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Abstract

One of the main causes of early graft dysfunction in kidney transplantation is
ischaemia reperfusion (I/R) injury. This unavoidable event occurs immediately when
oxygenated blood is re-introduced into the transplanted kidney. Its severity is
influenced by many predetermined factors. However, the condition under which an
organ is preserved has a significant bearing on the outcome. Traditionally, organs are
preserved using hypothermic temperatures, to reduce metabolism and the requirement
for oxygen. Although practical and simple, hypothermic conditions are not entirely
favourable and over time the depletion of energy substrates causes substantial cellular
injury. This is thought to be a particular problem in kidneys from marginal donors,
which are often exposed to a period of warm ischaemia (W1) prior to retrieval.

The aim of this thesis was to determine the effects of varying degrees of the combined
insults of warm and cold ischaemic injury and to develop a technique of normothermic
perfusion (NP) to reduce ischaemic injury. The effects were assessed using ex-vivo and
in-vivo porcine kidney models before translation of NP into clinical practice for
marginal donor kidneys.

This research demonstrated that prolonging the hypothermic preservation period after a
minimal and a substantial degree of WI injury increased the severity of acute I/R injury
and graft dysfunction. A short period of NP after hypothermic preservation was able to
resuscitate the kidney, replenish ATP and reverse some of the detrimental effects of
cold ischaemic injury. When translated into an autotransplant model, NP was found to
be a safe and feasible method of preservation. NP was then adapted for use in clinical
practice for kidneys from marginal donors. This first in man clinical series of 15 cases
has demonstrated the safety and feasibility of NP for marginal kidneys. Although, the
high rate of initial graft function is notable, further comparative studies are required to
assess the effects on delayed graft function.
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1.11 Introduction

One of the fundamental requirements of transplantation is the ability to preserve an
organ outside the body from the time of retrieval until transplantation. Since the 1970s
organ preservation has relied on hypothermic conditions to reduce metabolism and
maintain tissue viability for an extended period of time. This allows the organ to be
allocated nationally to the most suitable and best immunologically matched recipient.
However, the boundaries of kidney transplantation are increasingly being extended and
there is more reliance on the use of so called marginal donors to accommodate the
increasing demand. These kidneys present with higher incidences of early graft
dysfunction and reduced survival compared to the traditional donor sources. The
inferior outcome of these kidneys may be influenced by the hypothermic temperatures
during preservation. This raises the question of whether hypothermic preservation is
the most suitable method of preservation. An alternative is to use normothermic
temperatures, to support circulation and metabolism and prevent cellular deterioration.
Previous attempts at normothermic preservation in past centuries were relatively
unsuccessful. However, with improved technology, normothermic preservation may

now be a more realistic concept for modern day kidney transplantation.
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1.12 Kidney transplantation

Chronic kidney disease is a major health problem that affects approximately 3 million
people in the UK (1). Approximately 19,000 of those people have end stage renal
failure (ESRF) and are treated with dialysis. Kidney transplantation is considered the
best treatment for ESRF with longer life expectancy and superior quality of life
compared to dialysis therapy (2-4). However, a major constraint to transplantation is
the lack of suitable organ donors. During the past decade, the number of brain death

donors has declined in the UK due to a reduction in deaths from trauma and changes i

n

neurosurgical practice. In this time period, the number of people waiting for a kidney

has increased by approximately 50% and currently only one third of those on the

waiting list will receive a transplant each year (1). To increase the number of available

organs there has been an initiative to use alternative sources of organ donors, in

addition to kidneys from the traditional living and brain death donors (5-8).
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1.13 Donation after circulatory death donors

Donation after circulatory death (DCD) formally known as non heart beating (NHB)
donors are donors from which the organs are retrieved after the heart has stopped.
These organs are regarded as marginal organs due to the warm ischaemic (W1) insult
that they receive before the onset of preservation. This WI interval causes a degree of
injury that can lead to irreversible damage, resulting in an unfavourable outcome after
transplantation. NHB donors were used in early transplantation however with the
introduction of brain death donors in 1968 their use fell from favour. It wasn’t until
1995, after a formal workshop held in Maastricht to address the growing demand for
organs, that their use was again encouraged. The aim of the workshop was to establish
a uniform criteria by which NHB donor organs could be identified and address the
ethical issues involved, thereby encouraging the establishment of NHB programmes
around the world. Four classifications of NHB donors were categorised depending on
the circumstances of death and when the organs were retrieved (9, 10). These criteria
were later modified to include controlled and uncontrolled donors (Table 1.13). Since
this time the number of NHB donors, or now the more commonly accepted term DCD

donors, used for kidney transplantation has increased by almost 90% in the UK (1).
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Category Definition Type

1 Dead on arrival Uncontrolled

2 Unsuccessful resuscitation Uncontrolled

3 Awaiting cardiac arrest Controlled

4 Cardiac arrest while brain death Controlled/uncontrolled

Table 1.13 Maastricht categories of donation after circulatory death donors.

1.14 Uncontrolled/controlled donation after circulatory death donors

Maastricht type 1 and 2 donors are patients who have died suddenly from a cardiac
event or trauma and therefore are usually based in the Accident & Emergency
department. After a failed resuscitation, the patient is pronounced dead and a 5 minute
‘hands off” period allowed to lapse. The organs are perfused in-situ through aortic

cannulas inserted through the femoral artery (11).

Maastricht type 3 and 4 are patients who are based on an intensive care unit after a
severe brain injury. There may still be brain function and the patient will maintain
spontaneous ventilation and therefore not meet the criteria for brain stem death. Under
controlled conditions with no possibility of recovery withdrawal of treatment is
planned. After the cessation of the heartbeat the patient is transferred to the operating

theatre and the kidneys retrieved after in-situ cooling. In the uncontrolled situation an
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unexpected cardiac arrest follows brain stem death. The WI time is usually within the
region of 15 minutes for controlled donor but can be considerably longer in the
uncontrolled situation. In the UK, a significant portion of kidneys are from controlled

DCD donors (Maastricht type 3) (12).

1.15 Extended criteria donors

Kidneys from extended criteria donors (ECD) are also increasingly being utilised to

meet the shortfall in demand (13). ECD kidneys are defined as any brain dead donor
aged > 60 years or over 50 years with > 2 of the following conditions; Hypertension,
terminal serum creatinine equal or greater than 130pumol/L or death resulting from an

intracranial haemorrhage.

1.16 Clinical outcome

Renal function post transplant is influenced by many factors. However, donor and
recipient age, creatinine clearance, history of hypertension, poor human leukocyte
antigen (HLA) matching, cause of death, ethnicity and the cold ischaemic time have
been described as major determinants of graft survival (14,15). As a result of these
factors, kidneys from DCD and ECD donors have reduced kidney function after
transplantation ((16-21). Acute kidney injury is typically measured by rates of delayed
graft function (DGF). DGF is typically defined as the requirement for dialysis within

the first week after transplantation. This is based on a rising serum creatinine,
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increasing metabolic instability and reduced urine output. However, it is subject to
varying medical judgement and does not directly measure kidney injury (22).
Nonetheless, DGF is commonly used to determine early graft function and is
associated with complications such as acute rejection, increased fibrosis and the risk of
reduced long term graft survival (23, 24). DGF also has a significant economic cost
and can prolong hospital stay (20). Rates of DGF typically range from 22% to 84% in
DCD kidneys compared to 14% to 40% in brain death donors (7, 8, 25-27). Evidence
suggests that the outcome of kidneys from uncontrolled DCDs is poorer when
compared to the controlled DCDs with significantly higher rates of DGF, as a response
to the longer duration of W1 under the uncontrolled situation (15). Nonetheless, a
recent study by Hoogland et al (28) found no difference in rates of DGF between
uncontrolled and controlled DCD transplants (61% vs 56%). However, despite the
different donor types, similar W1 intervals were recorded in both groups (25 minutes)
which may have influenced this outcome.

Kidneys from ECDs have up to a 70% increased risk of graft loss and a higher rate of
DGF (13, 25, 29) compared to younger donors. The prognosis is even poorer in DCD
kidneys from older donors (over 50 years) with the risk of graft failure rising to 80%
(25).

In addition to DGF, a small but significant proportion of kidneys from DCD donors
also have primary non function (PNF), this is defined as the kidney never functioning.
Rates have been reported to range from 4 to 22% amongst transplant centres over the

last 30 years (30, 31). PNF is particularly detrimental as the patient is exposed to
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surgery and immunosuppression therapies without benefit. Furthermore, they may
become sensitized to donor antigens, reducing the opportunity for future transplants.
Despite the high incidence of early graft dysfunction, the impact of DGF on long term
graft survival in DCD kidneys does not appear to be as detrimental as in DBD donation
(20, 34). Recent evidence from clinical DCD and DBD programmes have reported
similar rates of graft survival after 5 and 10 years (26, 28, 32-35). In the series of
uncontrolled NHBD kidneys at Leicester from 1992-2003, DGF rates were 84%
compared 22% in brain dead donors (32). Nevertheless, the graft survival rates were
similar in both groups of patients, 69.3% versus 75.5% at 5 years and 50.3% versus
57.9% at 10 years, respectively.

Although long term graft survival is important and the results from DCD
transplantation extremely encouraging, it is still crucial to improve the early graft
function. Reducing the rates of DGF and PNF in DCD and ECD kidneys would have a
significant benefit to the patients and healthcare system and perhaps prolong graft
survival further. The majority of the factors that influence the outcome of DCD and
ECD kidneys are unavoidable. However, there is potential to reduce the severity of

ischaemic injury to improve graft outcome.
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1.2 Ischaemic Injury

1.21Warm and cold ischaemic injury

Ischaemic injury in DCD transplantation occurs in four phases. 1: After cardiac death;
warm ischaemic (WI) injury. 2: Under hypothermic conditions during preservation;
cold ischaemic (CI) injury. 3: WI injury; during anastomosis of the graft. 4: Upon
reperfusion immediately after transplantation; ischaemia reperfusion (I/R) injury.
Ischaemic injury is a complex series of events that is triggered by the depletion of
energy substrates and hypoxic conditions (36). The depletion of adenosine triphosphate
(ATP) due to the inhibition of oxidative metabolism induces a shift to adenosine
monophosphate (AMP) as the predominant nucleotide (37). This increases levels of
adenosine, inosine and hypoxanthine leading to the formation of lactic acid within the
cell. This lowers the intracellular pH causing lysosomal instability with the activation
of lytic enzymes (38, 39). The depletion of ATP also reduces a large number of cellular
processes. Inactivation of Na+/K+ ATPase pumps allows the accumulation of calcium,
sodium and water within the cell causing cellular swelling (39). Fatty acids,
lysophospolipids and diacylglycerol also accumulate within the cell.

The binding of transition metals such as iron to their carrier proteins (transferrin,
ferritin) is also inhibited which increases the intracellular concentration of free iron
(40, 41). This is a strong catalyst for the generation of oxygen free radicals which

promotes the production of other free radicals (38) (Figure 1.21).
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Figure 1.21 A schematic diagram of the effects of warm and cold ischaemic injury. The
depletion of ATP leads to dysfunction, the aggregation of many cellular proteins
including ion pumps and cytoskeletal and contractile structures. Adensoine,
triphosphate (ATP), hydroxyl radical (OH.), inducible nitric oxide (iNOS), reactive
oxygen species (ROS).
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Hypothermic temperatures act to inhibit the enzymatic processes and there is a 2-3 fold
decrease in metabolism for every 10°C reduction in temperature (42, 43). This slows
the depletion of ATP and also inhibits the degrading processes (phospholipid
hydrolysis). This allows an organ to be stored without oxygen for a significant period
of time and therefore, the impact of CI is less severe than WI. Nonetheless, under
hypothermic condition the metabolic rate remains at about 10% and therefore, over
time the hypoxic conditions cause substantial injury (43). This is particularly
detrimental to graft function and survival.

The CI time alone is an independent risk factor for graft failure and is directly
associated with DGF (44). It also significantly increases allograft immunogenicity
provoking acute and chronic rejection (45, 46). Studies have shown a significant
reduction in the rate of DGF when the CI time was reduced. In an analysis of a series
of DBD donor transplants, the risk of DGF was found to increase by 23% for every 6
hours of CI (47) and Locke et al found that limiting the CI time to less than 12 hours
reduced the risk of DGF by 15% (25). Several experimental models also suggest that
even after 6 hours of CI significant injury occurs (48, 49) However, other studies have
found the CI period to have less of an impact. A multicentre analysis of kidney
preservation found that only when the preservation period exceeded 18 hours was the
CI time associated with reduced graft survival even in kidneys from ECD and DCD
donors (50). Furthermore, Taylor et al found no change in the rate of DGF in kidneys
from DCD donors when the CI time was reduced from a median of 15 to 12 hours (51).

Athough it is difficult to compare these studies there is a general consensus to reduce
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the CI time and in the UK the average ClI time for DCD and DBD kidneys is now
approximately 16-18 hours.

It is thought that the severity of CI injury during hypothermic preservation is enhanced
by a period of WI injury prior to retrieval and it is therefore logical to assume that
reducing the preservation period would lessen the injury. W1 injury in DCD
transplantation is an unavoidable event that is difficult to control. However, the impact

of different durations of W1 and CI injury on kidney injury has yet to be determined.

1.22 Acute Kidney injury

The re-introduction of oxygenated blood during transplantation after a period of
ischaemia initiates a complex series of actions (Figure 1.22). The downstream effects
of ischaemia reperfusion (I/R) injury results in the impairment of blood flow to the
kidney and reduced urine output after transplantation (40). I/R injury is a major
determinant of acute kidney injury and DGF (22, 40, 52). This also has important
consequences on long-term graft survival (22). The severity is influenced by many
predetermined factors such as donor and recipient characteristics but also the variable

injury incurred before retrieval and during the preservation period.
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Figure 1.22 A schematic diagram of the complex mechanisms of ischaemia reperfusion
(I/R) injury after transplantation. The re-introduction of oxygenated blood mediates a
series of injury processes involving activated endothelial cells causing
vasoconstriction, the recruitment of leukocytes to the injured tissue, release of pro-
inflammatory cytokines and chemokines, activation of the complement system and
production of reactive oxygen species (ROS) causing free radical damage. These
events cause significant tissue injury which results in acute kidney injury. Endothelin-1
(ET-1), prostacyclin (PGl,).
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1.23 Ischaemia reperfusion injury

Endothelial dysfunction

Severe endothelial cell injury due to ischaemic damage ultimately results in reduced
perfusion of the kidney (53). The increase in renal vascular resistance and afferent
arteriolar resistance subsequently reduces the glomerular filtration rate. The blood flow
to the capillaries and tissues is also reduced. Stiff activated leukocytes, swollen and
partly detached endothelial cells and interstitial oedema caused by leukocyte dependant
enhancement of protein and fluid leakage in the post-ischaemic venules leads to
compression of the microstructure (54). Swelling of the tubular epithelial cells can also
reduce the blood flow through the vasa recta ultimately leading to further ischaemic
injury and the classically termed ‘no-flow” phenomenon (53, 55).

Endothelial cell injury also reduces the bioavailability of agents such as prostacyclin
and nitric oxide and increases the production of endothelin and thromboxane A, which
also causes vasoconstriction (56, 57). Vasoconstriction also occurs from severe injury
to the proximal tubular cells which results in transtubular backleak of filtrate and
impaired proximal sodium reabsorption (58). The back pressure from congested
tubules that have been obstructed with cellular debris due to ischaemic injury also
contributes to this dysfunction (53). This is classically known as acute tubular necrosis
(ATN) (52). The membrane potential is also altered disrupting cellular ions, increasing
the intracellular volume, decreasing membrane fluidity and impairing the cytoskeletal

organization (53).
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The endothelium is the source of haemostatic regulatory molecules such as von
Willebrand factor (VWF). VWEF participates in platelet adhesion and plays a role in
thrombus formation. Plasma levels have been shown to be a reliable marker of

endothelial injury (59-61).

Inflammatory response

The acute inflammatory response to reperfusion and tissue injury occurs rapidly after
transplantation. Activation and injury are mediated by neutrophils, pro-inflammatory
cytokines, chemokines and other soluble mediators such as the kinin system, thrombin,
phospholipids and the complement system (53, 62). They produce vasoactive and
cytotoxic effects in response to injury by directly targeting the endothelium and
activating the signalling pathways. These are initiated by receptors followed by a series
of intracellular signalling reactions which include cytosolic calcium, protein kinase,

tyrosine kinase, Rho GTPase and cCAMP.
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Adhesion molecules

One of the first inflammatory responses is the infiltration of neutrophils into the tissue.
Cell adhesion molecules are used by leukocytes to interact with tissue cells to allow the
movement of molecules to the injury site. This is mainly mediated through the up-
regulation of endothelial adhesion molecules (ICAM-1, VCAM-1 and E-Selectin) (63-
65). The synthesis of adhesion molecules is stimulated by histamine, oxygen-derived
free radicals, thrombin, platelet-activating factor, activated complement fragments,

damaged endothelium, endotoxins and inflammatory cytokines (63).

There are three structural families of adhesion molecules responsible for leukocyte
adhesion, penetration of the vessel wall and transendothelial migration into the tissue

(Table 1.23).
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Super family Molecule Location
Immunoglobulins ICAM-1, VCAM-1 Endothelium
Integrins MAC-1, LFA-1 Polymorpho-nuclear
leukocytes
Selectins E-selectin Endothelium
L-selectin Polymorphonuclear
leukocytes, monocytes,
lymphocytes
P-selectin Endothelial cells and

platelets

Table 1.23 Adhesion molecules; intercellular adhesion molecule-1 (ICAM-1), vascular
cell adhesion molecule-1 (VCAM-1), macrophage-1 antigen (MAC-1), lymphocyte
function-associated antigen-1 (LFA-1), endothelial leukocyte adhesion molecule (E-
selectin), leukocyte endothelial adhesion molecule (L-selectin) and granule membrane

protein 140 (P-selectin).

Soluble forms of adhesion molecules can be detected in the circulating blood (VCAM-

1, ICAM-1) in response to increased endothelial injury. ICAM-1 and VCAM-1 are

particularly important in the attachment and transendothelial migration of leukocytes.

The role of ICAM-1 in renal injury has been demonstrated by experiments in which the

administration of ICAM-1 antibody was found to be protective (66, 67).
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Leukocyte extravasation

The infiltration and migration of leukocytes involves a process called extravasation.
Neutrophils infiltrate into the tissue early during reperfusion. After rolling along the
activated endothelium they are activated, attach to the surface of the endothelial cells
and finally migrate transendothelially. Once attached they release superoxide radicals,
proteolytic enzymes and cytokines and when in the tissues they also express increased
levels of receptors for chemoattractants such as complement products, fibrinopeptides,
prostaglandins and leukotrienes (Figure 1.23). Macrophages are recruited 5 to 6 hours
after the inflammatory response. These increase the release of inflammatory mediators

and cytokines to sustain the inflammatory response (68).

1: Rolling 2 Activation 3. Arrest/ 4. Transendothelial

adhesion migration
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Figure 1.23 The four steps in leukocyte extravasation. (1) the initial rolling by binding
of selectin molecules (2) activation by chemoattractant stimuli (3) arrest and adhesion
mediated by integrins and (4) transendothelial migration.
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Cytokines

Cytokines are a group of cell derived polypeptides which to a large extent orchestrate
the inflammatory response. They are major determinants of the cellular infiltrate,
cellular activation, and the systemic responses to inflammation. Pro-inflammatory
cytokines such as interleukin 1 (IL-1), tumour necrosis factor alpha (TNFa), interleukin
6 (IL-6), interleukin 11 (IL-11) and interleukin (IL-8) are amongst some of the
cytokines involved in acute inflammation. They are involved in extensive networks
that exhibit both negative and positive regulatory effects on various target cells (69).
IL-6 is produced by a variety of cells and is released in the kidney during the acute
reperfusion phase. It has been described as having both pro- and anti-inflammatory
properties (69-71). The protective role of IL-6 has been demonstrated in studies of liver
and kidney I/R injury. In the liver, IL-6 reduced cell damage and stimulated hepatocyte
proliferation to protect against I/R injury (72, 73). In the kidney, Nechemia-Arbely et
al found that I1L-6 first mediates early kidney damage by instigating an inflammatory
response (74). Subsequently, it is then responsible for resolving the tissue damage.
Pro-inflammatory cytokines such as TNFa and IL-1 play a major role in augmenting
endothelial permeability and facilitating leukocyte infiltration. TNFa binds to common
receptors on the surface of target cells and exhibits several common biological
activities. It is up-regulated in response to renal ischaemic injury and is thought to be
induced by activation of the p38 mitogen-activated protein kinase (MAPK) pathway

via enhanced tyrosine phosphorylation (39, 75-77). It regulates essential biological
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functions such as an immune response, cell proliferation, survival, differentiation and

apoptosis and has a strong link with the production of oxidative stress (78).

Chemokines

Chemokines are a superfamily of small polypeptides that control the adhesion,
chemotaxis and activation of many leukocyte populations. They are induced by
inflammatory cytokines such as TNFa. They are expressed soon after reperfusion and

mediate the early recruitment of leukocytes (69).

Oxidant injury

Oxygen free radicals are generated immediately after reperfusion. They are thought to
be derived from three sources, the xanthine oxidase system, mitochondrial dysfunction
and activated neutrophils (40, 79). Xanthine oxidase is an important source of
endothelial cell derived superoxide and hydrogen peroxide. The reaction of xanthine
oxidase and hypoxanthine from the breakdown of ATP results in the production of
superoxide (O7) and hydrogen peroxide (H20,). It is thought that hypoxanthine is
responsible for free radical damage within the first few minutes of reperfusion (40).
Superoxide is also produced by NADPH oxidase in lysozymes and the electron
transport chain in the mitochondria. This undergoes rapid uncoupling with hydrogen

ions in the presence of superoxide dismutase (SOD) to form hydrogen peroxide (80).
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Adherent neutrophils are thought to account for greater oxidant stress in the later stages

of I/R injury.

During reperfusion H,O, may also react wi