NMP
practice. The investigational agents will therefore be effectively removed from the liver prior

to implantation.

6.3.4 Primary outcome measure
The trial is intended to confirm the safety and assess efficacy of the NMP-defatting protocol in
steatotic donor livers intended for transplant. The primary endpoint is the proportion of livers
that achieve all of the following functional criteria at 6 hours of perfusion (202,227), as defined
by:

e (learance of lactate to a level < 2.5mmol/L

e Perfusate pH >7.20

e [Evidence of glucose metabolism (spontaneous fall in perfusate glucose)

e Minimum bile pH > 7.5 (if bile produced)

¢ Bile glucose concentration <3 mmol/L or >10 mmol less than perfusate glucose

e Hepatic arterial flow > 100ml/min; portal venous flow > 500ml/min

e Perfusate alanine aminotransferase (ALT) < 6000U/L at 6 hours

These objective measures, reflecting both hepatic metabolism and injury, have been derived by
experience and a process of consensus amongst current NMP users. These parameters are
recognised as a way to discriminate livers with favourable post-transplant outcomes and will
be measured at baseline (pre-NMP) and throughout perfusion (1, 2, 4 and 6 hours and end of
perfusion) (202,227). Lactate measurements will also be taken at baseline (pre-NMP) and 5
minutes after start of NMP.

These functional criteria are not intended as an instruction to the implanting surgeon, but rather

as a consistent endpoint for the trial. The decision as to whether a liver is actually transplanted

will remain with the implanting surgeon, who will base this on a number of criteria, including
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some that are recipient-related rather than donor organ-related (e.g. the urgency with which the

patient needs a transplant may determine the decision).

6.3.5 Secondary outcome measures:

The secondary outcome measures are described in Table 6.2:

Table 6.2. Clinical, histological and imaging secondary outcome measures

Outcome Measure(s)

Clinical 1. Proportion of livers transplanted in the 2 arms
LiMAx (maximum liver function capacity) test performed after 1 hour of
liver stabilisation during NMP, repeated at 5 hours and subsequently
every 6 hours till the end of perfusion where feasible. If the decision to
transplant has been made by 6 hours of NMP, the test will not be repeated.
The LiMAX test will allow real time monitoring of CYP1A2 (prominent
in functional livers cells and less prominent in damaged cells) and is
based on the metabolism of '*C-methacetin. This will enable
measurement of liver capacity and functional reserve during perfusion
(230).

3. Cell free DNA (cfDNA) measured at baseline (pre-NMP) and during
preservation (1, 2, 4 and 6 hours and end of perfusion). Further
measurements taken from the recipient peri-operatively (before
transplant) and re-perfusion (following liver transplantation). Post-
operative samples collected on days 1, 3, 7 and 14 (if the patient is
discharged prior to day 14 — a sample will be collected on the day of
discharge instead). Outpatient sample collection will align with clinic
visits on day 30, month 3 & 6. cfDNA has been correlated with allograft
injury, rejection and formation of de novo donor specific antibodies
(399).

4. Biochemical liver function in the first 7 days post-transplant: ALT, GGT,
INR, Bilirubin and peak serum AST (where AST measurements
available) in the first 7 days post-transplant. Peak serum AST is a
validated surrogate marker, predictive of PNF as well as graft and patient
survival (400). It is also associated with histological evidence of
moderate to severe reperfusion injury (105).

5. Model of Early Allograft Function (MEAF) (67): A score (between 0-
10) based on bilirubin, INR and ALT within the first 3 post-operative
days.

6. Primary non-function (PNF): irreversible graft dysfunction requiring
emergency liver replacement during the first 10 days after liver
transplantation, in the absence of technical or immunological causes.

7. Post-reperfusion syndrome (PRS) (64): a decrease in mean arterial
pressure (MAP) of more than 30% for more than one minute during the
first five minutes after reperfusion (64).

8. Need for renal replacement therapy (haemodialysis, haemofiltration,
peritoneal dialysis) during the first 7 days post-operatively.

9. Duration of ITU/HDU and hospital stay.

10. Graft survival (defined as a functioning transplant in the absence of death
and re-transplantation) at day 7, day 30, month 3, and month 6.
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11. Patient survival at day 7, day 30, month 3 and month 6. In addition, 12-
month clinical outcomes (obtained from NHSBT registry) will also be
reported:

a. Draft and patient survival
b. Total number of days in hospital in the last year (excluding
transplant admission)
c. Total number of re-admissions for:
e Recipient infection

Acute rejection

Chronic rejection

Biliary complications

Vascular complications

Disease recurrence

Other reasons

d. Transplant related renal dysfunction

e. Biochemistry (liver and renal function)

12. The following safety information will be recorded:

a. Organ discard rate

b. Perfusate culture. At the end of preservation a sample will be
taken for microbiological culture.

c. Adverse event rates and severity, graded according to the
Clavien-Dindo classification (401) during the first 7 days,
day 30, month 3 and month 6:

e Recipient infection

e Biopsy proven acute rejection

e Biliary complications (biliary strictures -
anastomotic and non-anastomotic, bile duct leaks)

e Vascular complications (bleeding, hepatic artery
stenosis, hepatic artery thrombosis, portal vein
thrombosis)

e Reoperation rate

d. Technical complications/device failures

Histological &
Biochemical

1. Correlation of pre-perfusion donor biopsy (histopathologist’s steatosis
report) with:

a. WC, BMI and clinical risk scores such as the fatty liver index
(FLI) and hepatic steatosis index (HSI) (265,272) where
relevant data available

b. Surgeon’s assessment (87)

c. Non-invasive pocket-sized micro-spectrometer reading. The
device has been developed by SCIO - Consumer Physics
(http://www.consumer-physics.com) and is CE marked. It
utilises spectroscopy (absorption of near infrared light, 700-
1,100nm). The commercially available device is able to
quantify composition of foods, estimate body fat levels and
identify analgesic agents (260). Readings will be taken
sequentially over perfusion (where feasible): at baseline
(pre-NMP) and during preservation (1, 6 hours and end of
perfusion) to facilitate correlation with post-perfusion (end-
NMP) biopsy in addition to the pre-perfusion biopsy.

2. Histological and biochemical evidence of ischaemia -reperfusion injury
(IRD):
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a. Histology (formalin fixed paraffin embedded) (388):

1) Neutrophil infiltration & leucocytosis determined
using Haematoxylin & Eosin (H&E) stain
(i1) Glycogen depletion determined using periodic acid-

Schiff (PAS) stain
(i)  Lipid peroxidation determined using 4-HNE (4-
hydroxynonenal) stain

Biopsy samples collected pre-perfusion, post-perfusion and
re-perfusion in the recipient (following liver transplantation).

b. Cytokine profile implicated in liver transplantation
including (251): CXCI8/IL-8, IL-10, IL-2, TNF-a, I[FN-y, IL-
13, IL-4, IL-1pB, IL-17A and IL-6. Blood samples collected
peri-operatively (before transplant) and re-perfusion in the
recipient.

3. Histological and biochemical evidence of bile duct injury (BDI) and
biliary viability (203) such as:

a. Histology (formalin fixed paraffin embedded) biopsy
samples pre-perfusion, post-perfusion and following re-
perfusion in the recipient. For example, evidence of stromal
necrosis, loss/injury to peribiliary glands and vascular
lesions. Bile duct biopsies will only be taken if sufficient
length on the bile duct and feasible to do so.

b. Bile composition measurements (if produced and measured
at 1, 2, 4 and 6 hours and end of perfusion) for example: low
pH and bicarbonate with high glucose and lactate
dehydrogenase (LDH) as indicators of poor biliary viability.

Imaging 1. Biliary strictures (anastomotic and non-anastomotic) determined by MRI
scan at month 6 (+/- 1 month) depending on site capacity using MRCP+
(a CE-marked advanced biliary visualisation software by Perspectum
Diagnostics) (402).

2. GQraft hepatic steatosis determined using multiparametric liver MRI
(proton density fat fraction, cT1 and T2* mapping) at 6 (+/- 1 month)
depending on site capacity. MRI proton density fat fraction (MRI-PDFF)
has demonstrated high diagnostic accuracy in both the detection and
grading of hepatic steatosis with histology as a reference standard
(403,404). CE-marked software i.e. LiverMultiScan™ developed by
Perspectum Diagnostics will aide in the quantification of steatosis.

6.3.6 Mechanistic studies outcome measures

The identification of novel markers could augment current practice by predicting the outcome
of each liver with objectivity. The mechanistic studies will test hypotheses based on previous
published studies that have investigated markers in the field of NMP and will inform

development of functional criteria and optimisation of future defatting protocols, see Table 6.3:
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Table 6.3. Mechanistic outcome measures

Outcome Measure(s)

Steatosis To measure the effect of the intervention on the histological degree of steatosis:
Histological quantification of MaS measured pre-perfusion, post-perfusion, and
during re-perfusion in the recipient. We hypothesise that the intervention of
defatting will reduce the degree of MaS and severity of NAFLD activity score
(405).

Hepatic lipid To measure the effect of the intervention on markers on of hepatic lipid

metabolism metabolism:

1. Perfusate TG, insulin, ketone bodies and cytokines associated with IRI
will be measured at baseline (pre-NMP) and during preservation (1,2,4
and 6 hours and end of perfusion). Further measurements taken from the
recipient peri-operatively (before transplant) and re-perfusion (following
liver transplantation). This will provide insight into changes in
intrahepatic lipid handling and inflammation. We hypothesise that the
intervention of defatting will ‘repartition’ intrahepatic fatty acids away
from esterification into oxidation pathways leading to a decrease in
IHTG and a decrease in [RI-associated cytokine production (251).

2. Perfusate FGF-21 will be measured at baseline (pre-NMP) and during
preservation (1,2,4 and 6 hours and end of perfusion). Further
measurements taken from the recipient peri-operatively (before
transplant) and re-perfusion (following liver transplantation). FGF-21 is
a hormone produced in the liver involved in energy homeostasis; its
secretion is attributed to metabolic stress. There is evidence that serum
FGF-21 is a useful marker for steatosis and correlates with increasing
steatosis grade (406). We hypothesise that the defatting intervention will
reduce FGF-21.

Transcriptomic, | To understand the structural, cellular and metabolic effects of defatting on

Proteomic & steatotic livers. Genomic analysis of samples taken pre-perfusion, post-perfusion

Glycomic and following re-perfusion in the recipient:

1. Transcriptomics: A complex signalling cascade regulates metabolic
processes within the liver. To understand the effect of NMP and the
defatting intervention, genomic analysis of liver tissue will be
undertaken. We hypothesise that the defatting intervention will lead to
downregulation in pathways related to fat synthesis and inflammation
and an upregulation in pathways related to fat disposal. Samples from
livers will undergo RNA sequencing of the liver and this will be
correlated with clinical outcomes. Changes in gene expression will be
mapped with changes occurring in biological pathways, inferring
biological changes during NMP.

2. Proteomic and glycomic analysis of perfusate samples taken at baseline
(pre-NMP) and during preservation. Further measurements taken from
the recipient peri-operatively (before transplant) and re-perfusion
(following liver transplantation):
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a. A recent study investigating the use of NMP to increase
utilisation of high-risk donor livers, identified protein clusters
that were able to discriminate between transplantable and non-
transplantable livers (22 out of 31) as well as markers predictive
of post-transplant complications (407). We aim to determine the
effect of the intervention on protein expression associated with
hepatic steatosis, inflammation and IRI.

b. Glycomics: The liver perfusate glycome profile may form part
of future functional criteria (408). A recent study found that the
abundance of a single glycan, agalacto core-alpha-1,6-
fucosylated biantennary glycan (NGA2F) was significantly
higher in the perfusate of livers that developed PNF. We will test
this hypothesis in sequential perfusate samples.

6.3.7 Participant timeline

The proposed study duration is 56 months (01/04/2021 — 30/11/2025): The DeFat study set-up
tasks commenced in April 2021 and the study opened for recruitment on the 23rd of February
2023. The anticipated end date for recruitment is the 30th of November 2024 (total recruitment
period of 21 months) with 6 month follow-up of the last participant and 6 months
analysis/dissemination (close-out) anticipated to be completed by the 30th November 2025
(with a potential further 12 month extension for recruitment currently pending approval from
the NIHR). The flow of participants in the study is summarised in Figure 6.4. In addition, all
trial procedures are summarised in Table 6.4 (Standard Protocol Items: Recommendations For

Interventional Trials, SPIRIT).
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Eligibility assessment
Consented elective liver transplant recipient aged > 18 years
Liver offer with evidence of moderate-severe steatosis
Anticipated cold ischaemia < 10 hours

Recruitment and confirmation of consent
(n=60)

Baseline visit
(Pretransplant)

v

Randomisation

(21 months)

NMP (n=30) NMP + Defatting (n=30)
Lipid filter
L-carnitine
Forskolin
Insulin/glucose adjustments

Screening/Recruitment

Functional Assessment
Perfusate lactate, ALT & pH, glucose metabolism, bile
production & pH, arterial and venous flow
Recipient surgeon happy to transplant organ

Transplant

v

Study Visits (D1-7, M1, M3, M6)
Biochemical liver function (transaminases, bilirubin, INR)
Graft and patient survival
Need for renal replacement therapy (RRT)

ITU and hospital stays
Adverse events
MRCP Scan (M6 only)

Follow-up
(6 months)

Analysis
Primary Endpoint
e Functional criteria: Perfusate lactate, ALT & pH, glucose
metabolism, bile production & pH, arterial and venous flow
Secondary Endpoints
e Proportion of livers transplanted
Biochemical liver function
Model of early allograft function (MEAF)
Primary non-function
Post-reperfusion syndrome (PRS)
Need for RRT
Duration of ITU/HDU and hospital stay
Graft and patient survival
Evidence of biliary strictures and steatosis on MRCP
Adverse events

m
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_>'g
©
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< o

Figure 6.4. Flow of participants through the study. NMP — Normothermic machine perfusion; MRCP
— Magnetic Resonance CholangioPancreatography, ALT — Alanine Transaminase

188



Table 6.4. SPIRIT table of enrolment, interventions, and assessments (schedule of procedures)

Activity

Pre-study
Screening

Pre-study
Baseline

Pre-
perfusion

During &
end of
perfusion

Pre-
transplant

Post-
reperfusion

Postoperative

Follow-up & Close-out

D1

D2

D3

D4 | DS | D6

D7

D10

D14

D30

Close-

M3 out

M6

Informed consent

X

Meets inclusion/
exclusion criteria

X

Randomisation

Donor & recipient
demographics

Perfusion
parameters &
samples

cfDNA samples

e

ke

ke

>

>
>

Surgical variables

Serum ALT &
AST

Serum Bilirubin

Serum GGT

INR

X A

X A
X A
X A

Serum lactate*

X R K

X K

XD R | )

X K
X R K
X R K

XD R | )

Primary non-
function

Graft survival

Patient survival

Resource use

Safety outcomes

[

X[

el ltalis

X[
[
X[

el ltalisl

I E I T I

IS

It
il

MRI (depending
on site capacity)

X R R R
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6.3.8 Baseline donor and recipient assessment

Baseline donor assessments will include donor demographics and blood test results. The
following information will be recorded: age, sex, ethnicity, co-morbidities, cause of death,
height, weight, BMI, WC, smoking history and alcohol consumption. Donor blood test will
include last and peak serum aspartate transaminase (AST), alanine transaminase (ALT),
gamma-glutamyl transferase (GGT), serum bilirubin and sodium. Other donor information will
include last and fasting triglyceride (TG), if available, evidence of TPN or enteral feed (if
information available) and length of ITU stay.

Baseline recipient demographics will include recipient demographic and pre-transplant test
results. The following information will be recorded: age, sex, ethnicity, co-morbidities, at the
time of transplant (minimum 24 hours of continuous renal replacement therapy) or 2
haemodialysis sessions in the previous week, aetiology of primary liver disease and primary
indication of transplant, height, weight, BMI, WC (where available) and smoking history. Pre-

transplant recipient blood test will include INR, creatinine, bilirubin and sodium.

6.3.9 Donor timings
These are all routinely collected at the time of retrieval and will be obtained from the NHSBT

database.
The parameters to be recorded include:

e Timings:

e Withdrawal of support (DCD donors only)

e Onset of functional warm ischaemia (DCD donors only)

e (Cessation of donor circulation (cross clamp or asystole in DCD donors)

e Start of cold perfusion

e Liver removal and placement on ice

e Perfusion solution used for aortic perfusion

e Perfusion solution used for storage and transport

e Degree of steatosis (graded mild, moderate, severe) — surgeon’s assessment

¢ Quality of in-situ perfusion (graded poor, moderate, good)
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6.3.10 Preservation parameters

A number of other preservation parameters will be recorded. These are described in Table 6.5:

Table 6.5. Preservation parameters

Preservation parameter

Measurement

NMP duration

Time of initiation of normothermic machine preservation

Time of cessation of normothermic machine preservation (end
flush)

End flush solution

UW, HTK, other

Perfusion parameters
(logged automatically by
the NMP device):

Arterial, and caval pressures (in mmHg)

Arterial, portal and caval flow rates (in L/min)

pO2, pCO2 and pH

Blood temperature (°C), Glucose (mmol/L) and bile production
(ml/h)

Perfusate biochemistry

Perfusate lactate at baseline (pre-NMP), 5 minutes after start of
NMP and during preservation (1, 2, 4 and 6 hours and the end of
NMP)

Perfusate pH at baseline (pre-NMP) and during preservation (1, 2,
4 and 6 hours and end of NMP)

Perfusate ALT at baseline (pre-NMP) and during preservation (1,
2,4 and 6 hours and end of NMP)

Glucose levels at baseline (pre-NMP) and during preservation (1, 2,
4 and 6 hours and at the end of NMP)

Bile pH, glucose and bicarbonate (if bile produced) at 1, 2, 4 and 6
hours and at the end of NMP

Bicarbonate use (time and dose of each bolus)

Sampling

Perfusate at baseline (pre-NMP) and during preservation (1, 2, 4
and 6 hours and end of NMP)

Liver core biopsies taken pre-perfusion and post-perfusion

Bile duct biopsies taken pre-perfusion and post-perfusion where
feasible i.e. if sufficient bile duct length

At the end of preservation a sample of perfusate/storage solution
will be taken for microbiological culture as per standard practice
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6.3.11 Operative parameters

These will include:

e Total operative time: defined as time from knife-to-skin to skin closure.
e Time of flush at end of NMP

e Time of liver in body (start of anastomosis)

e Time of reperfusion (portal or arterial, whichever occurs first)

e Portal reperfusion time

e Arterial reperfusion time

e Intraoperative transfusion of blood products measured in units.

e The use of veno-venous bypass or porto-caval shunts

e Type of caval anastomosis (standard end-end, piggyback (end-side or side-side))

6.3.12 Intra-operative outcome assessment

Recipient blood samples (before and after transplant) and post-reperfusion liver biopsy (as well
as bile duct biopsy where feasible) will be taken to determine the severity of ischaemia-
reperfusion injury (with specific biochemical and histological analyses described in Table 6.2).
In addition, changes in mean arterial pressure will be recorded to assess for post-reperfusion
syndrome (defined as a decrease in mean arterial pressure of more than 30% for more than one

minute during the first five minutes after reperfusion) (64).

6.3.13 Declines and discards

If a decision is made to decline an organ at any point after retrieval (but before randomisation),
any donor and preservation data recorded will be kept, and the reason for decline clearly
documented in the eCRF. If deemed appropriate by the OTDT Hub, the organ may be offered
to other centres on the matching run with liver allocation as per standard of care. If the liver is
already on the OrganOx metra® device, every attempt should be made to keep it on the device
(as per national agreement). If all centres subsequently decline an organ, the organ will be
documented as a discard and it will be offered for research or disposed of as per standard

procedures.

Data will also be collected for all discards (including reason for discard) from point of

randomisation.
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6.3.14 Study visits and later outcomes

Following transplantation, patients will be assessed daily by their clinical team and managed
according to standard care protocols at the site with clinical information obtained from medical
records. Following discharge from hospital, subsequent study visits, where possible, will
coincide with routine outpatient appointments. If the recipient is an inpatient, assessment will

be made in hospital where appropriate. The study visits will occur on the following dates:

e Study visit 1 — Following transplantation (inpatient stay)
e Study visit 2 - Day 30 (+ 2 weeks)

e Study visit 3 — Month 3 (+ 1 month)

e Study visit 4 — Month 6 (£ 1 month)

The outcome assessments for each study visit are summarised in Table 6.6. Safety outcomes

will be graded according to the Clavien-Dindo classification (401), Table 6.7.
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Table 6.6. Study outcome measures and participant visits

Inpatient stay

Day 30 (£ 2 weeks)

Month 3 (= 1 month)

Month 6 (= 1 month)

Endpoint measure Study visit 1 Study visit 2 Study visit 3 Study visit 4
Days 1-7:
e Bilirubin (umol/l) e Bilirubin (umol/l) e Bilirubin (umol/l) e Bilirubin (umol/l)
e GGT (IU/L) e GGT (IU/L) e GGT (IU/L) e GGT (IU/L)
e AST (IUL)/ALT e AST (IUL)/ALT e AST (IUL)/ALT e AST(IU/L)/ALT

(IU/L) (IU/L) (IU/L) (IU/L)
. . ¢ INR e INR e INR e INR
Biochemical e ALP (IUL) e ALP (IUL) e ALP (IUL) e ALP (IUL)
e Urea (mmol/L) e Urea (mmol/L) e Urea (mmol/L) e Urea (mmol/L)
e Creatinine (umol/l) e Creatinine (umol/l) e Creatinine (umol/l) e Creatinine (umol/l)
e Lactate (HDU/ITU)
Days 1-3:
e MEATF Score
cfDNA Days 1, 3,7, 14 or date Sample to be taken with Sample to be taken with Sample to be taken with

of discharge

routine bloods

routine bloods

routine bloods

Peri-operative &

Length of stay in
(ITU/HDU) (days)
Total length of
hospital stay (days)
Requirement for
renal replacement

Graft and patient
survival at day 30
post-transplant

Requirement for
renal replacement

Graft and patient
survival at month 3
post-transplant
Requirement for
renal replacement
therapy (HD, HF,

Graft and patient
survival at month 6
post-transplant
Protocol MRI Scan
(depending on site
capacity)

survival therapy therapy (HD, HF, HDF, PD) at any e Requirement for
e Graft and patient HDF, PD) at any time renal replacement
survival at day 7 time therapy (HD, HF,
post-transplant HDF, PD) at any
e Primary non-function time
L]
e Recipient infection® e Recipient infection® e Recipient infection e Recipient infection
e Clinically suspected e Biopsy-proven acute (CMV infection, (CMV infection,
treated rejection rejection fungal infection, fungal infection,
e Biopsy-proven acute e Biliary post-operative sepsis) post-operative sepsis)
rejection complications® @) e Biopsy-proven acute e Biopsy-proven acute
Safety e Biliary e Vascular rejection episodes rejection episodes
complications® @) complications® ) e Biliary e Biliary
e Vascular e Reoperation rate complications® ¢ complications® )
complications® ) e Technical e Vascular e Vascular
e Reoperation rate complications and complications® ) complications® )
e Technical device failures e Reoperation rate e Reoperation rate
complications and e Any other reported e Technical e Technical
device failures adverse event complications and complications and
e Any other reported device failures device failures
adverse event e Any other reported e Any other reported
adverse event adverse event
Immunosuppression Immunosuppression Immunosuppression Immunosuppression
Immunosuppression regimen at day 7 regimen at day 30 regimen at month 3 regimen at month 6

(including doses)

(including doses)

(including doses)

(including doses)

Infection, defined as both clinically diagnosed treated infection and infection with a positive microbiological culture result.

Biliary complications diagnosed radiologically e.g. a non-protocol MRI or CT scan in clinically symptomatic patient: (i) Biliary
strictures - anastomotic and non-anastomotic. Defined as those requiring surgical or radiological intervention and; (ii) Bile duct
leaks. Defined as those requiring drainage, refashioning of anastomosis or stenting.
Vascular complications including: (i) bleeding, defined as bleeding requiring transfusion and/or radiological/surgical
intervention; (ii) hepatic artery stenosis, defined as causing graft dysfunction requiring radiological or surgical intervention or
resulting in graft loss; (iii) hepatic artery thrombosis, defined as formation of new clot resulting in graft dysfunction or loss, or
requiring pharmacological, radiological or surgical intervention; (iv) portal vein thrombosis, defined as formation of new clot
resulting in graft dysfunction or loss, or requiring pharmacological, radiological or surgical intervention, (v) portal vein stenosis,
defined as causing graft dysfunction requiring radiological or surgical intervention or resulting in graft loss and; (vi)
IVC/hepatic vein occlusion, defined as formation of new clot resulting in graft dysfunction or loss, or requiring pharmacological,
radiological or surgical intervention.
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Table 6.7. Clavien-Dindo classification of surgical complications (401)

Grade Definition

I Any deviation from the normal postoperative course without the need for pharmacological
treatment or surgical, endoscopic and radiological interventions.

11 Requiring pharmacological treatment with drugs other than such allowed for grade I
complications. Blood transfusions and total parenteral nutrition are also included.

11X Requiring surgical, endoscopic or radiological intervention.

IIa Intervention not under general anaesthesia.

I1Ib Intervention under general anaesthesia.

v Life-threatening complications (including CNS complications) requiring HDU/ITU
management.

IVa Single organ dysfunction (including dialysis).

IVb Multi-organ dysfunction.

\ Death of a patient.

to fully evaluate the complication.

Suffix If the patient suffers from a complication at the time of discharge, the suffix ‘d’ (for disability)
‘d’ is added to the respective grade of complication. This label indicates the need for a follow-up

Whilst the endpoint for trial participation will be 6 months, patients will also be consented for
ongoing follow-up (12 months) by linkage to outcomes recorded by in the NHSBT transplant
registry. This will allow the ongoing assessment of resource use (hospital stay and reasons for
re-admission), biochemistry results (liver and renal function), transplant related renal

dysfunction and longer-term patient/graft survival.

6.4 Sample size

Our preliminary data described above showed that 40% more livers met functional criteria for
transplantation where NMP was combined with defatting versus NMP alone (100% vs.60%)
(388). However, this is based on a small sample size and the interventions were tested on a
very high-risk group of livers that had all been previously discarded. Using the proposed
inclusion criteria, a smaller effect size is anticipated. Whilst the present study is not primarily
intended to demonstrate efficacy, a sample size of 60 livers (30 per group) will provide greater
than 80% power to detect a difference of 30% (from 65% in the control NMP arm) in those
meeting criteria for transplantation (at 5% significance): this is a clinically meaningful
outcome. This sample size should provide sufficient information for the design of a larger,

phase III study to formally test the efficacy of the intervention.
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6.5 Recruitment

The annual NHSBT report (2018-19) shows that of 735 adult elective liver transplants, 618
(84%) were performed at the participating liver transplant centres (12). Data from within
Eurotransplant show that 23% of livers have moderate to severe steatosis (>30%) on histology
(409). This predicts that 142 livers (annually) and 213 livers (over 18 months) with moderate
to severe steatosis would be available at the centres participating in this study. Allowing for a
50% recruitment rate, the recruitment of 60 livers in 18 months is feasible (allowing for a small

proportion of non-steatotic livers to be inadvertently randomised).

6.6 Assignment of interventions

If the liver is eligible for the study (at the point of organ inspection by a surgeon from the
implanting team at the liver transplant centre) or with results of a clinical biopsy, randomisation
will be conducted by the trial co-ordinator (clinical research fellow) who will deliver and be

unblinded to the intervention.

Once eligibility is confirmed, the central trial team will use an on-line randomisation service
(sealedenvelope.com) to allocate the liver to NMP or NMP with defatting interventions. The
allocation sequence will be produced by Sealed Envelope and quality checked by the trial

statistician.

Donor organs meeting enrolment criteria will be randomised, using a 1:1 allocation ratio, using
permuted blocks of varying undisclosed size and will be stratified by donor organ type
(DCD/DBD). The randomisation list will only be accessible to the trial statisticians and Sealed
Envelope. Randomised livers that are not perfused due to unforeseen reasons will not be
replaced. It is anticipated that non-perfusion of a randomised liver will be a very uncommon

event.

The DeFat study is a blinded randomised clinical trial. Perfusions will be performed by a
member of the central trial team. The trial co-ordinator (clinical research fellow) and/or
member of the central trial team will be responsible for enacting the process of randomisation
and will be unblinded to the intervention (while the recipients and transplant teams will remain
blinded to the intervention). Further information on blinding is included in the full study

protocol (Appendix C).
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6.7 Discussion

This study addresses the paradox whereby patients die on the liver transplant waiting list whilst
less than two thirds of deceased donors (within nationally-agreed offering criteria) result in a
transplanted liver in the UK. Poor utilisation of steatotic livers is exacerbated by the globally
increasing incidence of obesity and the associated increase in frequency of hepatic steatosis in
donors. If the benefit of NMP with ex-situ treatment of steatotic livers are confirmed, NHS
practice will be influenced with much greater utilisation of moderately and severely steatotic
organs. Evidence that supports this hypothesis is the primary purpose of this study. More
broadly, this research has the potential to move NMP into the realm of targeted interventions

i.e. ex-situ pharmacological optimisation of a donor organ prior to transplantation.

To date, a total of 22 livers have been randomised, 9 of which have resulted in transplants. In
the context of solid organ transplantation, the DeFat study is the first trial of ex-situ
pharmacological optimisation during normothermic machine perfusion of the donor liver, and
its complexity has created a lot of discussion with the NHSBT Organ and Tissue Donation and
Transplantation Team (OTDT) and transplant teams, mainly around the consent requirements
and how the study fits within the established NHSBT operational procedures. This has
inevitably led to significant challenges during set-up of the study, trial logistics and recruitment

at participating centres. A non-exhaustive description of these challenges is detailed below:

Operational challenges: Significant delays during the set-up phase were caused by ongoing
discussions with Organ and Tissue Donation and Transplantation (OTDT), Research,
Innovation and Novel Technologies Advisory Group (RINTAG) & the Liver Advisory Group
(LAG) within NHSBT in regard to ensuring that all the consent and HTA licencing
requirements of the study were met and that that the study procedures aligned with the existing
offering pathway of the livers for transplant. Additionally, a change in the operational
procedures within NHSBT impacted the procedures by which NHSBT CTU contracts with

external organisations and this contributed to a further delay.

Impact of the COVID-19 pandemic: The R&D departments of the participating Sites were
overwhelmed with the backlog of studies requiring review due to the COVID-19 pandemic and
this resulted in inevitable delays in the set-up of the study at the participating sites. Currently

all 5/5 Sites are open to recruitment.
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Issues with the study specific MRI scan: The set-up of the study was delayed at three sites
due to the logistics of performing the study-specific MRI (required at 6 months post-
transplant), which required the installation of a specific software. The study-specific MRI is a
secondary outcome for this study and issues related to the feasibility of performing this have
been largely overcome. However, to avoid further delays to opening to recruitment at the
remaining sites, a protocol amendment was submitted clarifying that the scan can be performed
depending on site capacity. For example, the study MRI has been outsourced to a site-affiliated

contractor at King’s College Hospital.

Contract challenges: A change in the operational procedures within the NHSBT has affected
the contract between the NHSBT CTU and the randomisation service provider. This also
contributed to the overall delay in getting the study started. The contract with the randomisation
provider is now in place and the randomisation system was released before the study opened

to recruitment.

Site specific challenges: Resource challenges at St James’s University Hospital prevented
them from progressing with the set-up of the study in a timely manner. Also, there have been
issues with the availability of the NMP machine which are currently being resolved with the
OrganOx Team. We have kept close contact with the PI during the set-up of the study and have

supported them as required following opening of the site for recruitment.

Recruitment issues: Donation and liver transplantation are co-ordinated across the UK, with
clear selection and allocation policies; recruitment to the study depends on the number of livers
donated and offered via the NHSBT offering pathway and on the principles guiding the offering
scheme. The local liver transplant coordinators play an important role to the screening and
enrolment of livers to the study, hence any capacity issues in their teams will continue to have

an impact on recruitment.

Recipient approach strategy: The local investigators/research teams are expected to approach
patients who are on the liver transplant waiting list and give them time to decide about their
participation. The REC have advised that the patients should not be approached about the study
on the day of transplant and that they should be given enough time to decide without feeling
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pressured. The local teams do not know who is going to be called for transplant from the
waiting list and for this reason a pool of potential transplant recipients, who are already aware
of the study, must be ready to be consented/enrolled to the study at a given time. We have had
video calls and in person meetings with the active sites, and we provided guidance and support
during the development of their approach strategy. Guidance was based on the principle that
the site teams need to identify and prioritise the approach of potential liver recipients on the
waiting list who are likely to have a transplant sooner than others (those with a higher
Transplant Benefit Score). Hands-on support has also been offered to the sites, where possible

and if within our remit.

Consent issues: The consent process for DeFat has encountered challenges that have impacted
the trial’s recruitment. At several sites, the return of signed consent forms has emerged as a
significant issue. The Royal Free Hospital research team has reported some success in
improving consent rates through follow-up calls. However, other sites, like Birmingham, are
contending with a notably low consent rate of around 20% of trial participants due to logistical
difficulties patients face in returning the signed consent forms and staffing issues in performing
follow-up calls. Some other factors that potentially have impacted study recruitment, including
PI changes at Birmingham and Leeds. Additionally, Birmingham will only randomise DBD
livers for the study. To mitigate the challenges around consent, the protocol has been amended
to allow greater flexibility to transplant teams and potential participants i.e. the option of
remote consent. In addition, each site has been provided with a study manual for the trial

containing pertinent information with guidance is outlined to reflect the study protocol.

Mobilisation to sites: Prior to opening each site for recruitment, I have made personal visits
to each site to familiarise/introduce myself to the local team and have obtained an NHS-to-
NHS letter of access for each site. This is a blinded study, which has required my personal
attendance for each liver perfusion to set-up the OrganOx metra device according to the
randomisation allocation. My attendance and close co-ordination with the local perfusionists
and liver transplant teams has ensured the blinding has been maintained throughout the study
following randomisation at the recipient centre. In the context of applying a novel intervention
in a fast paced and complex process (organ retrieval, perfusion and subsequent transplant), I
am in regular communication with site teams to ensure timely mobilisation in order to minimise

any delays or impact on cold ischaemia time (CIT).
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In certain instances, there have been multiple liver offers at the same time. In these cases, |
have been supported by members of the Oxford central trial team (an additional clinical
research fellow) to ensure that all perfusions can be attended to maximise recruitment. Each
mobilisation is a lengthy process (from the point of arrival of the donor liver at the recipient
centre to the point of skin closure in the recipient) which can extend beyond 24 hours: the
availability of a trial specific budget for transport to each case has ensured my safe arrival and

departure from each site.

Liver enrolment and assessment: The implanting surgeon (or a delegate) is required to
complete a trial specific liver and recipient eligibility form to confirm suitability for enrolment.
In certain instances, despite physical mobilisation to a participating site a liver is not
randomised as it is deemed ‘not fatty enough’ or is declined for transplant upfront as it is
deemed ‘too fatty’ and therefore high-risk. In order to maximise recruitment, donor livers
accepted by each site are screened for a high likelihood of fatty liver disease at each point of
the donor pathway (based on anthropometric measures, macroscopic liver appearance and/or
clinical biopsy demonstrating moderate-severe steatosis). The final entry criterion for
recruiting a liver to the study is the presence of at least moderate or severe steatosis as
determined by assessment of the implanting surgeon (or delegate) at the recipient centre (or a
clinical biopsy where available) in order to reduce the number of false positive (non-fatty)

livers enrolled in the trial.

Surgeon behaviour: There remain anxieties around the transplant of donor livers with
moderate-severe steatosis due to the potential implications on recipient outcomes. For this
reason, there have been challenges in engaging the wider liver transplant team at each site
(beyond the local PI, associate PI and perfusionist) with the clinical trial. The trial has been
presented at several local platforms (at sites) and on a national/international level. The personal
preferences of clinicians (which have often evolved over many years) is perhaps the most
challenging aspect of a clinical trial. Implementing a novel perfusion protocol that necessitates
changes in surgeon behaviour can be particularly difficult. Therefore, the protocol was
designed with maximum flexibility to minimise disruptions to standard practice with ex-situ
liver function as the primary outcome. This flexibility permits the transplanting surgeon to

retain the final decision on whether to transplant the liver (i.e. including decision not to
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transplant despite all ex-situ functional metrics being met for transplant). These challenges are
reflected in low early transplant rates i.e. only 2 livers were transplanted during the first 10
perfusions. However, transplant rates increased with a further 7 livers transplanted after the
interim safety review by the DMC (of the first 10 liver perfusions) suggesting an overall change

in surgeon behaviour.

6.8 Conclusion

This study explores ex-situ pharmacological optimisation of steatotic donor livers during NMP.
If the intervention proves effective, it will allow the safe transplantation of livers that are
currently very likely to be discarded (thereby reducing waiting list deaths) and provide data to

inform the design a subsequent efficacy trial.
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Chapter 7: Hypoxia inducible factor modulation during NMP of
human steatotic and extended criteria human livers

declined for transplantation

7.1 Introduction

In Chapter 4, I have demonstrated that continuous normothermic machine perfusion (cNMP)
improves the preservation of steatotic donor transplant livers compared to static cold storage
(SCS). However, cNMP alone does not reduce the degree of hepatic steatosis (HS) during
perfusion and steatotic livers exhibit complex metabolic demands compared to lean livers (see
Chapter 5). The presence of fat (intrahepatic triglyceride accumulation) negatively impacts
post-transplant outcomes and this is evidenced by the more severe ischaemia-reperfusion injury
(IRI) observed in steatotic livers compared to lean livers preserved with cNMP. Overall, these
findings suggest steatotic livers require further optimisation beyond simply replacing SCS with

normothermic perfusion.

To improve outcomes when transplanting livers with higher levels of steatosis than those
studied in Chapter 4, it may be crucial to decrease intrahepatic triglyceride accumulation during
the preservation process. Our preliminary results point to the potential of a novel defatting
strategy in organs retrieved for clinical transplantation but discarded due to steatosis (see
Chapter 6) (225). This NMP-defatting protocol is currently being tested in a Phase II
randomised clinical trial (the DeFat study) exploring defatting of donor transplant livers during
normothermic perfusion in a (pSCS-NMP) back-to-base approach (410). However, it remains
unclear whether defatting interventions during NMP (following static cold storage) are
sufficient to suppress subsequent IRI in the clinical setting of liver transplantation (LT).
Therefore, in addition to these interventions, the modulation of oxygen dependant targeting
may further enhance outcomes through amelioration of IRI (a major determinant of graft
survival in context of HS). The current chapter builds on pharmacological defatting strategies
outlined in Chapter 6 and explores the adjunct of hypoxia inducible factor (HIF) modulation in

further optimising steatotic donor livers during NMP.

Hypoxia-inducible factors (HIFs) are cellular oxygen-sensitive transcription factors which

have been implicated as the ‘master regulators’ in response to hypoxia through activation of a

202



number of hypoxia responsive genes. HIF is a heterodimeric complex consisting by an oxygen-
destructible HIFa subunit and an oxygen-indestructible HIFf} subunit. During normoxia, HIFa
is rapidly degraded by prolyl hydroxylase domain (PHD) enzymes via a von Hippel-Lindau,
polyubiquitination, proteasome mediated pathway. However, hypoxia, blocks the PHD
activity, promotes HIFa translocation into the nucleus, binds to HIF} and recruits co-activators
to hypoxia responsive elements and regulates several hundred target genes affecting
metabolism, vasodilation, erythropoiesis, pH homeostasis, oxygen sensing, and autophagy

(154,411)

The HIF-1a isoform has demonstrated a hepatoprotective effect through reduction in lipid
synthesis and de novo lipogenesis (through suppression of Sterol regulatory element-binding
transcription factor 1, Srebplc) as well as reduction in lipid peroxidation and promotion of
fatty acid B-oxidation (154). In the context of IRI, the HIF-la isoform is involved in
reprogramming of cellular metabolism pathways through Glucose transporter 1 (GLUTI),
Carbonic anhydrase (CA) and promotes angiogenesis through Vascular Endothelial Growth
actor (VEGF) (153).

However, the HIF-2a isoform is reported to activate genes involved in fatty acid synthesis
(Srebplc and Fasn), fatty acid uptake (Cd36) and suppression of genes that regulate fatty acid
B-oxidation (PPARa and CPT-1) resulting in progression of lipid accumulation and fibrosis
(153,155). Pre-clinical murine studies have demonstrated the benefit of pre-treatment with HIF
prolyl-hydroxylase inhibitors and other pharmacological agents including Mangafodipir (a
contrast agent) in up-regulation of HIF-1a expression with improved liver graft tolerance to
IRI during reperfusion (156,157). This effect has also been demonstrated in steatotic murine
livers that received pre-treatment with trimetazidine (an anti-ischaemic drug) through
activation of cytoprotective genes i.e. heme oxygenase (HO) associated with HIF-1a (157).
However, none of the therapeutic approaches have translated into clinical practice and the

effect on human donor steatotic livers has not been investigated.

The hypothesis of this chapter is that NMP with selective pharmacological stabilisation of HIF-
la (achieved through HIF prolyl-hydroxylase inhibition combined with inhibition of HIF-2a
dimerisation) and defatting interventions can accelerate reduction in HS and improve graft

tolerance to IRI.
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The aim of this chapter is to investigate the effects of pharmacological HIF modulation during
NMP on discarded steatotic human livers (declined by all UK centres for transplantation). Due
to the oxygenated conditions of NMP, pharmacological induction of the HIF pathway is
required. The therapeutic agents include Deferoxamine (DFO) and a HIF-2a dimerisation
inhibitor (PT2385). DFO is an iron chelator (licensed for clinical use). The reasons to choose
this therapeutic agent are three-fold: (i) it has been shown to reduce HS by upregulating
proteins related to lipid metabolism; (ii) it both inhibits HIF prolyl-hydroxylases (and thus
induces HIF signalling) whilst also reducing free radical production and increasing HIF-1a
expression; (iii) it reduces pro-inflammatory cytokines (412). However, DFO can activate both
HIF-1a and HIF-2a isoforms and therefore to investigate the effect of HIF-1a alone, the use of
a HIF-2a dimerisation inhibitor is necessary. The HIF-2a dimerisation inhibitor (PT2385) has
demonstrated beneficial effects in reducing HS and improving insulin sensitivity in murine
experiments where obesity was artificially induced with a high-fat diet (413). Importantly, its
ability to selectively antagonise HIF-20 in progression of clear cell renal carcinoma
(characterised by inactivation of the tumour suppressor gene von Hippel-Lindau and
consequent up-regulation of HIF-2a) has been clearly reported in results of a phase 1 dose

escalation trial clinical trial (414). The overall objectives are to:

1. Identify dosing schedules for pharmacological HIF modulation during oxygenated
normothermic perfusion

2. Optimise methods for liver HIF quantification using IHC, western blots (where frozen
tissue available) and correlate this with a downstream HIF dependant target
(erythropoietin, EPO)

3. Develop a model of ex-situ ischaemia reperfusion injury (IRI) to compare perfusion
outcomes of livers perfused with the established defatting protocol alone (DeFat:
described in Chapter 6) and those with the adjunct of defatting and HIF modulation
(DeFat-HIF: DFO and PT2385).

7.2 Methods

Between September 2020 and January 2023, 13 discarded human steatotic livers declined by
all 7 UK liver transplant centres for transplantation were recruited to this pre-clinical
experimental study. Authorisation for research use of the liver was obtained by the specialist

nurse in organ donation (SNOD), following NHSBT guidelines. The study was approved by
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the London - Riverside Research Ethics Committee (20/PR/0111) and the NHSBT Research,
Innovation and Novel Technologies Advisory Group (RINTAG, study reference: 102). All
livers included in this studied were retrieved as part of a multi-visceral deceased donor organ
retrieval with rapid in-situ cooling (with UW solution), packed and stored on ice (as per

standard UK retrieval practice) prior to transportation to the Oxford Transplant Centre (see

Chapter 2.2).

7.2.1 Perfusion device
All livers were perfused using the 2" Generation OrganOx metra (OrganOx Ltd, Oxford, UK)
NMP device. Following device calibration and priming, donor livers were benched and

cannulated as described in Chapter 2.2.

7.2.2 Study design

The study consisted of two phases: (i) HIF modulation dose finding study with a maximum
perfusion duration of up to 24h and; (ii) experimental study comparing an established NMP
defatting protocol with and without the adjunct of pharmacological HIF modulators in an ex-
situ model of simulated liver transplant comprising of an initial NMP duration of 12h with
leucodepleted pRBCs, followed by disconnection from the NMP circuit, flush with 2L of cold
(UW) preservation solution and reperfusion on the same device using a fresh perfusate
comprising of full allogenic whole blood following a short period of warm-ischaemia to
simulate implantation (anastomotic time). A total of 13 livers were recruited during the study
period. Of these, one liver in the experimental established NMP defatting protocol group did
not demonstrate any evidence of metabolic or synthetic liver function and therefore was
excluded from further analysis. The final cohort comprised of 12 livers i.e. dose finding study

(n = 6) and experimental study (n = 6), see Figure 7.1.
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perfusion) n =6

!

Liver perfusion protocols:
(1) NMP
(2) NMP + DFO
(3) NMP + DFO + PT2385

(4) NMP-DeFat

(5) NMP-DeFat + DFO
(6) NMP-DeFat + DFO +
PT2385 (DeFat-HIF)

1

Downstream analysis:
» Perfusate/tissue HPLC
(drug concentration)
+ Immunoblots * Forskolin (NKH477)
* Biochemistry ¢ Glucose/insulin reduction
* Downstream target: EPO * Lipid apheresis filter

6h whole human blood
reperfusion

6

* L-carnitine . :
‘ * Forskolin (NKH477) / 5 <

¢ Glucose/insulin reduction = ! ,

* Lipid apheresis filter

*One additional liver excluded

due to non-function on machine

TRANSPORT

Experimental study (12h perfusion & 6h reperfusion) n
12h perfusion

(R~
—

Circuit re-primed: standard
boluses i.e. antibiotics, heparin
and calcium gluconate

Group 2: DeFat-HIF (n = 3)
* DFO

‘ + PT2385

¢ L-carnitine

COLD FLUSH -2L UW SOLUTION

Simulated transplant model:
No continuous infusions of bile
salts, heparin or insulin

NORS Retrieval: Static Cold Storage (UW solution),

* Lipid apheresis filter removed

Figure 7.1. Study design outline initial HIF dose finding perfusions and subsequent experimental study
comparing the established NMP defatting protocol (DeFat) with the adjunct of pharmacological HIF
modulators (DeFat-HIF). Additional functional tests performed during the experimental study included
The Maximum Liver Capacity (LiMAx, Humedics GmbH), Monoethylglycinexylidide (MEGX) and
Indocyanine green (ICG) clearance tests.

7.2.3 Sampling schedule
A total of six livers were allocated to dose finding perfusions (sampling schedule outlined in
Table 7.1) and subsequent livers were perfused as part of the experimental study (sampling

schedule outline in Table 7.2).
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Table 7.1. Sampling schedule for dose finding perfusions (perfusion duration range 18-24h)

Dose finding perfusions

Perfusion duration (hours)

Sample collection 0 0.5 2 |4 |6 |8 |12 16/18 |20 |24
Tissue Frozen X X [X |X [X [X [X X | x
Formalin-fixed X X X X
Perfusate Biochemistry X |x X |X |X |X |X [X X | X
Blood gas X |x X |x |x |x |x |x X | X
Bile (if produced) X | X X | X |[xX | X |xX [X X | x
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Table 7.2. Sampling schedule for experimental perfusions (12h NMP and 6h whole blood reperfusion)

Experimental study: Leucodepleted pRBC perfusion phase

Perfusion duration (hours)

Sample collection 0 051 |4 |6 |12
Tissue Frozen X X |x
Formalin-fixed X X | x
Perfusate Biochemistry X X | X |X |X
Blood gas X X |x |x |[x |X
Bile (if produced) X X | X | X |X
Experimental study: Whole blood reperfusion phase Perfusion duration (hours)
Sample collection 0 05(1 (2 |4 |6
Tissue Frozen X X
Formalin-fixed X X
Perfusate Biochemistry X X | X |X |X
Blood gas X X |x | x |[x |X
Bile (if produced) X X | X | X |X
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7.2.4 Perfusion protocols

The perfusion protocols for the dose finding perfusions are described in Table 7.3.

Table 7.3. Dose finding perfusion protocols and NMP duration

Perfusion protocol Description of dose finding perfusion Perfusion duration (hours)
Liver 1 Standard NMP perfusion protocol (as 24
NMP alone described throughout this thesis, see
Chapter 2.1)
Standard NMP protocol (with the 24
Liver 2 addition of DFO at 4h of perfusion)
Standard NMP
with DFO (4h)
Liver 3 Standard NMP protocol (with the 24
Standard NMP addition of DFO at 4h of perfusion and
with PT2385 at 16h of perfusion)
DFO (4h)
+
PT238S (16h)
Liver 4 NMP defatting protocol with lipoprotein 18
DeFat (from apheresis filter (from the commencement
commencement of of perfusion, see Chapter 6.1)
NMP)
Liver 5 NMP defatting protocol with lipoprotein 20
DeFat + DFO apheresis filter (and addition of DFO
(from from commencement of perfusion)
commencement of
NMP)
Liver 6 NMP defatting protocol with lipoprotein 24
DeFat + DFO + apheresis filter (and addition of DFO
PT2385 (DeFat- and PT2385 from commencement of
HIF from perfusion)
commencement of
NMP)

The pharmacological protocols for the experimental perfusions (both the DeFat and DeFat-HIF

group) are summarised in Table 7.4. Briefly, all livers in the DeFat group were perfused as per

the established NMP defatting protocol described in Chapter 6.1 and in the DeFat-HIF group,

the perfusate was supplemented with the adjunct of pharmacological HIF modulators. In both

groups all pharmacological agents were delivered during device priming (prior to

commencement of NMP).
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Table 7.4. Pharmacological agents delivered in the experimental perfusions

DeFat group

DeFat-HIF group

L-carnitine (Sigma-Aldrich, Dorset, UK): 1 g in
20 ml of 0.9% sodium chloride (B Braun) (390—
393)

DeFat: L-carnitine, water-soluble forskolin
(NKH477) and glucose/insulin reduction as
described for the DeFat group

Forskolin: 1 mg of water-soluble forskolin,
NKH477 (Cayman Chemical, Michigan, USA)
in 2 ml of 0.9% sodium chloride (B Braun)
(397,398)

Deferoxamine (DFQO): DFO, a highly effective
iron chelator, was introduced into clinical
practice in the 1960s and remains a widely used
first-line treatment for patients with iron-
overload conditions (412). The concentration of
DFO used was 10 mmol/L (extrapolated from
previous reported modifications to UW solution)
(415) and this equated to a total of 6.6 g
(Deferoxamine  mesylate, DEMO  S.A.
Pharmaceutical Industry, Greece) dissolved in 66
ml of 0.9% sodium chloride (B Braun) when
applied to the circulating volume of the NMP
circuit. This dose was also comparable to that
reported in the context of in vivo human studies
(416,417).

Insulin: The perfusate was infused at a 50%
lower concentration than in the OrganOx
instructions for use. This adjustment was made to
reduce the stimulation of de novo lipogenesis
(DNL), the only source of fatty acid production
in the liver during NMP (177). The perfusate was
supplemented with 100 units of insulin
(Actrapid, Novo Nordisk, West Sussex, UK)
dissolved in 30 ml of 0.9% sodium chloride (B
Braun) and administered at a rate of 1 ml/h.

Glucose: The threshold to infuse parenteral
nutrition (Nutriflex Special, B Braun) was
reduced from 10 mmol/L to 5 mmol/L. As
glucose is a non-lipid precursor for DNL, this
adjustment aimed to reduce the liver’s ability to
synthesise fatty acids de novo during perfusion
(180).

PT2385: The dose of the HIF-2a dimerisation
inhibitor (PT2385) was extrapolated from a
previous in vivo human dose escalation trial
(414). A total of 100mg of PT2385 (MCE,
MedChemExpress) was dissolved in 25 ml of
Dimethyl sulfoxide (DMSO, D8418, Sigma-
Aldrich) with the aid of water-bath sonication.

Both experimental groups included the addition of a lipoprotein apheresis filter (DALI® 500

filter, Fresenius Medical Care Ltd, Huthwaite, UK). Prior to commencement of perfusion, the

filter was primed with 2 L of Gelaspan (B Braun, Sheffield, UK) (389), Figure 7.2.
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Figure 7.2. Integration of a lipoprotein apheresis filter into the NMP circuit was achieved using a sterile
equal and reducing straight % inch connector with a luer lock (LivaNova UK Ltd, Brockworth, UK)
incorporated into the arterial line. A 3-way tap was added to the arterial line to isolate the filter (red).
Two additional 3-way taps were attached to the priming port on the IVC line (blue). These connectors
enabled priming of the device without disruption by diverting and discarding the priming solution.
When the 3-way taps on both the arterial and IVC lines were opened, perfusate flowed through the filter
at a rate of 150 ml/min.

7.2.5 Allogenic whole blood reperfusion

All 6 livers in the experimental study were subjected to an ex-situ model of simulated liver
transplant which comprised of an initial NMP duration of 12h with leucodepleted human
pRBCs, followed by disconnection from the NMP circuit, flush with 2L of cold (UW)
preservation solution and reperfusion on the same device using a fresh perfusate comprising of
full allogenic whole human blood following a short period of warm-ischaemia to simulate
implantation (anastomotic time). The whole blood in the reperfusion phase was supplemented

with standard boluses prior to liver connection:

e 10ml of 10% calcium gluconate (B Braun)

e 10,000 IU unfractionated heparin sodium (Wockhardt UK Ltd, Wrexham, UK)

211



e 750mg of cefuroxime (Flynn Pharma Ltd, Dublin, Ireland)
e 8.4% sodium bicarbonate (B Braun), 30mls for normalisation of perfusate pH prior to

connection of the liver and commencement of perfusion

Continuous infusions of heparin, insulin and bile salts were stopped during whole blood
reperfusion. However, 0.5mg epoprostonol sodium (Flolan®) (Glaxo, Middlesex, UK) for
optimisation of microperfusion was continued at a rate of 1ml/h for the 6 h duration of

reperfusion.

7.2.6 Hypoxia inducible factor quantification

The tissue and perfusate concentrations of pharmacological HIF modulators was determined
using High Performance Liquid Chromatography (Agilent Technologies, Inc). This analysis
was only performed for dose finding Liver 3 which was perfused with the standard NMP
protocol with induction of both HIF-1a and HIF-2a (DFO delivered at 4h of perfusion) and
sequential selective inhibition of HIF-2a (PT2385 delivered at 16h of perfusion). The tissue
and perfusate concentration of each drug (per perfusion timepoint) was then correlated with the
presence of HIF-1a and HIF-2a quantified using western blots for the corresponding timepoint.
Western blots were performed for all dose finding study livers (except dose finding Liver 4
perfused for 18h using the established NMP defatting protocol: DeFat) and performed for all
experimental study livers. Immunohistochemistry (IHC) was also performed for HIF-1a and
HIF-2a tissue localisation and to supplement results of the western blots in the dose finding

perfusions.

7.2.6.1 HPLC — Tissue concentration

Tissue concentrations of each drug were determined using High Performance Liquid
Chromatography (HPLC). Tissue sample preparation and analysis for deferoxamine (DFO
alone) and PT2385 is described in Table 7.5.
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Table 7.5. DFO and PT2385 tissue concentration measurements

Sample preparation Method

Tissue drug extraction DFO and PT2385 drug extraction buffer was prepared in a 1:9 ratio (1ml
Acetonitrile and 9mls methanol), a total of 10mls. Then 200 pl of
extraction buffer was added to each sample. After mixing, tissue biopsies
were homogenised with Prob Sonicator to get a homogenised mixture.
The process was performed on ice to avoid the degradation of proteins.
After prob sonication, the samples were centrifuged at 13000rpm for 25
mins at 4°C. 170ul supernatant was collected from each sample and dried
using SpeedVac (Thermo Fisher Scientific, Inc). The supernatant was
extracted and stored at -20°C till further use.

Preparation of standards | 1mM each of DFO and PT2385 was prepared from stock solution:

e DFO: (i) 50mg/ml = 130mM and; (ii) ImM = 7.70ul of 50mg/ul
+992.30ul of HPLC water

e PT2385: (i) 10mg/ml = 26 mM and; (ii)) ImM = 38.46pl of
10mg/ml + 961.50ul HPLC water

50ul of 1mM DFO, 50ul of ImM PT2385 and 900ul HPLC water was
mixed to create a master mix and a standard set (50uM to OuM) was
subsequently prepared to determine tissue drug concentrations.

High Performance After drying, samples were resuspended in solvent A (2% Acetonitrile,
Liquid Chromatography | 0.1% formic acid) and analysed on Agilent 1200 Series HPLC System
(HPLC) (Agilent). Equal volume of standard and Samples were applied to C18

(InfinityLab Poroshell 120 EC-C18) column.

The separation of extracted compounds were performed at flow rate of
500pl/minute, with linear gradient of 10% solvent B (100% Acetonitrile,
0.1% F.A) to 90% solvent B for 15 minutes, followed by column wash
for 2 minutes and column equilibration for 3 minutes.

The elution times for DFO and PT2385 were eluted at 7.74 mins and 2.41
mins at 209nm. The HPLC machine was run at A: 2% Acetonitrile &
0.1% F.A. and B: 100% Acetonitrile and 0.1% F.A. The data was
analysed manually by using the Agilent Online data analysis software.

7.2.6.2 HPLC — Perfusate concentration
Perfusate drug and drug metabolite concentrations were determined using HPLC. A master mix
of seven drugs (100ul, 50ug/ml) was prepared from stock solutions according to the following

protocol, Table 7.6:
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Table 7.6. Stock solution preparation for master mix

Drugs

Stock solution preparation (1mg/ml)

DFO

Stock 1 (50mg/ml): Dissolve 500mg of drug in 10ml of HPLC
water

Stock 2 (1mg/ml): 2ul of stock-1 (50mg/ml) + 98ul HPLC water
to get Img/ml of DFO

Sul of Stock 2 (1mg/ml) to prepare the master mix of 50pg/ml

PT2385

Stock 1 (10mg/ml): Dissolve 10mg of drug in Iml of 100%
DMSO

Stock 2 (1mg/ml): 10ul of stock-1 (10mg/ml) + 90ul of HPLC
water to get 1mg/ml of PT2385

5ul of Stock 2 (1mg/ml) to prepare the master mix of 50pg/ml

L-carnitine

Stock 1 (50mg/ml): Dissolve 1g of drug in 20ml of normal saline.
Stock 2 (10mg/ml): 20pul of stock (1g/ml) + 80ul of HPLC water
to get 10mg/ml of L-carnitine

Stock 3 (Img/ml): 10ul of stock (10mg/ml) + 90ul of HPLC
water to get Img/ml of L-carnitine

5ul of Stock 3 (1mg/ml) to prepare the master mix of 50pg/ml

NKH477

Stock 1: (1mg/ml): Dissolve 1mg of drug in 1ml of HPLC water
Sul of Stock 1 (1mg/ml) to prepare the master mix of 50pg/ml

Lidocaine

Stock 1 (10mg/ml): original ampoule available as stock solution
Stock 2 (1mg/ml): 10ul of stock-1 (10mg/ml) + 90ul of HPLC
water to get Img/ml of lidocaine

Sul of Stock 2 (1mg/ml) to prepare the master mix of 50pg/ml

MEGX (Lidocaine
metabolite)

Stock 1 (25mg/ml): Dissolve 25mg of drug in 1ml of HPLC water
Stock 2 (Img/ml): 4ul of stock-1 (25mg/ml) + 96ul of HPLC
water to get lmg/ml of MEGX

Sul of Stock 2 (1mg/ml) to make the master mix of 50pg/ml

ICG

Stock 1 (1mg/ml): original ampoule available as stock solution
Sul of Stock 1 (1mg/ml) to make the master mix of 50pg/ml

The master mix (100ul, 50ug/ml) was prepared by mixing Syl of each drug (at the

concentration of 1mg/ml) i.e. a total 35ul with 65ul of HPLC water. A standard set (50pg/ml

to Oug/ml) was subsequently prepared to determine the perfusate drug concentrations.

Perfusate drug extraction buffer was prepared in a 1:9 ratio (Iml Acetonitrile and 9mls

methanol), a total of 10mls. Then 800ul of extraction buffer and 100ul of perfusate sample

were mixed and stored in in fridge for 1 h, followed by centrifuged at 13000rpm for 25 mins
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at 4°C degrees. After centrifuge, 700ul of supernatant was collected and dried using SpeedVac

(Thermo Fisher Scientific, Inc). Dried samples were stored in -20°C until further use.

Samples were resuspended in solvent A (2% Acetonitrile, 0.1% formic acid) and analysed on
Agilent 1200 Series HPLC System (Agilent). Equal volume of standard and samples were
applied to C18 (InfinityLab Poroshell 120 EC-C18) column. The separation of extracted
compounds were performed at flow rate of 500ul/minute, with linear gradient of 1% solvent B
(100% Acetonitrile, 0.1% F.A) to 20% solvent B for 10 mins and 90% for 2 mins, followed by
column wash for 4 mins and column equilibration for 4 mins. The data was analysed manually
by using the Agilent data analysis software. The wavelength and elution times for each drug

are shown in Table 7.7:

Table 7.7. Elution time and wavelength for detection of pharmacological agents in perfusate

Drug Wavelength (nm) Elution time (min)
DFO 209 9.913
PT2385 209 2.394
L-carnitine 209 1.995
NKH477 209 1.853
Lidocaine 209 10.6
MEGX 209 10.2
ICG 805 14.6

This protocol was developed to allow rapid quantification of drugs delivered (or metabolites
i.e. lidocaine to MEGX) during perfusion. However, for the purposes of this thesis, only the
perfusate concentrations of DFO and PT2385 are provided in relation to the HIF dose finding
experiments. Alternative (more reproducible) protocols were used specifically for ICG,

lidocaine and MEGX quantification (see 7.2.11).

7.2.6.3 Immunoblotting

Quantification of tissue HIF-1a and HIF-2a was performed using western blots as described in

Table 7.8 and the primary/secondary antibody concentrations are listed in Table 7.9.

215



Table 7.8. Western blot protocol

Procedure

Method

Protein extraction

Protein extraction from tissue biopsies was performed using an 8M urea
buffer. The buffer comprised of PIC (with EDTA), 8M urea, 2M thiourea,
0.4% CHAPS, 0.1% SDS, 0.05% sodium deoxycholate in PBS, stored at 4°C.

After mixing, tissue biopsies were homogenised with Prob Sonication to get a
homogenised mixture. The process was performed on ice to avoid the
degradation of proteins. The samples were then centrifuged at 13000rpm for
25 mins at 4°C. The supernatant was extracted and stored at -20°C till further
use. The amount of protein recovery from tissue biopsies was estimated by
using the Bradford assay (Sigma-Aldrich, Dorset, UK) according to
manufacture guidelines. A serial dilution of BSA standard was used to
calculate the amount of protein in tissue samples.

Sample preparation

A pre-specified volume of sample (according to concentration) was mixed
with 2X volume of SDS gel loading buffer and reduced at 60°C prior to loading
onto the gel. In addition, positive HIF controls were obtained through
collaboration with the Hypoxia Biology Group, Nuffield Department of
Medicine, University of Oxford. These included the following cell-lines listed
in the European Collection of Authenticated Cell Cultures (ECACC),
(418,419):

e RCC4/VHL Normoxia (Nx), ECACC 03112703
e RCC4/VHL Hypoxia (Hx), ECACC 03112703
e RCCA4 plus Vector Alone (VA), ECACC 03112702

The renal cell carcinoma (RCC) cell line RCC4 is stably transfected with the
plasmid pcDNA3-VHL. This plasmid provides neomycin resistance and
expresses the von Hippel-Lindau (VHL) tumour suppressor protein pVHL.
The original RCC4 cell line lacks VHL. The RCC4 cell line with the vector
alone (ECACC catalogue no. 03112702) serves as a negative control for
investigating the effects of pVHL expression from the pcDNA3-VHL plasmid.
These modified cells exhibit reduced tumorigenicity compared to cell lines
that do not express pVHL (418,419).

After loading the samples to each well, proteins were separated on Criterion
XT gels, first 20 mins run at 80V and then 150V for 1 h.

Transfer of proteins

The blotting apparatus was assembled in chilled blotting buffer (black side of
cast, fibre pad, blotting paper, gel, nitrocellulose membrane, blotting paper,
fibre pad, red side of cast) and placed in the tank with blotting buffer (Bio-
Rad) with ice. The power supply was attached run at 80V for 1 hour in the
cold room.

Blocking

The 0.2um nitrocellulose membrane (77012, Thermo Fisher Scientific, Inc)
was retrieved and washed with TBS-Tween (TBST) x2 and blocked with 5%
milk (1g milk in 20ml TBST) for 60 minutes at 4°C.
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Table 7.9. Primary and secondary antibody concentrations

Procedure Method

Primary antibody The primary antibody was prepared to desired dilution in 5% blocking buffer
application and the membrane was incubated on shaker at 4°C for 48 hours:

e HIF-1a (mouse) 1:250: 610958, BD Transduction Laboratories™

e HIF-2a (rabbit) 1:250: HIF-2a (D9E3) Rabbit mAb #7096, Cell
Signaling Technology®™

e B-actin (mouse) 1:1000: mAbcam 8226, Abcam®

Secondary antibody | After primary antibody incubation the membrane (blots) were washed with
application TBST (x4 washes 5 minutes each). The secondary antibody to was created to
desired dilution in 10ml of the 5% blocking buffer and incubated on shaker
for 1 hour under agitation (protected from direct light):

e HIF-1a (mouse) 1:500: IRDye 680RD Goat anti-mouse IgG
15530535, LI-COR Biosciences, Inc

e HIF-2a (rabbit) 1:500: IRDye 800CW Goat anti-rabbit IgG:
15570485, LI-COR Biosciences, Inc

e [-actin (mouse) 1:500: IRDye 680RD Goat anti-mouse IgG:
15530535, LI-COR Biosciences, Inc

Imaging of blots Following incubation, the blots were washed again with TBST (x4 washes 5
mins each) and rinsed with 1x TBS. The blots were then imaged using the LI-
COR imaging system.

7.2.6.4 HIF-10 and HIF-20, immunohistochemistry

Localisation of HIF-la and HIF-2a was performed using immunohistochemistry (IHC) on
selected FFPE sections from the initial HIF dose finding study perfusions. HIF-1a and HIF-2a
immunohistochemistry (IHC) analysis was performed using the Visiopharm® Al-based rapid
automated image analysis digital assay (Visiopharm® Ltd, Egham, UK) described in Chapter
2.4.2. However, HIF-1a and HIF-20 IHC was not performed for any livers in the experimental

study groups due to more quantitative results provided by the immunoblots for these livers.

7.2.7 Histological evaluation

Liver tissue preparation and staining is described in Chapter 2.3. Briefly, FFPE sections were
stained with H&E, PAS, Masson’s Trichome and Picosirius RED. Histopathological evaluation
of histology slides was performed by Professor Alberto Quaglia (Consultant Histopathologist,
Royal Free Hospital, London) who was blinded to the perfusion protocols and treatment

allocations for each liver. The degree of steatosis was reported according to the Banff
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consensus guidelines. The overall report for each biopsy included the degree of large droplet
macrovesicular steatosis (Id-MaS), small droplet macrovesicular steatosis (sd-MaS), glycogen
depletion and histological preservation reperfusion injury (PRI) score as defined in Chapter

4.2.4 (286).

In addition to the histopathological steatosis score, digitised images were also analysed using
an automated digital analysis software (Visiopharm application 10119, H&E liver steatosis)
(Visiopharm Ltd, Egham, UK) to provide quantitative outputs including total macrovesicular
steatosis, ld-MaS and sd-MaS percentage described in Chapter 2.4.1. The change in percentage

steatosis was compared between biopsy timepoints and experimental groups.

For the one liver in the experimental established NMP defatting protocol group that did not
demonstrate any evidence of metabolic or synthetic liver function (an outlier, and therefore
excluded from the overall analysis), HMBG1, MPO and CITH3 THC was performed to assess
for evidence of damage-associated molecular pattern (DAMP) related injury that could have

contributed to ex-situ non-function (as described in Chapter 2.3.8).

7.2.8 Quantifying DNL, total fatty acid composition and tissue triglycerides

Prior to commencement of NMP (and whole blood reperfusions for the experimental study)
200 ml of 2H,0 (heavy water, deuterium oxide) was added to the perfusate reservoir prior to
commencement of perfusion. The methods for quantification of hepatic de novo lipogenesis
(DNL) in the perfusate and tissue, measurements of total fatty acid composition and tissue
triglycerides are described in Appendix D. These measurements are currently pending

completion and therefore are outside the scope of this thesis.

7.2.9 Quantifying perfusate Lidocaine and MEGX

7.2.9.1 Mass spectrometry

Samples were prepared for mass spectrometry analysis by pipetting 100 pL of plasma into a
polypropylene Amicon® (3Kcutoff) centrifugal filter tube. The sample tubes were capped and
centrifuged at 14,000 x g for 15 min at ambient lab temperature. The clear filtrates were

transferred to deactivated glass HPLC autosampler vials were stored in -80°C until further use.
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Shotgun LC-MS metabolomics analysis was conducted using a Dionex Ultimate 3000 HPLC
System (Thermo Fisher Scientific, Massachusetts, USA) coupled to an Orbitrap Fusion mass
spectrometer equipped with a Heated Electrospray Ionization (HESI) source, the methods are

described in Table 7.10.

Table 7.10. Methods for mass spectrometry analysis

Procedure Method

Chromatographic Chromatographic separation employed a Hypersil Gold C18 column (150 x
separation 2.1 mm, 1.9 um; Thermo Fisher Scientific) with gradient elution using mobile
phases A (0.1% formic acid in 2% acetonitrile: water, v/v) and B (0.1% formic
acid in 90% acetonitrile: water, v/v) at a flow rate of 350 pL/min and a column
temperature of 45°C.

For each LC-MS run, 5 pL of extracted metabolites dissolved in 20 pL of

solvent A were injected. The gradient program initiated at 99% A, decreased
to 10% A over 17 min, held at 10% A for 4 min, and reverted to 99% A,
maintaining this composition for 5 min.

Mass spectrometry | Mass spectrometry analysis was performed in positive ionization mode.
analysis Parameters for positive ionization included a spray voltage of +4.2 kV, sheath
gas at 35 arbitrary units, auxiliary gas at 10 arbitrary units, and sweep gas at 2
arbitrary units, with an ion transfer tube and vaporizer temperature of 300°C.

MSI1 data was acquired at a resolution of 120,000 at m/z 200 with a maximum
injection time of 250 ms and AGC target of 5.0 x 10"4. The MS2 of Lidocaine
(mz =235.180) and MEGX (mz = 207.149) fragmentation used higher energy
collisional dissociation (HCD) with stepped collision energy (10%, 30%, and
50%), recorded at a resolution of 30,000 at m/z 200.

Raw LC-MS data All raw LC-MS data analysis was performed on Skyline small molecule
analysis software (v24.1). The peak area of Lidocaine (mz = 235.180) and MEGX (mz
= 207.149) was extracted from all standards and unknown samples. The
standard calibration curve was constructed using Excel, and the unknown
concentrations of Lidocaine and MEGX were subsequently quantified by
using this calibration curve.

Overall, this comprehensive LC-MS approach enabled robust metabolite profiling and
identification, crucial for elucidating metabolic pathways and biomarker discovery in complex

biological samples.
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7.2.10 Perfusate measurements

7.2.10.1 Blood gas analysis

Perfusate blood gas and biochemistry analysis is described in Chapter 2.5. Briefly, perfusate
samples were thawed, vortexed and analysed on a clinical biochemistry analyser via
spectrophotometry (Abbott Architect ¢8000, Abbott diagnostics, Illinois, USA) at the
Department of Clinical Biochemistry, John Radcliffe Hospital. The following biochemical

measurements were performed:

e Hepatocellular enzymes and injury:
o ALT (IU/L)

e Hepatic lipid metabolism:
o Total cholesterol (mmol/L)
o Total triglycerides (mmol/L)
o 3-OHB (mmol/L)

e General metabolism:
o pH
o Lactate (mmol/L)
o Glucose (mmol/L)

e Systemic inflammation and metabolic stress:

o CRP (mg/L)

7.2.10.2 Cytokines

Cytokine multiplex analysis is described in Chapter 2.5.3. For the experimental studies,
cytokines (IL-1pB, IL-2, IL-6, IL-10 and TNF-a) were measured at 1, 6 and 12h of perfusion
and subsequently at 1h and 6h post-whole blood reperfusion.

7.2.11 Bile measurements
Bile (where produced) was measured for pH and glucose concentrations. Bile sampling and

measurements are described in Chapter 2.6.
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7.2.12 Functional assessment

The ability of each liver to meet functional criteria (indicating suitability for transplantation)
was assessed by ex-situ metrics defined by Cambridge (Table 7.11), Birmingham (Table 7.12)
and those recently described by Oxford (Table 7.13) in Chapter 6. In addition, to these ex-situ
functional metrics, the utility of novel methods to assess ex-situ liver viability including ICG
clearance (see Chapter 2.5.5), MEGX and LiMAXx tests were performed in the experimental

study.

7.2.12.1 Ex-situ functional criteria

A total of three ex-situ functional criteria were utilised to assess ex-situ function for each liver.

The ability of each liver to meet these criteria is documented.

Table 7.11. Cambridge NMP criteria for optimal NMP parameters associated with favourable post-
transplant outcomes (201). Table reproduced with permission from MDPI (4).

NMP Parameter Description

The ability to maintain perfusate pH > 7.2 (without

Perfusate pH bicarbonate supplementation exceeding >30 mmol)

Bile pH A maximum bile pH value > 7.5

Evidence of a peak reduction in perfusate lactate >4.4
mmol/L/kg/h

Evidence of a reduction in perfusate glucose following
2 h of perfusion OR a glucose value of 10 mmol/L (that
also subsequently falls following a challenge 2.5 g of
glucose)

Clearance of perfusate lactate

Metabolism of glucose (perfusate)

A bile glucose concentration of <3 mmol/L OR >10

Bile gl ncentration .
© glucose conce © mmol/L less than the perfusate glucose concentration

Hepatocellular injury as demonstrated by
perfusate alanine aminotransferase (ALT) A perfusate ALT < 6000 IU/L at 2 h of perfusion
level
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Table 7.12. Birmingham NMP criteria as recommended in the “VITTAL’ trial (202). Table reproduced
with permission from MDPI (4).

Mandatory NMP Parameter Description

Clearance of perfusate lactate Evidence of reduction in perfusate lactate <2.5 mmol/L

Two or more of the following NMP parameters at 4 h of perfusion

Perfusate pH The ability to maintain perfusate pH > 7.3

Glucose Evidence of glucose metabolism during perfusion

Bile Evidence of bile production during perfusion

Vascular flows, i.e., hepatic arterial (HA) Maintenance of HA flow >150 mL/min and PV flow
flow and portal venous (PV) flow >500 mL/min

Macroscopic assessment of donor liver Homogenous macroscopic appearance of the liver
during NMP parenchyma during perfusion

Table 7.13. The DeFat study functional criteria for transplantation (at 6 h of perfusion) (179). Table
reproduced with permission from MDPI (4).

NMP Parameter Description

Perfusate pH The ability to maintain perfusate pH > 7.2

Bile pH A minimum bile pH value > 7.5 (if bile produced)
Clearance of perfusate lactate Clearance of lactate to a level <2.5 mmol/L

Evidence of a reduction in perfusate glucose

Metabolism of glucose (perfusate) (spontancous fall)

A bile glucose concentration of <3 mmol/L OR >10
mmol/L lower than the perfusate glucose concentration

Hepatic arterial (HA) flow and portal venous Maintenance of HA flow >100 mL/min and PV flow
(PV) flow >500 mL/min

Hepatocellular injury as demonstrated by
perfusate alanine aminotransferase (ALT) A perfusate ALT < 6000 IU/L at 6 h of perfusion
level

Bile glucose concentration

7.2.12.2 ICG

The ICG clearance test (described in Chapter 2.5.5) as described by Liu et al. was performed
for the experimental perfusions (238). Briefly, 6.25 ml of 0.1% ICG solution (Verdye™ ICG,
Diagnostic Green, GmbH) was injected into the perfusate reservoir at 4 and 10 h during

perfusion and subsequently at 4 h during whole blood reperfusion.

Sequential perfusate samples were taken at 1 min, 5 min, 15 min, 30 min, 45 min, 60 min and

up to 120 min post-injection. The perfusate serum samples were analysed (100l in duplicate)
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using the CLARIOStar® (BMG LABTECH) microplate reader for fluorescence intensity (FI)
of ICG with excitation between 728-743 (728-15) nm and emission between 820-840 (820-20)
nm i.e. 728-15/820-20 nm. Data were reported as percentage change in FI from baseline (0

min, pre-injection).

7.2.12.3 Monoethylglycinexylidide (MEGX)

The hepatic conversion of lidocaine to monoethylglycinexylidide (MEGX) was used to assess
liver cytochrome P450 system (specifically through CYP3A4) activity during the experimental
perfusions (236). A total 4ml of 1% lidocaine solution (as described by Liu et al. (238)) was
injected into the perfusate reservoir at 4 and 10h during perfusion and subsequently at 4h during
whole blood reperfusion. Sequential perfusate samples were taken 15 and 30 min post-

injection.

Stock solutions of lidocaine and MEGX were prepared as described in Table 7.6. A master mix
(100ul, 50pug/ml) was prepared by mixing 10ul of lidocaine and MEGX each (at the
concentration of 1mg/ml) i.e. a total 20ul with 180ul of HPLC water. A standard set (50pg/ml
to Opg/ml) was subsequently prepared to determine the perfusate drug concentrations. Perfusate
analysis of Lidocaine and MEGX was performed by mass spectrometry as described in section

7.2.9 of this chapter.

7.2.12.4 LiMAx

The Maximum Liver Capacity Test (LiIMAXx test, Humedics GmbH) is described in Chapter
1.7.1 (230-233). This technology was adapted into the set-up of ex-situ liver normothermic
machine perfusion during the experimental perfusions and is described in Figure 7.3. An
8ml/kg bolus of 13C-methacetin (4mg/ml, Mohren Apotheke, Germany) was injected into the
perfusate reservoir at 1h and 5h of perfusion and subsequently at 5h during whole blood
reperfusion and the duration of each test was 60 min. This dosing schedule has been described
by Leber et al. in the setting of ex-situ liver perfusion (420). The quantitative outputs included
LiMAXx curves and LiMAx value was determined using the following formula, adapted from

Schurink et al. (234):
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DoBmax: The maximum delta over baseline kinetics i.e. change in 3CO2:'2CO2 ratio
C is a constant: (C=0.11237)
P: The estimated production rate of COz1i.e. 300 mmol/h (per body surface area in m?)/100 x
17.52 (liver’s estimated use of resting energy expenditure) = 52.56
M: The Molar mass of 3C-methacetin (M=166.19 g/mol)
D: The dose of '3C-methacetin dose in mg (%2 D)

DoBuax* C* P* M = LiMAx (ug/kg/h)

(72 D)

Figure 7.3. The LIMAx FLIP® 4.0 detection device connected to the CO; outlet of the OrganOx metra
oxygenator to allow quantification of the *CO,:'*CO, ratio.

7.3 Results

A total of 13 discarded human livers were recruited during the study period. Of these, 6 livers
were perfused as part of a dose finding study to investigate pharmacological HIF modulation
during NMP. The subsequent experimental study involved a further 7 perfusions in an ex-situ

model of ischaemia-reperfusion injury (IRI). Of these, 4 livers were perfused according to the
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established NMP defatting protocol (DeFat) and 3 livers were perfused using the established
NMP defatting protocol with the adjunct of pharmacological HIF modulators (DeFat-HIF).
One liver in the experimental established NMP defatting protocol (DeFat) group did not
demonstrate any evidence of metabolic or synthetic liver function. Whilst perfusion metrics for
the ex-situ non-functioning (ENF) liver are described separately, novel functional assessments
including ICG clearance, MEGX and LiMAX tests are compared to the experimental DeFat
and DeFat-HIF groups to demonstrate the difference between functioning and non-functioning
livers. Overall, this liver was an outlier and was therefore excluded from further analysis when
comparing the two experimental groups for remaining tissue, perfusate and bile measurement
analysis. This ensured valid comparisons were made between the experimental groups. When
the primary aim is to investigate the impact of pharmacological interventions on hepatic lipid
metabolism, it is essential that all livers exhibit signs of hepatocellular function to ensure that
conclusions drawn about the intervention are accurate. Donor demographics, histological
evaluation and perfusion characteristics of the non-functioning liver are shown in Table 7.14,
Figure 7.4, and Figure 7.5 respectively. Twelve livers were therefore included with 6 livers
assigned to dose finding perfusions and 6 assigned to the experimental study. Donor
demographics and liver characteristics for these livers are demonstrated in Table 7.15 and 7.16

respectively.
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Table 7.14. Donor demographics for non-functioning liver perfused for 12h using the DeFat and reperfused with whole blood for 6h

Age | Gender | Type BMI | Girth | Causeof | ALT Glucose CIT Baseline Baseline Baseline Liver | Mean vascular flows (artery
(years) (kg/m?) | (cm) death (IU/L) | (mmol/L) (h& steatosis: Steatosis: Steatosis: weight ml/min & portal L/min)
min) Surgeon DIA Pathology (kg)
PPerfusion: artery 558.3 (+31.3)
20h 1d-MaS: 39.3% 1d-MaS: 40% & portal 1.36 (£0.11)
56 Male | DCD 3249 | 112 ICH 72 13.7 . Severe sd-MaS: 10.9% sd-MaS: 50% 23 -
13min Total: 50.2% Reperfusion: artery 433.3
(£175.1) & portal 0.72 (£0.15)

Abbreviations: ALT, alanine aminotransferase; CIT, cold ischaemia time; DCD, donor after circulatory death; ICH, intracerebral haemorrhage; MaS,
macrovesicular steatosis; Ld-MaS, Large droplet macrovesicular steatosis; Sd-MaS, small droplet macrovesicular steatosis.
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Figure 7.5A-E. Perfusate measurements: Low perfusate pH of 6.85 at start of perfusion, 7.14 mmol/l at end of perfusion and 7.15 at end of reperfusion. 30 ml
of bicarbonate administered during priming for both the perfusion and reperfusion phases (before liver on board). Total of 230 ml of bicarbonate delivered
during perfusion (with 100 ml in the first hour) and only 30 ml delivered during the first hour of reperfusion. Low bile pH of 7.1 at 2h of perfusion, 7.4 at end
of perfusion (with 45 ml of bile produced) and 7.6 at end of reperfusion (with 30 ml of bile produced). Slow glucose metabolism during perfusion with value
of 25 mmol/I at end of perfusion and 9.3 mmol/l at end of reperfusion (similar trajectory demonstrated in bile glucose values). Increasing lactate during perfusion
with value of 15.4 mmol/l at end of perfusion and 19 mmol/l at end of reperfusion (A). Urea production rising during perfusion, reaching peak value of 12.5
mmol/l at end of perfusion and 9.6 mmol/I at end of reperfusion (B). Peak in ALT value at 4h of perfusion (19317.7 IU/L) with subsequent decrease at end of
reperfusion (9237.8 IU/L) (C). Peak in triglyceride value of 0.74 mmol/l at 0.5h of perfusion, decrease at end of perfusion (0.27 mmol/l) and end of reperfusion
value of 0.35 mmol/l. Peak cholesterol value at end of perfusion (0.94 mmol/l) and further increase at end of reperfusion (1.41 mmol/l) (D). Low CRP values
throughout with peak of 3.1 mg/L at end of perfusion and 2.61 mg/L at end of reperfusion. Length of warm ischaemia time (simulated transplant) between the
end of perfusion and commencement of reperfusion was 35 min.



Table 7.15. Donor demographics and liver characteristics of livers perfused in the dose finding study

Liver ID Age | Gender | Type BMI | Girth | Causeof | ALT Glucose CIT Baseline Baseline Baseline Liver
(years) (kg/m?) | (cm) death (IU/L) | (mmol/L) (h& steatosis: Steatosis: Steatosis: weight
min) Surgeon DIA Pathology (kg)
Liver 1 20h Normal 1d-MaS: 0.15% | 1d-MaS: 0%
NMP alone 67 Male | DCD 247 ) 92 IcH 14 - 24 min gzzplzulir sd-MaS: 5.15% | sd-MaS: 5% 1.65
£° Total: 5.3%
Liver 2 .00 ) A00
Standard NMP with 58 Female | DCD 32| 102 ICH 17 9.6 10h Moderate ld-Ma$: 9.2% | - ld-Ma$:20% 1.56
DFO (4h 56 min sd-MaS: 14.5% sd-MaS: 50%
(4h) Total: 23.7%
Liver 3
Sta“dg;‘:)l\gg with an Mild 1d-MaS: 1.2% | 1d-MaS: 5%
+ 57 Male | DCD 31 103 ICH 33 - 2 min (capsular sd-MaS: 3% sd-MaS: 5% 1.70
. (1)
PT2385 (16h) damage) Total: 4.2%
o %;Vte(rfr“om i 1d-MaS: 13.9% | 1d-MaS: 30%
¢ 61 Female | DBD 38 120  |Cardiac arrest| 65 7.6 . Moderate sd-MaS: 25% sd-MaS: 30% 2.0
commencement of NMP) 16 min N
Total: 38.9%
DeFa tlflv)e}fg (from h Mild + stiff | 1d-MaS:0.3% | 1d-MaS: 0%
¢ o 75 Male |DBD | 26 | 99 CVA | 52 - . (aberrant sd-MaS: 1% | sd-MaS: 5% 1.5
commencement of NMP) 47 min o
anatomy) Total: 1.3%
Liver 6
DeFat + DFO + PT2385 20h 1d-MaS: 7.9% 1d-MaS: 10%
(DeFat-HIF from 56 Female | DBD 25.6 91 ICH 13 13.8 15 min Moderate sd-MaS: 22.7% sd-MaS: 10% 1.56

commencement of NMP)

Total: 30.6%

Abbreviations: ALT, alanine aminotransferase; CIT, cold ischaemia time; DCD, donor after circulatory death; DBD, donation after brain death; ICH,

intracerebral haemorrhage; MaS, macrovesicular steatosis; 1d-MaS, large droplet macrovesicular steatosis; sd-MaS, small droplet macrovesicular steatosis
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Table 7.16. Donor demographics and liver characteristics of livers perfused in the experimental study

Perfusion protocol and Age | Gender | Type BMI | Girth | Causeof | ALT Glucose CIT Baseline Baseline Baseline Liver
warm time between end of | (years) (kg/m?) | (cm) death (IU/L) | (mmol/L) (h& steatosis: Steatosis: Steatosis: weight
NMP, cold flush and min) Surgeon DIA Pathology (kg)
commencement of whole
blood reperfusion
DeFat Liver 1
Warm time: 30 min 17h . 1d-MaS: 0.8% 1d-MaS: 2%
67 Male | DCD 24.2 94 ICH 22 6.4 9 min Mild sd-MaS- 3.9% sd-MasS- 50% 1.6
Total: 4.7%
DeFat Liver 2 .
. . Hypoxic 11h 1d-MaS: 16.9% 1d-MaS: 30%
Warm time: 50 min 63 Male | DCD 31.7 115 Brain Injury 62 7.4 18 min Moderate sd-MaS: 4.1% sd-MaS- 10% 25
Total: 21.0%
. . 1d-MaS: 0.3% 1d-MaS: 2%
DeFatLiver 3 71 Male |DBD | 253 | 86 ICH | 29 738 10h Mild | SdMaS: 15% | sd-MasS: 30% 13
Warm time: 30 min 29 min | (Renal lesion) Total: 1.8%
perar il Liver | . 1d-MaS: 8.1% | 1d-MaS: 5%
: 60 Female | DCD 33.2 111 CVA 90 6.9 . Moderate sd-MaS: 6.4% sd-MaS: 10% 1.5
40 min Total: 14.5%
. . (1]
DeFat-HIF Liver 2 Hypoxic 1h 1d-MaS: 24.5% 1d-MaS: 40%
Warm time: 35 min 56 Male |DCD | 348 |118 Braiyr?lnjury 69 7.6 36 | Moderate sd-MaS: 4.5% | sd-MaS: 20% 2.0
Total: 29.0%
DeFat-HIF Liver 3 13h 1d-MaS: 0.7% 1d-MaS: 1%
Warm time: 15 min 69 Female | DCD 29.4 107 ICH 16 - 38 min Moderate sd-MaS: 2.8% sd-MaS: 40% 2.2

Total: 3.5%

Abbreviations: ALT, alanine aminotransferase; CIT, cold ischaemia time; DCD, donor after circulatory death; DBD, donation after brain death; ICH,

intracerebral haemorrhage; MaS, macrovesicular steatosis; 1d-MaS, large droplet macrovesicular steatosis; sd-MaS, small droplet macrovesicular steatosis.
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Although not statistically significant, the baseline characteristics differed in the experimental
groups, with the DeFat-HIF group including donors with a higher-risk profile. The mean age
of donors in the DeFat-HIF group was 61.67 + 6.58 years compared to 69.0 = 7.21 in the DeFat
group. Both the DeFat-HIF and DeFat groups had comparable CIT (778 + 71.02 min vs. 778.67
+ 218.18 min). Donors in the DeFat-HIF compared to the DeFat group had a higher BMI (32.47
+2.77 vs. 27.07 kg/m? £ 4.10), waist circumference (112 + 5.57 cm vs. 98.33 + 14.98 cm) and
pre-retrieval ALT (58.55 + 38.14 TIU/L vs. 37.67 £ 21.36 1U/L). However, the warm time
between end of perfusion, flushing of the liver and whole blood reperfusion was shorter in the

DeFat-HIF group compared to the DeFat group (26 £+ 10.15 min vs. 36.67 £+ 11.55 min).

7.3.1 Hypoxia inducible factor quantification: Dose finding study

Quantification of tissue HIF-1a and HIF-2a was performed using western blots as described in
Table 7.8 and the primary/secondary antibody concentrations are listed in Table 7.9.
Immunohistochemistry (IHC) was also performed for HIF-1a and HIF-2a tissue localisation
and to supplement results of the western blots. Perfusate erythropoietin (a downstream target
of HIF-2a) measurements were also performed to monitor the effect of PT2385 (a selective
HIF-20 dimerisation inhibitor). Western blots, immunohistochemistry and perfusate EPO
measurements are demonstrated in Figures below:

e Liver 1 (NMP alone, control) 24h duration: Standard NMP perfusion protocol, see
Figure 7.6.

e Liver 2 (NMP + DFO) 24h duration: Standard NMP protocol (with the addition of
DFO at 4h of perfusion), see Figure 7.6.

e Liver 3 (NMP + DFO + PT2385) 24h duration: Standard NMP protocol (with the
addition of DFO at 4h of perfusion and PT2385 at 16h of perfusion), see Figure 7.7
with tissue and perfusate concentrations of DFO and PT2385 included.

e Liver 4 (NMP defatting protocol i.e. DeFat) 18h duration: NMP defatting protocol
from the commencement of perfusion, see Figure 7.8.

e Liver 5 (NMP-DeFat + DFO) 20h duration: NMP defatting protocol (with addition of
DFO from commencement of perfusion), see Figure 7.9.

e Liver 6 (NMP-DeFat + DFO + PT2385 i.e. DeFat-HIF) 24h duration: NMP defatting
protocol (with addition of DFO and PT2385 from commencement of perfusion), see

Figure 7.10.
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Figure 7.6A-D. Western blot and IHC demonstrating reduction of HIF-1a and HIF-2a expression
during standard NMP (Liver 1) and increased expression following delivery of DFO at 4h of perfusion
(Liver 2), (A-B). Low EPO production (39.2 mIU/ml) at 24h of standard NMP i.e. Liver 1 (C). DFO
delivered at 4h resulting in high EPO production (4649 mIU/ml) at 24h of perfusion i.e. Liver 2 (D).
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A Liver 3: NMP + DFO (4h) + PT2385 (16h)
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Figure 7.7A-D. Western blot of Liver 3 demonstrating HIF-1a induction (DFO delivered at 4h of NMP)
+ sequential HIF-2a inhibition (PT2385 delivered at 16h of NMP) (A). IHC demonstrating positive
HIF-1a stain persisting at 24h of NMP and a reduction in HIF-2a staining (B). DFO delivered at 4h
resulting in high EPO production (994 mIU/ml) by 16h of NMP. PT2385 delivered at 16h resulting in
reduction in EPO (747 mIU/ml) by 24h of NMP (C). HPLC measurements: (i) highest DFO tissue
concentration at 8h (5.34uM/mg) and perfusate concentration at 20h (129.94pg/ml) and; (ii) highest
PT2385 tissue concentration at 24h (0.69uM/mg) and perfusate concentration at 20h (13.97ug/ml) (D).
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Liver 4: NMP + DeFat (from commencement of perfusion)
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Figure 7.8A-C. IHC of Liver 4 (DeFat) i.e. no delivery of pharmacological HIF modulators. [HC
demonstrating similar HIF-1a and HIF-2a positive staining pre-NMP (post-SCS) and at the end of
perfusion (18h) (A-B). Low EPO production (in absence of HIF modulators) throughout perfusion with
highest EPO measurement at end of perfusion at 18h (20.7mIU/ml) (C).
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Liver 5: NMP + DeFat + DFO (from commencement of perfusion)
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Figure 7.9A-C. Western blot and IHC of Liver 5 (DFO delivered from commencement of perfusion
with the established defatting protocol) demonstrating both HIF-1a and HIF-20 induction and positive
staining up to the end of NMP (20h) (A-B). Perfusate EPO level increasing from 8h and highest (176
mlIU/ml) at 20h of NMP (C).
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A Liver 6: NMP + DeFat + DFO + PT2385, DeFat-HIF (from commencement of perfusion)
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Figure 7.10A-C. Western blot and IHC of Liver 6 (DFO and PT2385 delivered from commencement
of perfusion with the established defatting protocol) demonstrating both HIF-1a and HIF-2a induction
with persisting HIF-1a and reduction in HIF-2a by end of perfusion i.e. 24h of NMP (A-B). Perfusate
EPO measurements following similar trajectory to HIF-2a signal intensity and highest at 12h (33.8
mlU/ml) and reduced by 24h (2.33 mIU/ml) (C).
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7.3.2 Hypoxia inducible factor quantification: Experimental study
Western blots (for HIF-1o and HIF-2a) and perfusate EPO measurements for the DeFat and

DeFat-HIF experimental groups are demonstrated in Figure 7.11 and 7.12 respectively.
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Figure 7.11A-B. Western blots of experimental groups, DeFat (n = 3) and DeFat-HIF (n = 3). DeFat
group demonstrating low signal intensity of both HIF-1a and HIF-2a during perfusion (0-12h) with a
subsequent increase of both during reperfusion (A). DeFat-HIF group demonstrating high signal

intensity of HIF-la (relative to HIF-2a) during perfusion with subsequent increase of both during
reperfusion (B).
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Figure 7.12A-B. Perfusate EPO concentration during perfusion with peak at 12h of perfusion (DeFat-
HIF: 233.67 mIU/ml vs. DeFat: 22.37 mIU/ml, P = 0.028) and further increase during 6h reperfusion
in the DeFat-HIF group (DeFat-HIF: 340.23 mIU/ml vs. DeFat: 29.43 mIU/ml, P =0.108) (B). Multiple
unpaired t-tests, data reported as mean = SD. * P < 0.05, ** P < 0.01, *** P <0.001 and **** P <
0.0001.

7.3.3 Histological assessment

7.3.3.1 Dose finding study

Donor demographics and liver characteristics for the dose finding perfusions are described in
Table 7.15. Histological assessment for the six livers included in the dose finding study are
demonstrated in Figure 7.13 including H&E, PAS and Masson’s Trichome stains. Three out of
the 6 livers demonstrated a reduction in steatosis following both histopathologist assessment

and quantification using Visiopharm® digital image analysis software:

e Liver 2 (Standard NMP with DFO delivered at 4h) demonstrated a reduction in Id-MaS
from 20% at baseline to 10% at the end of 24h NMP (as assessed by the
histopathologist). Similarly, there was a reduction in Total MaS from 23.7% at baseline
to 11.9% at the end of 24h NMP (quantified using Visiopharm® digital image analysis
software).

e Liver 3 (Standard NMP with DFO delivered at 4h and PT2385 at 16h) demonstrated a
reduction in 1d-MaS from 5% at baseline to 0.1% at the end of 24h NMP (as assessed
by the histopathologist). Similarly, a reduction in Total MaS from 4.2% at baseline to
1.4% at the end of 24h NMP was observed (quantified using Visiopharm® digital image
analysis software).

e Liver 6 (DeFat-HIF: NMP + DeFat + DFO + PT2385 from the commencement of

perfusion) demonstrated a reduction in 1d-MaS from 10% at baseline to 5% at 12h of
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NMP. The 24h biopsy demonstrated marked reduction in steatosis, however, the
histopathologist was unable to quantify the degree of steatosis due to concurrent
hepatocyte necrosis. The histological appearance was consistent with bacterial/fungal
overgrowth suggesting contamination during the perfusion and for this reason, the
percentage of steatosis for the 24h biopsy was not reported by the histopathologist.
Comparatively, when the steatosis was quantified using the Visiopharm® digital image
analysis software, a reduction in Total MaS was demonstrated from 30.6% at baseline
to 15.9% at 12h and 7% at the end of 24h NMP. Despite the significant necrosis on the
24h biopsy, the digital image analysis software was able to provide a quantitative output

for the percentage of steatosis.
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Pre-NMP (Post-SCS) 12h NMP 24h NMP Pre-NMP (Post-SCS) || 12h NMP 24h NMP Pre-NMP (Post-SCS) 12h NMP 24h NMP
L 3 ~ = TN = = o - 3 - -

Liver 1: NMP alone
Liver 2: NMP + DFO (4h)
Liver 3: NMP + DFO (4h) + PT2385 (16h)

Path 1d-MaS: 0% Path 1d-MaS: 0% Path 1d-MaS: 0% Path 1d-MaS: 20% Path 1d-MaS: 5% Path 1d-MaS: 10% Path 1d-MaS: 5% Path 1d-MaS: 0.1% Path 1d-MaS: 0.1%

Path sd-MaS: 5% Path sd-MaS: 0% Path sd-MaS: 2% Path sd-MaS: 50% Path sd-MaS: 50% Path sd-MaS: 50% Path sd-MaS: 5% Path sd-MaS: 5% Path sd-MaS: 10%
DIA Total MaS: 5.3% DIA Total MaS: 5.5% DIA Total MaS: 6% DIA Total MaS: 23.7% DIA Total MaS: 5.1% DIA Total MaS: 11.9% DIA Total MaS: 4.2% DIA Total MaS: 1.9% DIA Total MaS: 1.4%
(i) 1d: 0.15% (i) 1d: 0.2% (i) 1d: 0.7% (i) 1d: 9.2% (i) 1d: 1.9% (i) 1d: 3.8% (i) 1d: 1.2% (i) 1d: 0.6% (i) 1d: 0.3%

(i) sd: 5.15% (i) sd: 5.3% (i) sd: 5.3% (ii) sd: 14.5% (i) sd: 3.2% (ii) sd: 8.1% (i) sd: 3% (i) sd: 1.3% (ii) sd: 1.1%

Glycogen depletion: 95% Glycogen depletion: 50% Glycogen depletion: 70% Glycogen depletion: 60% Glycogen depletion: 70% Glycogen depletion: 70% Glycogen depletion: 98% Glycogen depletion: 80% Glycogen depletion: 80%
Fibrosis score: 0; PRI: 0 Fibrosis score: 0; PRI: 2 Fibrosis score: 0; PRI: 5 Fibrosis score: 0; PRI: 2 Fibrosis score: 0; PRI: 3 Fibrosis score: 0; PRI: 4 Fibrosis score: 0; PRI: 2 Fibrosis score: 0; PRI: 3 Fibrosis score: 0; PRI: 4

Pre-NMP (Post-SCS) 12h NMP 24h NMP

Pre-NMP (Post-SCS) 12h NMP 18h NMP Pre-NMP (Post-SCS) 12h NMP 20h NMP

Liver 4 (DeFat): NMP + DeFat

Liver 5: NMP + DeFat + DFO (from commencement of perfusion)

Path 1d-MaS: 10%

Path 1d-MaS: 30%

Path 1d-MaS: 0% Path 1d-MaS: 1%

Path 1d-MaS: 30% Path 1d-MaS: 20% Path 1d-MaS: 5% Pathologist unable to assess

Path sd-MaS: 30% Path sd-MaS: 30% Path sd-MaS: 30% Path sd-MaS: 5% Path sd-MaS: 5% Path sd-MaS: 5% Path sd-MaS: 10% Path sd-MaS: 90% steatosis due to +++ necrosis
DIA Total MaS: 38.9% DIA Total Ma$: 30.1% DIA Total MaS: 41% —| DIA Total Mas: 1.3% DIA Total MaS: 4.2% DIA Total MaS: 2.0% DIA Total MaS: 30.6% DIA Total MaS: 15.9% DIA Total MaS: 7%

(i) 1d: 13.9% (i 1d: 9.9% (i) 1d: 15.7% (i) 1d: 0.3% (i) 1d: 0.1% (i) 1d: 0.1% (i) 1d: 7.9% (i) 1d: 3.8% (i) 1d: 0.6%

(i) sd: 25.0% (if) sd: 20.2% (if) sd: 25.3% (i) sd: 1% (ii) sd: 4.1% (ii) sd: 1.9% (if) sd: 22.7% (i) sd: 12.1% (ii) sd: 6.4%

Liver 6 (DeFat-HIF): NMP + DeFat + DFO +PT2385 (from commencement of nerfusion)

Glycogen depletion: 20% Glycogen depletion: 0% Glycogen depletion: 0% Glycogen depletion: 2%
Fibrosis score: 0; PRI: 1 Fibrosis score: 0; PRI: 1 Fibrosis score: 0; PRI: 2 Fibrosis score: 0; PRI: 2

Glycogen depletion: 25% Glycogen depletion: 98%

Glycogen depletion: 0% Glycogen depletion: 10%
Fibrosis score: 0; PRI: 3 Fibrosis score: 0; PRI: 6

Fibrosis score: 0; PRI: 1 Fibrosis score: 1a; PRI: 3

Figure 7.13. Histopathology: H&E, PAS and Masson’s Trichome at Oh, 12h and end of perfusion (18-24h). Steatosis qutiﬁed by histopathologist and Visiopharm® DIA software
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Glycogen depletion: 20%
Fibrosis score: 0; PRI: 3




7.3.3.2 Experimental study

Donor demographics and liver characteristics for the experimental study are described in Table
7.16. A non-significant reduction in ld-MaS was demonstrated in the DeFat-HIF group with a
reduction in 1d-MaS from 15.3 + 21.5% at baseline to 7.7 + 10.7% at the end of 6h reperfusion
(as assessed by the histopathologist). However, a significant reduction in 1d-MaS from 11.1 +
12.2% at baseline to 4.8 £ 5.9% at the end of 6h reperfusion, P = 0.0097 (quantified using

Visiopharm® digital image analysis software).

There was no significant difference identified between timepoints in sd-MaS when reported by
the histopathologist for both the DeFat and DeFat-HIF group. However, although not
significant, changes in sd-MaS quantified using the Visiopharm® digital image analysis
software demonstrated increase in sd-MaS in the DeFat-HIF group from 4.6 + 1.8% at baseline
to 8.7 + 3.8% at 12h of perfusion with a concurrent decrease in sd-MaS from 8.7 + 3.8% at 12h

of perfusion to 4.3 £+ 2.3% following 6h of whole blood reperfusion.

There was no significant reduction identified between timepoints in Total MaS when reported
by the histopathologist for both the DeFat and DeFat-HIF group. However, changes in Total-
MaS quantified using the Visiopharm® digital image analysis software demonstrated a
significant reduction in the DeFat-HIF group from 15.7 + 12.8% at baseline, 15.9 + 12.4% at
6h and 16.6 + 10.5% at 12h of perfusion to 8.7 = 6.2% at 6h of reperfusion (P = 0.0376, P =
0.0301 and P = 0.0184 respectively).

Glycogen depletion between timepoints was similar between the DeFat and DeFat-HIF groups.
However, at 6h reperfusion the total percentage of glycogen depletion was higher in the DeFat-

HIF group compared to the DeFat group (73.3 + 37.5% vs 59.7 + 48.8%; P = 0.720).

The change in steatosis (both histopathologist report and Visiopharm® DIA quantification) and
glycogen content during perfusion and reperfusion is demonstrated in Figure 7.14. Histological
assessment for the three livers included in the DeFat group and three livers in the DeFat-HIF
group are demonstrated in Figure 7.15 and 7.16 respectively including H&E, PAS, Masson’s

Trichome and Picrosirius RED stains.
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Figure 7.14A-C. Steatosis degree and glycogen content. Multiple unpaired t-tests, data reported as
mean + SD and mixed effect analysis for repeated measures with post-hoc tukey correction to adjust
for multiple comparisons between timepoints. * P < 0.05, ** P < 0.01, *** P < 0.001 and **** P <
0.0001.
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DeFat Liver 1

12h NMP

6h Reperfusion

Path 1d-MaS: 2%
Path sd-MaS: 50%

DIA Total MaS: 4.7%
(i) 1d: 0.8%
(ii) sd: 3.9%

Glycogen depletion: 95%
Fibrosis score: 0; PRI: 1

Path 1d-MaS: 0%
Path sd-MaS: 10%

DIA Total MaS: 8%
(i) 1d: 0.9%
(i) sd: 7.1%

Glycogen depletion: 80%
Fibrosis score: 0; PRIL: 6

Path 1d-MaS: 2%
Path sd-MaS: 10%

DIA Total MaS: 1.5%
(i) 1d: 0.2%
(i) sd: 1.3%

Glycogen depletion: 95%
Fibrosis score: 0; PRIL: 6

DeFat Liver 2

Pre-NMP (Post-SCS)

12h NMP

T 2D ar‘_‘?i Gl

H&E

6h Reperfusion

DeFat Liver 3

Pre-NMP (Post-SCS)

12h NMP

6h Reperfusion

Path 1d-MaS: 30%
Path sd-MaS: 10%

DIA Total MaS: 21.0%
(i) 1d: 16.9%
(i) sd: 4.1%

Glycogen depletion: 90%
Fibrosis score: 1a; PRI: 1

Path 1d-MaS: 30%
Path sd-MaS: 10%

DIA Total MaS: 24.7%
(i) 1d: 15.6%
(i) sd: 9.1%

Glycogen depletion: 70%
Fibrosis score: 0; PRI: 4

Path 1d-MaS: 30%
Path sd-MaS: 5%

DIA Total MaS: 21.7%
(i) 1d: 12.1%
(ii) sd: 9.6%

Glycogen depletion: 80%
Fibrosis score: 0; PRI: 4

Path 1d-MaS: 2%
Path sd-MaS: 30%

DIA Total MaS: 1.8%
(i) 1d: 0.3%
(i) sd: 1.5%

Glycogen depletion: 0%
Fibrosis score: 0; PRI: 1

Path 1d-MaS: 2%
Path sd-MaS: 60%

DIA Total MaS: 3.7%
(i) 1d: 0.8%
(ii) sd: 2.9%

Glycogen depletion: 2%
Fibrosis score: 1a; PRI: 2

Path 1d-MaS: 0.1%
Path sd-MaS: 60%

DIA Total MaS: 6.1%
(i) 1d: 0.6%
(ii) sd: 5.5%

Glycogen depletion: 4%
Fibrosis score: 0; PRI: 1

Figure 7.15. Experimental study (Group 1, DeFat): three livers perfused using the established NMP defatting protocol. Histopathology: H&E, PAS, Masson’s Trichome and
Picrosirius red at Oh, 12h of perfusion and at 6h of reperfusion. Steatosis quantified by histopathologist and Visiopharm® DIA software.
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Path 1d-MaS: 5%
Path sd-MaS: 10%

DIA Total MaS: 14.5%
(i) 1d: 8.1%
(ii) sd: 6.4%

Glycogen depletion: 40%
Fibrosis score: 0; PRI: 1

Path 1d-MaS: 5%
Path sd-MaS: 10%

DIA Total MaS: 17%
(i) 1d: 4.1%
(i) sd: 12.9%

Glycogen depletion: 80%
Fibrosis score: 0; PRI: 4

Path 1d-MaS: 2%
Path sd-MaS: 10%

DIA Total MaS: 8.8%
(i) 1d: 2.0%
(i) sd: 6.8%

Glycogen depletion: 95%
Fibrosis score: 0; PRI: 4

Path 1d-MaS: 40%
Path sd-MaS: 20%

DIA Total MaS: 29%
(i) 1d: 24.5%
(ii) sd: 4.5%

Glycogen depletion: 98%
Fibrosis score: 1a; PRI: 1

Path 1d-MaS: 33%
Path sd-MaS: 40%

DIA Total MaS: 26.8%
(i) 1d: 19.2%
(ii) sd: 7.6%

Glycogen depletion: 75%
Fibrosis score: 1a; PRI: 3

Path 1d-MaS: 20%
Path sd-MaS: 20%

DIA Total MaS: 14.9%
(i) 1d: 11.2%
(i) sd: 3.7%

Glycogen depletion: 95%
Fibrosis score: 0; PRI: 3

Path 1d-MaS: 1%
Path sd-MaS: 40%

DIA Total MaS: 3.5%
(i) 1d: 0.7%
(ii) sd: 2.8%

Glycogen depletion: 5%
Fibrosis score: 0; PRI: 1

Path 1d-MaS: 1%
Path sd-MaS: 80%

DIA Total MaS: 5.9%
(i) 1d: 0.3%
(ii) sd: 5.6%

Glycogen depletion: 30%
Fibrosis score: 0; PRI: 2

Path 1d-MaS: 1%
Path sd-MaS: 90%

DIA Total MaS: 2.5%
(i) 1d: 0.2%
(ii) sd: 2.3%

Glycogen depletion: 30%
Fibrosis score: 0; PRI: 2

Figure 7.16. Experimental study (Group 2, DeFat-HIF): three livers perfused using the established NMP defatting protocol with the adjunct of pharmacqlogical HIF modulatqrs
(DFO and PT2385). Histopathology: H&E, PAS, Masson’s Trichome and Picrosirius red at Oh, 12h of perfusion and at 6h of reperfusion. Steatosis quantified by histopathologist

and Visiopharm® DIA software.
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7.3.4 Perfusate analysis and bile biochemistry: Dose finding study

All 6 livers in the dose finding study demonstrated evidence of glucose metabolism
(spontaneous fall in glucose), bile production, lactate clearance and normalisation of pH during
perfusion. All livers had comparable ALT measurements of < 6000 IU/L at the end of
perfusion, except Liver 6 (DeFat-HIF: DeFat + DFO + PT2385 from commencement of NMP)
demonstrated a rise in ALT from 2893.9 IU/L at 6h of perfusion to 14024 IU/L at 24h (end of
perfusion). This also correlated with significant necrosis evident on the 24h biopsy and
suspected contamination of the perfusion circuit supported by histological features highly
suspicious of bacterial/fungal overgrowth as reported by the histopathologist. The perfusate
measurements (per liver) from Oh to a maximum of 24h are listed in Table 7.17. The total
bicarbonate supplementation, total bile production and where available bile pH and glucose

values are listed in Table 7.18.
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Table 7.17. Dose finding study biochemical measurements during perfusion

NMP protocol & Biochemical tests Oh 0.5h 1h 6h 12h 18h 20h 24h
Liver 1 ALT (IU/L) 6 167723 | 174882 | 113152 | 9598.6 - - 4415.7
NMP alone TG (mmol/L) 0.18 0.21 0.1 0.25 0.42 - - 0.93
Chol (mmol/L) 0.24 0.17 0.17 0.38 0.47 - - 0.64
3-OHB (mmol/L) - - - - - - - -
pH 6.58 6.80 6.90 7.12 7.14 - - 7.01
Lactate (mmol/L) 20.7 8.7 6.31 1.04 1.43 - - 0.79
Glucose (mmol/L) 8.4 6.7 8.6 20.9 12.6 - - 0.6
Urea (mmol/L) 3.01 3.53 3.94 18.86 25 - - 3891
CRP mg/L 0.2 3.11 434 47.44 93.66 - - 197.76
Liver 2 ALT (IU/L) 6 6775.9 5731.7 54743 45609 | 4722.8 - 5647.2
Standard NMP TG (mmol/L) 0.31 1.52 1.34 0.29 0.31 0.64 - 2.05
with DFO (4h) ™ Chol (mmol/L) 0.53 0.24 0.43 0.45 0.61 1.0 - 1.36
3-OHB (mmol/L) 0 0.42 0.44 0.84 0.85 0.79 - 1.65
pH 6.5 6.41 6.76 7.12 7.11 7.04 - 6.95
Lactate (mmol/L) 20 7.76 5.96 1.4 2.5 0.8 - 1.1
Glucose (mmol/L) 11.0 23.1 27 20 13.1 33 - 9.1
Urea (mmol/L) 3.17 2.36 3.07 9.03 9.13 16.7 - 23.98
CRP mg/L 0.20 1.38 1.69 41.85 148.49 | 24588 - 327.39
Liver 3 ALT (IU/L) 6 3103.6 3701.1 3495.2 3777.6 3217 3725.9 4036
Standard NMP TG (mmol/L) 0.13 0.79 0.57 0.36 0.54 0.44 0.5 0.54
with Df O (4h) " Chol (mmol/L) 0.39 0.72 0.76 0.74 1.13 1.39 1.69 2.08
3-OHB (mmol/L) | 0.00 0.23 0.44 0.43 0.27 0.43 0.44 0.47
PT2385 (16h) pH 7.44 7.71 7.36 7.51 7.56 7.43 737 7.33
Lactate (mmol/L) 20.7 15.5 5.53 1.03 0.68 0.73 0.91 1.17
Glucose (mmol/L) | 7.6 10.7 10.8 1.7 0 0 0 0
Urea (mmol/L) 2.01 0.72 5.62 16.48 28.37 42.38 50.04 61.58
CRP mg/L 0.20 0.98 3.76 73.74 170.61 | 225.95 | 293.19 | 344.06
Liver 4 ALT (IU/L) 6 8605.8 | 11917.8 | 72242 71813 | 5450.4 - -
DeFat (from TG (mmol/L) 0.12 1.53 1.68 0.38 0.51 0.50 - -
commencement  Chol (mmol/L) 0.18 0.17 0.17 0.25 0.53 0.55 - -
of NMP) 3-OHB (mmol/L) | 0.01 | 0.704 0.856 0.979 1331 L1t - }
pH 7.09 6.90 6.91 7.07 7.15 7.12 - -
Lactate (mmol/L) 12.1 8.59 7.95 4.38 1.91 1.69 - -
Glucose (mmol/L) | 30 37 42 36 31 20.6 - -
Urea (mmol/L) 2.23 3.12 4 9.57 19.94 20.77 - -
CRP mg/L 0.5 3.17 457 11.83 53.73 82.01 - -
Liver 5 ALT (IU/L) 6.1 788.5 1015.3 1604.5 1249 2488.6 | 35588 -
DeFat+DFO TG (mmol/L) 0.11 0.42 0.59 0.75 0.61 0.98 1.45 -
(from Chol (mmol/L) 0.32 0.4 0.61 1 0.69 1.1 1.16 -
COHL‘;‘;‘;\SI‘;,“)“’M 3-OHB (mmol/L) ; ; - ; - ; - ;
pH 7.20 7.28 7.11 732 7.25 727 7.14 -
Lactate (mmol/L) 7.1 9.9 9.7 7.1 4.1 4.7 6.1 -
Glucose (mmol/L) 2.6 29 39 39 27 17.1 10.1 -
Urea (mmol/L) 1.21 2.97 451 11.21 13.76 18.25 19.83 -
CRP mg/L 0.2 0.4 0.61 1.01 5.2 16.06 25.77 -
Liver 6 ALT (IU/L) 16.3 - 2231.1 2893.9 3428.1 - - 14024
DeFat+ DFO+ TG (mmol/L) 0.27 - 0.51 0.49 0.92 - - 1.08
PT2385 (DeFat- ™ Chol (mmol/L) 03 - 0.31 0.53 0.88 - - 2.77
o nllil:ll‘; lfzgﬁent 3-OHB (mmol/L) 0 : 0.24 0.67 1.73 ; _ 0.82
of NMP) pH 6.88 - 7.13 7.33 7.28 - - 7.41
Lactate (mmol/L) 27.0 - 18.95 13.5 8.38 - - 5.15
Glucose (mmol/L) 11.5 - 23.2 33 28 - - 19.2
Urea (mmol/L) 3.5 - 2.11 3.42 6.77 - - 10.34
CRP mg/L 1.29 - 1.29 16.73 40.8 - - 58.01
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Table 7.18. Total bicarbonate supplementation, bile production, bile pH and glucose

NMP protocol & Biochemical tests Oh 0.5h 1h 6h 12h 18h 20h 24h
Liver 1 pH - - - - - - - -
NMP alone Glucose (mmol/L) - - - - - - - -
Total HCO3- supplementation: 30ml
Total bile production: 190ml
Liver 2 pH - - 6.85 7.54 7.50 7.49 - 7.57
DFO (4h) Glucose (mmol/L) - - 7 2 3 - B 54
Total HCO3- supplementation: 70ml
Total bile production: 160ml
Liver 3 pH - - - - - - - -
DFO (4h) Glucose (mmol/L) - - - - - - - -
+ Total HCO3- supplementation: 60ml
PT2385 (16h)
Total bile production: 110ml
Liver 4 pH - - - 7.15 7.33 7.27 - -
DeFat (from Glucose (mmol/L) - - - 36 30 20.3 - -
commencement Total HCO3- supplementation: 90ml
of NMP)
Total bile production: 230ml
Liver 5 pH - - - 7.66 7.84 - 7.43 -
DeFat+DFO  Glucose (mmol/L) - - - 28 17.2 - 6.6 -
(from Total HCO3- supplementation: 90ml
commencement
of NMP) Total bile production: 25ml
Liver 6 pH - - 7.22 7.66 - - 7.33 7.46
DeFat + DFO+  Glucose (mmol/L) - - 16.2 15.7 - - 17.2 16.7
PT2385 (DeFat- Total HCO3- supplementation: 210ml
HIF from
commencement Total bile production: 106ml
of NMP)

7.3.5 Perfusate analysis and bile biochemistry: Experimental study

Sequential perfusate samples were collected during perfusion and reperfusion (with the

sampling schedule described in Table 7.2) from all 6 livers perfused in the experimental study

i.e. DeFat (n = 3) and DeFat-HIF (n = 3).

7.3.5.1 Hepatocellular injury

DeFat-HIF livers demonstrated a comparable degree of hepatocellular injury when compared
to DeFat livers with a high mean ALT at the end of 12h perfusion (5320.9 + 3048.97 IU/L vs.
5571.83 £5059.96 IU/L, P = 0.762) and at the end of 6h reperfusion (6604.27 + 5578.86 IU/L

vs. 3466.27 + 2264.21 IU/L, P = 0.418), Figure 7.17A.
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There was no significant difference in mean perfusate cfDNA concentration at each timepoint
between groups. However, significant rise in cfDNA was observed in the DeFat group from
2.52 + 2.35 pg/ml at 1h of perfusion to 4.90 + 1.05 pg/ml at the end of 6h reperfusion, P =
0.0379. Similarly, a rise was observed in the DeFat-HIF group from 2.03 + 1.57 ug/ml at 1h
of perfusion to 5.46 + 1.47 ng/ml at 6h of perfusion, 4.50 = 0.26 pg/ml at the end of 12h
perfusion and 4.46 + 0.68 ng/ml at 1h of reperfusion (P = 0.0023, P = 0.0294 and P = 0.0329
respectively). Only the DeFat-HIF group demonstrated a non-significant reduction in peak
cfDNA concentration of 5.46 + 1.47 pug/ml at 6h of perfusion to 3.83 + 1.81 pg/ml at the end
of 6h reperfusion, Figure 7.17B.
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Figure 7.17A-B. Measurements of hepatocellular injury during perfusion and reperfusion. Multiple
unpaired t-tests, data reported as mean + SD and mixed effect analysis for repeated measures with post-
hoc tukey correction to adjust for multiple comparisons between timepoints. * P < 0.05, ** P < 0.01,
*#% P<0.001 and **** P <0.0001.

7.3.5.2 Hepatic lipid metabolism

There was no significant difference in mean perfusate triglyceride concentration at each
timepoint between groups. However, the DeFat-HIF group demonstrated a greater degree of
triglyceride mobilisation with an increase in perfusate triglyceride was observed between
baseline from 0.13 £+ 0.04 mmol/L to 0.98 + 0.58 mmol/L at the end of 12h perfusion, P =
0.0137 and; 0.98 + 0.44 mmol/L at the end of 6h reperfusion, P = 0.0126. This difference was
not observed in the DeFat group, Figure 7.18A.

There was no significant difference in mean perfusate cholesterol concentration at each

timepoint between groups. Whilst both groups demonstrated mobilisation of cholesterol during
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perfusion and reperfusion, a significant increase was only observed in the DeFat group between

timepoints, Figure 7.18B.

There was no significant difference in mean perfusate 3-OHB concentration at each timepoint
between groups. However, the DeFat group demonstrated a greater degree of fatty acid B-
oxidation with an increase in perfusate 3-OHB observed at 1h of perfusion from 0.52 + 0.12
mmol/L to 1.72 = 0.87 mmol/L at the end of 12h perfusion, P = 0.0030 and; 1.43 + 0.43
mmol/L at the end of 6h reperfusion, P = 0.0267.

In the DeFat-HIF group, there was also evidence of fatty acid B-oxidation (albeit to a lesser
extent) increase in perfusate 3-OHB observed with a perfusate concentration of 0.35 + 0.09
mmol/L at 1h to 1.39 + 0.52 mmol/L at the end of 6h reperfusion (P = 0.0102). A further
increase was observed during reperfusion with a perfusate concentration of 0.54 + 0.15 mmol/L
at 1h reperfusion to 1.39 + 0.52 mmol/L at the end of 6h reperfusion, P = 0.0402. The mean
perfusate concentrations of 3-OHB at the end of 6h reperfusion was comparable between the
DeFat-HIF and DeFat groups (1.39 + 0.52 mmol/L vs. 1.43 £+ 0.43 mmol/L, P = 0.930), Figure
7.18C.
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Figure 7.18A-B. Measurements of hepatic lipid metabolism during perfusion and reperfusion. Multiple
unpaired t-tests, data reported as mean + SD and mixed effect analysis for repeated measures with post-
hoc tukey correction to adjust for multiple comparisons between timepoints. * P < 0.05, ** P < 0.01,
*#% P<0.001 and **** P <0.0001.

7.3.5.3 pH maintenance, glucose metabolism and lactate clearance

There was no significant difference in mean perfusate pH at each timepoint between groups.
The bile pH followed a similar trend to that of the perfusate pH for both the DeFat and DeFat-
HIF groups during perfusion (all livers had a bile pH > 7.5 at 6h of perfusion). However, the
12h end of perfusion bile pH was significantly higher in the in the DeFat-HIF group (7.84 +
0.11 vs 7.524 £ 0.08, P = 0.0329). There was subsequent decrease in bile pH in the DeFat-HIF
group from 7.84 + 0.11 at the end of 12h perfusion to 7.40 + 0.28 at 4h of reperfusion and 7.61
+ 0.31 at the end of 6h reperfusion. In contrast, the bile pH increased in DeFat group from 7.52
+ 0.08 at the end of 12h perfusion to 7.91 + 0.03 at 2h of reperfusion and 7.80 + 0.08 at 4h of

reperfusion, Figure 7.19.
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The DeFat-HIF group required less perfusate bicarbonate supplementation during perfusion
(50 + 17.32 ml vs 80 + 45.82 ml, P = 0.349) and bicarbonate supplementation for all livers in
both groups did not exceed 30 ml during reperfusion. The DeFat-HIF group produced more
bile during perfusion (103.33 + 27.53 ml vs 53.33 + 25.20 ml, P =0.081) and at reperfusion
(63.33 £24.66 ml vs 39.0 = 27.07 ml, P =0.313).
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Figure 7.19. Perfusate and bile pH perfusion and reperfusion. Multiple unpaired t-tests, data reported
asmean =+ S. * P <0.05, ** P<0.01, *** P <0.001 and **** P <0.0001.

All livers demonstrated glucose metabolism (spontaneous fall in glucose). There was a
comparable mean peak glucose value at 1h of perfusion with a perfusate concentration of 19.53
+ 6.62 mmol/L in the DeFat-HIF group compared to 16.47 + 10.06 mmol/L in the DeFat group,
P =0.681. At 10h of perfusion a significant reduction in glucose was observed with a perfusate
concentration of 2.47 + 2.07 mmol/L in the DeFat-HIF group compared to 12.27 + 4.07 mmol/L
in the DeFat group, P = 0.0204.

The greatest reduction in perfusate glucose was observed in the DeFat-HIF from a peak of
19.53 £ 6.62 mmol/L at 1h to 2.43 £ 2.63 mmol/L at the end of 12h perfusion and 3.76 + 5.33
mmol/L at the end of 6h reperfusion (P <0.0001 and P = 0.0002 respectively). There was also
a non-significant reduction in perfusate glucose from 16.47 + 10.06 mmol/L at 1h of perfusion
to 11.07 = 3.73 mmol/L at the end of 12h perfusion and 6.63 £+ 6.97 mmol/L at the end of 6h
reperfusion in the DeFat group, Figure 7.20A.

The bile glucose concentration followed a similar trend to that of the perfusate bile for both the
DeFat-HIF and DeFat groups during perfusion. All livers in the DeFat HIF group had a bile
glucose concentration of <3 mmol/L by the end of 12h perfusion compared to one liver in the

DeFat group. The greatest reduction in bile glucose was observed in the DeFat-HIF group from

250



a peak of 16.13 + 10.04 mmol/L at 1h to 0.97 = 0.96 mmol/L at the end of 12h perfusion and
3.67 £ 5.46 mmol/L at the end of 6h reperfusion (P = 0.0060 and P = 0.0389 respectively).
There was also a non-significant reduction in bile glucose between timepoints during perfusion

and reperfusion in the DeFat group, Figure 7.20B.

The starting perfusate lactate concentration was significantly higher in the DeFat-HIF group
compared to the DeFat group (14.13 = 1.67 mmol/L vs. 8.93 + 2.18, P =0.0304). However, all

livers in both groups cleared lactate to <2.5 mmol/l by 6h of perfusion.

A significant reduction in lactate in the DeFat group from 8.93 + 2.18 mmol/L from the start
of perfusion to 1.0 = 0.854 mmol/L at 4h of perfusion (P = 0.0487). The perfusate lactate at 1h
of reperfusion significantly reduced from 7.47 + 0.58 to 2.1 = 1.28 mmol/L at the end of 6h
reperfusion (P = 0.0341).

Lactate clearance in the DeFat-HIF group followed a similar trend, with a significant reduction
from 14.13 = 1.67 mmol/L to 1.50 £ 0.265 mmol/L the end of 12h perfusion, P = 0.0389. No
significant change was observed at 1h reperfusion and the end of 6h reperfusion. The DeFat-
HIF group had a higher 6h end of reperfusion lactate measurement compared to the DeFat

group (4.07 +3.97 mmol/L vs. 2.1 + 1.28, P = 0.460), Figure 7.20C.
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Figure 7.20A-C. Perfusate glucose, bile glucose and lactate clearance during perfusion and reperfusion.
Multiple unpaired t-tests, data reported as mean + SD and mixed effect analysis for repeated measures
with post-hoc tukey correction to adjust for multiple comparisons between timepoints. Only selected

pairwise comparisons shown for perfusate glucose due to multiple significant differences per timepoint
within each group. * P <0.05, ** P <0.01, *** P <0.001 and **** P <0.0001.

7.3.5.4 Systemic inflammation (CRP and cytokines)

There was no significant difference in mean perfusate CRP concentration at each timepoint
between groups. The DeFat-HIF group demonstrated an increase in perfusate CRP from 8.90
mg/L + 7.64 at 1h of perfusion to 92.47 + 61.32 mg/L at the end of 12h perfusion and 84.62
+ 43.64 mg/L at the end of 6h reperfusion (P = 0.0001 and P = 0.0004 respectfully).

The DeFat group followed a similar trend with a perfusate CRP concentration of 9.41 + 10.05

mg/L at 1h of perfusion to 70.41 + 59.67 at the end of 12h perfusion and 59.69 + 33.70 mg/L
at the end of 6h reperfusion (P = 0.006 and P = 0.0360 respectively), Figure 7.21.
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Figure 7.21. Perfusate CRP during perfusion and reperfusion. Multiple unpaired t-tests, data reported
as mean = SD and mixed effect analysis for repeated measures with post-hoc tukey correction to adjust
for multiple comparisons between timepoints. * P < 0.05, ** P < 0.01, *** P < 0.001 and **** P <
0.0001.

The following cytokines were measured during perfusion and reperfusion IL-1f3, IL-2, IL-6,
IL-10 and TNF-a.. A non-significant increase in IL-13 was only observed in the DeFat-HIF
group from 2985.01 + 2649.33 pg/ml at 1h of perfusion to 16268.39 = 18100.70 pg/ml at end
of perfusion at 12h and no significant difference was observed between 1h of reperfusion and
at the end of 6h reperfusion. Similarly, a non-significant increase in IL-2 was observed in the
DeFat-HIF group from 1.04 + 0.55 pg/ml at 1h of perfusion to 4.06 + 0.976 pg/ml at 6h of
perfusion and no significant difference was observed between 1h of reperfusion and at the end

of 6h reperfusion.

In the DeFat group, a non-significant increase in IL-6 was observed from 12090.14 + 18175.22
pg/ml at 1h of perfusion to 32541.96 + 2360.64 pg/ml at 6h of reperfusion and no significant
difference was observed between 1h of reperfusion and at the end of 6h reperfusion. In addition,
a non-significant increase in IL-10 was observed from 13287.86 + 20258.85 pg/ml at lh
perfusion to 40844.34 +26360.66 at 6h of perfusion and a reduction to 10153.73 + 9395.10 at
lh of reperfusion. No significant differences in perfusate TNF-o between groups during

perfusion and reperfusion, Figure 7.22.
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Figure 7.22. IL-1p, IL-2, IL-6, IL-10 and TNF-a during perfusion and reperfusion. Multiple unpaired
t-tests, data reported as mean = SD and mixed effect analysis for repeated measures with post-hoc tukey

correction to adjust for multiple comparisons between timepoints. * P < 0.05, ** P < 0.01, *** P <
0.001 and **** P <0.0001.

7.3.6 Functional assessment: Dose finding study

7.3.6.1 Flow dynamics

All livers in the dose finding study had a mean arterial flow > 100ml/min and portal flow >

0.5L/min over the course of perfusion, Table 7.19.
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Table 7.19. Dose finding study: arterial and portal flows during NMP

NMP protocol Mean SD
Liver 1 Arterial flow (ml/min) 674.6 65.18
NMP alone
Portal flow (L/min) 0.96 0.05
Liver 2 Arterial flow (ml/min) 465.8 64.77
DFO (4h)
Portal flow (L/min) 0.89 0.072
Liver 3 Arterial flow (ml/min) 345.4 26.06
DFO (4h)
+ Portal flow (L/min) 0.79 0.12
PT2385 (16h)
Liver 4 Arterial flow (ml/min) 479.1 70.92
DeFat (from commencement of NMP)

Portal flow (L/min) 0.91 0.12

Liver 5 Arterial flow (ml/min) 288.1 67.03

DeFat + DFO (from commencement of NMP)
Portal flow (L/min) 0.97 0.24
Liver 6 Arterial flow (ml/min) 462.9 74.69
DeFat + DFO + PT2385 (DeFat-HIF from

commencement of NMP) Portal flow (L/min) 1.0 0.22

7.3.6.2 Transplantability criteria

Three livers in the dose finding study met functional criteria for transplantation as described at
4h of perfusion in the VITTAL study. Of these, only one liver met all three functional criteria
i.e. Cambridge, Birmingham and Oxford (179,201,202). The ability of each liver in the dose

finding study to meet functional criteria for transplantation and specific comments regarding

each liver are described in Table 7.20.
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Table 7.20. Dose finding study: ability of each liver to meet functional transplantability criteria

Functional criteria determining suitability for transplantation Criteria Comments
met?
Liver 1 Watson et al. (Cambridge) No pH <7.2
NMP alone ALT > 6000 IU/L at 2h
Mergental et al. (VITTAL, Yes Lactate <2.5mmol/L at 4h and met vascular
Birmingham) flows/liver appearance criteria
Abbas et al. (DeFat, Oxford) No pH <7.2
ALT > 6000 IU/L at 6h
Liver 2 Watson et al. (Cambridge) No pH <7.2
DFO (4h) Bile glucose 18.3mmol/l at 4h and 7mmol/l at
6h (bile pH>7.5)
Mergental et al. (VITTAL, Yes Lactate <2.5mmol/L at 4h with evidence of
Birmingham) glucose metabolism, bile production and met
vascular flows/liver appearance criteria
Abbas et al. (DeFat, Oxford) No pH <7.2 at 6h
Bile glucose only 6.1 mmol/l less than
perfusate glucose (although bile pH >7.5)
Liver 3 Watson et al. (Cambridge) Yes Met all parameters
DFO (4h)
+ Mergental et al. (VITTAL, Yes Met all parameters
PT2385 (16h) Birmingham)
Abbas et al. (DeFat, Oxford) Yes Met all parameters
Liver 4 Watson et al. (Cambridge) No pH <7.2
DeFat (from commencement Slow reduction in both bile and perfusate
of NMP) glucose
ALT >6000 at 2h
Mergental et al. (VITTAL, No Lactate 3.46 at 4h, 4.83 at 6h, 1.91 at 12h
Birmingham) and 1.69 mmol/l at 18h
pH<73
Slow metabolism of perfusate glucose 38 at
4h, 36 at 6h, 31 at 12h and 20.6 mmol/l at
18h
Abbas et al. (DeFat, Oxford) No Lactate 4.83 mmol/l at 6h and pH <7.2and slow
metabolism of perfuse/bile glucose
Liver 5 Watson et al. (Cambridge) No Lactate 10.5 at 2h, 9.5 at 4h, 7.1 at 6h and 6.1
DeFat + DFO (from mmol/l at 20h (end of perfusion) and slow
commencement of NMP) metabolism of perfusate/bile glucose
Mergental et al. (VITTAL, No Lactate >2.5mmol/l at 4h and slow perfusate
Birmingham) glucose metabolism i.e. 40 mmol/L at 4h
(compared to 39 mmol/L 2h)
Abbas et al. (DeFat, Oxford) No Lactate >2.5mmol/l at 6h
Slow perfusate glucose metabolism i.e. 39
mmol/L at 6h (compared to 39 mmol/L 2h)
Slow bile glucose metabolism
Liver 6 Watson et al. (Cambridge) No pH <7.2
DeFat + DFO + PT2385 Slow lactate clearance i.e. 17.2 at 2h, 13.9 at
(DeFat-HIF from 4h, 13.5 at 6h and 5.2 mmol/l at 24h (end of
commencement of NMP) perfusion)
Slow perfusate and bile metabolism
Mergental et al. (VITTAL, No Lactate >2.5mmol/l at 4h and slow perfusate
Birmingham) glucose metabolism
Abbas et al. (DeFat, Oxford) No Lactate >2.5mmol/I at 6h and slow perfusate

glucose metabolism
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7.3.7 Functional assessments: Experimental study

7.3.7.1 Flow dynamics

All livers in the experimental study maintained an arterial flow > 100ml/min and portal flow >
0.5L/min at 6h of perfusion and at the end of 12h perfusion. The mean arterial flow at 1h, 2h
and 5h of perfusion in the DeFat-HIF group was significantly higher than the DeFat group
(637.41 + 82.34 ml/min vs. 363.58 £ 55.25 ml/min, P = 0.00875; 705.94 + 11.32 ml/min vs.
430.35 £ 52.58 ml/min, P = 0.000890; and 5665 + 53.36 ml/min vs. 476.10 + 67.41 ml/min, P
= 0.0186) with no significant differences at reperfusion. A similar trend was observed for portal
flow in the DeFat-HIF group compared to the DeFat group at 6h (1.47 + 0.45 L/min vs. 0.63 £+
0.51 L/min, P = 0.102) with no significant differences at reperfusion, Figure 7.23.
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Figure 7.23. Arterial and portal flow during perfusion and reperfusion. Multiple unpaired t-tests, data
reported as mean + SD.
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7.3.7.2 Transplantability criteria

All livers met at least one functional criteria for transplantation, 5 out 6 livers met the 4h
VITTAL criteria. Only one liver from each group (DeFat Liver 3 and DeFat-HIF Liver 1) met
all three functional criteria i.e. Cambridge, Birmingham and Oxford (179,201,202). The ability
of each liver in the experimental study to meet functional criteria for transplantation and

specific comments regarding each liver are described in Table 7.21.
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Table 7.21. Experimental study: ability of each liver to meet functional transplantability criteria

Functional criteria determining suitability for transplantation Criteria Comments
and baseline (pre-NMP, post-SCS) steatosis degree met?
DeFat Liver 1 Watson et al. (Cambridge) No Bile glucose concentration not <3 mmol/L OR >10
mmol/L less than the perfusate glucose
Path 1d-MaS: 2% concentration. All other parameters met.
Path sd-MaS: 50%
Mergental et al. (VITTAL, Yes All parameters met (except perfusate pH just
DIA Total MaS: 4.7% Birmingham) under 7.3 i.e. 7.29 at 4h)
(i) 1d: 0.8%
(ii) sd: 3.9% Abbas et al. (DeFat, Oxford) No Bile glucose concentration not <3 mmol/L OR >10
mmol/L less than the perfusate glucose
concentration at 6h. All other parameters met.
DeFat Liver 2 Watson et al. (Cambridge) No ALT at 1, 4 and 6h >6000. All other parameters
met.
Path 1d-MaS: 30% Mergental et al. (VITTAL, Yes All parameters met (except perfusate pH just
Path sd-MaS: 10% Birmingham) under 7.3 i.e. 7.24 at 4h)
DIA Total MaS: 21.0% Abbas et al. (DeFat, Oxford) No ALT >6000, pH 7.12 and lactate 4.2mmol/1 at 6h
(i) 1d: 16.9%
(ii) sd: 4.1%
DeFat Liver 3 Watson et al. (Cambridge) Yes All parameters met
Path 1d-MaS: 1% Mergental et al. (VITTAL, Yes All parameters met
Path sd-MaS: 40% Birmingham)
Abbas et al. (DeFat, Oxford) Yes All parameters met
DIA Total MaS: 3.5%
(i) 1d: 0.7%
(ii) sd: 2.8%
DeFat-HIF Liver 1 Watson et al. (Cambridge) Yes All parameters met
Path 1d-MaS: 5% Mergental et al. (VITTAL, Yes All parameters met (except perfusate pH just
Path sd-MaS: 10% Birmingham) under 7.3 i.e. 7.28 at 4h)
DIA Total MaS: 14.5% Abbas et al. (DeFat, Oxford) Yes All parameters met
(i) 1d: 8.1%
(ii) sd: 8.4%
DeFat-HIF Liver 2 Watson et al. (Cambridge) No ALT at 1, 4 and 6h >6000. Perfusate glucose 6.4
at 6h and 0.1mmol/l at 10h. Bile glucose 4.9 at 6h
Path 1d-MaS: 40% and 0.1mmol/l at 10h (bile pH >7.5). All other
Path sd-MaS: 20% parameters met.
DIA Total MaS: 29% Mergental et al. (VITTAL, Yes All parameters met (except perfusate pH just
(i) 1d: 24.5% Birmingham) under 7.3 i.e. 7.20 at 4h)
(ii) sd: 4.5%

Abbas et al. (DeFat, Oxford) No ALT at 1, 4 and 6h >6000. Perfusate glucose 6.4
at 6h and 0.1mmol/1 at 10h. Bile glucose 4.9 at 6h
and 0.1mmol/l at 10h (bile pH >7.5). All other
parameters met.

DeFat-HIF Liver 3 Watson et al. (Cambridge) Yes Bile glucose of 9.2mmol/l compared to perfusate
glucose of 13.6mmol/l at 6h. However, bile
Path 1d-MaS: 1% glucose of 2mmol/l compared to perfusate glucose
Path sd-MaS: 40% of 1.5mmol/l at 12h. Lactate 2mmol/l at 2h (from
13.6 mmol/l at Oh)
DIA Total MaS: 3.5%
(i) 1d: 0.7% Mergental et al. (VITTAL, No Perfusate lactate of 2.9mmol/l at 4h (compared to
(ii) sd: 2.8% Birmingham) 2mmol/l at 2h and 2.5mmol/l 6h)
Abbas et al. (DeFat, Oxford) No Bile glucose of 9.2mmol/l compared to perfusate

glucose of 13.6mmol/l at 6h. However, bile
glucose of 2mmol/l compared to perfusate glucose
of 1.5mmol/l at 12h.
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7.3.7.3 ICG clearance

Indocyanine green (ICG) challenges were performed at 4h of perfusion, 10h of perfusion and
at 4h of reperfusion. Serial perfusate samples were taken for a total of 120 min post ICG
challenge. Perfusate ICG values were calculated as the percentage change from baseline (0
min, pre-injection of [CG). All livers in the DeFat and DeFat-HIF group demonstrated evidence
of ICG clearance with a significant reduction (from a peak value at 1 min) over serial
measurements at 15, 30, 60 and 120 min post-injection during the 4h perfusion challenge. The
reduction remained significant in the DeFat group following the 4h reperfusion challenge, but
was not evident in the DeFat-HIF group. The one liver, that was originally excluded from
analysis due to ex-situ non-function (ENF) is shown alongside the DeFat and DeFat-HIF

groups for reference purposes only, Figure 7.24A-C.

260



ICG 4h perfusate challenge

A AFdkk
skokskk
seskok
dkkk
AFokk
—
AFedkokok
ICG 4h perfusion challenge
AFdkk
25000
Fokokok 3 ® DeFat
25000 = °
% . ®  DeFat = 20000 e DeFat-HIF
S
£ 20000 ®  DefarHIF = o DeFat-ENF
X o 15000
< 15000 ?En
g £ 10000
£ 10000 2
1
2 -
& 5000 o S0
9] =
= 0 0
0 1 15 30 60 120 0 1 15 30 60 120
Time (minutes post ICG challenge) Time (minutes post ICG challenge)
B ICG 10h perfusion challenge
dedkokok
kKK
ICG 10h perfusion challenge
Aok 15000
@ 15000 DeF &% e DeFat
& *okk ° eFat £
£ e DeFat-HIF
£ o DeFat-HIF 5 o
< 10000 . X 10000 ° e DeFat-ENF
3 )
@ o
) )
£ 5000 g 5000
2 =
C) Qo
< S
=
0 0-
0 1 15 30 60 120 0 1 15 30 60 120

Time (minutes post ICG challenge) Time (minutes post ICG challenge)

C ICG 4h reperfusion challenge
Fokokk

skekkok
ﬁ ICG 4h reperfusion challenge
AFedkkk
8000
*okk )
, 8000 £
& ® DecFat < 6000
2 6000 e DeFat-HIF N
3 @
S £ 4000
& 4000 g
g £
5 2. 2000
g 2000 )
o 11
= o
0 1 15 30 60 120 0 1 15 30 60 120

Time (minutes post ICG challenge) Time (minutes post ICG challenge)

Figure 7.24A-C. Indocyanine green (ICG) challenges during 4h of perfusion (A), 10h of perfusion (B)
and 4h of reperfusion (C). Comparison of DeFat and DeFat-HIF groups (right) and ex-situ non-function
liver shown for reference (left). Multiple unpaired t-tests, data reported as mean = SD and mixed effect
analysis for repeated measures with post-hoc tukey correction to adjust for multiple comparisons
between timepoints. * P < 0.05, ** P <0.01, *** P <0.001 and **** P <0.0001.

7.3.7.4 Lidocaine metabolism and MEGX

Lidocaine metabolism was assessed through measurement of its metabolite MEGX. A bolus of

Lidocaine was injected at 4h of perfusion, 10h of perfusion and at 4h of reperfusion. Serial
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perfusate samples were taken at 15 and 30 min post injection of lidocaine. Perfusate lidocaine

and MEGX concentrations were quantified through mass spectrometry analysis.

The lidocaine concentration was significantly higher in the DeFat-HIF group at 15 min and 30
min post injection at the 4h challenge compared to the DeFat group (0.91 + 0.06 ug/ml vs. 0.45
+ 0.22 pg/ml, P = 0.0268 and; 0.49 + 0.03 pg/ml vs. 0.17 = 0.07 pg/ml, P = 0.00165
respectively). However, a significant difference in perfusate lidocaine concentrations between

groups was not observed at the 10h perfusion and 4h reperfusion challenge.

All livers in the DeFat and DeFat-HIF group demonstrated evidence of lidocaine metabolism
(reduction in perfusate concentration) with a concurrent non-significant increase in perfusate
MEGX concentration which was more pronounced in the DeFat group. The one liver, that was
originally excluded from analysis due to ex-situ non-function (ENF) is shown alongside the

DeFat and DeFat-HIF groups for reference purposes only, Figure 7.25A-C.
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Figure 7.25A-C. Comparison of DeFat and DeFat-HIF groups: Lidocaine challenges during 4h of
perfusion (A), 10h of perfusion (B) and 4h of reperfusion (C). Ex-situ non-function liver (red) shown
for reference only. Multiple unpaired t-tests, data reported as mean + SD. * P <0.05, ** P <0.01, ***
P <0.001 and **** P <0.0001.
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7.3.7.5 LiMAx

3C-methacetin metabolism was assessed using the LiIMAX test through connection with the
OrganOx metra. A bolus of *C-methacetin was injected at 1h of perfusion, 5h of perfusion and
at Sh of reperfusion with metabolism calculated over 60 minutes post injection. Due to device
availability at the time of perfusion, the LIMAX test was not performed in DeFat Liver 1 (see
Table 7.16). The LIMAX test value in the DeFat-HIF group at 6h was comparable to the DeFat
group (280.70 +212.06 pug/kg/h vs. 260.10 + 239.43 pg/kg/h, P = 0.508). However, at the end
of 6h reperfusion, there was non-significant reduction in LiMAX value in the DeFat-HIF group
compared to the DeFat group (120.71 £24.51 pg/kg/h vs. 210.75 + 119.01 pg/kg/h, P =0.261).
Overall, there was no significant difference in LIMAx values between the DeFat-HIF and the
DeFat group. The one liver, that was originally excluded from analysis due to ex-situ non-
function (ENF) is shown alongside the DeFat (n = 2, not possible to perform test for Liver 1)
and DeFat-HIF (n = 3) groups for reference purposes only, Figure 7.26.
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Figure 7.26. Comparison of DeFat and DeFat-HIF groups: '*C-methacetin challenges at 1h of
perfusion, Sh of perfusion and 5h of reperfusion. Ex-situ non-function liver (red) shown for reference
only. Multiple unpaired t-tests, data reported as mean = SD. * P <0.05, ** P <0.01, *** P <(.001 and
wHEx P <0.0001.

7.4 Discussion

This chapter provides substantial evidence to the evolving understanding of the
pharmacological optimisation of steatotic livers and the utility of NMP as a therapeutic
platform. Hypoxia inducible factors (HIFs) have been implicated in hepatic lipid metabolism.
However, the specific isoforms (HIF-1a and HIF-2a) isoforms have contrasting roles. HIF-1a

exerts a hepatoprotective effect through reduction in lipid synthesis and enhancement of fatty
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acid B-oxidation (154). Conversely, HIF-2a promotes lipid accumulation and fibrosis
(153,155). Preclinical studies in murine models have highlighted the potential of
pharmacological HIF-1a activation in improving liver graft tolerance to ischaemia-reperfusion
injury (IRI), these findings have not yet translated to clinical practice. This chapter is therefore
based on the hypothesis that selective pharmacological stabilisation of HIF-1a, combined with
inhibition of HIF-2a, could synergistically reduce hepatic steatosis (HS) and improve graft

tolerance to IRI.

To explore this hypothesis, I have investigated the role of pharmacological hypoxia inducible
factor (HIF) modulation during NMP as an adjunct to an established NMP defatting protocol
described in Chapter 6. In the process, I have established dosing schedules of pharmacological
HIF modulators and optimised methods to quantify both HIF-1a and HIF-2a. Following the
dose finding perfusions, [ have developed an ex-situ model of IRI and compared the established
NMP-defatting protocol with and without the adjunct of pharmacological HIF modulators.
Novel assessments of ex-situ liver function have also been explored within this chapter in order
to provide more objective measures of liver function during NMP. Overall, I have demonstrated
a reduction in 1d-MaS in livers subjected to HIF modulation during NMP (combined with
defatting). However, the effect of concurrent HIF modulation in the mitigation of IRI warrants

further investigation.

7.4.1 Dose finding study

The pharmacological HIF modulators investigated in this chapter included Deferoxamine
(DFO) and PT2385. DFO is a prolyl-hydroxylase inhibitor (PHD) known to activate both the
HIF-1a and HIF-2a isoform and has been shown to upregulate pathways involved in lipid
metabolism, reduce free radical production and lower pro-inflammatory cytokines (412).
PT2385, a selective HIF-2a dimerisation inhibitor that has demonstrated beneficial effects in
reducing HS in preclinical murine models (413). However, there have been limited reports of

the use of these pharmacological agents in the setting of ex-situ liver machine perfusion.

In the context of SCS, Fukai et al. have reported a modified University of Wisconsin (UW)
cold preservation solution containing heavy water (D>0O)-containing buffer, combined with
deferoxamine (mDsol) as a novel preservation solution for extended cold preservation (48h) of

rat livers. In a model of ex-situ reperfusion, livers preserved with mDsol demonstrated less
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hepatocellular injury, improved oxygen consumption, reduced portal resistance and less liver
dehydration and swelling during preservation and reperfusion (421). Whilst this study was
published after formulation of the original hypothesis presented in this chapter, it supports the
addition of heavy water (albeit for the purposes of quantifying DNL) and DFO (as an anti-
oxidant) to the pRBCs during NMP.

In the dose finding study presented within this chapter, I perfused 6 discarded human livers
with a combination of defatting and HIF modulating pharmacological agents. All livers
demonstrated evidence of hepatocellular function with stable pH, clearance of lactate and
metabolism of glucose. Livers perfused with NMP and DFO, or a combination of DFO and
PT2385 with or without the established NMP defatting protocol, showed a substantial reduction
in 1d-MaS at 24h of perfusion, despite the noted limitations of bacterial/fungal contamination
in one liver i.e. Liver 6 (DeFat-HIF: NMP + DeFat + DFO + PT2385 from the commencement

of perfusion).

Immunoblotting of livers perfused with HIF modulating pharmacological agents demonstrated
successful upregulation of HIF-1a with suppression of HIF-2a. This was best demonstrated in
dose finding Liver 3 where DFO was delivered at 4h of perfusion resulting in induction of both
HIF-1a and HIF-2a (with a concurrent increase in perfusate erythropoietin concentration 994
mlU/ml) by 16h of NMP. Following the delivery of PT2385 at 16h of NMP a reduction of
Erythropoietin (EPO) to 747 mIU/ml by 24h of NMP was observed with a concurrent reduction
in HIF-2q.

EPO is a glycoprotein hormone primarily responsible for regulating erythropoiesis. The liver
plays a crucial role in erythropoietin (EPO) production, especially during foetal development
and under certain pathological conditions in adults. During foetal and neonatal stages, the liver
is the primary site of EPO synthesis, contributing up to 90% of the total EPO production
necessary for erythropoiesis during this critical growth period. In adults, while the kidneys
assume the dominant role, the liver still retains the capacity to produce about 10-15% of the
body's EPO, particularly under hypoxic conditions or when renal function is impaired. Both
HIF-1a and HIF-2a can upregulate EPO expression, however, HIF-2a plays a more critical and
direct role in this process. HIF-2a is more selectively expressed in tissues involved in
erythropoiesis and is the primary regulator of EPO production in the kidneys and liver, the
main sites of EPO synthesis. HIF-2a directly binds to the hypoxia-responsive elements (HREs)
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in the EPO gene promoter, thereby significantly enhancing EPO transcription under hypoxic
conditions (422). In contrast, while HIF-1a also participates in the hypoxic response, its role
in EPO regulation is less pronounced compared to HIF-2a (423,424). Overall, the findings
presented are the first documented evidence of ex-situ EPO liver production through HIF
modulation and the findings suggest that perfusate EPO is a valuable measurement for

monitoring selective HIF-2a modulation during NMP.

Recently, Nazzal et al. explored the ferroptosis regulating effect of DFO in a model of ex-situ
split normothermic perfusion (using one lobe as a control with concurrent simultaneous
perfusion of the treated lobe) demonstrating a reduction in ALT, AST, HO-1, HIF-1a and
reduction in iron stain (Perl’s Prussian blue) on H&E biopsy (in the lobe treated with
deferoxamine over 3h of perfusion). HO-1, HIFa were quantified from tissue biopsy RNA
extraction and real-time PCR analysis (425). The reduction in HIFa compared to the control
lobe are not consistent with the findings demonstrated in this chapter and the study has several
limitations. The authors did not assess tissue biopsies through immunoblotting and did not
report the cold-ischaemia time (CIT) of the split liver which can influence hypoxia alone
mediated HIF expression. In addition, a perfusion period of 3h may be inadequate to induce
HIF in the context of NMP. In the current chapter, a perfusion period of at least 6h following
delivery of a 10mmol/L DFO bolus was required to induce HIF supported by immunoblots,
IHC and perfusate EPO levels. It is also conceivable, the lower dose of 6mmol/L infusion
(rather than a bolus) reported by Nazzal et al. combined with short perfusion duration are
responsible for the conflicting results. The higher HO-1, HIFa expression in the control
(untreated) lobe may also be related to an ischaemic or under perfused segment as it is unclear
why the HIFa expression in the control lobe is almost 8-fold higher compared to normal control

liver tissue (used as a standard for both the DFO treated lobe and untreated lobe).

7.4.2 Experimental study

Following completion of the dose finding study, a total of 7 livers were perfused as part of the
experimental study. However, one liver in the DeFat group, from a 56 male DCD donor with
moderate steatosis on histology (Id-MaS of 40% reported by the histopathologist and 39.3%
using DIA) with a CIT of 20h and 13min was identified as an outlier and therefore excluded.
The excessive CIT, severity of steatosis and severe hepatocellular injury (peak ALT of 19317.7
IU/L at 4h of perfusion) may have contributed to the ex-situ non function (ENF) and inability
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of defatting to salvage this liver. In addition, IHC of FFPE tissue analysis demonstrated
increased localisation of HMGBI, MPO and CITH3 over the course of perfusion and
reperfusion. When the primary aim is to investigate the impact of pharmacological
interventions on hepatic lipid metabolism, it is essential that all livers exhibit signs of
hepatocellular function to ensure that conclusions drawn about the intervention are accurate,
hence the decision to exclude the single non-functioning liver from the analyses. Whilst this
liver was not included in the overall analysis the donor characteristics and perfusion metrics
are described separately, and various functional assessments including ICG clearance, MEGX

and LiMAX tests are provided alongside the main results for reference purposes only.

A total of 6 livers were therefore included in the experimental study (DeFat, n = 3 and DeFat-
HIF, n = 3). All livers recruited to the experimental study were from DCD donors apart from
one DBD liver in the DeFat group. Although not statistically significant, the baseline
characteristics differed in the two groups, with the DeFat-HIF group including donors with a
higher-risk profile i.e. DCD status, high pre-retrieval ALT and high donor BMI. The difference
in baseline characteristics highlights the limitations associated with discarded human liver
studies mainly related to limited availability of discarded livers for research making it
challenging to balance groups for baseline characteristics: the heterogeneity of these livers is a
well-known limitation in discarded liver studies. Biological variability among organs means
that even with standardised protocols, results may vary significantly. From my experience, the
main modifiable factor in reducing the risk profile of discarded human livers is the CIT which
was excessive in the liver that did not function but minimised in livers included in the

experimental study.

7.4.2.1 HIF quantification

HIF quantification was performed with immunoblots and selective HIF modulation was
monitored through perfusate EPO production. In the DeFat-HIF group both DFO and PT2385
with the established defatting protocol were delivered from the commencement of perfusion
and an increase HIF-1a relative to HIF-2a expression was observed over the course of 12h
perfusion. Comparatively, in the DeFat group (with the absence of HIF modulators) both HIF-
la and to HIF-2a remained low over the 12h perfusion. These results are similar to the dose
finding perfusions and support the methodology described within the chapter for HIF

quantification.
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In addition, the mean concentration of EPO in the DeFat-HIF group after 12 hours of perfusion
was >10x lower than that in Liver 2 from the dose-finding study (where DFO alone was
delivered at 4 hours of standard NMP). In the dose-finding study, the EPO concentration in the
perfusate after 18 hours was 2664 mIU/ml (14 h after drug delivery), compared to the mean
12-hour perfusion measurement in the DeFat-HIF group, which was 233.67 mIU/ml. The
observed differences in EPO measurements corroborate earlier dose study findings on the

utility of using EPO levels to monitor selective HIF-2a modulation.

Prior to reperfusion, pharmacological agents were thoroughly flushed with 2L of preservation
solution and all livers were then reperfused with whole human allogenic blood. In the DeFat-
HIF group the relative increase in HIF-1a relative to HIF-2a expression was still apparent
following reperfusion (as demonstrated on immunoblots and perfusate EPO measurements)
despite flushing the liver and repriming the circuit with fresh perfusate comprising of whole
human allogenic blood. It is conceivable, that pharmacological activity of the HIF-modulators
persisted even at reperfusion and thereby providing a hepatoprotective effect in this higher-risk
cohort. In the DeFat group, whilst there was a small increase in both HIF-1o and HIF-2a

expression, it likely related to the period of warm ischaemia between perfusion and reperfusion.

7.4.2.2 Hepatic steatosis quantification

Livers recruited to the DeFat-HIF and DeFat groups had varying degrees of hepatic steatosis
on analysis of baseline (pre-NMP) H&E biopsy sections. All biopsies were assessed by a
blinded histopathologists as per the Banff guideline recommendations for reporting of HS. In
addition, additional assessment was performed using the Visiopharm® digital image analysis
(DIA) software. The use of digital image analysis in the context of machine perfusion has
several advantages (described in Chapter 3 and 4), primarily to provide automated and
consistent results (without interobserver variability and subjectivity of the histopathologist).
Whilst livers were accepted for research based on the retrieval surgeon confirming evidence of
macroscopic steatosis, retrospective analysis of the baseline biopsy demonstrated discordance

between the surgeon’s assessment and biopsy result (this has also been highlighted in Chapter

3).
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Both the histopathologist and DIA software provided quantification of Total MaS, 1d-MaS and
sd-MasS. Of these, the most clinically relevant is 1d-MasS in the setting of liver transplantation:
higher levels of 1d-MaS (especially >30%) are associated with poor outcomes (4). A non-
significant reduction in ld-MaS was demonstrated in the DeFat-HIF group with a reduction in
1d-MaS from 15.3 £ 21.5% at baseline to 7.7% + 10.7% at the end of 6h reperfusion (as
assessed by the histopathologist). When quantified using Visiopharm® digital image analysis
software , a significant reduction in 1d-MaS from 11.1 £ 12.2% at baseline to 4.8 + 5.9% at the
end of 6h reperfusion, P = 0.0097. However, this degree of reduction was not evident in the
DeFat group: indeed the findings are comparable to the pre-clinical data supporting the Phase
II clinical trial of defatting donor transplant livers described in Chapter 6. In the cohort of livers
that were subjected to defatting with lipoprotein apheresis filtration, functional improvements
were evident by 6h of perfusion and a histological reduction in steatosis was only apparent at

the end of perfusion at 48h.

Therefore, the results presented herein, demonstrated accelerated defatting with the adjunct of
HIF modulation during NMP. A comparable study by Boteon et al. has previously described a
‘defatting cocktail’ comprising of L-carnitine, forskolin, hypericin, scoparone, visfatin and
GW501516. Five discarded human livers were perfused using the ‘defatting cocktail’ and a
further 5 with standard NMP for a total of 12h. In the cohort of livers treated with the ‘defatting
cocktail’ there was a reduction in MaS from a median of 31% (10-58%) at baseline to 15% (5-
22%) at 12h of perfusion (221). However, a limitation of this study is a lack of assessment of

sd-MaS during perfusion.

In the current chapter, there was no significant difference identified between timepoints in sd-
MaS when reported by the histopathologist for both the DeFat and DeFat-HIF group. In
addition, sd-MaS quantified using the Visiopharm® digital image analysis software
demonstrated a non-significant increase in sd-MasS in the DeFat-HIF group from 4.6% + 1.8 at
baseline to 8.7% =+ 3.8 at 12h of perfusion with a concurrent decrease in sd-MaS to 4.3% + 2.3
following 6h of whole blood reperfusion. These findings support the transient nature of sd-
MaS which refers to fat vacuoles that are not true 1d-MaS i.e. less than half the size of the cell
and does not cause displacement of the nucleus. Sd-MaS is known to fluctuate during
preservation and at reperfusion and is a transient short-lived process that indicates both liver

stress/injury and recovery/regeneration from these processes (96).
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7.4.2.3 Glycogen depletion and glucose metabolism

Typically, during normothermic machine perfusion (NMP), elevated perfusate glucose levels
are recorded at the onset of perfusion (207,227). This phenomenon is believed to be due to
glycogenolysis during static cold storage (SCS), an ATP-independent process (290,426).
Additionally, packed red cells, often used in perfusion, contain high glucose levels due to
preservation solutions such as citrate-phosphate-dextrose and sodium-adenine-glucose-
mannitol (427). At the initiation of NMP, the high circulating glucose levels are expected to
inhibit glycogenolysis and promote glycogenesis. In the current study, no significant change in
tissue glycogen depletion percentage between 6h and the end of 12h perfusion in the both the
DeFat and DeFat HIF groups was observed. However, at 6h reperfusion the total percentage of
glycogen depletion was higher (although not significant) in the DeFat-HIF group compared to
the DeFat group (73.3% + 37.5 vs 59.7% =+ 48.8; P = 0.720). This glycogen depletion (also
associated with lower perfusate glucose levels in the DeFat-HIF group) may be explained by
the metabolic shift induced by HIF activation characterised by increased glycolytic activity
resulting in low perfusate glucose and concurrent glycogenolysis to replenish glucose in order

to sustain the glycolytic flux (424,428).

7.4.2.4 Hepatocellular injury

DeFat-HIF livers demonstrated a comparable degree of hepatocellular injury (perfusate ALT)
when compared to DeFat livers at the end of 12h perfusion (5320.9 +3048.97 IU/L vs. 5571.83
+ 5059.96 IU/L, P = 0.762) and a higher (non-significant) perfusate ALT at the end of 6h
reperfusion (6604.27 + 5578.86 IU/L vs. 3466.27 + 2264.21 TU/L, P = 0.418). In contrast,
while there was an increase in perfusate ¢cfDNA in both groups, the DeFat-HIF group
demonstrated a non-significant reduction in peak cfDNA concentration of 5.46 + 1.47 pg/ml
at 6h of perfusion to 3.83 + 1.81 pg/ml at the end of 6h reperfusion. Therefore suggesting an
added benefit of the DeFat-HIF protocol in dampening the propagation of hepatocellular injury

in this ex-situ model of IRI.

7.4.2.5 Hepatic lipid metabolism

Although perfusate triglycerides (TGs) increased over the course of perfusion in both groups,
the concentrations remained lower than those observed in six discarded control NMP livers

(NMP alone) perfused by Ceresa et al. (who performed the pre-clinical study that supports the
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Phase II clinical trial described in Chapter 6, the results of which are included here for reference
purposes only). Specifically, at 12 hours of NMP, the triglyceride levels were as follows:
DeFat: 0.59 mmol/L + 0.54; DeFat-HIF: 0.98 mmol/L + 0.58; and NMP alone: 1.84 + 1.37
mmol/L. Similarly, perfusate cholesterol concentrations followed a similar trend in both groups
and were also lower than those in the six control NMP livers, with perfusate concentrations
recorded at: DeFat: 0.46 £ 0.23 mmol/L; DeFat-HIF: 1.16 + 0.38 mmol/L; and NMP alone:
1.34 + 0.54 mmol/L at 12 hours of NMP. The lower perfusate concentrations in the

experimental groups can be attributed to the lipoprotein apheresis filter.

Hypertriglyceridemia is believed to contribute to lipotoxicity, inducing oxidative stress and a
pro-inflammatory response in the liver (429). In a porcine study by Jamieson et al., it was
suggested that elevated circulating triglycerides (TG) may have led to excessive hepatic lipid
deposition during perfusion (216). Conversely, a murine NMP study by Nagrath et al. reported
a 30% reduction in liver fat without the use of defatting agents, achieved by replacing the
perfusate hourly (217). In contrast, a study on human livers perfused by Liu et al. observed a
significant rise in perfusate TG levels, but found no correlation with ALT, AST, bile
production, or histological markers of injury, indicating that increased perfusate TG does not
necessarily exacerbate liver injury (219). Consequently, the potential role of lipoprotein
apheresis filtration in mitigating lipotoxicity by lowering TG concentrations in the perfusate

and enhancing liver function remains uncertain.

However, it is a noteworthy observation in the present study, that following reperfusion with
allogenic whole blood (and removal of the lipoprotein apheresis filter) there was a rebound in
mobilisation of intracellular TGs into the perfusate with a peak TG concentration of 0.98 +
0.44 mmol/L in the DeFat-HIF group and 0.45 £+ 0.15 mmol/L in the DeFat group at 6h of
reperfusion. Similarly, perfusate cholesterol concentration followed a similar trend with a peak
concentration of 2.22 + 0.77 mmol/L in the DeFat-HIF group and 0.41 + 0.82 mmol/L in the
DeFat group at 6h of reperfusion. Overall, the greater mobilisation of TGs in the DeFat-HIF
group also corresponded with a histological reduction in 1d-MaS observed at the end of whole

blood reperfusion.

The perfusate 3-hydroxybutyrate (3-OHB) levels, which serve as a marker for fatty acid -
oxidation, showed no significant difference between the DeFat and DeFat-HIF groups at each

timepoint. However, an increase in -oxidation was observed in both groups (although to a
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greater extent in the DeFat group during 12h of perfusion). Despite the initial differences in
timing and magnitude of 3-OHB increases between the two groups, their levels converged by
the end of the 6-hour reperfusion period (P = 0.930), indicating comparable -oxidation rates
ultimately. This suggests that while HIF modulation may alter the temporal dynamics of fatty

acid metabolism, it does not significantly alter the overall capacity for f-oxidation.

7.4.2.6 pH, glucose metabolism and lactate clearance

All livers in the DeFat and DeFat-HIF groups maintained stable perfusate pH during perfusion
with a bile pH of >7.5 mmol/L at 6h of NMP. Both groups demonstrated significant glucose
metabolism, evidenced by a spontaneous decrease in perfusate glucose levels during perfusion
and reperfusion. Notably, all livers in the DeFat-HIF group had a low bile glucose
concentration of <3 mmol/L at the end of 12h perfusion. Additionally, the DeFat-HIF group

required less bicarbonate supplementation and produced more bile compared to the DeFat

group.

Lactate levels were initially higher in the DeFat-HIF group but decreased significantly during
perfusion. Both groups reduced lactate to <2.5 mmol/L by 6h of perfusion and perfusate lactate
concentrations remained low at the end of 12h perfusion. Similarly, both groups had initially
higher reperfusion lactate with a subsequent reduction over the course of allogenic whole blood
reperfusion. However, at the end of 6h reperfusion the perfusate lactate concentration was

higher in the DeFat-HIF group (4.07 = 3.972 mmol/L vs. 2.1 + 1.277 mmol/L, P = 0.460).

In the context of HIF pharmacological modulation during ex-situ perfusion, HIF activation
significantly influences glucose metabolism and lactate clearance. The DeFat-HIF group
exhibited a more pronounced reduction in glucose levels, indicating enhanced glycolysis, likely
due to HIF-1a's role in upregulating glycolytic enzymes. Both groups effectively cleared lactate
during perfusion. However, the higher end reperfusion lactate in the DeFat-HIF group could
be attributed to either the effect of glycolytic flux on lactate production or a more pronounced

IRI (424,428)

273



7.4.2.7 Inflammatory pathways

No significant differences were observed in mean perfusate CRP concentrations between the
groups at each timepoint. However, both groups showed a significant increase in CRP levels
over time. The additional liver that was perfused with the DeFat protocol (but excluded from
the overall analysis due to ex-situ non function, ENF) demonstrated very low CRP levels during
perfusion and reperfusion. This observation highlights the impact of severe hepatocellular
injury on CRP production. Such injury can significantly impair the liver's capacity to produce

CRP, as seen in fulminant hepatic failure (430).

Cytokine analysis revealed distinct patterns between groups. The DeFat-HIF group
experienced a non-significant increase in IL-1p and IL-2 during the course of perfusion and
reperfusion, suggesting an enhanced inflammatory response secondary to the higher-risk donor
characteristics of these livers (DCD status, high pre-retrieval donor ALT and metabolic
dysfunction). Conversely, the DeFat group showed a non-significant increase in IL-6 and IL-
10 levels during perfusion with a subsequent reduction during reperfusion. Whilst there was no
reduction in IL-6 in the DeFat-HIF group, a non-significant reduction in IL-10 at reperfusion
was observed in the DeFat-HIF group indicating a differing inflammatory profile to the DeFat

group. Both groups demonstrated a downward trend in TNF-a levels.

7.4.2.8 Functional assessment

Both the DeFat and DeFat-HIF groups demonstrated ICG clearance during perfusion with a
significant reduction (from a peak value at 1 min) over serial measurements at the 4h perfusion
challenge. However, only the DeFat group maintained significant clearance during reperfusion
(despite better vascular flows in the DeFat-HIF group). All livers in the DeFat and DeFat-HIF
group demonstrated evidence of lidocaine metabolism (reduction in perfusate concentration)
with a concurrent non-significant increase in perfusate MEGX concentration which was more
pronounced in the DeFat group. In addition, higher LiMAXx values in DeFat-HIF group were
observed at 6h perfusion (compared to the DeFat group) but not at the end of 6h of reperfusion.
The overall trend in these functional assessments suggest a more pronounced ischaemia-
reperfusion injury (IRI) in the DeFat-HIF group, despite comparable measurements to the
DeFat group in the perfusion phase (all livers met at least one functional criteria for

transplantation at 6h of perfusion).
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These findings are supported by the higher end reperfusion perfusate ALT and lactate levels in
the DeFat-HIF group, however, can also be explained by the higher-risk donor characteristics
of livers in this group. Despite these findings, the DeFat-HIF livers had lower perfusate cfDNA
levels and histological PRI scores at the end of reperfusion suggesting a hepatoprotective effect
of HIF modulation in mitigating the propagation of hepatocellular injury in this experimental

model.

The additional DeFat liver that was excluded from analysis was shown for reference purposes
demonstrating slow ICG clearance, inability to convert lidocaine to MEGX and a lower post
whole blood reperfusion LIMAX test value. Whilst the numbers in this study are small, I have
highlighted the potential of novel functional assessments during NMP which require validation

in the setting of clinical trials.

7.4.3 Limitations

The main limitations of this chapter are related to the small numbers and heterogeneity of
discarded livers offered for research. Whilst I have demonstrated the utility of an ex-situ whole
blood reperfusion model, the results are difficult to interpret outside the context of clinical liver

transplantation and need to be corroborated now in the clinical environment.

7.4.4 Conclusion

I have been able to demonstrate a reduction in steatosis with adjunct of HIF-modulators during
NMP. All livers perfused in the experimental study had functional metrics at 6h of perfusion
that would have rendered them transplantable. However, the ability of pharmacological HIF

modulation during NMP to reduce the magnitude of IRI remains to be elucidated.
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Chapter 8: Removal of nuclear DAMPs in an ex-situ model of liver

transplantation

8.1 Introduction

In the previous chapter, I demonstrated that during NMP (using leucodepleted blood) and
reperfusion (using allogenic whole blood i.e. ex-situ simulated liver transplant) there was an
efflux of inflammatory cells including cytokines and cfDNA (a nuclear damage associated
molecular pattern, DAMP) into the perfusion circuit thereby suggesting an element of
reperfusion injury of extended criteria donor (ECD) livers during ex-situ perfusion (NMP) and

following simulation of transplantation.

Damage-associated molecular patterns (DAMPs) are key contributors to inflammation and
have an important role in the innate immune response through recruitment of immune cells to
sites of injury or infection. However, this protective mechanism can paradoxically lead to harm
by triggering an excessive inflammatory response, resulting in tissue damage (431,432). This
phenomenon is well-documented in various disease contexts, including transplantation, where
DAMPs significantly contribute to reperfusion injury and sterile inflammation (159,399,433).
Nuclear DAMPs (including cfDNA, histones, nucleosomes, and HMGBI1) are particularly
involved in sterile inflammation caused by ischemia-reperfusion in the liver, leading to a self-
perpetuating cycle of inflammation that ultimately damages the graft (162,434). In addition,
the process of NETosis characterised by the expulsion of DNA proteins (such as elastase and
myeloperoxidase) and filaments from neutrophils results in the formation of web-like structures
called neutrophil extracellular traps (NETs), which were originally described as a mechanism
to facilitate pathogen clearance following entrapment (75). However, clinical studies
demonstrate that an increase in circulating cfDNA (as a marker of NETSs) is a risk factor for
thrombotic disease. Evaluation of thrombi demonstrate presence of cfDNA, VWF, histones
and other NET markers. In the context of liver transplantation, it is possible that NETs further
propagate IRI by contributing to thrombi formation. Furthermore, the significant role of
neutrophils in IRI and cell injury that occur during liver transplantation support this hypothesis

(75,399).
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Nuclear (chromatin associated) DAMPs are particularly relevant in the context of ex-situ
perfusion (a closed circuit) that has limited ability (apart from the liver graft itself) to remove
circulating DAMPs and is dependent on an intact reticuloendothelial system which can be

compromised in the setting of hepatocellular injury (435).

Recently, a novel extracorporeal column, NucleoCapture® (Santersus, Zurich), has been
developed to selectively remove nuclear (chromatin associated) DAMPs from circulation. This
technology leverages the unique properties of the recombinant H1.3 protein, a naturally
occurring linker histone critical for chromatin packaging within the nucleus. By conjugating
H1.3 to porous spherical agarose beads within the column, the system is able to bind and
capture components of free extracellular chromatin with high affinity as plasma flows through
the column. This approach was initially developed for sepsis, where extracellular chromatin
contributes to systemic inflammation, similar to the inflammatory response seen in IRI in solid

organ transplantation.

The hypothesis of this chapter is that ex-situ reperfusion induces release of nuclear DAMPs
from donor livers during leucodepleted NMP and subsequent whole blood reperfusion that
results in the propagation of hepatocellular injury and poor ex-situ function. Herein, I initially
describe the incorporation of NucleoCapture® classic column in combination with an apheresis
system (Spectra Optia, Terumo) and subsequently using an integrated in-line hemoperfusion
NucleoCapture® prototype column connected to the OrganOx metra NMP device to facilitate
removal of nuclear DAMPs in an ex-situ model of liver transplantation. The focus of this

chapter is application of the column in the allogenic whole blood reperfusion phase.

The overarching objective of this chapter was to develop a model of IRI in porcine DCD livers
preserved with NMP with removal of DAMPs during allogenic whole blood reperfusion
(simulated transplant). The specific aims were to:
1. Assess the ability to integrate NucleoCapture® classic column (with the Spectra
Optia, Terumo) into the NMP ex-situ set up
2. Determine if DAMPs can be removed from the perfusate using the NucleoCapture®
classic column during ex-situ allogenic whole blood reperfusion on the circuit and
establish whether removal of DAMPs reduces the magnitude of IRI (simulated

transplant model)*
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3. Assess the ability to integrate the in-line hemoperfusion NucleoCapture® prototype
column connected directly to the OrganOx metra NMP device and apply this
continuously both during leucodepleted perfusion (RBCs + plasma) and whole
blood allogenic reperfusion

4. Determine if the continuous application of the in-line hemoperfusion
NucleoCapture® prototype column results in improved DAMP removal and IRI in
a porcine DCD model

5. Validate the findings of the in-line hemoperfusion NucleoCapture® prototype

column in a discarded human liver perfusion

*This work was jointly performed with my colleague (Dr Fungai Dengu) who as part of
his DPhil focused on the application of the classic column (integrated with the Spectra
Optia, Terumo) during the initial leucodepleted NMP (RBCs + plasma) phase (rather
than whole blood allogenic reperfusion). As the specific data related to the application of
the classic column in the perfusion phase pertain to his DPhil, they are not included in

this chapter, however, are summarised in the discussion.

8.2 Methods

8.2.1 Perfusion device
All livers were perfused using the 2nd Generation OrganOx metra (OrganOx Ltd, Oxford, UK)
NMP device in a standard fashion. Following device calibration and priming, donor livers were

benched and cannulated as described in Chapter 2.2.

8.2.2 Study design
8.2.2.1 Porcine

The study consisted of three groups: (i) NMP-NMP, n = 3: initial 6h NMP perfusion phase
using autologous leucodepleted blood (RBCs + plasma) followed by 6h of allogenic whole
blood reperfusion; (ii)) NMP-NC, n = 3: initial 6h NMP perfusion phase using autologous
leucodepleted blood (RBCs + plasma) followed by 6h of NucleoCapture® classic treatment
(integrated between the Optia Spectra and OrganOx metra) during allogenic whole blood
reperfusion and; (iii) hNC-hNC, n = 3: extended perfusion of 12h during both the initial NMP

perfusion phase using autologous leucodepleted blood (RBCs + plasma) and the reperfusion
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phase using allogenic whole blood with continuous integration of the in-line hemoperfusion

NucleoCapture® prototype column to the OrganOx metra.

In all cases, the perfusate was comprised of autologous leucodepleted blood (RBCs + plasma)
during the initial NMP perfusion phase. Following this, livers were disconnected from the
circuit and flushed with 2L of crystalloid and reperfused on the same device using a fresh
perfusate comprising of full allogenic (3rd party, ABO compatible) whole blood following 30
min of warm ischaemia to simulate implantation (anastomotic time), Figure 8.1. Liver
characteristics i.e. blood group (A/O), macroscopic appearance, along with procurement
details (warm and cold ischemia times), perfusion and simulated transplant reperfusion

duration were recorded for each liver.
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Figure 8.1. Study design outline. Total » = 9 DCD Pig livers, 3 groups. Two phases: (i) NMP —
autologous RBCs and plasma (leucodepleted) and; (ii) reperfusion (whole blood allogenic (ABO
matched) Interventions: NucleoCapture® during reperfusion (Group 2) or both phases (Group 3)
compared to standard NMP and reperfusion without column (Group 1). Outcomes: Perfusion
haemodynamics, lactate clearance, bile parameters (volume, pH, glucose), perfusate biochemistry and
histology.

8.2.3 Animals
Livers were retrieved, flushed, and stored in static cold storage (SCS) for transport. In brief,

Sus domesticus pigs weighing 50-70 kg were electrically stunned, exsanguinated (by an
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incision across the jugular veins and carotid), cleaned in a 60°C (140°F) hot water bath and
eviscerated through a thoracoabdominal incision. This protocol replicates donation after
circulatory determination of death (DCD) livers and followed guidelines for UK regulated
slaughter i.e. compliant with the Welfare of Animals at the Time of Killing (England)
Regulations 2015 (WATOK) and EU regulation 1099/2009. Following evisceration, livers
were separated from the surrounding viscera, flushed, and preserved in UW® solution for
transport. Both autologous and allogenic whole blood were collected in heparinized containers

for storage and later preparation in the lab. The process is summarised in Table 8.1.

Table 8.1. Porcine donation after cardiac death donor (DCD) live retrieval protocol.
Procedure Method

Blood collection Autologous whole blood is collected mixed with 20,000IU of
unfractionated heparin sodium (Wockhardt UK Ltd) for storage and
subsequent leucodepletion in the lab. Additional ABO compatible from
another pig is also collected and stored in the same manner for
experiments that involved a ‘whole blood’ ischaemia-reperfusion
component.

Post-exsanguination Following exsanguination, the pigs are cleaned in a hot water bath at 60°C
(140°F) over 5 minutes. This is comparable to the ‘no-touch’ period prior
to commencement of the organ retrieval operation in human DCD organ
retrieval procedures.

En bloc retrieval An en bloc thoraco-abdominal retrieval is then performed avoid organ
injury. The en bloc consists of bowel, pancreas, kidneys, spleen, stomach,
spleen, liver, diaphragm, oesophagus, heart, lungs, major vessels and
trachea.

Portal cannulation and | To minimise warm ischaemia time, the portal vein is rapidly cannulated
dissection and flushed with 2L cold heparinized preservation fluid via a soft 18 Fr
T-tube (Summit Medical, Cheltenham, UK). This marks the beginning of
cold-ischaemia time and facilities dissection of the liver from the en bloc
(including portal vein, infra-hepatic and supra-hepatic vena cava, bile
duct and coeliac aortic patch for the hepatic artery).

Transport Once the liver is retrieved, it is stored in University of Wisconsin (UW)
at 4°C on ice and transported to the perfusion laboratory prior to NMP.

8.2.4 NucleoCapture technology and integration
NucleoCapture® (Santersus AG, Zurich, Switzerland) is an adsorption column composed of
porous, spherical agarose beads with covalently linked recombinant human linker histone

(N,N-bismethyonyl-histone H1.3 as a ligand via its N-terminus), Figure 8.2 and Figure 8.3.
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This column captures cfDNA, histones, intact nucleosomes and NETs in plasma due to strong

binding affinity of the linker histone H1 protein analogue to DNA.

The integration of NucleoCapture® classic column with the Spectra Optia (Terumo) apheresis
system into the NMP circuit is illustrated in Figure 8.4. In summary, a connection was
established from the bypass line (in-line blood gas sampling line) of the metra circuit using a
proximal 3-way tap, allowing diversion of blood directly into the Spectra Optia (Terumo)
system for centrifugal plasma separation. The plasma then flowed through the NucleoCapture®
column before being reconstituted with perfusate and returned to the circuit via a return line
attached to a second three-way tap placed distally on the bypass line as illustrated in Figure
8.5. In addition, the connection of the in-line hemoperfusion NucleoCapture® prototype column
was established using a 3/8 ‘Y’ connector coming off the centrifugal pump (with a line attached
providing inflow into the column) and return from the column via line attached to a 3-way tap
feeding back into the soft-shell reservoir as demonstrated in Figure 8.6. A new in-line column

prototype was used for each phase i.e. both for perfusion and reperfusion.
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Figure 8.2. Classic NucleoCapture® for connection to Optia Spectra (Terumo). Left: Column components, porous, spherical agarose beads linked with human
recombinant histone H1.3 protein (Santersus AG, Zurich, Switzerland). Plasma is separated from the red blood cell-based perfusate using the Spectra Optia
(Terumo) apheresis system where it flows through the column and contacts the H1.3-conjugated beads. This interaction effectively binds and removes cell-free
DNA, histones, and nucleosomes from circulation. Right: Schematic illustrates the column and beads with trapped/adherent neutrophil extracellular traps
(NETs), cfDNA and histones. Linker histone H1 specifically tightly binds nucleosomes with a Kd between 0.022 and 3.3 nM and naked DNA with a Kd value
of 5 nM?.
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Figure 8.3. In-line hemoperfusion NucleoCapture® prototype column components. The column housing (item 1) with bundle of hollow fibre membrane (item
2), plasma compartment Luer lock connectors (item 9) and blood pots (item 3) with (inlet/outlet) Twist lock connectors provide the structure for the column.
The plasma compartment is filled with adsorbent beads in sterile phosphate buffer with 0.01% sodium azide (item 7). The blood ends are plugged with sealing
stoppers (item 4). The Twist lock blood connectors are used for the blood circuit line connection. Plasma compartment Luer lock connectors are used for filling
of the plasma compartment with adsorbent, tightly closed with sealing stoppers (item 8) and not used during the blood treatment procedure. The adsorbent has
granule diameter of 45-165 pm (a mean granule diameter is 90 um). The pore size of hollow fibre membrane is 0.5 pm; it prevents the passage of the adsorbent
from plasma compartment to blood compartment of the column as well as the passage of blood cells from blood compartment of the column to plasma
compartment of the column, thus the blood cells do not contact with the adsorbent.
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Figure 8.4. Schematic representation demonstrating connection of the OrganOx metra to the Spectra Optia (Terumo) apheresis system (plasma separator
machine) with the incorporated NucleoCapture® classic column.
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Figure 8.5. Inflow and outflow to Spectra Optia (Terumo) with NucleoCapture® classic column integrated. Left: NMP circuit (unprimed) with three-way taps
in place to allow blood to leave the OrganOx metra (red arrow) and treated perfusate to return (blue arrow) following plasma separation and clearance with
NucleoCapture® classic. Middle: Primed circuit demonstrating proximal outflow (red) and distal return (blue) of treated perfusate back to the OrganOx metra.
Right: Full connection shown and position of NuceloCapture® classic column on the Spectra Optia (Terumo) device demonstrated (black arrow).
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Figure 8.6. Connection of the in-line hemoperfusion NucleoCapture® prototype column established using a 3/8 Y’ connector coming off the centrifugal pump
(with a line attached providing inflow into the column, red arrow) and return from the column via line attached to a 3-way tap feeding back into the soft-shell
reservoir (blue arrow).
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8.2.5 Sampling schedule

The sampling schedule is described in Table 8.2 for all perfusions. An additional 12 h timepoint
of samples were collected for the extended in-line hemoperfusion NucleoCapture® prototype
perfusions (hNC-hNC group). In addition, matched pre and post-column perfusate samples

were taken for all livers.

Table 8.2. Sample schedule (tissue, perfusate and blood gas analysis).

NMP perfusion: Leucodepleted pRBC + plasma | Perfusion duration (hours)
perfusion phase

Sample collection 0 [05]|1 |2 |46 12*
Tissue Frozen X X | x
Formalin-fixed X X | X X
Perfusate Biochemistry X X |X |X |X |Xx
Blood gas X |x |x|x |x [x |x
Bile (if produced) X X | X |X |xX |Xx
Allogenic reperfusion: Whole blood reperfusion | Perfusion duration (hours)

phase

Sample collection 0 [05|1 |2 (46 12*
Tissue Frozen X X | x
Formalin-fixed X X X
Perfusate Biochemistry X X |X |x |[x |Xx
Blood gas X |[X |X |x |x [x |Xx
Bile (if produced) X X |X |X |X |Xx

Additional *12h samples taken for in-line hemoperfusion NucleoCapture®™ prototype perfusions.

8.2.6 Measurement of DAMPs

The total concentration of cell-free DNA (cfDNA) in the perfusate was quantified using a
fluorometric assay with SYTOX® Green Dye (Life Technologies, Cheshire, UK). Fluorescence
readings were obtained using a BioTek® Synergy 2 fluorometric plate reader (NorthStar
Scientific Ltd, UK), with excitation and emission wavelengths set at 485 nm and 528 nm,
respectively. cfDNA concentrations were determined by referencing a A-DNA standard curve
(Fisher Scientific, UK). Extracellular histones were quantified by Western blot analysis, using
purified histones as a standard for comparison. These measurements were performed by Dr
Jeremy Schofield (under the supervision of Dr Simon Abrams) at the University of Liverpool.
The measurement of Nucleosomes (H3.1 and H3R8cit) was performed using Nu.Q™ ELISA

assays (Belgian Volition SRL, Isnes, Belgium). These measurements were performed at
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Volition HQ's central lab (Isnes, Belgium) using an automated system to measure the samples
in triplicate following multiple dilutions, see Chapter 2.5.4. Nucleosome measurements were
performed for all livers apart from the in-line hemoperfusion NucleoCapture® prototype

perfusions.

8.2.7 Measurement of microclots: amyloidfibrin(ogen) aggregates

Frozen plasma samples were thawed at 37°C for 10 minutes. Microclots were detected by
incubating citrated platelet-poor plasma (PPP) with 5 uM Thioflavin T (ThT) for 30 minutes
at room temperature, protected from light. A 3 pL aliquot was smeared onto a slide and
examined using fluorescence microscopy (Olympus IX83, with excitation at 467-498 nm and
emission at 513-556 nm). Five representative fields per sample were imaged at 20x
magnification and analysed using Fiji (ImageJ) with the Labkit plugin. A software classifier
was trained to identify and quantify microclots based on their number (count per field) and size

(pixels per field) (436).

8.2.8 Histology
Several biopsies were taken during perfusion and reperfusion: LT1 (post SCS i.e. pre-NMP),
LT2 (end of NMP perfusion phase), LT3 (taken at 1h into whole blood reperfusion) and LT4

(end of whole blood reperfusion).

Two biopsies per timepoint were taken (one for formalin fixation and paraffin embedding and
the other snap frozen). FFPE blocks sections were stained for H&E to assess reperfusion injury,
PAS stain to assess glycogen depletion and IHC to assess CITH3, HMGB1 and MPO positive

stain. Snap frozen biopsies were subsequently stored at -80°C.

All histopathological evaluation of histology slides (apart from IHC) was performed by
Professor Alberto Quaglia (Consultant Histopathologist, Royal Free Hospital, London) who
was blinded to the perfusion protocols and treatment allocations for each liver.
Immunohistochemical assessment of THC slides was performed using the Visiopharm® digital
analysis software which is described in Chapter 2.4.2. These analyses are currently only
available for NMP-NMP and NMP-NC groups. The hNC-hNC group is yet to undergo

histological evaluation.
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8.2.9 Perfusate sampling, blood gas analysis and biochemistry
Perfusate sampling, blood gas analysis and biochemistry analysis is described in Chapter 2.5.
Assessment of hepatocellular injury was performed through measurement of perfusate ALT

(IU/L).

8.3 Results
The mean procurement, warm ischaemia time (WIT) and cold ischaemia time (CIT) of each

group are described in Table 8.3.

Table 8.3. Mean warm and cold ischaemia time per group.

Group Number, N Warm ischaemia time Cold ischaemia time (CIT),
(WIT), minutes minutes
NMP-NMP 3 17 £2.65 258.33 £10.60
NMP-NC 3 16.3 £4.93 287.67 + 36.12
hNC-hNC 3 17.7+2.08 276.67 +£20.82

Warm ischemia time was defined as the period from exsanguination to the start of cold perfusion (during
procurement at the slaughterhouse), while SCS was defined as the time from the beginning of cold
perfusion (at the slaughter house) to the initiation of NMP in the laboratory. NMP-NMP refers to
standard perfusion and reperfusion, NMP-NC refers to NucleoCapture®™ application (integrated with the
Spectra Optia, Terumo) during the reperfusion phase and hNC-hNC refers to the application of the in-
line hemoperfusion NucleoCapture® prototype during both perfusion and reperfusion.

8.3.1 Integration of NucleoCapture® into the ex-situ perfusion circuit

All livers were successfully procured, benched, cannulated and perfused without any
complications. The warm and cold ischemia times were consistent across all groups (see Table
8.3). During both perfusion and reperfusion, all livers exhibited acceptable perfusion
parameters, produced bile and demonstrated a macroscopically uniform appearance. The
perfusate pH remained stable throughout the perfusions, with adjustments made using sodium
bicarbonate as needed to maintain the pH >7.2. The integration of the Spectra Optia (Terumo)
with NucleoCapture® classic column did not have any noticeable impact on the OrganOx metra
perfusion parameters. Similarly, during the extended perfusions (and reperfusions), the direct
integration of in-line hemoperfusion NucleoCapture® prototype column in the ANC-hNC group

did not negatively impact perfusion or reperfusion, see Table 8.4.
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Table 8.4. Perfusate pH, arterial flow (ml/min) and portal flow (L/min).

Group Perfusion Reperfusion

pH 7.35+0.0109 7.27+0.0851

NMP-NMP Arterial flow (ml/min) 281 £20.40 266.5 +21.04
Portal flow (L/min) 0.76 £0.11 0.74 £ 0.03

pH 7.27+0.0191 7.28 £ 0.0540

NMP-NC Arterial flow (ml/min) 297.6 £25.60 3184 +£28.12
Portal flow (L/min) 0.73£0.11 0.83 £0.05

pH 7.36 £ 0.0480 7.39 +0.0445

hNC-hNC Arterial flow (ml/min) 377.7+87.07 395.2+48.8
Portal flow (L/min) 0.85+0.04 0.8 £0.02

Data presented as mean + SD

8.3.2 Removal nuclear DAMPs during ex-situ transplant model

The application of NucleoCapture® both with the adjunct of the Spectra Optia (Terumo) during
whole blood reperfusion and the in-line hemoperfusion NucleoCapture® prototype during both
perfusion (pRBCs + plasma) and allogenic whole blood reperfusion efficiently cleared nuclear
DAMPs compared to NMP alone. Perfusate concentrations of cfDNA and extracellular
histones were measured in all livers. In addition, nucleosomes/NETs were measured in all
livers apart from the in-line hemoperfusion NucleoCapture® experiments (hNC-hNC). These

measurements are currently being undertaken and are therefore not included in this thesis.

8.3.2.1 Pre and Post-column clearance of nuclear DAMPs

The application of NucleoCapture® classic during reperfusion with the adjunct of the Spectra
Optia (Terumo) demonstrated a significant reduction in cfDNA at 1h of reperfusion (pre-
column: 8.16 £+ 2.40 ug/ml vs. post-column: 1.39 + 1.80 pg/ml, P =0.0174) and a clearance of
nucleosomes/NETs at 2h of reperfusion (pre-column: 44893.41 + 14207.02 ng/ml vs. post-
column: 7747.28 = 11530.50 ng/ml, P = 0.0250).
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A non-significant reduction in extracellular free histones was also observed by 6h of
reperfusion (pre-column: 127.44+ 27.20 pg/ml vs. post-column: 86.80 + 36.69 pg/ml, P =
0.198), Figure 8.7A. The in-line hemoperfusion NucleoCapture® prototype also demonstrated
clearance of nuclear DAMPs (albeit to a lesser extent pre and post-column) and this was most

pronounced beyond 6h of perfusion and 6 of reperfusion.

There was a non-significant reduction in cfDNA at 6h of perfusion (pre-column: 2.64 + 0.99
pg/ml vs. post-column: 2.43 + 1.05 pg/ml, P = 0.817) and extracellular histones at 6h of
perfusion (pre-column: 71.87 + 63.01 pg/ml vs. post-column: 65.68 + 76.34 pg/ml, P=0.919),
Figure 8.7B. At 6h of reperfusion, there was a non-significant reduction in cfDNA (pre-
column: 0.49 + 0.24 pg/ml vs. post-column: 0.31 £+ 0.04 pg/ml, P = 0.279) and extracellular
histones (pre-column: 36.64 + 31.38 pg/ml vs. post-column: 32.73 + 38.15 pg/ml, P =0.897),
Figure 8.7C.
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Figure 8.7A-C. Clearance of nuclear DAMPs during 6h of allogenic whole blood reperfusion with
integration of the NucleoCapture® classic column with the Spectra Optia (Terumo) and the OrganOx
metra (A). Initial increase in cfDNA and histones with reduction between 6h and 12h using the in-line
hemoperfusion NucleoCapture® prototype (B). Continued reduction during 12h of allogenic whole
blood reperfusion using the in-line hemoperfusion NucleoCapture® prototype (C). Multiple unpaired t-
tests, data reported as mean + SD. * P <0.05, ** P <0.01, *** P <0.001 and **** P <0.0001.

8.3.2.2 Systemic clearance of nuclear DAMPs

The NMP-NMP and NMP-NC groups were initially perfused for 6h (using autologous pRBC
and plasma) and then reperfused for 6h using allogenic whole blood, with integration of the
NucleoCapture® classic column and Terumo Optia Spectra only in the NMP-NC group at
reperfusion. However, in the hNC-hNC group, the perfusion (and reperfusion) was extended

to 12h and there was continuous application of the NucleoCapture® in-line hemoperfusion
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column directly attached to the OrganOx metra (a new column was attached at reperfusion to

avoid saturation).

During the initial perfusion phase, there was an increase in cfDNA in both the NMP-NMP
group and NMP-NC group (in the absence of NucleoCapture® technology during the perfusion
phase). However, the application of the in-line hemoperfusion NucleoCapture® prototype in
the hNC-hNC group resulted in a significant reduction of cfDNA at 6h of perfusion compared
to both the NMP-NMP and NMP-NC groups (hNC-hNC: 2.64 + 0.99 pg/ml vs. NMP-NMP:
15.03 + 10.30 pg/ml vs. NMP-NC: 34.86 + 9.37 pg/ml, P = 0.0287 and P < 0.0001
respectively). This trend was also observed in extracellular histones, with the hNC-hNC group
demonstrating a significant reduction at 1h of perfusion (hNC-hNC: 71.87 + 63.07 pg/ml vs.
NMP-NMP: 127.44 + 27.20 pg/ml, P =0.0395), Figure 8.8.
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Figure 8.8. Application of the in-line hemoperfusion NucleoCapture®™ prototype integrated directly into
the OrganOx metra results in a significant reduction in cfDNA and extracellular histones during
perfusion compared to NMP alone. The dotted black line indicates histone levels observed in patients
with acute liver failure who did not survive and blue line indicates levels observed in patients that
developed graft dysfunction post liver transplant (437,438). Data reported as mean £ SD and mixed
effect analysis for repeated measures with post-hoc tukey correction to adjust for multiple comparisons
between timepoints. * P < 0.05, ** P <0.01, *** P <0.001 and **** P <0.0001.

At the end of 6h allogenic whole blood reperfusion, there was a significant decrease in cfDNA
in the NMP-NC group and hNC-hNC groups (with the adjunct of NucleoCapture® technology)
compared to the NMP-NMP group (NMP-NC: 5.98 + 4.45 pg/ml and hNC-hNC: 0.49 + 0.24
pg/ml vs. NMP-NMP: 16.87 + 3.19 pg/ml, P = 0.0098 and P = 0.003 respectively), Figure
8.9A. In the hNC-hNC group, where perfusion (and reperfusion) was extended, there was a
non-significant reduction in cfDNA between 12h of perfusion and 12h of reperfusion (1.47 +

0.96 pg/ml vs. 0.10 = 0.09 pg/ml, P = 0.070), Figure 8.9B. Similarly, there was a significant
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reduction in extracellular histones in the NMP-NC group and hNC-hNC groups by 6h of
reperfusion compared to the NMP-NMP group: NMP-NC: 58.99 + 12.26 pg/ml and hNC-hNC:
36.64 £ 31.34 pg/ml vs. NMP-NMP: 152.30 =+ 16.82ug/ml (P = 0.0015 and P = 0.0001
respectively), Figure 8.9C. In the hNC-hNC group, there was a non-significant reduction in
extracellular histones between 12h of perfusion and 12h of reperfusion (45.25 + 46.21 pg/ml
vs. 8.03 £5.24 pg/ml, P=0.237), Figure 8.9D.
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Figure 8.9A-D. Application of both NucleoCapture® classic integrated with the OrganOx metra via the
Optia Spectra (Terumo) plasma apheresis device (NMP-NC) and the in-line hemoperfusion
NucleoCapture® prototype (hNC-hNC) integrated directly into the OrganOx metra results in a
significant reduction in cfDNA and extracellular histones by 6h of allogenic whole blood reperfusion
(A and C). During extended perfusion (and reperfusion) in the hNC-hNC group, a reduction in cfDNA
and extracellular histones is also observed between 12h of perfusion and 12h of reperfusion (B and D).
The dotted black line indicates histone levels observed in patients with acute liver failure who did not
survive and blue line indicates levels observed in patients that developed graft dysfunction post liver
transplant (437,438). Multiple unpaired t-tests, data reported as mean + SD and mixed effect analysis
for repeated measures with post-hoc tukey correction to adjust for multiple comparisons between
timepoints. * P <0.05, ** P <0.01, *** P <0.001 and **** P <(.0001.

Nucleosomes/NETs were only measured in the NMP-NMP and NMP-NC groups. During the

initial perfusion phase, there was an increase in Nucleosomes (quantified using the Volition
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H3.1 assay) in both the NMP-NMP group and NMP-NC group (in the absence of
NucleoCapture® technology during the perfusion phase). Perfusate Nucleosome levels were
highest in both groups by 6h of perfusion (NMP-NC: 23561.6 + 39208.12 ng/ml vs. NMP-
NMP: 64256.37 + 41575.60 ng/ml, P = 0.284). This trend was also observed in NETs
(quantified using the Volition H3R8cit assay) with perfusate levels highest by 6h of perfusion
(NMP-NC: 591.13 £937.72 ng/ml vs. NMP-NMP: 2290.0 + 1980.56 ng/ml, P=0.250), Figure
8.10A. During allogenic whole blood reperfusion, there was a significant decrease in
Nucleosomes in the NMP-NC group (with the adjunct of NucleoCapture® technology)
compared to the NMP-NMP group at 6h of reperfusion (NMP-NC: 15746.0 + 8138.71 ng/ml
vs. NMP-NMP: 108462 + 29088.84 ng/ml, P = 0.0060). This trend (although not significant)
was also demonstrable for perfusate NETs at 6h of reperfusion (NMP-NC: 591.13 + 937.13
ng/ml vs. NMP-NMP: 2290.0 + 1980.56 ng/ml, P = 0.250), Figure 8.10B.
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Figure 8.10A-B. The absence of NucleoCapture® integrated with the OrganOx metra via the Optia
Spectra (Terumo) plasma apheresis device during perfusion results in an increase in both Nucleosomes
and Neutrophil Extracellular Traps (NETs) (A). However, with the addition of the NucleoCapture®
classic column during whole blood allogenic reperfusion (NMP-NC) there is a significant reduction in
Nucleosomes (but not NETs) by 6h of reperfusion (B). The dotted black line indicates Nucleosome
levels observed in patients in ICU with COVID who did not survive (439). Multiple unpaired t-tests,
data reported as mean = SD. * P <0.05, ** P<0.01, *** P<0.001 and **** P <0.0001.
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8.3.3 Reduction in microclots with NucleoCapture®

Application of both the NucleoCapture® classic column integrated with the OrganOx metra via
the Optia Spectra (Terumo) plasma apheresis device (NMP-NC) and the in-line hemoperfusion
NucleoCapture® prototype (h(NC-hNC) integrated directly into the OrganOx metra resulted in

a reduction in microclots as demonstrated in Figure 8.11 and 8.12.
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Figure 8.11A-B. Example of an NMP-NC Liver where microclots were assessed by incubating samples with Thioflavin T and viewed under fluorescence
microscopy. Left: Systemic perfusate (top row) demonstrating an accumulation of microclots during the initial 6h of NMP phase (pRBC + plasma, in the
absence of NucleoCapture®™ technology). Following integration of the NucleoCapture® classic column with the OrganOx metra via the Optia Spectra (Terumo)
plasma apheresis device during whole blood allogenic reperfusion of the same liver, a reduction in microclots by the end of 6h reperfusion is observed (bottom
row) (A). Right: Pre-column perfusate samples (up to 6h of reperfusion) are shown in the top row, the post-column samples are shown in the bottom row with

successful clearance of microclots (B).
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hNC-hNC (9h of perfusion)

Pre Post

Figure 8.12. Example of liver perfused with the in-line hemoperfusion NucleoCapture® prototype (hNC-hNC) integrated directly into the OrganOx metra.
Images are representative of the initial NMP perfusion phase (pRBCs + plasma). The perfusate samples (pre and post-column) taken at 9h of NMP demonstrates
a reduction in microclots.
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8.3.4 Histological assessment

Histological analysis of the livers demonstrated reduced neutrophil infiltration in those treated
with NucleoCapture®. Despite this, the overall histological features were comparable across all
groups. Notably, any form of NMP, regardless of the inclusion of NucleoCapture®, was
associated with glycogen depletion following whole blood allogenic reperfusion (in the
absence of insulin). H&E as well as PAS sections for livers perfused in the NMP-NMP and
NMP-NC groups are shown in Figure 8.13 and 8.14 respectively. In addition,
immunohistochemical (IHC) quantification of DAMPs i.e. CITH3, MPO and HMGBI1 (using
Visopharm® digital analysis software) is shown in Figure 8.15 demonstrating a reduction in
positive staining in the NMP-NC group at the end of reperfusion with NucleoCapture®.
Histological sections (H&E, PAS and IHC) for livers perfused in the hNC-hNC group are yet

to have histopathological evaluation and are therefore not included in this chapter.
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during perfusion and reperfusion
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depletion by end of reperfusion
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end of 6h allogenic reperfusion and
mild glycogen depletion at the end
of both perfusion and reperfusion

No neutrophil infiltration but severe
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Figure 8.13. Blinded histopathological evaluation of NMP-NMP livers
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Figure 8.15. LTI (post SCS, Pre-NMP), LT2 (end of NMP perfusion phase), LT3 (taken at 1h into whole blood reperfusion) and LT4 (end of whole blood
reperfusion). Reduction in positive staining for MPO, CITH3 and HMGBI at the end of reperfusion in the NMP-NC group treated with NucleoCapture®. A
significant reduction in HMGBI stain in the NMP-NC group at the end of both perfusion and reperfusion compared to the NMP-NMP group. Multiple unpaired
t-tests, data reported as mean = SD. * P <0.05, ** P <0.01, *** P <0.001 and **** P <0.0001.
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8.3.5 Hepatocellular injury

During the initial NMP perfusion phase (with pRBCs + plasma) there was no significant
difference between ALT at 6h between groups (NMP-NMP: 260.70 + 249 IUL; NMP-NC:
307.4 £ 223.74 TU/L and; hNC-hNC: 343.53 + 409.52 IU/L). This trend in ALT was also
observed at 6h of whole blood allogenic reperfusion (NMP-NMP: 215.13 £ 200.80 IUL; NMP-
NC:250.10+ 105.54 TU/L and; hNC-hNC: 248.1 £+ 282.90 IU/L). In the hNC-hNC group, there
was a non-significant difference in ALT between 12h of perfusion and 12h of reperfusion

(407.60 + 455.54 pg/ml vs. 422.43 + 520.88 pg/ml, P = 0.972), Figure 8.16.
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Figure 8.16. Hepatocellular injury quantified through measurement of perfusate ALT (IU/L). No
significant difference between timepoints observed. Data reported as mean + SD, Multiple unpaired t-
tests and mixed effect analysis for repeated measures with post-hoc tukey correction to adjust for
multiple comparisons between timepoints. * P <0.05, ** P<0.01, *** P<0.001 and **** P <0.0001.
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8.3.6 Lactate clearance

During the initial NMP perfusion phase (with pRBCs + plasma), although the lactate was
higher in the NMP-NC group, there was no significant difference in lactate at 6h between
groups (NMP-NMP: 11.67 + 3.6 mmol/L; NMP-NC: 14.20 + 9.22 mmol/L and; hNC-hNC:
4.34 + 5.53 mmol/L). However, at 6h of whole blood allogenic reperfusion the perfusate lactate
was lower in the NMP-NC and hNC-hNC groups compared to the NMP-NMP group (NMP-
NMP: 11.33 £ 5.66 mmol/L; NMP-NC: 8.23 + 5.77 mmol/L and; hNC-hNC: 1.87 + 2.11
mmol/L). In addition, a significant reduction was observed at 1h and 4h of reperfusion in the
hNC-hNC group compared to the NMP-NC and NMP-NMP groups (P=0.0135 and P=0.0491
respectively). This reduction in the hNC-hNC group remained significant at 6h of reperfusion
compared to the NMP-NMP group (P = 0.0265). Overall, in the hNC-hNC group, there was a
non-significant decrease in lactate between 12h of perfusion and 12h of reperfusion (2.40 +

2.52 mmol/L vs. 1.37 £ 1.17 mmol/L, P = 0.554), Figure 8.17.
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Figure 8.17. A significant reduction in lactate only observed in the hNC-hNC group during whole blood
allogenic reperfusion. Data reported as mean = SD, Multiple unpaired t-tests and mixed effect analysis
for repeated measures with post-hoc tukey correction to adjust for multiple comparisons between
timepoints. * P <0.05, ** P <0.01, *** P <0.001 and **** P <0.0001.
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8.3.7 Discarded human liver perfusion with in-line hemoperfusion NucleoCapture®

To confirm the findings of the hNC-hNC group, the in-line hemoperfusion NucleoCapture®
prototype column was tested in a discarded human liver during perfusion (total of 12h) and
reperfusion (total of 6h). The overall objective of this perfusion was to assess the performance
of the in-line hemoperfusion NucleoCapture® prototype column in the clearance of nuclear

DAMPs and microclots. The donor details are described in Table 8.5.

Table 8.5. Donor details and liver characteristics

Perfusion protocol and warm time between Age | Type CIT Baseline Liver
end of NMP, cold flush and commencement | (years) h& steatosis: weight
of whole blood reperfusion min) Surgeon’s (kg)
assessment
Human NucleoCapture® Liver 1 12h Moderate and
. . 66 DCD . L 1.7
Warm time: 42 min 21 min | capsular injury

The sampling schedule for this human liver perfusion is described in Chapter 7.2.3. However,
as with the hNC-hNC perfusions, the pre-column perfusate samples were collected from the
IVC line exiting the liver (and therefore also reflect systemic levels). Post-column samples
were collected from a three-way tap located on the line exiting the column (prior to drainage
into the reservoir), see Figure 8.18. Serial biopsies were taken; however, these are yet to have

histopathological evaluation.

Figure 8.18. Red arrow demonstrates site of sampling for pre-column perfusate, and blue arrow
demonstrates post-column site for sample collection.
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8.3.7.1 Pre and post-column clearance of nuclear DAMPs

There was no difference in the pre and post-column c¢fDNA concentrations. However, there
was a trend in overall reduction of cfDNA at the end of 12h perfusion (pre-column
concentration of 4.82 pg/ml from peak value of 6.06 pg/ml at 6h of perfusion) and further
reduction by 6h of allogenic whole blood reperfusion (pre-column concentration of 3.18
pg/ml). This trend was also observed in perfusate extracellular histone concentrations at the
end of 12h perfusion (pre-column concentration of 114.52 pg/ml from peak value of 144.62
pg/ml at 4h of perfusion) and a further reduction by 6h of allogenic whole blood reperfusion
(pre-column concentration of 34.60 pg/ml). In addition, a reduction in extracellular histones
was observed pre and post-column at 4h of perfusion (144.62 pg/ml vs. 89.01 pg/ml) and also
during 4h of allogenic reperfusion (43.40 pg/ml vs. 27.08 pg/ml). However, at 6h of perfusion
there was an increase in pre and post-column extracellular histone concentrations (101.11

pg/ml vs. 148.99 pg/ml), Figure 8.19.
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Figure 8.19A-B. Pre-column perfusate samples collected from the IVC line exiting the liver (and
therefore also signify systemic levels). Post-column samples collected from three-way tap located on
the line exiting the column (prior to drainage into the reservoir). The dotted black line indicates histone
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levels observed in patients with acute liver failure who did not survive and blue line indicates levels
observed in patients that developed graft dysfunction post liver transplant (437,438).

8.3.7.2 Pre and post-column clearance of microclots

There was an increase in microclots (number/field) progressively during perfusion followed by
a reduction during reperfusion (peak of 4.4 at 12h of perfusion with resolution by 6h of whole
blood allogenic reperfusion). This trend was also observed in the size of microclots
(pixels/field) progressively increasing during perfusion, followed by a reduction during
reperfusion (peak of 1517 at 12h of perfusion with resolution by 6h of allogenic whole blood
reperfusion). Overall, the column was effective in clearing microclots (pre and post-column)
with the greatest clearance seen at 4h of perfusion (number/field: 2 vs. 0.2 and size pixels/field:
268.2 vs. 38.8) and 1h of allogenic whole blood reperfusion (number/field: 1.6 vs. 0.8 and size
pixels/field: 398.6 vs. 58.6), see Figure 8.20.
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Figure 8.20. Reduction in microclots (number and size) pre and post-column during perfusion and complete resolution of microclots following allogenic whole blood
reperfusion.
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8.3.7.3 Perfusion parameters

During both perfusion and reperfusion, the liver exhibited acceptable perfusion parameters, the
mean perfusion arterial flow was 538.8 + 51.9 ml/min and reperfusion arterial flow was 470 +
84.28 ml/min. The portal flows followed a similar trend, the mean perfusion portal flow was
0.83 £ 0.08 L/min and reperfusion portal flow was 0.95 + 0.14 L/min. In addition, the liver
produced bile and demonstrated a macroscopically uniform appearance. The bile pH was 7.43
at 6h and 7.56 at 12h of perfusion (with total bile production of 400 ml during perfusion).
Similarly, the bile pH was 7.46 at 1h reperfusion (with total bile production of 80 ml at the end
of allogenic whole blood reperfusion). In addition, the perfusate pH remained stable
throughout, with adjustments made using sodium bicarbonate as needed to maintain the pH
>7.2 (a total of 80 ml given during perfusion and 30 ml during the first 5 min of allogenic
whole blood reperfusion). There was clear evidence of glucose metabolism requiring initiation
of Nutriflex during perfusion (this was not continued during reperfusion due to simulation of
the transplant procedure). The initial ALT was >6000 [U/L during perfusion, with a subsequent
decrease at 6h of perfusion and further reduction during allogenic whole blood reperfusion,

Figure 8.21.
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Figure 8.21. Perfusion metrics demonstrating a functioning liver with stable pH, lactate clearance, glucose metabolism and down trending perfusate ALT
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8.4 Discussion

Damage-associated molecular patterns (DAMPs) are critical mediators in the innate immune
response, serving to recruit immune cells to sites of tissue injury, including during the
reperfusion phase of solid organ transplantation (431,432). Although this immune response is
intended to protect the host, it can inadvertently result in excessive inflammation and
subsequent tissue damage (159,399,433). In the context of NMP, which is increasingly utilised
for liver preservation, DAMPs may propagate ex-situ sterile inflammation and therefore
exacerbate IRI. The presence of DAMPs, including cfDNA, histones, nucleosomes, and
HMGBI, has been strongly associated with suboptimal graft outcomes, primarily due to the
inflammatory cascades they trigger (162,434). Furthermore, the significant role of NETs in IRI
and cell injury that occur during liver transplantation support this hypothesis (75,399).

8.4.1 Integration of NucleoCapture® in an ex-situ DCD Porcine model of liver transplant
This chapter builds on findings from Chapter 7 that demonstrated an increase in cfDNA (a
nuclear DAMP) during NMP and subsequent allogenic whole blood reperfusion in discarded
steatotic (and predominately DCD) human livers. The present study involving DCD porcine
livers with incorporation of the NucleoCapture® column (both in conjunction with the Spectra
Optia or as in-line hemoperfusion column) demonstrated the NucleoCapture® technology was
effective in targeting specific molecules such as cfDNA, extracellular histones and intact
nucleosomes confirming that the H3.1 protein conjugate to the sepharose beads within the

column is highly effective in removing chromatin.

The reduction in these nuclear DAMPs correlated with improved ex-situ liver function, as
evidenced by better lactate clearance, reduction in microclots, enhanced vascular flow rates
without a significant difference in perfusate ALT levels. The extended 12h application of the
in-line hemoperfusion resulted in improved overall clearance of nuclear DAMPs (with lowest
perfusate concentrations at the end of reperfusion). The reduction in DAMPs was also
confirmed in a discarded human liver perfusion involving the application of the in-line

hemoperfusion NucleoCapture® prototype during perfusion and reperfusion.

In addition, specific data regarding the application of NucleoCapture® classic column

(integrated with the Spectra Optia, Terumo) in the perfusion phase alone pertain to the DPhil
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thesis of my colleague Dr Fungai Dengu and are not included in this chapter but are referenced
solely for illustrative purposes. Briefly, the application of NucleoCapture® during the initial 6h
of NMP resulted in a pre and post-column reduction in nuclear DAMPs (n = 3) with improved
vascular flows and lactate clearance as well as a reduction in hepatocellular injury and perfusate
microclot burden compared to NMP alone. However, when these livers where reperfused with
allogenic whole blood, there was a rebound and subsequent increase in nuclear DAMPs to a

level comparable with initial preservation with NMP alone.

Together, the findings suggest that the application of NucleoCapture® during allogenic whole
blood reperfusion or initial autologous leucodepleted perfusion (NMP) can result in DAMP
clearance with additional benefits when the column is used in both phases i.e. to prevent
rebound of DAMPs during reperfusion. Therefore, the incorporation of NucleoCapture®
technology in this context represents a novel and significant step in addressing the
inflammatory challenges posed by ex-situ reperfusion (on the machine, first hit) and ischaemia-
reperfusion (in the recipient, second hit) injury following transplantation, especially in the

context of extended criteria donor (ECD) livers.

Overall, these findings are important as they provide a mechanistic insight into how DAMP
removal enhances liver preservation outcomes during NMP and suggest an advantageous role
of the technology in a continuous manner i.e. ex-situ to treat the donor liver and attached to the
recipient during reperfusion in the clinical setting of liver transplantation. Importantly,
incorporation of the NucleoCapture® column into the NMP circuit was both feasible and
reproducible, with no negative impact on the perfusion parameters of the OrganOx metra
device. This is an important finding as it indicates that the addition of the column does not
compromise the hemodynamic performance of the NMP system, which is essential for

preserving the viability of the liver graft.

8.4.2 NucleoCapture® results in clearance of nuclear DAMPs
Cell-free DNA (¢cfDNA) and HMGB1

Scheuermann et al. performed a series of perfusions on rat livers and demonstrated an increase
in cfDNA and HMGBI at the end of initial 4h normothermic perfusion (compared to livers
perfused at room temperature and sub-normothermic conditions). This occurred despite the use

of a leukocyte filter to remove inflammatory cells during perfusion. The increase in cfDNA
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and HMGB1 was also demonstrated during a subsequent 2h period of normothermic
reperfusion (compared to SCS as a reference group and livers initially perfused at room
temperature and sub-normothermic conditions). The results suggest a metabolism and time-

dependent accumulation of these DAMPs.

The authors performed an in vitro assay to evaluate the biological activity of DAMPs released
during machine perfusion using commercially available TLR reporter cell lines. In this assay,
TLR activation was associated with NF-«B activation characterised by secretion of ALP in the
cell media. Perfusate samples were incubated with TLR3, TLR4, and TLR9 reporter cell lines,
corresponding to extracellular RNA, HMGBI1, and ¢fDNA activation, respectively. End of
perfusion perfusate from the normothermic group demonstrated a significantly higher
activation of TLR3 and TLR9, with a non-significant trend towards increased TLR4 activation
compared to other groups. Similar results were observed after reperfusion, with normothermic

perfusion inducing significantly greater TLR3 and TLR9 activation (440).

Whilst this study provides important mechanistic insights, there are several limitations which
preclude applicability to a clinical setting and requires validation in a large animal model or on
discarded human livers. In addition, the use of a leucocyte filter during the initial perfusion
phase may limit the interpretation of the findings as it is an increasingly recognised
phenomenon of mobilisation of passenger leucocytes from the liver graft and potential
interplay of these in other inflammatory mediators in the ex-situ environment (441,442). In
addition, the reperfusion did not necessarily reflect simulation of liver transplantation due to
the lack of whole allogenic blood in the perfusate. In contrast, the study described in this
chapter with the adjunct of NucleoCapture® technology addresses the majority of these
limitations particularly in the ability to remove nuclear DAMPs during short 6h and extended
12h perfusions and reperfusions in a large animal model. Furthermore, the current study also
demonstrated a reduction in tissue HMGB1 following allogenic whole blood reperfusion with
the integrated NucleoCapture® technology. The results described herein also align with human
liver perfusion results published by Cox et al. suggesting that the monitoring cfDNA during
NMP is a feasible tool for assessing graft viability, with higher levels indicating potential non-

viability of the graft (443).

HMGBI is a non-histone DAMP and is a nuclear protein that does not contribute to the

structural formation of chromatin (as histones do) but instead acts as a dynamic regulator of
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DNA function. Upon cellular injury, it is released extracellularly, where it functions as a
DAMP by initiating and amplifying inflammatory responses (444). HMGBI, is a widely
investigated DAMP in the context of liver transplantation, is released early during NMP, and
correlates with traditional markers of hepatocellular injury (AST and GLDH levels) as well as
cholangiocyte damage (GGT levels) (445). [lmakunnas et al. identified HMGBI1 as an early
indicator of hepatic injury post-transplantation, with levels peaking as early as 10 minutes after
portal venous reperfusion, particularly in the caval effluent. Interestingly, HMGBI1 kinetics
were linked to graft steatosis and postoperative ALT levels, but showed no correlation with IL-
6 or TNF-a (446). Additionally, studies have demonstrated that anti-HMGBI1 antibodies can
protect against ischemia-reperfusion injury (IRI), reducing hepatocellular damage and cytokine

release (62,447).

Beetz et al. demonstrated that HMGB-1 and IL-18 levels increase in the perfusate when livers
are preserved with prolonged SCS before NMP using autologous whole blood, suggesting their
potential as markers of cellular injury during NMP (445). Although HMGBI is recognised as
a key DAMP in liver disease and ischemia-reperfusion injury (IRI) (448,449), its measurement
and interpretation are challenging. A significant portion of HMGBI is bound to IgG complexes,
lipids, or DNA/chromatin fragments, making it difficult to detect without sample optimisation.
Furthermore, characterising specific HMGBI1 isoforms is complex and costly, yet crucial for
understanding its inflammatory potential (448). For instance, HMGB 1-nucleosome complexes
are highly inflammatory, capable of triggering innate immune responses and promoting pro-
inflammatory cytokine release from T-cells, as well as influencing adaptive immunity by

maturing dendritic cells into more immunogenic antigen-presenting cells (450,451).

Whilst the findings presented within this chapter have demonstrated a reduction in HMGBI1 at
the end of allogenic whole blood reperfusion with the NucleoCapture® classic column
integrated with the Spectra Optia (Terumo) and OrganOx metra compared to NMP alone livers.
The detection was based on immunohistochemical staining and the results are not without
limitation. HMGB1 immunohistochemistry in liver tissue can be limited by technicalities such
as antibody cross-reactivity, challenges in distinguishing nuclear and cytoplasmic localisation,
variability in staining, sample preparation artifacts and difficulty in detecting different HMGB1
isoforms. Therefore, complementary quantitative methods (i.e. perfusate ELISA) are necessary
for more accurate interpretation and reproducibility. Whilst the whole reperfusions described

by Beetz et al. did not comprise allogenic (third party) whole blood (and therefore do not
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completely reflect an ex-situ transplant model), the findings pertaining to HMGB1 warrant
further investigation in perfusate samples collected within the studies described in this chapter.
Specifically, the degree to which HMGBI is bound within nucleosome complexes versus its
free form, and whether NucleoCapture® effectively removes either or both forms, is of

particular interest.

Extracellular histones and Myeloperoxidase (MPO)

Extracellular histones are key mediators of systemic inflammatory diseases, exhibiting various
harmful effects such as direct cytotoxicity, increased vascular permeability, activation of
coagulation, platelet aggregation and stimulation of cytokine production (437). In the context
of hepatocellular injury, Wen et al. explored the role of extracellular histones in the setting of
Acute liver failure (ALF) and demonstrated median plasma histone levels at admission were
notably higher in patients at 5.587 pg/ml (IQR: 0.694—7.892) compared to those with chronic
liver disease (CLD) at 1.035 pg/ml (IQR: 0.578-1.157) and healthy controls at 0.794 pg/ml
(IQR: 0.378-1.136). Moreover, patients with higher histone levels at admission showed
increased mortality. There was a significant difference in histone levels between ALF patients
who died within 28 days (5.415 pg/ml [IQR: 4.054—7.561]) and those who survived (3.531
pg/ml [IQR: 2.387-5.703], P = 0.024). However, there is paucity in the literature exploring the

role of extracellular histones in the clinical setting of liver transplantation (437).

Li et al. explored the role of histones in primary graft dysfunction (PGD) following liver
transplantation. Blood samples from 58 liver transplant recipients were analysed prior to
transplantation and at 24h and 72h post-transplantation. The authors demonstrated a significant
increase in extracellular histones immediately after transplantation, peaking at 24 hours and
remaining elevated at 72 hours. Patients with PGD had notably higher histone levels compared
to those without PGD. These elevated histone levels correlated with other inflammatory
markers, including myeloperoxidase (MPO) and S100A8/A9. In vitro experiments
demonstrated that post-transplant sera induced cell death in LO2 hepatocytes and increased
cytokine production in U937 monocytic cells, effects that were mitigated by heparin or an anti-
histone antibody. These results suggest that targeting extracellular histones during implantation
of the liver graft could be a potential strategy for preventing PGD and improving liver
transplant outcomes (438). Overall, no previous studies have demonstrated/quantified

extracellular histones during ex-situ perfusion. Therefore, the results presented herein
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demonstrate a novel finding of the extracellular histone clearance during NMP and subsequent

allogenic whole blood reperfusion with the application of NucleoCapture® technology.

Myeloperoxidase (MPO) is an enzyme primarily found in neutrophils and, to a lesser degree,
in monocytes. It has potent bactericidal effects by converting C1™ and H>O> into hypochlorous
acid (HOCI), a strong oxidant. However, excessive production of MPO-derived oxidants has
been linked to harmful effects in inflammatory diseases. These oxidants contribute to disease
pathology by oxidising biomolecules, thereby increasing inflammation and oxidative stress
(452). MPO-DNA complexes are formed when myeloperoxidase (MPO) released by activated
neutrophils binds to extracellular DNA. These complexes are key components of neutrophil
extracellular traps (NETs) (75,453). In the current study, a reduction (albeit non-significant) in
tissue sections stained for MPO was observed at the end of 6h reperfusion with NuceloCapture®
integrated with the Spectra Optia (Terumo) and OrganOx metra compared to NMP alone livers.
Whilst the results suggest an overall trend in DAMP reduction, the results of tissue IHC a
subject to similar limitations described for tissue HMGBI1 and are useful for localisation of

MPO (rather than absolute quantification).

Nucleosomes/NETs and CITH3

Von Meijenfeldt et al. investigated the presence of NET markers in the plasma of liver
transplant patients and their association with coagulation activation. Results showed
perioperative increases in NET markers, particularly cell-free DNA (cfDNA) and nucleosomes,
which peaked after reperfusion. These markers correlated with established coagulation
activation indicators. Immunostaining confirmed NETosis in post-reperfusion biopsies. The
study suggests that while NETosis occurs during liver transplantation, most circulating DNA
likely originates from graft cell death, with cfDNA and nucleosomes potentially influencing
the haemostatic rebalance observed in these patients i.e. a more prothrombotic environment

following reperfusion in the recipient (75).

In the current study, the measurement of nucleosomes/NETs (H3.1 and H3RS8cit) was
performed using Nu.Q™ ELISA assays (Belgian Volition SRL, Isnes, Belgium). The H3.1
assay specifically detects nucleosomes that contain histone H3.1, a variant of histone H3. This
variant is typically found in NETs, making the H3.1 assay a valuable surrogate marker for the
presence of NETs. Thus, by measuring the levels of nucleosomes containing H3.1, the H3.1

assay provides an indirect yet reliable indication of NET formation. The H3R8Cit assay is a
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distinct from the H3.1 assay in that it specifically measures citrullinated histone H3,
particularly at the arginine 8 position (H3RS). Citrullination is a post-translational modification
where the enzyme peptidylarginine deiminase (PAD) converts arginine residues in histone
proteins into citrulline. This modification is a hallmark of neutrophil extracellular trap (NET)

formation i.e. NETosis.

Measurement of perfusate samples demonstrated a significant increase in Nucleosomes/NETs
in livers perfused with NMP alone quantified with the H3.1 assay (64256.36 +£41575.60 ng/ml
during perfusion and 108462.5 + 29088.84 ng/ml at the end of 6h allogenic whole blood
reperfusion). These findings demonstrate pathologically high levels of nucleosomes (H3.1
assay) i.e. >100000 ng/ml in the standard NMP ex-situ set-up when compared to the highest
level of 6000 ng/ml in ITU patients with COVID that suffered mortality as reported by Cavalier
et al (439). However, when the NucleoCapture® classic column was integrated with the Spectra
Optia (Terumo) and the OrganOx metra during allogenic whole blood reperfusion, there was
systemic and significant reduction in perfusate nucleosomes at the end of reperfusion (15746
+ 8138.71 ng/ml). A similar (non-significant) trend was also observed with the H3R8cit assay.
Overall, analysis of the pre and post-column samples demonstrated a significant reduction in
H3.1 demonstrable as early as 2h of allogenic whole blood reperfusion. The perfusate findings
were also supported by a reduction in CITH3 immunohistochemical stain of liver tissue

obtained at the end of NucleoCapture® treatment.

8.4.3 NucleoCapture® is associated with a reduction in amyloidfibrin(ogen) aggregates

Recently, Schofield et al. investigated the presence and clinical significance of amyloid-
fibrin(ogen) aggregates, termed microclots, in critically ill patients admitted to the ICU.
Microclots were detected in 42.3% of the patients upon admission and were strongly associated
with sepsis and adverse outcomes such as disseminated intravascular coagulation (DIC) and
increased 28-day mortality. Through proteomic and immunofluorescence analyses, the study
confirmed that these microclots contain fibrin(ogen) aggregates (436). Whilst previous studies
by Pretorius et al. and Baker et al. identified similar fibrin aggregates in conditions like post-
acute sequelae of SARS-CoV-2 infection (PASC) and pulmonary embolism, this research is
the first to propose microclots as a potential predictive biomarker in an ICU setting (454,455).
The study highlights the need for further research to understand the pathophysiological role of

microclots and their formation mechanisms, especially in the context of solid organ
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transplantation. Herein, through collaboration with Schofield et al. we have demonstrated
presence of microclots during ex-situ perfusion (and allogenic whole blood reperfusion). More
importantly we had demonstrated the ability to remove microclots with the application of
NucleoCapture® technology in the experimental study involving porcine DCD livers described
within this chapter with findings confirmed observed in a discarded human liver perfusion. The
measurement of microclots within bile samples collected during perfusions performed within
this chapter remains an urgent consideration, with ischaemic cholangiopathy remaining the
Achilles heel of DCD liver transplantation (42). The ability of NucleoCapture® to therefore

mitigate this complication warrants further investigation.

8.4.4 Comparison with other ex-situ DAMP removal strategies

As NMP continues to be adopted as an advanced preservation technology, most research to
date has primarily focused on establishing its efficacy as a preservation method (with
advantages in mitigating IRI). More recently, attention has shifted towards exploring NMP's
potential as a platform for therapeutic interventions (245,456). However, there has been limited
investigation into the molecular and immunological mechanisms at play during NMP
(441,442), with even fewer studies attempting to modulate these pathways to optimise graft

function and improve transplant outcomes (457,458).

The Toronto group (459) modified their perfusion circuit and perfusate composition to reduce
the inflammatory effects of the perfusate through removal of components of whole blood that
are known to contribute to IRI: leukocytes, platelets and plasma cytokines. To achieve this, the
perfusion circuit was adapted to include an inline leukocyte filtration (Pall LeukoGuard®,
Cornwall, UK) and dialysis filtration. In addition, the perfusate was modified to include washed
erythrocytes as the oxygen carrier in a 3L Steen solution (XVIVO Perfusion, INC., Goteborg,
Sweden), aiming for a 10-12% haematocrit and thereby avoiding a cytokine rich environment.
This approach was designed to prevent the negative IRI-related outcomes seen in DCD porcine
liver models where SCS was followed by NMP with whole blood-based reperfusion (459).
However, the authors did not measure perfusate nuclear DAMPs before and after these
modifications, making it difficult to completely assess the impact of these changes on

circulating DAMPs and graft performance in this context.
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In a recent study by Obara et al. (460), the authors evaluated the performance of DCD pig livers
subjected to sub-normothermic machine perfusion (SNMP) with or without early perfusate
exchange. This approach aimed to remove inflammatory cytokines that are rapidly produced
upon reperfusion (within 5 mins) and may contribute to IRI. However, the use of autologous
whole blood in this study limits its broader applicability, as previously highlighted by the
Toronto group above (459). Moreover, perfusate exchange introduces a significant dilutional
effect, complicating the direct assessment of circulating damage markers. Whilst this exchange
likely reduced inflammatory molecules by washing out those generated during reperfusion and
diluting those present in the circuit, it also confounds the interpretation of damage marker
concentrations in the perfusate. It becomes challenging to distinguish between a true reduction
in injury marker generation due to perfusate exchange and the dilution effect itself. In contrast,
the study presented within this chapter did not involve perfusate dilution and instead focused
on molecules with very short half-lives, such as nucleosomes (4 minutes) and cell-free DNA
(15 minutes) (164,461). This approach enabled the samples to more accurately capture real-
time events occurring during NMP (closely corresponding with the timing of sample
acquisition) and specifically focused on nuclear DAMPs, providing clear evidence on the
feasibility of a targeted interventional strategy to remove these inflammatory mediators to

improve graft function.

An alternative strategy for optimising perfusate has involved the use of cytokine filtration,
specifically employing the CytoSorb® column (CytoSorb 300, CytoSorbents™ Europe GmbH,
Berlin, Germany) to selectively remove circulating cytokines. This approach has demonstrated
improvements in lung ex vivo lung perfusion (EVLP) and kidney normothermic machine
perfusion (NMP) studies (462—464). However, data on cytokine removal in liver NMP is
limited. Karangwa et al. (465) conducted a study on DCD liver NMP (perfused for 3.5h) using
an acellular, plasma-free perfusion solution containing a bovine haemoglobin-based oxygen
carrier, HBOC-201 (Hemopure, HbO2 Therapeutics LLC), followed by autologous whole
blood reperfusion (perfused for 2.5h). The livers were randomised to either Cytosorb®
filtration or NMP alone during the initial acellular perfusion phase. Whilst the filter was
successfully integrated into the Liver Assist (Groningen, the Netherlands) perfusion system
without complications, no significant differences in circulating cytokine levels were observed
between the groups, nor was there a significant reduction in cytokine levels across the filter.
Compared to the study described in this chapter, both the perfusion and reperfusions phases

were short and therefore the study lacked data on the performance of Cytosorb® over extended

319



perfusion. In addition, during perfusion, the use of acellular HBOC-1 may limit the translation
of the findings to clinical practice where standard NMP routinely involves the use of pRBC as
the primary choice for perfusate. In addition, the authors did not consider integration of the
Cytosorb® during the whole blood reperfusion phase, it therefore remains unclear if the column
will have any benefit during reperfusion. Furthermore, the liver's unique tolerogenic
microenvironment within the liver is also characterised by an anti-inflammatory cytokine
expression profile associated with significant post-transplant tolerogenic potential (466—469).
There is a possibility that a broad and untargeted cytokine approach to cytokine removal may

inadvertently increase graft immunogenicity.

The results presented within this chapter present a novel and distinct approach compared to the
studies outlined above with an emphasis on targeting nuclear DAMPs combined with a highly
effective intervention (NucleoCapture®) to mitigate reperfusion injury. Compared to cytokines
(which are both pro-inflammatory and anti-inflammatory), DAMPs are explicitly pro-
inflammatory, making them ideal targets for intervention. This study represents an initial
strategy for immunomodulation during NMP and during reperfusion in the recipient. The
clinical translation may benefit preservation of ECD donor livers that are particularly sensitive
to IRI i.e. livers procured from DCD donors and those with evidence of significant steatosis.
Moreover, the application of the column to the recipient during transplantation may provide
additional benefits and reduce propagation of graft injury during implantation with a reduction
in clinical manifestations of preservation reperfusion injury (including post-reperfusion
syndrome, primary allograft dysfunction, primary non-function and need for renal replacement

therapy).

8.4.5 Addressing study limitations and expanding the scope

Several limitations should be considered for future research. The primary limitation was the
small sample size, which, although adequate to demonstrate significant effects, restricts the
generalisability of the findings. Increasing the number of livers perfused in subsequent studies
would enhance the robustness of the conclusions and offer a more comprehensive

understanding of the impact of NucleoCapture® technology.

The ex-situ model of liver transplantation model (allogenic whole blood reperfusion) presented

in the study benefited from total hepatic isolation i.e. without influence of the autonomic
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nervous system, hormones and other regulatory molecules that are produced in-vivo. This
isolation therefore allowed for a detailed examination of the hepatic response to IRI without
external confounding factors. However, it is important to note that this model is not a definitive
representation of clinical liver transplantation. A comprehensive evaluation of NucleoCapture®
would require assessing its effects on post-transplant survival and graft function. A follow-up
study incorporating a porcine transplant model would be crucial in confirming the long-term

benefits of DAMP removal during NMP and during reperfusion in the recipient.

Histological analysis demonstrated that glycogen depletion occurred in porcine livers subjected
to NMP, irrespective of the integration of NucleoCapture® classic with the Spectra Optia
(Terumo) and OrganOx metra. This outcome may have been influenced by the absence of
insulin infusion in the perfusate composition, which is standard in the OrganOx metra
perfusion protocol. The rationale for insulin exclusion were related to the relatively short
duration of perfusion, and measurable insulin levels already present within both the autologous
and allogenic porcine donor blood. However, the findings indicate that while DAMP removal
may enhance certain aspects of hepatocellular function, it does not fully alleviate the metabolic
stress and demands associated with NMP. Therefore, further perfusions involving the in line
hemoperfusion NucleoCapture® prototype employed the standard OrganOx metra perfusion
protocol (including insulin), histopathological evaluation of these tissue samples is yet to be

completed.

8.4.6 Implications for clinical practice and the future of liver preservation

The successful integration and performance of NucleoCapture® technology in this study
suggest that targeting nuclear DAMPs during NMP could become a standard practice in liver
preservation. As NMP continues to evolve, the inclusion of technologies like NucleoCapture®
could significantly reduce the incidence of IRI and improve graft outcomes, particularly for
ECD livers that are more vulnerable to preservation-related injury. In addition, the application
of this technology during implantation in the recipient (during reperfusion) may further limit
the clinical manifestation of PRI. Furthermore, the concept of ex-situ immunomodulation
presents new opportunities for therapeutic interventions. The selective removal of pro-
inflammatory nuclear DAMPs in combination with other strategies to mitigate injury
(including dialysis: to normalise perfusate biochemistry, defatting: to mobilise and filter fat

from circulation and thrombolysis: to further reduce microclot burden) may enhance the
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findings observed in the current study and can be directly translated to ex-situ perfusion of

other solid organs (179,329,459,470).

8.4.7 Conclusion

The findings presented within this Chapter demonstrate that the integration of NucleoCapture®
technology into the NMP circuit is not only feasible but also has a role in mitigating
hepatocellular injury. Further perfusions include confirmatory studies in discarded human
livers with application of the in-line hemoperfusion NucleoCapture prototype®. In parallel, a
randomised clinical trial (first in-man) is planned to confirm the preliminary findings in the

clinical setting of liver transplantation.
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Chapter 9: Overall conclusions and future directions

The success of liver transplantation is critically limited by the availability of suitable donor
organs. This has necessitated the use of extended criteria donor (ECD) livers including those
procured from donation after circulatory death (DCD) donors and liver grafts with evidence of
moderate-severe hepatic steatosis (HS) (3). Whilst static cold storage (SCS) has traditionally
been used to preserve livers, ECD livers, in particular those with presence of HS and DCD
status do not tolerate SCS and the subsequent ischaemia-reperfusion injury (IRI) that ensues
following implantation in the recipient. However, the ever-present need to increase utilisation
of ECD livers has prompted liver transplant teams to consider alternative dynamic (non-static)
preservation methods to minimise the storage related cold-ischaemic injury and transplantation
related IRI to which these livers are susceptible, in order to improve post-transplantation
outcomes (1). In this thesis, [ have focused on the clinical application of normothermic machine

perfusion (NMP) as a therapeutic platform to reduce the risk profile of steatotic and DCD livers.

In an attempt to identify potential clinical risk scores, anthropometric and biochemical and pre-
retrieval predictors to facilitate early identification of donors at risk of steatosis, I first
performed a large-scale study including analysis of 906 consecutive donor livers from the
QUOD bioresource (Chapter 3). The Fatty Liver Index (FLI) demonstrated improved accuracy
(AUROC 0.72) for predicting moderate-severe HS compared to previous studies (272), while
anthropometric measures, such as BMI and waist circumference, demonstrated limited
diagnostic accuracy with AUROCs of 0.69 and 0.67 respectively. Biochemical markers,
particularly donor GGT and insulin, were significant independent predictors of moderate-

severe HS, underscoring their utility in donor evaluation.

I also explored the utility of digital image analysis (DIA) in providing a rapid, automated and
reproducible method of steatosis quantification to address limitations of macroscopic retrieval
surgeon’s assessment (276) and conventional histopathologist reports, mainly the substantial
inter-observer variability in the reporting of HS (80,94,267-270). DIA proved to be a
reproducible and rapid automated method for assessing HS severity, addressing variability
inherent in conventional histopathology. However, further assessment and validation of this
DIA platform is required against algorithms specifically developed according to the Banff

consensus for reporting of donor hepatic steatosis (284).
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Donor livers with moderate-severe HS were associated with increased peri-operative and post-
operative biliary complications, longer ITU stays, and demonstrated trends toward reduced
graft and patient survival. These findings underscore the importance of risk stratification,
including ‘preferred recipient matching’ to optimise graft utilisation (281,282). Future
directions include integrating portable Al-based tools to facilitate early detection of donor liver
steatosis and enable targeted ex-situ interventions i.e. during NMP. These advances aim to

reduce organ discard and improve outcomes for high-risk donor livers.

Pre-clinical animal studies have demonstrated the beneficial role of NMP in the preservation
of steatotic livers through a reduction intra-hepatic triglyceride content (IHTG) (126,471). In
Chapter 4, 1 explored clinical outcomes of steatotic livers preserved with continuous
normothermic machine perfusion (c(NMP) compared to SCS and demonstrated a reduction in
clinical manifestations of IRI including post-reperfusion syndrome (PRS) and early allograft
dysfunction (EAD), with lower peak AST levels in the first seven days post-transplant
compared to SCS. Notably, steatotic livers preserved with cNMP exhibited comparable graft
survival to lean livers preserved with SCS (90.5% vs. 93.5%), emphasising the potential of
cNMP to mitigate the elevated risks traditionally associated with steatotic livers (83,84). 1
further explored the application of digital image analysis for objective and reproducible
quantification of HS, demonstrating strong correlation with histopathology and enabling
improved assessment of steatotic livers during perfusion i.e. changes in the degree of HS
(which were not observed in this cohort). This finding is consistent with previous studies that
demonstrated the mobilisation of fat during NMP but highlighted the need for additional

pharmacological interventions to achieve meaningful reductions in HS (217,221).

Biochemical analysis of cNMP perfusate revealed metabolic challenges associated with
steatotic livers, including greater hepatocellular injury, impaired lactate clearance and
increased mobilisation of triglycerides compared to lean livers preserved with NMP. These
findings indicate that, although cNMP offers improved preservation of steatotic livers
compared to SCS, it does not fully mitigate the effects of HS compared to lean livers preserved
with ¢cNMP. This highlights the potential value of using NMP as a platform for
pharmacological interventions aimed at further optimising ex-situ graft function and reducing

hepatocellular injury.
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Proteomic analysis of this cohort was described in Chapter 5, in order to provide mechanistic
insights into the biological, molecular and cellular alterations occurring during preservation
and reperfusion. Both cNMP and SCS resulted in significant proteomic changes during
preservation and reperfusion, suggesting the potential of cNMP to address the unique metabolic

and inflammatory challenges associated with steatotic livers.

Steatotic livers preserved with cNMP demonstrated upregulation of proteins associated with
mitochondrial function, cytoprotection, and lipid metabolism, suggesting a compensatory
mechanism to mitigate oxidative stress and metabolic dysfunction. However, downregulation
of proteins related to ATP synthesis efficiency and immune modulation indicated only partial
recovery of these livers during preservation. Notably, cNMP preserved steatotic livers
exhibited a pro-inflammatory and pro-thrombotic state. These findings underscore the need for
ex-situ strategies to optimise ex-situ lipid metabolism (i.e. defatting) (126,179,221,471) and
reduce the pro-inflammatory/thrombotic state (e.g. application of novel technologies to remove
damage associated molecular patterns from the perfusate or the adjunct of thrombolysis during

NMP) (329).

SCS-preserved steatotic livers demonstrated heightened sensitivity to IRI, with disruptions in
lipid homeostasis, mitochondrial function and detoxification pathways. Proteomic profiles
indicated metabolic dysregulation and increased susceptibility to oxidative stress, which
support the post-transplant outcomes observed in these livers (Chapter 4). Overall, cNMP
emerged as a superior technique for preserving steatotic livers. However, further refinement,
including pharmacological modulation may be required to further optimise the risk-profile of
these livers. These findings underscore the importance of tailoring preservation strategies to
donor liver characteristics, offering a foundation for future clinical and mechanistic studies

described in Chapters 6 and 7.

In Chapter 6, I described the study protocol for a Phase II multi-centre randomised clinical trial
(the DeFat study) that I am currently running. The clinical trial compares a novel defatting
strategy, incorporating lipid apheresis filtration and pharmacological interventions (L-
carnitine, forskolin: NKH477 with reduction in insulin and glucose infusion). Pre-clinical
studies on discarded human livers by our group demonstrated that the application of this
strategy during post-static cold storage NMP (pSCS) resulted in improved liver function,

enhanced arterial flow, increased mitochondrial f-oxidation and a notable 45% reduction in
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intrahepatic triglyceride accumulation by 48h of perfusion in human livers that had been
declined for transplantation. This approach addressed the limitations of using NMP alone,
which, while beneficial, does not reduce HS to clinically acceptable levels (219,220). The
defatting protocol explored in this thesis builds on these findings by utilising clinically
approved agents and filtration techniques, thereby facilitating potential clinical translation. The
DeFat study aims to validate these findings further in the clinical setting of liver transplantation
(179). At present, 22 out of 60 livers have been recruited to this clinical trial. The implications
of this study, if the results are positive, will be significant for expanding the donor pool and
improving transplant outcomes. By effectively reducing steatosis during preservation, more
livers that would otherwise be deemed unsuitable could be transplanted safely, potentially
decreasing waiting list mortality. Additionally, enhancing the function of steatotic livers may

reduce the incidence of IRI-related complications post-transplantation.

However, whether these interventions during pSCS-NMP can effectively suppress subsequent
IRI is yet to be determined. Therefore, this body of research has raised several critical questions
warranting further investigation. First, is defatting of steatotic livers essential to improve post-
transplant outcomes? Evidence suggests that if recipients overcome the initial severe IRI and
avoid primary non-function (PNF), survival rates may be comparable to those of non-steatotic
livers (83). Furthermore, post-transplant, intrahepatic fat appears to dissipate rapidly (280).
This raises the possibility that enhancing the preservation environment alone, without
prioritising fat reduction, might improve outcomes. Given that steatotic livers often exhibit
normal biochemical function in donors, it is evident that ischaemia and reperfusion are the

primary insults driving adverse outcomes.

An intriguing avenue is whether the risks associated with steatotic liver transplantation could
be mitigated by adopting entirely ischemia-free organ donation, preservation, and
transplantation techniques, as previously described in Chapter 1.6.2 (3,214,215) and
application of this technology is an urgent consideration. Another key question is why some
steatotic livers fail to function during NMP and whether these high-risk livers can be salvaged.
This failure likely extends beyond the degree of steatosis, potentially involving genetic

predispositions or nuanced differences in hepatic lipid metabolism.
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Addressing some of these considerations, Chapter 7 introduced the pharmacological
modulation of hypoxia-inducible factors (HIFs) with defatting during pSCS-NMP to further
enhance outcomes of steaotic livers in a pre-clinical study utilising discarded human livers
declined for transplantation demonstrating that selective stabilisation of HIF-1a and inhibition
of HIF-2a can synergistically enhance lipid metabolism and influence the magnitude of IRI in

an ex-situ model of liver transplantation.

Pharmacological HIF modulation (combined with an established defatting protocol described
in Chapter 6) resulted in accelerated defatting in steatotic livers. HIF-1a activation (using
deferoxamine, DFO) and HIF-2a suppression (using PT2385) were assessed through
immunoblotting and erythropoietin (EPO) quantification, providing the first documented
evidence of selective HIF modulation during NMP and utility of perfusate EPO as a potential
biomarker for monitoring HIF activity during NMP. This approach facilitated a reduction in
1d-MaS and all livers in the experimental groups demonstrated favourable functional metrics
that would have rendered them transplantable, not only by currently accepted parameters, but
also supported by novel functional assessments including ICG clearance, LiIMAx and MEGX
tests. These findings suggest the use of these pharmacological adjuncts, can improve the risk
profile of steatotic livers preserved with pSCS-NMP (where there is a variable degree i.e.
several hours of cold-ischaemia prior to NMP) to comparable or an improved profile of
steatotic livers perfused using cNMP (continuous application of NMP following cold flush
during retrieval and a brief period of cold ischaemia during preparation of the liver for NMP

as described in Chapter 4).

However, the effect of the intervention on mitigating IRI (using the ‘ex-situ transplant’ model
with allogenic whole blood reperfusion) was less conclusive and was perhaps influenced by a
higher-risk profile of donor livers compared to livers treated with defatting alone during NMP.
An important finding in both experimental groups was the identification of cell-free DNA
(cfDNA, a damage-associated molecular pattern) in the perfusate during both perfusion and
reperfusion in both groups. This finding suggests that while pharmacological interventions may
help achieve functional criteria for transplantation, there are additional complexities that need
to be addressed to further dampen the magnitude of IRI i.e. removal of circulating damage-
associated molecular patterns (DAMPs) described in Chapter 8. Future research should aim to
validate these findings in clinical trials, addressing limitations such as small sample sizes and

donor heterogeneity. Exploring extended perfusion protocols (226) and refining functional

327



assessments (234,236,238,472) could enhance the translational potential of these interventions,

ultimately improving outcomes in liver transplantation.

In Chapter 8, I described the critical role of DAMPs in propagating inflammation/injury during
liver perfusion and subsequent IRI (using an ex-situ porcine DCD whole blood perfusion
model), investigating NucleoCapture® technology as a potential therapeutic approach. DAMPs
such as c¢fDNA, histones, nucleosomes, and HMGB1 are established mediators of sterile
inflammation that can propagate injury. By integrating NucleoCapture® technology into the
NMP circuit, I demonstrated a significant reduction in these DAMPs, correlating with
improved graft function and reduced micro-clot burden during ex-situ allogenic whole blood

reperfusion.

Key findings include the effective clearance of cfDNA, extracellular histones and
nucleosomes/NETs using NucleoCapture® technology, with evidence of enhanced vascular
flow, lactate clearance and reduced microclot formation. Importantly, integrating the column
during both NMP and allogenic whole blood reperfusion resulted in a sustained reduction in
DAMPs implying benefit in the application of this technology to both the donor liver (ex-situ)
and to the recipient (during reperfusion). These results align with and expand upon published
descriptions of the accumulation of DAMPs during perfusion and reperfusion. However, the
targeted removal of nuclear DAMPs offers a more focused and practical strategy than broader

interventions such as cytokine filtration or perfusate exchange (459,460).

The study identifies scope for future research: this includes the need for validation in clinical
transplant models and the potential integration of complementary pharmacological strategies,
as discussed within this thesis. A planned first-in-human trial will assess the clinical efficacy
of NucleoCapture® technology in the clinical setting of liver transplantation. These findings
underscore the potential for targeted NMP as a therapeutic platform to transform liver

transplantation practices, particularly for ECD livers.

Additional work beyond the scope of this thesis is planned. Transcriptomic analysis of donor
liver biopsies (Chapter 3) is being undertaken. This will complement data that has been
presented and identify unique transcriptomic signatures in steatotic donor livers that could be
potentially targeted with RNA interference (RNA1) during NMP as well as identify therapeutic
targets for the treatment of MASLD or MASH. Mechanistic studies for the DeFat study clinical
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trial samples described in Chapter 6 (including transcriptomic, proteomic and glycomic
analysis) will also be performed for two broad reasons: (i) to identify more sensitive and
specific markers of transplantability and; (ii) to understand the process of defatting that leads
to a steatotic organ being reconditioned. Metabolomic analysis of perfusate samples from
Chapter 7 will be performed to assess the impact of HIF-modulation on cellular energetics
through analysis of metabolites involved in energy production pathways (e.g. glycolysis, the
tricarboxylic acid (TCA) cycle and oxidative phosphorylation) and provide insights into ATP
generation and mitochondrial function. Detailed assessment of de novo lipogenesis (DNL) total
fatty acid composition and tissue triglycerides through analysis of tissue and perfusate samples
will provide insights into the potential benefits of HIF modulation in enhancing the defatting
process. The measurement of microclots and DAMPs within bile samples collected during
perfusions performed in Chapter 8 is a priority, with ischaemic cholangiopathy remaining the
Achilles heel of DCD liver transplantation (42). In this context, investigating the potential of

NucleoCapture® to address this complication is important.

The data presented in this thesis highlight the potential of multi-modal strategies to optimise
high-risk livers during NMP. The combination of defatting protocols, thrombolysis and the
targeted removal of DAMPs can offer a promising approach to improving ex-situ function for
transplantation. These interventions must be rigorously validated through clinical trials to
establish their impact on transplantation outcomes. Additionally, ischemia-free liver
transplantation (IFLT), is a promising alternative and addresses the fundamental challenges
associated with transplantation of steatotic livers and those of DCD status by significantly
reducing IRI and enhancing post-transplantation outcomes. Demonstrating outcomes
comparable to standard criteria donor livers could potentially eliminate concerns surrounding

the transplantation of steatotic and DCD livers, marking a significant advancement in the field.
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Appendix A: Histological grading of PRI

NEUTROPHILS HYPEREOSINOPHILIC HEPATOCYTES
0 NIL 0 NIL

1 Very occasional and difficult to find 1 Very occasional

2 Readily identifiable — moderate numbers 2 moderate numbers
3 Extensive 3 extensive

OVERALL GRADE OF PRESERVATION-REPERFUSION INJURY

NECROSIS

0 nil

1 minimal (few cells)

2 mild (small confluent areas)

3 mod (circumferential periven)
4 sev (bridging)

- Based on small droplet fat, glycogen depletion, neutrophils, hypereosinophilic hepatocytes, hepatocyte necrosis
- Grade and number of the above, max grade of all = severe, mild of one = minimal etc, mild low grade of a

couple, moderate intermediate grade of most

NIL

MINIMAL

MILD

MILD TO MODERATE
MODERATE
MODERATE TO SEVERE
SEVERE

o bW NEFE O

366



Appendix B: Sample preparation for LC-MS analysis

Frozen tissue biopsy samples were placed on dry ice. Tissue weight was recorded, and samples
(where possible) were cut in half for proteomic analysis and further storage at -80°C for future

validation studies, i.e. immunoblotting or Q-PCR.

Tissue samples were placed into 2ml tubes containing zirconia beads and sample lysis was
performed using 300 pl RIPA lysis buffer (Pierce™) with phospho-protease inhibitor (Sigma-
Aldrich, Dorset, UK) and protease inhibitor (Roche, UK) per 10mg of tissue with subsequent
beads-beating homogenisation (Precellys®). Samples were homogenised at 5000Hz (20 sec, 2

cycles) with cooling on dry ice between cycles.

Following tissue homogenisation, samples were centrifuged at 10,000g at 4°C for Smin and
supernatant was transferred in new Eppendorf tubes. The BCA assay was used for protein
concentration estimation and 50ug of protein per sample were further aliquoted and utilised for
reduction, alkylation and SMART digestion. Remaining supernatant was aliquoted and frozen

at -80°C for further validation studies.

50ug of protein per sample was adjusted to a final volume of 100ul with 100mM
Triethylamonium bicarbonate (TEAB) (Thermo Scientific™). Samples were incubated at 55°C
for 1 hour after addition of 5ul of 200mM tris(2-carboxyethyl) phosphine (TCEP) (Sigma-
Aldrich, Dorset, UK) for denaturing.

Alkylation was performed using 375mM of lodoacetamide (IAA) solution. Samples were
incubated for 30 min after addition of 5ul of 375mM IAA at room temperature and protected
from light. Following incubation, samples were adjusted to 200ul using 90ul of 100mM TEAB
prior to the addition of 600ul methanol and 150l of chloroform. Samples were then vortexed
for 30 secs and 450ul of sterile water was added, followed by further vortex for 30 secs and

centrifugation at 17,000g for 5 min at room temperature.
The upper aqueous phase was removed without disruption of the precipitate interface. 450ul of

methanol was added to the organic phase, vortexed for 30 secs and centrifuged for at 17,000g

for 2 min at room temperature. After supernatant removal, the Eppendorf lids was left open to
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allow for pellets to dry. Subsequent protein precipitate resuspension was performed using 50pl

of 100mM TEAB prior to the use of the SMART Digest ™ Kit.

The SMART digestion tube (Thermo Scientific™) contains 150ul of the SMART digestion
buffer (proprietary, containing immobilised trypsin beads). 50ug of protein was added to the
SMART digestion tube and incubated on a heat shaker (Eppendorf Themomixer®) at 70°C for
3 hours at 1400 rpm. Following digestion, the tubes were centrifuged for 5 min at 2500g.
Resultant supernatant (separated from the beads pellet) and consisting of tryptic peptides was

then collected and aliquoted.

Desalting of tryptic peptide digests was performed using the SOLAp™ Solid Phase Extraction
(SPE) Plates (Thermo Scientific™) and a 96-well vacuum manifold. 200ul of 100%
acetonitrile (ACN) was added to the SOLAu™ SPE plates with application of a 96-well
vacuum to allow passage of ACN through cartridges (for column conditioning). Cartridge
equilibration was performed by addition of 200ul of 0.1% trifluoroacetic acid (TFA, in water)
to each well and application of vacuum (the resulting effluent was discarded). Subsequently,
digested peptides (200ul) were pipetted onto the plates (without touching of beads) and
acidified through addition of 200 pl 1% TFA. Vacuum was applied to enable peptide passage
(and binding) to C18 packed in the cartridges, followed by washing with 500ul of 0.1% formic
acid (FA) in sterile water to each well and further vacuum application. Collection plates were
positioned underneath, and peptides where then eluted through addition of 50ul of ‘Buffer B’
(65% ACN, 1% FA). The process was repeated using a further 100ul of Buffer B.

Following elution of peptides, samples were dried using a vacuum concentrator (Speed-Vac,
Eppendorf). Further sample resuspension was performed with 50ul of ‘Buffer A’ i.e. 98%
MilliQ-H»0, 2% ACN and 0.1% FA. The resuspended peptide digests were then utilised for

mass spectrometry analysis.

A master pool was created by mixing aliquots of all samples to be analysed. High pH
fractionation was performed to separate master pool into 100 fractions. Subsequently, 60
fractions (which contained the majority of peptides) were selected to run on the timsTOF Pro
in order to create a peptide reference library and a total of 6,185 proteins were identified in

such library. During the main sample analysis, 7 samples from the pool were run together with
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the 60 master pool fractions and the individual samples to allow for enhanced protein

identification in the samples and enable peptide matching between the samples and library.

Shotgun proteomics was performed using ion mobility spectrometry (IMS) with liquid
chromatography (LC) and tandem mass spectrometry. All samples were analysed using the
timsTOF pro instrument (a time-of-flight mass spectrometer that utilises trapped ion mobility
spectrometry) operated in the parallel accumulation-serial fragmentation (PASEF®) scan

mode.

Prepared samples were loaded onto Evosep (Evosep, Odense Denmark) tips for timsTOF

analyses in PASEF mode as described above.

The LC-MS raw data searches were carried out using MSFragger against the Homo sapiens
UniProt database version 2021, which contains 564,918 protein sequences. Trypsin was
specified as the protease, and a maximum of two missed cleavages were allowed. The search
parameters included carbamidomethylation at cysteine, set as a fixed modification, while
oxidation of methionine was set as a variable modification. Proteins identified with only one
unique peptide were selected for further analysis. Protein abundance was normalised using the

median approach and converted to log, for statistical analysis.
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Appendix C: The DeFat Study Protocol

Full article accessible via: https://trialsjournal.biomedcentral.com/articles/10.1186/s13063-

024-08189-4

Defatting of donor transplant livers o

during normothermic perfusion—a
randomised clinical trial: study protocol for
the DeFat study

Syed Hussain Abbas'®, Carlo D. L. Ceresa’, Leanne Hodson®, David Nasralla®, Christopher J. E.
Watson*, Hynek Mergental®®, Constantin Coussios’, Fotini Kaloyirou®, Kerrie Brusby®, Ana Mora®, Helen
Thomas'®, Daphne Kounali"!, Katie Keen®, Joerg-Matthias Pollok?, Rohit Gaurav’, Satheesh lype?,
Wayel Jassem'?,

M. Thamara PR Perera’, Abdul Rahman Hakeem'", Simon Knight'" and Peter J. Friend'"

Abstract

Background Liver disease is the third leading cause of premature death in the UK. Transplantation is the
only successful treatment for end-stage liver disease but is limited by a shortage of suitable donor organs.

As a result, up to 20% of patients on liver transplant waiting lists die before receiving a transplant. A third of
donated livers are

not suitable for transplant, often due to steatosis. Hepatic steatosis, which affects 33% of the UK population, is
strongly associated with obesity, an increasing problem in the potential donor pool. We have recently tested
defatting inter- ventions during normothermic machine perfusion (NMP) in discarded steatotic human livers that
were not trans- planted. A combination of therapies including forskolin (NKH477) and L-carnitine to defat liver
cells and lipoprotein apheresis filtration were investigated. These interventions resulted in functional
improvement during perfusion

and reduced the intrahepatocellular triglyceride (IHTG) content. We hypothesise that defatting during NMP will
allow more steatotic livers to be transplanted with improved outcomes.

Methods In the proposed multi-centre clinical trial, we will randomly assign 60 livers from donors with a
high-risk of hepatic steatosis to either NMP alone or NMP with defatting interventions. We aim to test the
safety and feasibil- ity of the defatting intervention and will explore efficacy by comparing ex-situ and
post-reperfusion liver function between the groups. The primary endpoint will be the proportion of livers that
achieve predefined functional criteria during perfusion which indicate potential suitability for transplantation.
These criteria reflect hepatic metabo-

lism and injury and include lactate clearance, perfusate pH, glucose metabolism, bile composition, vascular
flows and transaminase levels. Clinical secondary endpoints will include proportion of livers transplanted in

the two arms, graft function; cell-free DNA (cfDNA) at follow-up visits; patient and graft survival; hospital and
ITU stay; evidence

of ischemia-reperfusion injury (IRI); non-anastomotic biliary strictures and recurrence of steatosis (determined on
MRtat 6-months).

Discussion This study explores ex-situ pharmacological optimisation of steatotic donor livers during NMP. If the
inter- vention proves effective, it will allow the safe transplantation of livers that are currently very likely to be
discarded, thereby reducing waiting list deaths.

"Simon Knight and Peter J. Friend are joint senior authors.
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Syed Hussain Abbas
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Appendix D: Quantifying DNL, Total Fatty Acid Composition and

Tissue triglycerides

Prior to commencement of NMP (and whole blood reperfusions for the experimental study)
200 ml of 2H,O (heavy water, deuterium oxide) was added to the perfusate reservoir prior to
commencement of perfusion. /n vivo, deuterium oxide quickly equilibrates with the body water
pool, creating a homogenous precursor pool for reactions involving water, such as
condensation and hydrolysis. This equilibrium facilitates the investigation of various metabolic
processes including hepatic DNL. VLDL triglycerides (TGs) reflect hepatic triglycerides,
therefore the incorporation of *H atoms into VLDL-TG palmitate (originating from
intracellular 2H>O or initially incorporated into NADPH or acetyl-CoA) can be used to estimate
hepatic DNL. Following lipid extraction using the Folch method, measurement of perfusate
and tissue DNL will be performed through the incorporation of deuterium from 2H,O (Finnigan
GasBench-II, ThermoFisher Scientific, UK) into perfusate and tissue [2H]-palmitate. The
[2H]-palmitate enrichments will be quantified by gas chromatography-mass spectrometry (GC-
MS).

Lipid extraction will be performed using the Folch method followed by solute solid phase
extraction and methylation. The fatty acid composition will be measured using gas
chromatography (GC). Peaks will be identified by comparing retention times with established
fatty acid methyl ester standards. Subsequently, the fatty acid compositions (umol per 100
pmol of total fatty acids (mol%)) will be determined by calculating the area of the
corresponding peaks. After determining the fatty acid composition, the total fatty acid

concentration (pug/mg of tissue) will be calculated.
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