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Abstract

The last 1-2 decades have seen remarkable advances in organ procurement and preservation
practices, especially with renewed enthusiasm for machine perfusion (MP) technology. However,
cold static storage (CS) remains the most popular world-wide approach for the preservation of
organs such as the kidneys, liver, and pancreas, largely due to its simplicity. It is clear that CS
techniques have limited potential for further improvement, and will likely be supplanted and/or
supplemented with MP technologies over the coming years due to the reparative, resuscitative, and
assessment capabilities afforded by MP. This is especially important as we increase our utilisation
of marginal and/or donation after circulatory death (DCD) organs to meet the ever-increasing

demand requirements for transplantation.

This dissertation explores selected aspects of abdominal organ procurement and preservation as
targets for improvement and/or modification with the aim to enhance recipient transplantation
outcomes. The kidney is used as a model organ for the development and exploration of MP as a
means to ameliorate transplant organ ischaemia-reperfusion injury (IRI), including through the
targeted delivery of anti-IRI drugs. In contrast, the optimization of CS protocols, including
identification of ideal perfusion fluids and in situ perfusion routes, forms the basis for liver and
pancreas transplantation work in this thesis. Such investigations are necessary to promote

uniformity of practice between centres, and allow appropriate comparisons between MP and CS.

The kidney MP work was guided by a systematic review and meta-analysis comparing MP and CS
in the clinical and pre-clinical setting. Although hypothermic MP (HMP) was shown to enhance
short-term graft outcomes, results were equivocal with respect to graft survival, especially in the
DCD setting. Preliminary evidence indicated the potential superiority of normothermic MP (NMP)
above HMP or CS, which may be further enhanced by using NMP as a conduit for directed drug
delivery to the kidney to ameliorate IRI. We therefore developed and optimized a local NMP set-
up using a series of porcine kidneys, which was then utilized to deliver the anti-IR1 agent CD47-
blocking antibody (aCD47Ab) in a porcine DCD model. The significant potential of this agent was
initially confirmed by testing in a murine model of severe warm IRI, including its comparative

efficacy to two other promising IRl agents, soluble complement receptor 1 (sCR1), and
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recombinant thrombomodulin, and also sCR1 in combination with aCD47Ab. aCD47Ab was
successfully delivered to porcine DCD kidneys using NMP, with subsequent downstream positive

impacts upon renal perfusion, and some functional and IRI-related parameters.

The clinical utilisation of renal NMP has so far been limited to the UK, and this modality has not
been tested in human kidneys in Australasia. Furthermore, the mechanistic basis of brief renal
NMP is not entirely clear. Therefore, and as a prelude to a phase I clinical trial, NMP was tested in
discarded deceased donor human kidneys. Fifteen kidneys were obtained from 10 donors, and
successfully underwent NMP. NMP was especially effective for assessing and improving DCD
kidneys discarded for poor macroscopic perfusion at retrieval. Flow cytometry analyses showed
evidence of a massive passenger leukocyte efflux during NMP. In paired kidney analyses, one
hour of NMP was shown to be superior to CS alone after simulated transplantation using ex vivo
whole allogeneic blood reperfusion, in terms of renal perfusion and functional parameters. Whole
transcriptome RNA sequencing revealed NMP-mediated induction of protective stress and
inflammatory-related pathways, in addition to a reduction in cell death pathways. Accordingly,
immunofluorescence techniques confirmed a reduction in cell death and IRl in NMP kidneys

compared to their CS counterparts.

CS and procurement techniques formed the basis of liver and pancreas transplantation-related
studies conducted for this thesis. Firstly, we showed that blood transfusion requirements can be
significantly reduced in recipients if the pancreas is retrieved using ultrasonic shears (Harmonic
Scalpel), implying a reduction in procedural risk and recipient sensitization. Two systematic
reviews and meta-analyses were then conducted to ascertain optimal in situ perfusion/preservation
fluids, and perfusion routes, during procurement of pancreatic and hepatic allografts. There was a
lack of overwhelming evidence favouring any specific preservation fluid, although University of
Wisconsin solution will likely remain the solution of choice, especially for the pancreas.
Furthermore, in standard criteria donors, aortic-only perfusion was found to produce equivalent
liver transplant outcomes in comparison to dual (aorto-portal perfusion). However, existing studies
included small patient numbers and short periods of follow-up. We therefore compared aortic and
dual perfusion during liver retrieval using the Australia and New Zealand Liver Transplant
Registry, which provided a much larger patient cohort with prolonged follow-up. This study

confirmed the equivalence of aortic-only and dual perfusion in standard criteria liver donors,
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however there was also evidence indicating the superiority of dual perfusion in a subset of

suboptimal/higher risk donors.

Overall, this thesis expounds upon the putative benefits of NMP in kidney transplantation,
including by directed drug delivery targeting the IRI cascade, and also enhances our understanding
of optimal perfusion routes and preservation fluids for the liver and pancreas. The ultimate aim is
to facilitate expansion of the donor pool whilst simultaneously enhancing recipient transplantation
outcomes through the evidence-based implementation of technologies and techniques in a unified

and coordinated manner.
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Chapter 1 - Introduction

Organ transplantation is a life-saving and life-altering process for thousands of recipients
worldwide each year. The immediate post-implantation period is characterized by the
complexities of the ischaemia-reperfusion cascade and the alloimmune response, the severity of
which largely determines immediate and longer term graft function. Indeed, improvements in
methods to modulate ischaemia-reperfusion and alloimmunity comprise the majority of
transplantation research. The ultimate goals of such research are the amelioration of ischaemia-
reperfusion and induction of tolerance to promote life-long graft survival.

However, transplantation outcomes are influenced by events that occur well in advance of the
transplantation procedure itself. Transplantation requires a suitable organ donor, whom may be
deceased or, in certain circumstances, living. The donor must be managed appropriately, with
management strategies dictated by evidence-based guidelines, local laws, and resource
availability. The organ must then be procured safely and effectively, avoiding anatomical
damage and minimizing any warm ischaemic insult. There-in, it is the responsibility of the
procurement team to ensure appropriate storage and preservation of the graft during transport to
the recipient centre. Organ transplantation must then proceed in a technically sound and timely
manner to avoid major surgical complications that may compromise the graft and/or patient.
After implantation commences the life-long process of medical management of the patient,

including the institution of tailored immunosuppression regimens.

This dissertation focuses on the defined phase in transplantation starting from surgical
procurement of the major abdominal organs, the kidney, liver, and pancreas, to the point of
transplantation, and how certain processes can be modified and/or improved to enhance recipient
graft function. This exploration will occur in the context of the increasing use of more marginal
organs to help reduce ongoing donor organ shortages. Preservation of the deceased donor kidney
will form the core of this thesis, investigating the modulation of ischaemia-reperfusion injury
(IRI) using pharmacologic agents and machine perfusion (MP). Selected aspects of liver and
pancreas procurement and preservation will also be analyzed with respect to their impacts on
post-transplantation outcomes.



1.1 The need for organ transplantation, organ supply & demand, and maximizing the

donor pool
Organ transplantation represents the best viable long-term treatment option for diseases such as

end-stage renal failure (ESRF) and type | diabetes mellitus (DM). Liver transplantation, in the

context of hepatic failure, is an immediately life-saving procedure.

The acceptance and growth in transplantation as a therapeutic option is justified by both short
and long-term clinical outcome data, and patient quality of life (QoL) parameters. In a systematic
review incorporating data from close to two million patients, Tonelli et al. compared renal
transplantation outcomes to those achieved with long-term dialysis'. The authors showed
significantly reduced mortality and cardiovascular complications, in addition to enhanced QoL,
in transplanted patients. Similarly, successful pancreatic transplantation, or replacement of beta-
cell function through islet cell transplantation, reduces patient mortality and undoubtedly
improves QoL as the need for exogenous insulin therapy and further complications from DM are
minimized.? Furthermore, analyses of liver transplantation have shown a realistic possibility of

long-term survival and superior QoL outcomes.® *

The reality however is that there is a perpetual shortage of available organs with respect to
demand.>® This disparity is not only reflected in transplant wait times, but also in proportions of
patients with end-stage organ disease removed from active waiting lists, and/or dying whilst
wait-listed. As an example, median waiting time for renal transplantation in Australia is 2-3
years, with more than 1000 patients on the waiting list during any one time.” Of particular
relevance and oft-forgotten is that these statistics will still grossly misrepresent the true shortage
of donor organs. This is because only a small percentage of patients with end-stage organ disease
are actively placed on waiting lists due to relatively strict eligibility criteria to account for donor
shortages.

The ongoing shortage of donor organs has necessitated the implementation of multiple strategies
to address this deficiency. These encompass a host of domains, including interventions aimed at
(i) the education of relevant stakeholders and the public at large regarding transplantation, in
association with policies regarding donation consent and allocation (also including regulated live

donor and/or paired organ exchange programs); (ii) enhancing the pre-procurement management



of potential donors to minimize organ deterioration; (iii) improving procurement and
preservation techniques such that graft outcomes are optimized and discard rates are minimized;
and (iv) widen the number of potential organs through (a) the loosening of organ acceptance
criteria, such as donation after circulatory death (DCD) and expanded criteria donor (ECD)
organs, and (b) exploring alternative sources for donor allografts, primarily through research into

xenotransplantation and in some cases stem-cell derived sources.

1.2 Organ procurement, preservation, and transplantation — major concepts
1.2.1 DECEASED DONORS — TYPES AND DEFINITIONS

Deceased donor organ donation can occur after the irreversible cessation of brain function or

following circulatory arrest. The former places donors in the donation after brain death (DBD)

category, whilst the latter classifies them as donation after circulatory death (DCD) donors.

DCD donors can be further sub-classified based on the pattern/nature of circulatory arrest. The
primary classification system in this regard was developed after a consensus meeting in
Maastricht, The Netherlands.'® Overall there are five DCD donor categories.*> * DCD | to V
donors are defined by death on arrival (1), failed resuscitation (I1), cardiac/circulatory arrest
awaited (1), circulatory arrest in a DBD donor (1V), or unexpected circulatory arrest in a patient
who has critical illness (V), respectively.!* Controlled DCDs encompass category Il and 1V
donors in which life support measures are withdrawn in a controlled/planned manner, whilst
Maastricht I, II and V donors are ‘uncontrolled’.*® The majority of DCD donation occurs in a
controlled fashion, and uncontrolled DCD donation is limited to a few countries. Currently
within the Australian and UK setting, only Maastricht 11l or IV donors can proceed to

donation.***®

Expanded criteria donors (ECD) are named as such due to an anticipated shorter graft life-span
after transplantation in comparison to standard criteria donor (SCD) grafts. ECDs can
incorporate both DCD or DBD donors. Within the sphere of kidney transplantation, ECD
terminology has largely been supplanted by the related concepts of the kidney donor risk index
(KDRI) and kidney donor profile index (KDPI). However, ECD and high KDPI will be used
interchangeably in this thesis due to ongoing use of ECD in the literature. The KDRI and KDPI



estimate risk of graft failure relative to other donor kidneys.'® ' The Australian KDPI score
incorporates donor age, history of hypertension or DM, height/weight, cause of death (COD) as
stroke, terminal creatinine level, and DCD pathway within overall scoring."® A high KDPI
generally equates to a score >80-85%."® *° The older ‘ECD’ definition for kidney donors defined
ECD as a donor either greater than 59 years old, or between the ages of 50 and 59 years and
having at least two of the following three variables — death due to a cerebrovascular accident, a

history of hypertension, and/or a terminal serum creatinine that exceeds 1.5 mg/dl.*

Liver ECD definitions vary, with no clear consensus, but once again encompass higher risk
donors. Donor-related risk factors that may be associated with graft failure can include increased
age, hypernatraemia, hepatitis B or C, transaminitis as a marker of ischaemic damage, and/or
macrosteatosis.”” ? The Donor Risk Index (DRI), and in Europe the Eurotransplant DRI (ET-
DRI), attempt to more formally define the contribution of donation-related factors to subsequent
graft failure.?> % These indices include within the risk scores such factors as advanced donor age,

donor COD, the use of partial grafts, ischaemic times, DCD pathway, and graft shipping.

A consensus ECD definition also does not yet exist for pancreas transplantation, although it can
be argued that a donor who does not fit within ‘standard’ acceptance criteria can be considered
an ECD.?* This may include donors above 45-50 years of age, with/without obesity, and dying
due to cerebrovascular accident, and/or circulatory death.?** The Pancreas Donor Risk Index
(PDRI) was proposed in 2010, and considers parameters such as elevated donor age (> 28 years),
body mass index > 24, COD as stroke, cold ischaemic time > 12 hours, and the DCD pathway as
risk factors for graft loss.?” An alternative score was developed for the Eurotransplant region, the
Pre-procurement Pancreas Allocation Suitability Score (P-PASS), incorporating purely donor-

related factors, including intensive care unit stay, and donor amylase and lipase levels.?®

1.2.2 DECEASED DONORS — UTILISATION AND OUTCOMES BY TYPE

DBD donors continue to represent the highest proportion of organ donors in Australia, USA, and
Europe. However, the landscape of organ donation with respect to acceptable donor risk factors
has changed significantly over the past few years in order tackle the problem of organ shortages.

The greatest change has been in the proportion of ECD and DCD donor organs utilized. In



Australia in 2017, 70% of all donors resulted from the DBD pathway, whilst 30% of donors were
from the DCD category; in comparison, the corresponding percentages for 2009 were 83% and
17% for DBD and DCD donors, respectively.? In contrast, DCD donors represent 17-18% of all
deceased donors in the USA, and a much larger 39% in the UK. ** In general, donor age has
also seen a significant increase in Australia over the last decade, and comorbidities such as DM,
hypertension, and smoking are much more prevalent in donors today compared to even 10 years

ago.™!

Kidney transplantation outcomes from DCD and ECD/higher KDPI donors are not equivalent to
those achieved from SCD DBD donors. Even before reaching the stage of transplantation, there
is a significantly greater risk of discarding grafts retrieved from DCD and/or higher KDPI
donors.**** DCD and ECD kidneys confer a higher risk of early graft loss due to primary non-
function (PNF) or vascular thrombosis.***" Delayed graft function (DGF) rates, most commonly
defined as the requirement for dialysis in the first week post-transplantation, are significantly
higher in both DCD and ECD kidneys.*”*' DGF in turn is associated with greater hospital

length-of-stay and costs.*>**

The relationship between the use of marginal and/or DCD kidneys and long-term graft survival is
more complicated. A large multi-institutional study from the UK showed equivalent 5-year graft
survival in DCD and DBD kidneys.*® However amongst both DBD and DCD donors, increasing
donor age, cold ischaemic times (CITs), and stroke as a COD were associated with graft
failure.®® A more recent large cohort study from the Netherlands showed similar 10-year graft
and patient survival rates after kidney transplantation from DCD or DBD donors.?’ Other studies

similarly show no impact on long-term graft survival,*>*’

although there may be a trend towards
inferior graft survival in the higher risk donors after a 10 year period.*® Regardless, the presence
of multiple risk factors within the same donor such as increasing age and/or comorbidities

reduces graft survival.**

Difficulties arise when considering the impact of DGF on graft and patient survival in DCD
kidney transplantation. A paired kidney study comparing survivals in DCD kidney pairs with and

without DGF showed a significantly higher risk of graft loss in the DGF grafts.*® Similarly,



increased risk of graft loss was shown in paediatric recipients of DCD grafts with subsequent
DGF.* In contrast, other authors suggest that the occurrence of DGF has no subsequent impact
on graft survival in DCD transplantation.>** Another large paired registry analysis conversely
suggested that DGF adversely impacts on graft survival, but only in the first post-transplant
year.>* Duration of DGF and/or functional recovery of renal filtration may be a more important
consideration and determinant of subsequent graft loss.>> *® Another reason for differences
between studies may be attributed to the alternate definitions of DGF used (dialysis-based versus
creatinine clearance-based). However, the negative impact of DGF on DBD transplant survival
appears to be much clearer in comparison to its impacts on DCD kidney transplants.®” %% >
Importantly, even when accounting for increased DGF, DCD and/or ECD kidney transplantation
continues to offer a significant survival advantage, improved access to transplantation, improved

QoL, and cost advantages when compared to remaining on dialysis.*® %> %"

The DCD and/or ECD categories have a clearer impact upon graft and patient survival after liver
transplantation. A large multi-centre cohort study from the UK showed a higher graft loss
conferred upon DCD livers.®® This trend is also shown in other studies, including meta-
analyses.®®® Much of this difference is probably attributable to a greater incidence of ischaemic-
type biliary lesions (ITBL) in DCD liver transplants.®*® Indeed, DCD livers that do not develop
ITBL likely have similar survivals compared to matched DBD livers.** ‘Expanded’ criteria
livers, characterized by such factors as increased donor age, ischaemic time greater than 8 hours,
and macrosteatosis, tend to have worse outcomes.> >  Younger DCD donor livers appear to
perform better in comparison to older DBD livers and therefore careful selection of DCD donors
and an emphasis on keeping ischaemic times short can significantly close any gaps in outcomes
between DCD and DBD livers.®® ¢

Within the realm of pancreatic transplantation, long-term success equivalent to that seen from
DBD donors can be achieved with DCD pancreases.”®’® A large cohort study from the UK
confirmed this finding, although DCD pancreases were used from significantly younger donors
compared to the DBD cohort.”> A recently published study investigated the medium-term

comparative efficacy of selective ECD pancreatic allografts, utilizing donors with an age of 50-



60 years and/or BMI of 30-34. In comparison to SCD organs, ECD pancreases had a very similar

one-year graft survival.”

1.2.3 MULTI-ORGAN PROCUREMENT

Organ procurement requires efficient and safe organ dissection and removal to facilitate effective
transplantation outcomes. The rapidity and exact nature of the retrieval process is significantly
impacted by whether the donor is within the DBD or DCD subclass. Procurement can be
undertaken for single organs or multiple organs from the same patient; both abdominal and
thoracic organs may be obtained from a donor, if indicated and suitable. Furthermore, donor
organs can be retrieved individually, or in some cases can be removed from the donor in an en

bloc fashion, after which they are separated on the back-table.

The standard multi-organ DBD donor proceeds utilizing a method originally described by Starzl,
which was later modified by the same author into a rapid procurement technique.’® ™
Preliminary dissection of organs is minimized, and the procurement procedure proceeds in a
more stream-lined fashion. Procurement occurs in the ‘warm’ and ‘cold’ phases, representing the
period before and after the cold in situ perfusion/flush, respectively. Primary steps in this
procedure, which are facilitated by mobilization of the large bowel and small intestinal

mesentery, include:

e A general laparotomy, inspecting the abdomen for pathology that would contra-indicate
donation (e.g. cancer);

e Dissection of the supracoeliac aorta;

e Dissection of the aorta at its bifurcation into the common iliac arteries;

o Distal aortic cannulation with or without portal venous cannulation;

e Minor preliminary organ dissection (warm phase), in particular involving
dissection/identification of vital structures that may easily be damaged in the cold phase
(e.g. ureters, portal structures);

e Supracoeliac aortic cross-clamping and cold in situ perfusion (~2-4 degrees Celsius) via the
aortic cannula (and portal vein, if applicable); blood/perfusion fluid is vented via the inferior

vena cava (IVC) after cannulation or into the thoracic cavity following transection;



e Cold dissection and removal of relevant organs, along with suitable lengths of supplying
arteries and draining veins; aberrant anatomy must be accounted for; and
e Back-table dissection and perfusion of organs prior to subsequent storage and

transportation.” "

Modifications to Starzl’s methods exist, involving variable levels of preliminary organ and
vessel dissection in the warm phase.” Although no systematic evidence exists, Brockmann et al.
found no significant evidence of organ compromise when multi-organ retrieval of the liver,
pancreas and kidneys is undertaken.”® Furthermore, rapid procurement techniques with minimal
warm-phase dissection do not tend to impair graft function.”” Additionally, en bloc organ
removal, in contrast to separate dissection and removal, is likely associated with improved liver

and pancreas graft outcomes.”

In contrast, DCD organ procurement requires the rapid administration of cold in situ perfusion as
an initial step, such that the organs’ warm ischaemic insult is minimized. Casavilla, from Starzl’s
group in Pittsburgh, described this ‘super-rapid’ technique in 1995.° It entails a swift
laparotomy, exposure of the distal aorta, followed by immediate cannulation and cold
perfusion.”® Cold phase dissection of the organ(s) of interest is then undertaken prior to their
removal. Alternative techniques that may be considered in the DCD setting, in particular the

potential use of ante-mortem interventions, are considered in section 1.4.

1.2.4 IN SITU ORGAN PERFUSION AND STATIC METHODS OF PRESERVATION

A cold in situ systemic vascular flush must be undertaken during organ procurement in order to
induce rapid organ cooling, remove static red blood cells (RBCs), and provide an appropriate
substrate for subsequent organ preservation. Cooling of the organ must be achieved such that its
metabolic rate is dropped in the absence of a blood supply; each 10 degree Celsius reduction in
temperature causes an approximately two-fold reduction in enzyme activity.”” The type of fluid
used for the in situ organ flush is generally subsequently used for organ storage during

transportation to the transplant centre.

Perfusion/preservation fluids




Cold organ preservation fluids should ideally minimize and/or reverse the following cellular and
subcellular processes occurring within the organ of interest secondary to an absent blood supply

(also see Section 1.3):

e Disrupted ionic pumps and ion accumulation and/or depletion, with additional downstream
effects;

e Altered redox potentials;

e Cellular oedema;

e Acidosis;

e Accumulation of reactive oxygen species (ROS), including in mitochondria;

e Adenosine triphosphate (ATP) depletion; and,

e Disruption of glycolytic pathways.’”"

Current static hypothermic preservation solutions can broadly be classified as (i) intracellular
versus extracellular or intermediate, based largely upon the solution’s potassium content, and/or
(ii) low viscosity versus high viscosity solutions.?® Common components include colloid and/or
impermeants to counteract cellular oedema, antioxidants for protection against ROS generation,
ATP precursors to allow replenishment upon reperfusion, and buffers to retard the acidosis
attendant with organ ischaemia.?® University of Wisconsin (UW) solution is arguably the most
well-known and commonly utilized fluid. Other popular preservation fluids include histidine-
tryptophan-ketoglutarate  (HTK, or Custodiol), Celsior, Eurocollins, = Marshall’s
(Ross/Hyperosmolar Citrate), and Institute Georges Lopez (IGL)-1."

Perfusion routes, techniques and volumes, and static storage during transportation

Abdominal organ perfusion prior to procurement is primarily undertaken via the aorta, with the
option of undertaking additional portal venous perfusion (‘dual’ perfusion) for liver retrievals.
Unfortunately to date there has been no uniformity in guidelines regarding whether the aortic or
dual perfusion route should be employed.®*3® Furthermore, another potential variation exists in
the use of a ‘pre-flush’ whereby a fluid that is not the final preservation fluid is utilized in the
systemic flush prior to the final flush to allow for adequate clearance of PRBCs. Perfusion

volume depends on the solution utilized (e.g. much higher volumes required for equilibration of
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HTK), and is partially determined by the perfusionist/surgeon based on the resistance to fluid
flow and perceived content of blood within the perfused effluent visualized from the venting site.
The back-table provides an additional site for final perfusion of the organ prior to transport to the

recipient centre.”

Following in situ and back-table perfusion, the majority of organs undergo cold (static) storage
(CS) whereby they are bagged and/or boxed in cold preservation solution, surrounded by at least
one more layer of ice slush.>*® This helps maintain the organ(s) in a suitable, hypothermic
microenvironment in preparation for transport to the transplantation centre. Alternative
preservation approaches, in particular dynamic and/or normothermic methods, are introduced in

section 1.4.

What is the best perfusion fluid, volume, and route to use?

Perfusion fluid types, route(s), and volumes for abdominal transplant organs largely seem to be
dependent on individual transplant retrieval unit preference in the context of the exact organ(s)
being retrieved. Indeed, organ flush protocols vary significantly between centres with respect to

all of these parameters, and there is certainly no worldwide consensus.® 83 7.8

The most commonly utilized static preservation solutions for deceased donor kidneys are UW,
HTK, Celsior, Eurocollins, and Marshall’s. Systematic evaluations of their comparative
efficacies largely fail to demonstrate inferiority of one fluid type over another with the exception
of Eurocollins, which may be responsible for higher rates of DGF.8? One registry analysis also
purported reduced kidney transplant survival associated with the use of HTK, although this is an
isolated finding.” The choice of perfusion and static preservation solution is likely more relevant
in the context of liver and pancreas transplantation. Perhaps the greatest controversy is in the
comparison between UW and HTK. Some studies have failed to show a graft survival difference
for either organ, using either preservation solution.*** Later, larger registry analyses have
shown a higher risk of pancreatic and hepatic graft failure when HTK was used in comparison to
UW.97_99
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Paramount in the setting of multi-organ retrieval, the perfusion fluid that is chosen must not
compromise outcomes for any of the procured organs. As for what the ideal solution is for all
organs, the current literature and guidelines are also not entirely clear, and significant further
work is required in this area. The situation becomes further complicated by the increasing use of
dynamic preservation strategies during transportation or in the pre-implantation setting, which

will be an important focus of this dissertation.

1.3 Damage to the donor organ during storage and transplantation

The function of a transplant organ is determined by donor, recipient, and preservation-related
factors. Organ function in the original donor is usually superior to what is achieved upon
transplantation as the donor organ suffers two major interacting insults after procurement and
implantation — (i) an antibody and cell-mediated alloimmune response to the graft (this is beyond
the scope of this thesis); and (ii) ischaemia-reperfusion injury (IRI). The severity of IRI itself is a
function of (i) the time to transplantation and restoration of sanguinous oxygenated perfusion in
the recipient; (ii) organ temperature dynamics during storage; and (iii) the preservation
conditions and/or substrates utilized. Ischaemic injury can either be ‘warm’ or ‘cold’, and in

effect primes the organ for further damage upon reperfusion in the recipient.

1.3.1 ISCHAEMIC TIMES AND DEFINITIONS
Ischaemic times encountered during the donation/transplantation process are outlined in Figure
1.

Withdrawal of life Aortic cross- Organ out of ice .. Transplantation
support & asystole clamp/cold perfusion
{ A A J
[ | Y
wiIT CIT SWIT
{ J
Total ischaemic
time (DBD)
| ’ J
Total ischaemic
time (DCD)

Figure 1. Ischaemic intervals encountered in organ transplantation. Note that definitions of the initial warm
ischaemic time (WIT) vary, and may be measured from the time of withdrawal of life support, or from the time of

asystole and pronunciation of death, or after pre-defined patient vital criteria. The period between aortic cross-
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clamping and cold in situ perfusion and subsequent anastomosis may be partially replaced by normothermia or
subnormothermia as part of dynamic machine perfusion techniques. In DCD donors, the time prior to aortic cross-
clamp/cold perfusion may also incorporate a period of artificial re-institution of the patient’s circulation using

normothermic regional perfusion. CIT — cold ischaemic time; SWIT — second warm ischaemic time

Exact definitions of ischaemic times are somewhat heterogeneous in the literature, in particular
with respect to the first warm ischaemic time (WIT) in DCD donors.' *** Most commonly, the
WIT is defined as the period from extubation (withdrawal of life support) to institution of cold in
situ perfusion.’® Alternative definitions may describe the WIT as the time from asystole to cold
perfusion, or the time after the blood pressure or oxygen saturation drops below a pre-defined
level until cold perfusion (i.e. the ‘functional warm ischaemic period’).!®* Some authors have
suggested splitting the WIT into two phases — (i) phase I, representing the time from extubation
to asystole, and (ii) phase II, denoting the time from asystole to cold perfusion.’®* Use of the
additional sub-phase of functional warm ischemia, alternatively defined based on blood pressure
or saturation measurements, is potentially more useful and impactful upon an organ’s subsequent

function.%

Another important consideration with respect to defined ischaemic intervals is that they do not
consider the initial warm ischaemic insult suffered by DBD donor organs. This warm ischaemic
insult is secondary to the haemodynamic disturbances and inflammatory activation commonly
present in these donors, in addition to potential exposure of the organs to warm ischaemia during
retrieval and dissection, and priming of DBD organs to further immune-related damage upon

reperfusion. 0310

The kidney, liver, and pancreas all have different tolerance to cold and warm ischaemic periods.
Generally, in the context of controlled DCD procurement, the initial WIT (from time of
extubation) should not exceed 30-45 minutes for the liver, and 45-60 minutes for the kidney and
pancreas, otherwise there is an increased risk of transplant graft dysfunction.'® These values are
not absolute however, and particularly in the UK units may wait up to 2 hours after the
‘functional’ warm ischaemic threshold is reached before abandoning kidney retrieval. '

Generally recommended CITs for DCD livers, pancreases, and kidneys are less than 10 hours, 18
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hours, and 24 hours, respectively, although there is considerable variation between

jurisdictions.*®® 11

1.3.2 ISCHAEMIA-REPERFUSION INJURY (IRI)

Organ ischaemia commences upon the cessation of effective circulation within the donor. In the
absence of intervening dynamic oxygenated perfusion, the ischaemic interval ceases once the
arterial clamps are released during the transplantation procedure. At this point, the reperfusion
phase comes into effect with an influx of oxygen, leukocytes, complement, and other plasma
mediators. Together, the cumulative insult that is derived is known as ischaemia-reperfusion
injury (IRI). IRl is a complex cascade that represents the intersection of multiple injurious
pathways, and its severity can impact upon short and long-term graft function.’®® 113 A
schematic representation of IR1 in organ transplantation is presented in Fig. 2.

ISCHAEMIA
ATP depletion Parenchymal/endothelial cell oedema
Impaired cell membrane ion Cell damage/death
exchange pumps Upregulation of adhesion molecules,
Acidosis cytokines, chemokines, DAMPs

ROS formation Formation of micro-thrombi
//_\ Reduced NO

REPERFUSION Inflammation/innate immune response

Increased ROS formation K 4
Complement Complement cascade Ischaemic period
Coagulation cascade Temperature
. Vascular narrowing/'no reflow’ Therapies
Parenchymal & endothelial cell damage Machine perfusion
and death

Early effects— e.g. PDF, DGF, acute rejection

Late effects— chronic graft dysfunction/loss
(IFTA), chronic rejection

Figure 2. The ischaemia-reperfusion injury cascade. ATP — adenosine triphosphate; DGF — delayed graft function;
DAMP — danger-associated molecular patterns; IFTA — interstitial fibrosis and tubular atrophy; NO — nitric oxide;

PDF — primary graft dysfunction; ROS — reactive oxygen species
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Disconnection of an organ’s arterial supply naturally induces absolute ischaemia and hypoxia.
ATP stores are depleted, and anaerobic metabolism is induced. There is attendant acidosis,
malfunction of membrane ATP-dependent ion exchange pumps, including the Na'/K*
transporter, in addition to intracellular calcium accumulation, and the formation of reactive
oxygen species (ROS). Endothelial and parenchymal cellular oedema and injury is induced, in
addition to the increased expression of adhesion molecules such as ICAM-1, release of damage-
associated molecular patterns (DAMPs), and the up-regulation of gene expression related to
inflammatory and hypoxic signaling.'** > These changes during the ischaemic phase prime the

organ for subsequent reperfusion injury when sanguinous perfusion is restored.

The reperfusion process paradoxically induces further damage as it brings with it allogeneic
blood containing reactive innate and adaptive immune cells, along with other injury-provoking
mediators such as complement components, coagulation factors, and plasma immunoglobulins.
There is also an acute inflammatory immune response dominated by innate immune cells, which
induces local damage.”* ROS formation is amplified with the re-introduction of oxygen.
Leukocyte adhesion and diapedesis, along with platelet binding and activation of coagulation,
contribute to a local ‘no reflow’ phenomenon and microvascular dysfunction. Angiogenic
induction in the local environment is inhibited, contributing to a chronic relative hypoxia. The
adaptive immune response is also activated in response to IRI. Endothelial and parenchymal cell
injury may result in cell death via necrosis, apoptosis, and/or induction of autophagy-related

pathways 103, 113-115

It is important to note that hypothermia does not completely attenuate IRI, and indeed may be
damaging in of itself."% ™ 7 It is very difficult to isolate the potential deleterious effects of
hypothermia from the general IRI process, but it is nonetheless clear that the CS period is not

benign in of itself.'

Although the organ’s metabolic rate is reduced at lower temperatures, some
metabolic processes nonetheless continue and deplete stores of ATP. Enzyme function and
protein conformation is sub-optimal, impairing critical subcellular processes that continue in
hypothermia.”” A prolonged period of hypothermic organ storage can be highly deleterious,
especially in combination with period(s) of warm ischaemia and the inevitable reperfusion in the

recipient.’*? Indeed, a critical determinant of cold ischaemic injury may be its coupling to warm
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reperfusion; if this occurs abruptly, as is generally the case in transplantation, there is evidence

for mitochondrial stress, dysfunction, and induction of apoptotic pathways.***®

1.3.3 CLINICAL SIGNIFICANCE OF IRI
The primary aim of organ preservation strategies is the minimization of IRI-related damage to
the graft, which is pictorially depicted in Fig. 3, and is a function of preservation time and

temperature, amongst other factors.

“Transplantable”

Organ
Quality

Can we slow this
rate of decline?

Time
(Preservation)

Figure 3. Organ procurement and preservation practices impact organ quality at transplant. The aim of
preservation approaches between procurement and transplantation are to minimize the rate of decline of organ
quality. This may be achieved by minimizing storage time, modulating temperature, modifying preservation

solutions, and using technologies such as machine perfusion, in addition to other approaches.

The manifestation of IRI in the graft depends on the severity of the insult. Within the kidney,
severe IRl with associated acute tubular necrosis may manifest as DGF. Potential
delayed/longer-term effects are mediated by activation of the adaptive immune response and
progressive tubular trophy and interstitial fibrosis due to epithelial-to-mesenchymal cell
transition, with subsequent impacts on graft survival.’®* ™! Liver transplant IRl may present as
primary graft dysfunction (PDF) and/or primary non-function (PNF), biliary injury and ITBL,

and impaired graft survival.'*® Pancreatic graft IRI is naturally associated with graft pancreatitis,
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which also serves as a risk factor for graft thrombosis.®®® *?* Transplant graft IRI may also

increase graft immunogenicity and contribute to episodes of acute and/or chronic rejection. ! %2

The clinical severity and manifestations of graft IRI are not uniform, and are modified by donor
and recipient factors, in addition to the duration of ischaemia, temperature during ischaemia,
anti-IRI therapeutic delivery, the nature of perfusion/preservation solution(s) utilized, and the use
of other technologies such as machine perfusion (MP). The duration of anastomoses, i.e. the
second WIT (SWIT), is also critical to subsequent graft function, as a prolonged period will
increase the severity of the IRI hit. All of these factors will be discussed in detail over the course

of this dissertation.

1.3.4 PHARMACOLOGIC AMELIORATION OF IRI IN CLINICAL TRANSPLANTATION

The transplant and IRI literature is replete with pre-clinical studies investigating the role of
different pharmacologic/therapeutic agents in the amelioration of IRI-related injury. Multiple
reviews have been published investigating the role of such agents, especially in the context of

kidney and liver transplantation,** 113 123126

Broadly, the pathophysiologic processes within the IRI cascade targeted by these agents most
commonly include oxidative and/or mitochondrial stress, inflammation/leukocyte influx, the
complement cascade, the coagulation cascade, and local vascular abnormalities.*?”*% This
includes the utilization of newer, experimental drugs, monoclonal antibodies, repurposing of
existing drugs, and other experimental techniques such as the use of small interfering RNAs
(SIRNAs) and microRNAs (miRNAS).

Very few agents have made it past the pre-clinical phase and been tested in the human
transplantation setting, and close to none are being used regularly. It is clear that the majority of
pre-clinical work has been lost in translation, a transplant-specific version of the ‘Valley of
Death’.*®" *® Reasons for this are multi-factorial, and are related to such factors as: (i) uncertain
or poor clinical efficacy of these agent(s) despite promise in animal testing; (ii) ethical
considerations related to the systemic treatment of donors (especially in the DCD setting); (iii)

inherent difficulties related to the translation of drugs to allow the systemic treatment of
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recipients, including the large costs associated with drug development and trials; and (iv)

difficulties with conducting clinical trials in transplantation.'*®**

Newer approaches must be utilized to try and ameliorate transplant organ IRI using therapeutic
agents. One such approach, the role of MP for drug delivery, will be discussed further in Part 2

of this dissertation.

1.4 Modern strategies to enhance organ procurement and preservation

Once a potential organ donor patient is identified, there are many potential therapies and/or
management protocols that can possibly be instituted to minimize graft damage and help
optimize function post-transplantation. However, none of these can be implemented without
express consideration of the ethical and legal considerations specific to the local setting, and also
taking into account the donor’s and/or donor’s family’s wishes. This is especially pertinent in our
own state (New South Wales, Australia) with regards to restrictions on the use of ante-mortem

interventions in DCD donors.*

1.4.1 DBD DONOR MANAGEMENT

Specific considerations need to be made for DBD donors. In conjunction with a rising
intracranial pressure, DBD donors have complex cardiovascular and respiratory changes, a
systemic inflammatory response, and changes to systemic hormones secondary to pituitary
failure.**" 1 As such, these areas serve as potential therapeutic targets that can be reversed prior
to organ retrieval. The primary goal of DBD donor management is to achieve and maintain the
donor’s physiologic parameters as close to normal as possible.'*" Pituitary failure may be
compensated for by use of hormonal resuscitation, which may include the administration of
steroids, thyroid hormones, insulin, and desmopressin.*** However, the individual role(s) of each
of these agents is not well-defined, and most studies that have been conducted have been
retrospective in nature and/or of low-quality.****® Targeting of circulatory changes is perhaps
more essential, and can be achieved through the use of intravenous fluids and vasopressors.**:
Achievement of donor management goals may increase the number of transplantable organs
from each individual DBD donor.**” Overall donor management goals may include the

following:
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e Mean arterial pressure 60-100 mmHg;

e Central venous pressure 4-10 mmHg;

e Ejection fraction > 50%;

e Use of one or less vasopressor at a low dose;

e Maintenance of a normal pH;

e Maintenance of normal pulmonary function (P,O:FiO, > 300); and

e Maintenance of normal urine output (>0.5-3 ml/kg/hr), serum sodium, and glucose levels.***

143, 147

Another potential pre-procurement intervention of note in DBD donors is the use of therapeutic
hypothermia. A study by Niemann et al. compared DBD kidney transplant outcomes from
donors either externally cooled to 34-35°C or maintained at a normal temperature of 36.5-
37.5°C.2*® DGF rates were significantly reduced in the hypothermic group, with this effect most

pronounced in ECD donors.**

1.4.2 DCD DONORS — HEPARIN AND NORMOTHERMIC REGIONAL PERFUSION

DCD organ donors present unique challenges but also opportunities within the pre- and intra-
procurement phases of donation. Local customs, laws, and policies are a major determinant of
whether certain strategies to enhance function of the DCD organ can be successfully
implemented. Furthermore, the type of approach utilized is also dependent upon the type of DCD

pathway, i.e. controlled or uncontrolled.

The controlled DCD situation affords the ideal opportunity for the delivery of ante-mortem
interventions, if permitted under the legislation of the governing jurisdiction. Administration of
ante-mortem heparin is a simple yet very effective therapy that is likely to improve outcomes
from DCD organ transplantation.'*® Prior to its use, consideration must be made that therapeutic
intravenous heparin can theoretically accelerate death in potential DCD donors with concomitant
intra-cranial haemorrhage, although there is no clinical evidence for this.*® *** Ante-mortem
heparin is estimated to reduce the increased risk of graft thrombosis in DCD pancreas
transplantation.” Evidence for or against the use of heparin is DCD kidney transplantation is

sparse, although it is hypothesized to reduce DGF by minimizing formation of microthrombi.***
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153 Ante-mortem heparin is also deemed to be beneficial for DCD liver grafts, and is likely

superior to the administration of tissue plasminogen activator post-arrest.>* *°

Ante-mortem femoral vessel cannulation is used by certain centres in the controlled DCD setting,
allowing for rapid institution of cold in situ perfusion as soon as death is declared.’®® 49 153
Abdominal regional perfusion (ARP) is one technique that may take advantage of such cannulae
to reinstitute an artificial donor circulation in a manner that is similar to extracorporeal
membrane oxygenation (ECMO) technology. ARP can be performed under hypothermic
conditions (hypothermic regional perfusion, HRP), or more commonly under normothermia
(normothermic regional perfusion, NRP).*® HRP has only been used in the context of kidney
transplantation, and although some promising results have been obtained, the combined clinical
experience with this technique is relatively sparse.™ NRP in contrast has been more extensively
utilized, including for kidneys, the liver, and pancreas. NRP has potential benefits in both
controlled and uncontrolled DCD donors, and may be administered via femoral or more centrally
placed cannulae. NRP may facilitate more objective graft assessment prior to organ recovery, in
addition to graft repair and amelioration of IRI.™>" **® Beneficial effects have been shown with
respect to graft outcomes and utilization rates in controlled DCD kidney, liver, and pancreas
transplantation without preceding (ante-mortem) heparinization.”®” *** NRP is perhaps more
innovative and incrementally useful in the uncontrolled DCD setting, and is usually performed
after wvascular cannulation, heparin administration, and simultaneous external cardiac
compressions and ventilation.™®® NRP is especially beneficial with respect to the reduction of

ITBL rates in DCD liver transplantation.*

1.4.3 ORGAN PRESERVATION POST-PROCUREMENT

The comparative use of different cold in situ preservation solutions and techniques was been
introduced in section 1.2.4, and will be expanded upon in Part 2 of this thesis. The utilization of
ex vivo organ perfusion techniques (i.e. MP) in the pre-implantation period is a major focus of
this dissertation, especially in the context of kidney transplantation, and will be explored in detail
over the course of Part 1. MP in of itself is a useful strategy to target IRI, and its efficacy can
potentially be enhanced by using MP as a direct delivery method for anti-IR1 agent(s) to the

donor organ of interest. A detailed discussion regarding MP has been deliberately omitted from
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this introductory chapter in order to avoid unnecessary repetition and redundancy, but is included

through the course of Part 2 of this dissertation.

1.5 Aims and introduction to the research conducted for this PhD

The perpetual shortage of donor organ supply with respect to demand necessitates ongoing
strategies and research to close this gap. The aims of such research should be twofold — (i) to
increase the number of organs available for transplantation; and (ii) to simultaneously improve
their outcomes in recipients. As a result of increasing requirements for organs such as the liver,
kidney, and pancreas, there has been increasing use of DCD and/or ECD kidneys locally and
overseas. These organs are more susceptible to IRI incurred during procurement, transportation,
and implantation. We therefore need improved procurement and preservation techniques to
optimize the use of these organs. Identification of best-practice in these areas and further
research gaps will also help streamline surgical procurement and preservation techniques, and
allow future work to occur in a more unified fashion. Fig. 4 summarizes the work conducted for
this dissertation in the context of IRI, and the cycle of donor organ procurement, preservation,
and transplantation.

PART 2 — The Kidney

The kidney, liver, and pancreas are all commonly procured and transplanted abdominal organs,
with the potential to increase life expectancy and improve quality of life. However, the kidney is
the most prolific organ with respect to procurement and transplantation rates worldwide, and also
serves as an ideal and convenient model to test potential advances in organ preservation, which
may then be extrapolated to other organs. Therefore, the kidney is the primary organ of focus for
the initial section of this thesis. In particular, advances in deceased donor kidney preservation
techniques and the re-emergence of MP preservation are emphasized as a potential means to

improve the number and quality of kidney transplants from DCD and higher KDPI donors.

Chapter 2 explores the latest advances in the preservation of abdominal and thoracic organs,

expanding upon the utilization of MP techniques in the general field of organ transplantation.
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This then sets the scene for Chapter 3, which consists of a systematic review and meta-analysis
comparing MP to traditional CS in the setting of deceased donor kidney transplantation. Here we
show the superiority of hypothermic MP (HMP) over CS with respect to the occurrence of DGF,
but equivocal results regarding graft survival and also in DCD transplantation in general. This is
supplemented by a systematic exploration of pre-clinical studies investigating the utility of
dynamic modalities that have to date seen limited clinical use, including oxygenated HMP and
normothermic MP (NMP). The significant potential of NMP with respect to graft resuscitation,
assessment, and as a means for direct pharmacologic treatment of the kidney is identified and

emphasized.

As a result of the findings from the systematic review, and a resolution from a multi-disciplinary
Transplantation Society of Australia and New Zealand Machine Perfusion workshop to pursue
the investigation of NMP in preference to HMP for kidney preservation, work from Chapter 4
was commenced. A porcine model of NMP was developed and optimized using modified
cardiopulmonary bypass technology, adapted from existing set-ups in the UK and Canada. As
part of this process, a customized 3D-printed perfusion chamber was developed to facilitate renal

NMP without cannulating the renal vein; this is outlined in Chapter 5.

Simultaneously, the tremendous potential ability of NMP to act as a drug-delivery portal for the
kidney was recognized. This is especially relevant in the local climate where systemic donor
interventions in the DCD setting are not permitted. As such, a mouse IRl model comparing three
well-known IRI-targeting agents was established. The feasibility and efficacy of drug delivery by
NMP was then investigated by delivering the most efficacious drug from the murine experiments
to porcine DCD kidneys using NMP. The results from these experiments are outlined in Chapter
6.

Finally, as a prelude to the implementation of NMP in the clinical setting, experience with
human kidney NMP was required. This work is outlined in Chapter 7, and employs discarded
and/or non-utilized human kidneys. Not only does this work demonstrate the feasibility, safety,

and efficacy of this technique in the local setting, but also explores the mechanistic basis for the
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potential success of brief pre-implantation NMP, the comparable use of autologous or banked

blood for NMP, and also leukocyte extravasation from the graft during NMP.

PART 3 — The Liver and Pancreas

Abdominal organs such as the kidneys, liver, and pancreas are often procured in concert in the
multi-organ donor setting. The procurement techniques and preservation fluids used need to take
into account any subsequent impacts on the post-transplantation outcomes of all of these organs.
This part highlights these concepts, especially in the context of deceased donor liver and

pancreas procurement/preservation, which require their own special consideration.

Chapter 8 outlines our unique method for recovery of the pancreas in multi-organ donors using
ultrasonic shears. The impact of this technique on blood loss and transfusion requirements, in

particular, is explored in pancreas transplant recipients.

Chapters 9 and 10 then proceed to convey the results of two systematic reviews and meta-
analyses that attempt to fill gaps in our knowledge regarding the most effective
perfusion/preservation fluids, routes, and volumes for retrieval and storage of the pancreas and
liver, respectively. These reviews generated interest within the transplant community and
prompted a Letter to the Editor; our reply Letter is included in Chapter 11.

The liver systematic review and meta-analysis identified a significant evidence gap with respect
to the use of aortic-only or dual (aortic and portal venous) in situ perfusion during liver retrieval.
All existing articles either had insufficient patient numbers, or limited periods of follow-up. As
such, a large national registry analysis with prolonged follow-up was conducted comparing liver
transplantation outcomes after aortic or dual perfusion in Australia. Details and results of this

analysis form the basis of Chapter 12.
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Figure 4. Summary of research conducted for this thesis and its relation to organ procurement, preservation, and

transplantation. The top panel indicates potential strategies that may be targeted/improved at each step to

enhance transplantation outcomes. The bottom panel indicates some papers published as part of this PhD in the

context of organ type and organ procurement, preservation, and transplantation.
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2.1 Abstract

Organ transplantation provides the best available therapy for a myriad of medical conditions,
including end-stage renal disease, hepatic failure, and type | diabetes mellitus. The current
clinical reality is however that there is a significant shortage of organs available for
transplantation with respect to the number of patients on organ waiting lists.

As such, methods to increase organ supply have been instituted, including improved donor
management, organ procurement and preservation strategies, living organ donation,
transplantation education, and the increased utilization of donation after circulatory death and
expanded criteria donors. In particular, especially over the last decade we have witnessed a
significant change in the way donor organs are preserved, away from static cold storage

methods to more dynamic techniques centred on machine perfusion.

This review highlights the current state and future of organ preservation for transplantation,
focusing on both abdominal and thoracic organs. In particular, we focus on machine perfusion
preservation of renal, hepatic, pancreatic, cardiac and lung allografts, also noting relevant
advances in Australasia. Machine perfusion of organs after procurement holds considerable
promise, and has the potential to significantly improve graft viability and function post-

transplantation, especially in donors in whom acceptance criteria have been expanded.
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2.2 Introduction

The field of organ transplantation continues to push the boundaries between the possible and
impossible, allowing successful function in grafts that would previously have been deemed
non-viable. Such advances have been necessitated by the continuing gap between organ supply

and demand, despite overall increases in transplantation rates.

In particular, we have seen a significant shift towards the utilisation of organs from donation
after circulatory death (DCD) and expanded criteria (ECD) donors, as compared to standard
criteria donation after brain death (DBD) donors. These organs theoretically have a higher
chance of short and/or longer-term dysfunction, owing to an increased duration of warm
ischaemic insult and/or suboptimal pre-donation function due to higher donor age and

comorbidities.

A major contributing factor to the expansion of the donor pool has been the modification and
enhancement of the organ preservation process post-procurement. Not only have there been
advancements in preservation solution(s) used, but we have also seen a significant shift away
from the traditional paradigm of static cold (hypothermic) organ storage (CS). In fact currently,
there is a worldwide push towards dynamic organ storage, such as the use of machine

perfusion (MP), potentially in association with perfusate oxygenation and normothermia.

2.3 Mechanistic basis and uses of MP

The primary aims of conventional organ preservation methods are the reduction of the organ’s
metabolic rate whilst simultaneously storing the allograft in an environment that minimises
cellular oedema and ischaemic damage. Hypothermic in situ perfusion is currently the
mainstay of allograft preservation, and is instituted during the procurement process upon
cannulation and perfusion of the aorta, and is some cases the portal vein and/or pulmonary
arterial system, with chilled organ preservation solution. Topical sterile saline ice slush is
usually used to provide a supplemental source of hypothermia, thereby further reducing organ

cellular processes and thus substrate requirements.

Traditionally, the CS organs are bathed in preservation fluid inside sterile plastic bags, which
varies by the type of organ and centre preference, prior to transportation to the recipient centre.
MP, however, entails cannulation of the organ’s vascular inflow such that it is mechanically

perfused with the preservation solution during storage, with natural venting and re-cycling of
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the perfusate via its venous outflow. In contrast to MP, once organs are bagged for CS the
amount of preservation solution maintained within the graft is significantly reduced owing to a
collapse of its vasculature; this subsequently impairs the extracellular excretion of waste
products.” MP further allows for improved maintenance of organ ATP levels, and ameliorates
endothelial damage and swelling and thus enhances post-transplantation vascular perfusion.?™

Transplantation centres differ regarding the timing and nature of MP utilised, often dependent
on the availability and/or transportability of MP apparatus to retrieval hospitals. As such, MP is
often combined with brief periods of CS, although the ideal perfusion period and timing of
perfusion is still debated.® Furthermore, exact perfusion parameters are far from well-defined.
The benefits of perfusate oxygenation and warming are not yet well-established, and are the
subject of ongoing clinical trials.® Interestingly, MP also allows direct perfusion of the organ of
interest with pharmacotherapies targeting the ischaemia-reperfusion process, although the best
combination of such therapies is not yet known.’

Another potential use of MP of interest to transplant surgeons is in the assessment of graft
viability and quality prior to transplantation, especially through the analysis of perfusion
resistance and flow, and measurable biomarkers within the perfusate.>™® Although these
parameters provide some indication of subsequent graft function, at this stage they cannot be

used as the only basis for not clinically using the organ.

2.4 Abdominal Organs
2.4.1 ABDOMINAL REGIONAL PERFUSION

Abdominal regional perfusion (ARP) entails the application of modified cardiopulmonary

bypass (CPB) technology in vivo during organ procurement. Vascular access is usually either
obtained peripherally, with simultaneous balloon occlusion of the thoracic aorta, or centrally in
association with clamping of the thoracic or supracoeliac aorta, with subsequent perfusion of
abdominal organs using the donor’s own blood."" Isolation of the abdominal circulation from
the supra-diaphragmatic aorta aims to ensure that cerebral blood-flow is not restored and thus
any potential possibility of auto-resuscitation is avoided. The most promising area of the
application of ARP is in the DCD setting, especially in uncontrolled donors that would benefit

the most from this resuscitative bridge prior to organ removal.*?

A systematic review by Shapey and Muiesan showed that hepatic allograft function in
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uncontrolled DCDs after ARP is still suboptimal when compared to DBD donors, whilst
subsequent Kkidney survival may in fact be better in comparison to DBD and non-ARP
kidneys.'? Potentially the greatest utility of this technique however is in the fact that it provides
a possible mechanism to increase organ availability by resuscitating and allowing the
assessment of organs that would otherwise not be procured or transplanted. ™

Future application of ARP still requires considerable refinement if its use is to be expanded
however, not only to make it more cost effective, but also to address the important potential
ethical controversies surrounding its implementation.'*** Indeed, within the Australasian
setting, there are also significant legal barriers to its widespread utilisation, especially
regarding the inability to institute donor treatment prior to the declaration of death and the lack

of permissibility to procure uncontrolled DCD (Maastricht category I, Il and V) grafts.

2.4.2 DECEASED DONOR KIDNEY PRESERVATION

Kidney preservation over the last half century has almost come full-circle. MP was commonly
utilised in the 1970s, and was later supplanted by CS as a result of evidence contradicting its
efficacy in addition to the significant costs incurred by MP.!®> There has been a push back
towards MP of kidneys over the last decade, however, due to the aforementioned increased use
of DCD and ECD kidneys.

Standard MP apparatus consist of a reservoir of preservation solution, which is utilised as the
source of perfusate for the kidney that is pumped via the renal artery. Temperature and flow
characteristics can be monitored and controlled, and some machines also allow direct
oxygenation of the perfusion solution. Modern MP apparatus such as the LifePort® kidney
transporter are of small enough size and weight such that they can be transported by car or

plane during the organ procurement process.*®

A multi-centre trial in Europe compared MP to CS preservation for matched pair kidneys."’
MP preservation significantly reduced the incidence of delayed graft function (DGF), defined
as the need for dialysis in the first week after transplantation, and increased one-year graft
survival. Later subgroup analyses and follow-up studies showed significantly lower DGF rates
in DCD and ECD kidneys, with higher three-year graft survivals in ECD but not DCD
kidneys.®?° Systematic reviews and meta-analyses comparing CS to MP for kidney
transplantation confirm lower rates of DGF, with better graft survival in only ECD but not
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DCD renal grafts.”*%

Hypothermia has long been an essential component of kidney, and indeed any organ’s, pre-
implantation storage, allowing for reduced organ metabolism during the period in which it has
no blood supply. MP has allowed this concept to be turned on its head, as it allows the
continuous provision of oxygen and metabolic substrates directly to the kidney. Initial
experimental work in animals showed that the maintenance of kidneys during storage in a
normothermic environment using MP was beneficial to post-transplantation graft function,
helping to maintain the organs in closer to physiological circumstances and avoiding cold
ischaemic injury.?* More recently, Nicholson and Hosgood applied this technique to human
ECD kidneys, with significantly reduced rates of DGF.% There is still a pressing need for
future research and modifications in this area, including in the ascertainment of ideal MP times,

the role of oxygenation, and the nature of, and potential additives to, the preservation solution.

Currently within the Australasian setting, MP of kidneys is only being utilised in one centre in
Brisbane.®® Due to accumulating evidence regarding the effectiveness of the technique,
especially in more marginal organ donors, momentum is developing toward its potential

expansion to other centres.

2.4.3 DECEASED DONOR LIVER PRESERVATION

Liver allograft preservation from deceased donors is most commonly undertaken using
traditional CS. However, liver donation rates face the same supply and demand gap, with an
increased need for viable donor organs and therefore push to utilise more ECD and DCD
donors. The proportion of DCD donors within Australia for all organs has now exceeded 30%
and is anticipated to increase further; 5-10% of liver transplants are from DCD donors.”® DCD
livers suffer close to 20% incidence of ischaemic cholangiopathy, lower graft survivals, and are
at higher risk of requiring re-transplantation.?”?® Hence, there is an even greater need to

improve liver preservation from this donation pathway.

In contrast to renal MP studies, there is significantly less published literature regarding the
efficacy of hepatic MP in humans. Guarrera et al. from the USA presented the first clinical data
for liver transplantation after hypothermic MP of DBD livers.?® These authors utilised dual
portal vein and hepatic artery perfusion and showed reduced hospital stays and serum injury
markers in the MP group when compared to CS. Early allograft dysfunction rates appeared
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lower in the MP group, although this only approached statistical significance. A group from
Switzerland later employed hypothermic oxygenated MP (“HOPE”) for eight DCD livers,
delivered only through the portal vein.*® Highly promising results were obtained, with good
early graft function and the absence of ischaemic cholangiopathy in any patient six months
post-transplantation. Significantly, these high-risk DCD livers performed no worse than
matched DBD livers that underwent CS. A randomized control trial comparing HOPE to CS is

currently underway.*

Normothermic MP of the liver is also being actively investigated, with preliminary results from
a European trial demonstrating the feasibility of this technique.®* Evidence from animal models
also shows that normothermic liver perfusion holds considerable promise for the future of liver

preservation.®?%

2.4.4 DECEASED DONOR PANCREAS PRESERVATION

The use of the pancreas as a donor organ aims to confer beta-cell function to the diabetic
recipient, and is unique as either the whole organ or islets isolated from the organ may
potentially be transplanted.

DCD pancreatic grafts represent a very small proportion of donated pancreata in Australia.?
We recently showed that these grafts have similar survival compared to those from DBD
donors.®* Graft thrombosis rates are however higher in the DCD subset; importantly, this risk
can be significantly reduced with the provision of antemortem heparin to the donor.**

Like all organs, donor pancreata are most commonly preserved in CS solutions. A variation to
CS was developed in the form of the ‘two-layer method’, whereby the donor pancreas was
stored at the interface of Euro-Collins solution and an oxygenated perfluorochemical.®* This
was later applied to humans, replacing Euro-Collins with University of Wisconsin solution,
although there were no statistically significant improvements seen compared to conventional
CS*. More clinical studies have been performed regarding the two-layer method for islet

isolation, however its utility has been questioned for this purpose as well.*’

Pancreatic allograft MP preservation is still in its infancy, with no current studies analysing
effects of this technique in human recipients. Part of the reason for this is the ‘low flow’ nature

of the pancreas, with fears that the pressures generated by MP will confer barotrauma to the
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organ. Leeser et al. did however employ MP for pancreas preservation prior to islet isolation in
four human pancreata without subsequent transplantation.® Islet yield and in vitro function

appeared to be better in the MP group compared to CS controls.

An interesting alternative dynamic preservation option is known as persufflation. This method
involves oxygen gas perfusion of the pancreas delivered through its arterial inflow, and
preliminary studies have indicated that it can improve pancreatic histology and adenosine

triphosphate levels.***

Islet cell transplantation isolation and transplantation in particular suffers from suboptimal
donor organ preservation, with a lack of improvements in this area likely contributing to the
static transplantation rates in Australia.** It remains to be seen whether techniques such as MP

and/or persufflation will allow further advances in this area.

2.5 Thoracic Organs
2.5.1 DECEASED DONOR HEART AND LUNG PRESERVATION

DCD grafts represent an important subset of transplanted abdominal organs, yet up until very

recently DCD cardiac donation did not exist. Factors contributing to this included the obvious
difficulties in the assessment of cardiac function after circulatory cessation, in addition to the
ethical issues surrounding revival of the non-functioning heart and the subsequent debate

regarding how death is defined.

A group is Sydney was the first in the world to report on the successful human transplantation
of DCD hearts after MP preservation.*> The preservation system utilised was the Organ Care
System™, perfusing the cardiac graft with the donor’s blood under normothermic conditions.
Ex vivo perfusion in this fashion allowed resuscitation of the heart, and thence graft function
and viability could subsequently be assessed prior to transplantation. DCD heart
transplantation has since been successfully conducted in the United Kingdom, albeit using a
modified method in which the heart was revived in situ using normothermic regional perfusion

prior to explantation.®?

Lung allograft transplantation from DCD donors commenced well before DCD heart
transplantation. Snell et al. published the early experiences of a unit in Melbourne, reporting
good lung function in all eight DCD lung recipients with a mean follow-up of 311 days;
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standard CS preservation strategies were utilised in these lungs.** MP in lung transplantation,
or ex vivo lung perfusion (EVLP), was first used for the ex vivo assessment of DCD lung
function prior to transplantation.*® Machuca et al. extended the use of normothermic EVLP up
to 18 hours, with significantly shorter hospital stays in DCD lungs preserved by EVLP
compared to standard methods.*® There is significant potential for the expansion of the utility
of EVLP beyond mainly a role in lung graft assessment to the possible modification of

pulmonary surfactant, amongst other factors.*’

2.6 Conclusions

Organ preservation techniques are advancing in an attempt to increase the potential donor
organ pool and ensure adequate graft function in marginal DCD and ECD organs. MP
preservation has been successfully utilised in both animal and clinical models for most
abdominal and thoracic transplantable organs, with encouraging results. Abdominal organ
perfusion to date has largely been hypothermic, however research is being conducted into the
utility of normothermic, oxygenated perfusion systems. DCD and ECD transplantation is
becoming more prevalent, with Australia leading this field in cardiac transplantation. With
further time and research, we will likely see the expansion of MP methods for abdominal organ
preservation in Australasia, with refinements to the process contributing to even better

transplantation outcomes.
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3.1 Abstract
Objective: To elucidate the benefits of machine perfusion (MP) preservation with and without
oxygenation, and/or under normothermic conditions, when compared to static cold storage

(CS) prior to deceased donor kidney transplantation.

Background: The two main options for renal allograft preservation are CS and MP. There has
been considerably increased interest in MP preservation of kidneys, however conflicting
evidence regarding its efficacy and associated costs have impacted its scale of clinical uptake.
Additionally, there is no clear consensus regarding oxygenation, and hypo- or normothermia,
in conjunction with MP, and its mechanisms of action are also debated.

Methods: Clinical (observational studies and prospective trials) and animal (experimental)
articles exploring the use of renal MP were assessed (EMBASE, Medline and Cochrane
databases). Meta-analyses were conducted for the comparisons between hypothermic MP
(HMP) and CS (human studies) and normothermic MP (WP) compared to CS or HMP (animal
studies). The primary outcome was allograft function. Secondary outcomes included graft and
patient survival, acute rejection and parameters of tubular, glomerular and endothelial function.
Subgroup analyses were conducted in expanded criteria (ECD) and donation after circulatory
(DCD) death donors.

Results: A total of 101 studies (63 human and 38 animal) were included. There was a lower
rate of delayed graft function in recipients with HMP donor grafts compared to CS kidneys
(RR 0.77; 95% CI 0.69-0.87). Primary non-function (PNF) was reduced in ECD kidneys
preserved by HMP (RR 0.28; 95% CI 0.09-0.89). Renal function in animal studies was
significantly better in WP kidneys compared to both HMP (standardized mean difference
[SMD] of peak creatinine -1.66; 95% CI -3.19 to -0.14) and CS (SMD of peak creatinine -1.72;
95% CI -3.09 to -0.34). MP improves renal preservation through the better maintenance of

tubular, glomerular and endothelial function and integrity.

Conclusions: HMP improves short-term outcomes after renal transplantation, with a less clear
effect in the longer-term. There is considerable room for modification of the process to assess
whether superior outcomes can be achieved through oxygenation, perfusion fluid manipulation,
and alteration of perfusion temperature. In particular, correlative experimental (animal) data

provides strong support for more clinical trials investigating normothermic MP.

48



3.2 Introduction

The optimal long-term treatment option for end-stage renal disease remains Kidney
transplantation. On a worldwide basis, access and referral for transplantation is limited; in
those patients referred for transplantation, there is an imbalance between the supply and
demand for suitable organs.® In the USA alone, the median time to deceased donor renal
transplantation is approximately three to four years.? This organ deficit has prompted the
adoption of different strategies in order to increase the availability of kidneys for
transplantation. One approach of considerable importance is the increasing utilization of
donation after circulatory death (DCD) and expanded criteria donors (ECD), which must

supplement the standard criteria, donation after brain death (DBD) kidneys."?

The growing demands for DCD and ECD kidneys must be balanced with their perceived
suboptimal post-transplant function. There are higher rates of delayed graft function (DGF) for
both DCD and ECD kidneys, and higher discard rates and by definition poorer survival in the
ECD subset, when compared to standard criteria DBD kidneys.*° Further improvements to the
organ procurement and preservation process are therefore essential in order to improve

marginal donor kidney quality.

Although cold static storage (CS) is still the most commonly utilized method for renal
preservation, machine perfusion (MP) provides an important alternative. CS largely supplanted
MP in the 1980s due to a lack of evidence with regards to improvement in transplantation
outcomes and the large associated costs.**** MP has seen a resurgence in the last decade due to

the changing donor profile and advancements in perfusion solutions and technology.**

Indeed, application of MP is still not widespread, with conflicting evidence even in recent
years regarding its utility.*>'® Furthermore, there is minimal clinical data regarding the utility
of evolving modifications to the MP process, and its mechanisms of action are also poorly
understood. In particular, the use of warm (normothermic) perfusion (WP), oxygenation or
pharmacotherapies has largely been the subject of experimental (animal) studies.

The aims of this systematic review and meta-analysis were therefore to: (i) describe ways in
which MP is currently utilized; (ii) provide an updated and comprehensive analysis of the
effect of hypothermic MP (HMP) on post-transplant graft function in deceased donor kidney
transplantation; and (iii) explore experimental (animal) literature to (a) investigate the utility of

49



normothermic (WP) and/or oxygenated MP, and (b) understand the mechanisms of action of

MP preservation.

3.3 Methods

The Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) was
utilized in the completion of this review.'” The review protocol was registered with the
PROSPERO International Prospective Register of Systematic Reviews (March, 2016;
registration number — CRD42016037100).*

3.3.1 ELIGIBILITY

Inclusion criteria

Clinical (human) studies consisted of randomized control trials (RCT) or prospective (non-
randomized) and observational studies, and were included in the presence of MP data.
Experimental (animal) studies by their nature are prospective, and were included in the
presence of comparative data either between different types of MP, and/or MP and an
alternative form of preservation. Both English and non-English articles were considered,
utilizing a translator if necessary. Only published works, and not conference abstracts, were
included; although there is some evidence to suggest that grey literature exclusion can
contribute to publication bias'®, these abstracts were all assessed and deemed to have either

insufficient data or quality for inclusion.

Exclusion criteria

Clinical/human studies were excluded if less than 10 patients were in the MP group, or there
was significant data and/or patient overlap between two or more published studies, and/or there
was insufficient data with regards to delayed graft function (DGF), primary non-function
(PNF), or graft/patient survival. These parameters were chosen as they were the most
commonly and uniformly reported in the studies analyzed. For animal studies, an article was
excluded if there was no appropriate control group for comparison, and/or there was a lack of a
reperfusion period (either ex vivo or in vivo) after MP preservation. All studies prior to 1980
were excluded. This publication year reflects a time after which there was a distinct shift in the

type of perfusion machines and perfusion solutions used.

3.3.2 SEARCH STRATEGY
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The EMBASE, Medline and Cochrane (1980 to December 2015) databases were searched
using Ovid, with key search terms including ‘“kidney or renal” and “machine perfusion” (see
Table, Supplemental Digital Content [SDC] 1, for complete strategy). In an effort to include all
eligible studies, a manual literature search was also conducted using any potential articles’

bibliographies, in addition to reference lists from other reviews.
3.3.3 DATA COLLECTION
Data was extracted from each article by two independent reviewers utilizing a pre-determined

template; a third reviewer was consulted if necessary for any disagreements.

Clinical (human) data

Human data was analyzed for the extraction of the following: date of publication and study
period; study type (i.e. prospective or retrospective); kidney allocation; study center(s); patients
in MP and CS groups; stratification of MP and CS patients by DBD, DCD and ECD status; MP
characteristics, including the use of oxygenation and preservation temperature; perfusion
machine(s) used; and the preservation solution(s) used in CS and MP groups. Quantitative data
was extracted for — the incidence of DGF and primary non-function (PNF), 1-year graft and
patient survival in the whole cohort, acute rejection rates, and post-transplant renal function
(CrCI in ml/min and serum creatinine in mg/dl). DGF was defined as the need for dialysis in
the 1% week after transplantation®. Only six studies either utilized an alternate definition of
DGF, or did not define DGF.

Hazard ratios (HR) for graft survival were calculated, when possible, using the methods

described by Tierney et al.?*

Although the “ECD” graft description is not as descriptively useful as a high Kidney Donor
Profile Index (KDPI) donor kidney, ECD is used in this manuscript as it is the most commonly

utilized term in the included literature.

Experimental (animal) data

Study parameters collected for animal data included: date of publication, institution(s)
involved, animal/species employed, weight range of animals, experimental procedure(s)/model
employed (study groups, DCD or DBD, ex vivo perfusion or transplantation after preservation,
experimental period), number of animals in each group, cold/warm ischemic times (CIT/WIT),
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perfusion machine and settings used, preservation/perfusion solution(s) used, additives to
preservation/perfusion solution(s), temperature of preservation/perfusion, and the use of
oxygen. Study outcomes consisted of renal function parameters (peak creatinine in mg/dl,
creatinine clearance (CrClI) in ml/min,), renal tubule parameters (fractional excretion of sodium
(Na) (FeNa); enzymatic markers of tubular damage), glomerular parameters (proteinuria),
endothelial injury parameters, markers of inflammation, oxidative stress markers,
microcirculatory tissue perfusion post-preservation, oxygen consumption, histology, and

animal survival.

The standardized mean difference (SMD) was calculated between comparator groups for peak

creatinine, CrCl, FeNa and survival using an effects size calculator.??

3.3.4 BIAS ASSESSMENT
Clinical (human) data

Bias assessment of prospective cohort studies included in the meta-analyses was performed
using the Newcastle-Ottawa quality assessment scale for cohort studies.?® RCT study quality

was assessed using the Cochrane Collaboration’s tool.?*

Experimental (animal) data

Animal experimental studies have several important differences in comparison to clinical
studies. As such, SYRCLE’s risk of bias tool for animal studies was instead utilized to assess

the quality of animal data included in meta-analyses.?

3.3.5 SYNTHESIS AND ANALYSIS OF RESULTS

Observational (retrospective) human studies, in conjunction with prospective studies, were
collated to systematically summarize the current parameters of MP utilization clinically.
Observational studies were not included in subsequent formal quantitative analyses.

Similarly, animal studies comparing HMP and CS were only utilized to explore mechanisms of
MP preservation. As there are multiple human studies focusing on the comparison between
HMP and CS, animal studies for this comparator group were not formally meta-analyzed in

order to avoid additional heterogeneity.

3.3.6 META-ANALYSES
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In general, the HMP or WP groups were considered the intervention group when compared to
CS; the intervention group was WP when compared to HMP, and oxygenated HMP when
compared to non-oxygenated HMP. In the event of multiple experimental groups and one
control group, each different experimental group was compared with the control group and

analyzed as a separate study.

Human (clinical) data

Only prospective studies were included in meta-analyses. As only one study utilized WP? it
could not be separately analyzed. Therefore, studies comparing HMP to CS were meta-
analyzed. Further subgroup analyses for HMP versus CS in DCD and ECD donors were
undertaken. In the event that one article presented the results from a sub-group of a larger
study, the ECD or DCD donor results were only included in subgroup analyses. Forest plots
denoting relative risk (RR) were constructed for DGF and PNF; HR was utilized in graft

survival plots.

Animal (experimental) data

Meta-analyses were undertaken for studies comparing WP to CS or HMP, and oxygenated
HMP to non-oxygenated HMP. All WP studies employed a DCD model so further subgroup
analyses could not be undertaken. Forest plots were created for the SMD of relevant

guantitative parameters.

Meta-analyses were performed for the above comparator groups using Comprehensive Meta-
Analysis Version 2.2 (Biostat, Inc., New Jersey, USA). The I? statistic was used to analyze
study heterogeneity, with values > 50% indicating high levels of heterogeneity. In these cases,
a random effects model was used; otherwise, a fixed effects model was employed. Publication
bias was assessed using funnel plots. A p-value < 0.05 denotes statistical significance, and

meta-analysis results are presented with 95% confidence intervals (CI).

3.4 Results

3.4.1 SUMMARY CLINICAL AND EXPERIMENTAL STUDY CHARACTERISTICS

Both human and animal studies were analyzed in the formulation of this systematic review,
with human studies used in comparisons between HMP and CS, and animal articles utilized for
the analysis of oxygenated HMP, WP and the mechanisms of MP. In total, 63 human and 38

animal studies met inclusion criteria for which data was extracted for both quantitative and
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qualitative analyses.

Figure 1 outlines the study selection process. Baseline study

characteristics are outlined in SDC 2 and 3 (Tables), whilst Table 1 summarizes preservation

and perfusion parameters for all studies.

)

Eligibility Screening Identification

Included

Records identified through
database search
(n=841)

A4

268 duplicates removed

A 4

Records identified by
manual search
(n=21)

Records screened

(n=573)

A

4

Records excluded
(n=430)

Full-text articles assessed
for eligibility
(n=164)

A 4

Studies included in qualitative
synthesis
e Clinical: n=63
e Experimental: n =38

Full-text articles excluded, with

reasons (n = 50) [human]
Insufficient data (n = 10)
Less than 10 patients (n = 5)
No machine perfusion data (n = 3)
Published before 1980 (n = 13)
Significant data/patient overlap
with another study (n = 19)

v

Full-text articles excluded, with

reasons (n = 13) [animal]

No reperfusion period after

preservation (n = 6)

No machine perfusion group (n = 2)

No control group (n = 2)

Inappropriate controls (n = 2)

Insufficient data (n=1)

Studies included in quantitative synthesis (meta-analysis)
e Clinical: n = 18 (DGF, PNF, or 1-year graft loss)
e Experimental: n = 26* (peak Cr, CrCl, FeNa, or survival)

Figure 1. Study selection flow diagram.

Cr — creatinine; CrCl — creatinine clearance; DGF — delayed graft function; FeNa — fractional excretion of sodium;

PNF — primary non-function.

*In articles that compared more than two treatment groups, each comparator group pair was treated as a

separate experiment for the purposes of the meta-analysis.
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Table 1. Summary human and animal study perfusion and preservation characteristics*

Humans | Preservation solution Additives to perfusion | Perfusion machine | Storage/perfusion Use of Oxygen,
[n studies]u solution™A® [n studies]l temperature n studies’
[range °C]
cs EC[14] N/A N/A Hypothermic Nil
HTK [3]
Other [4]
UW [15]
MP Plasma/albumin-based a-Ketoglutarate Gambro [4] Hypothermic [1-8] 4
[16] L-Arginine LifePort [16] Normothermic [3 x HMP;
Other [3]AAA N-Acetylcysteine Other [5] [34.6]*** 1 x WP]
UW [32] Papaverine Waters (RM3 or
PEG-SOD MOX-100) [31]
Phentolamine
Prostacyclin
PGE1
Verapamil
Animals | Preservation solution Additives to perfusion | Perfusion machine | Storage/perfusion Use of Oxygen,
[n studies]a solution An [n studies]Z temperature n studies
[range °C[* [pO, mmHg]*
cs HTK [9] N/A N/A Hypothermic Nil
HOC [3]
Other [2]
UW** [11]
HMP Albumin-based [3] Alanine® Belzer [2] Hypothermic [0-8] 19 [150-800]
Custodiol-N/dextran “ [5] Aspar‘ca‘ceB Gambro [3]
HTK [3] Deferoxamine® LifePort [10]
Other [4] GlycineB Other [5]
UW** [21] L—arginineIS Waters (RM3 or
PEG’ MOX-100) [8]
wep Blood [6]* Components of EMS EMS technology [4] | Subnormo/normo- 14 [150-700]

Custodiol-N/dextran [2]
EMS medium [5]
Other [1]

media’
FGF
Sodium nitroprusside

IOPS® [4]
Other [3]

thermic [20-38]

CS — cold (static) storage; EC — Euro-Collins; EMS — exsanguinous metabolic support; FGF — fibroblast growth

factor; HMP — hypothermic machine perfusion; HOC — hyperosmolar citrate; HTK — histidine—tryptophan—

ketoglutarate; IOPS — isolated organ perfusion system; MP — machine perfusion; PEG — polyethylene glycol; PEG-

SOD — polyethylene glycol-superoxide dismutase; PGE1 — prostaglandin E1; UW — University of Wisconsin; WP —

warm (normothermic, machine) perfusion

{Where recorded

¥Each study may have used > 1 perfusion/preservation solution (for different experimental groups)

AExcluding subgroups in study counts

AN In addition to ‘standard’ additives such as insulin, penicillin and dexamethasone, as instructed by

manufacturers of UW solution —see UW product sheet™’

ANA Plasma-free packed red cells + Ringer’s solution used in WP study

* Excludes any potential CS solution used prior to MP

** Includes Kidney Perfusion Solution (KPS) 1, Belzer Machine Perfusion Solution (MPS), Belzer || MPS
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*** n =1 study

*In some cases leukocyte-depleted

? Part of Custodiol-N solution

Y As part of Institut Georges Lopez (IGL)-1 solution (substitute for hydroxyl ethyl starch in extracellular UW
solution)™®

®Based on pediatric cardiopulmonary bypass apparatus

TSee Brasile et al.”®

“ Modified form of HTK

3.4.2 HUMAN (CLINICAL) DATA
MP parameters for deceased human donor kidney preservation (All Studies)

University of Wisconsin (UW)-based MP solutions were the most commonly utilized
preservation solutions in human MP (Table 1). Perfusion fluid was pumped through kidneys
using Waters or LifePort MP apparatus in most cases (Table 1). Pulsatile perfusion was
employed in the vast majority of studies; only two (3.2%) articles specified the use of non-
pulsatile MP.?"? Median perfusion pressure was 50 mmHg (range 30-60 mmHg) in HMP

articles, whilst the one WP study used pressures of 52-70 mmHg.%

Pharmacologic manipulation of the perfusate was minimal, with only eight (12.7%) human
studies entertaining the addition of non-standard additives (Table 1), and four (6.3%) of articles
utilizing oxygenated MP. All but one human study utilized HMP; in the WP study the

perfusate was warmed to a temperature of 32-36°C.%°

The duration and location of placement of kidneys on the machine varied between centers. In
particular, 18 of 63 (28.6%) of articles specified the use of CS in conjunction with MP; in these
cases, MP was usually commenced upon arrival to the recipient center. Kidneys that underwent
MP tended to have greater median CITs compared to CS kidneys (23.4 versus 19.5 hours,
respectively) (see Table, SDC 2), largely reflecting the use of MP as a possible means to

extend preservation times.

Meta-analyses (Prospective Studies)

Eighteen studies were included in the human meta-analysis, out of which 11 (61.1%) articles
were RCTs, and seven (38.9%) studies were prospective but non-randomized (prospective
cohorts). As there was only one study comparing WP to CS, WP could not be directly

compared to other preservation methods using the human studies.

56



Forest plots of selected meta-analyses are shown in Figure 2, with all results tabulated in SDC

4.

(A)

(B)

(€

I 88.897

Study name Outcome Statistics for each study
Risk Lower Upper
ratio limit  limit Z-Value p-Value
Moers et al., 2009 DGF 0.787 0598 1.035 -1.717 0.086
van der Vet et al., 2001 DGF 0.600 0376 0957 -2144 0.032
Matsuno et al., 1994 DGF 0.727 0446 1185 -1.278 0.201
Merion et al., 1990 DGF 1313 0779 2212 1021 0.307
Mendez et al., 1987 DGF 0529 0291 0.962 -2.085 0.037
Halloran et al., 1987 DGF 0.719 0464 1114 -1.476 0.140
Heil et al., 1987 DGF 1273 0711 2278 0.812 0.417
Alijani et al., 1985 DGF 0278 0119 0648 -2.965 0.003
Toledo-Pereyra, 1983 DGF 2500 0.625 9.996 1.296 0.195
Guy et al., 2015 DGF 0581 0378 0.892 -2484 0.013
Watson et al., 2010 DGF 1.040 0725 1493 0.213 0.832
Rezik et al., 2008 DGF 0.636 0400 1.011 -1.914 0.056
Mozes et al., 1985 DGF 0.793 0588 1.069 -1.524 0.127
Abboud et al., 2011 DGF 0.286 0.067 1226 -1.686 0.092
Veller et al., 1994a DGF 1.200 0446 3232 0.361 0.718
0.773 0686 0.872 -4184  0.000
I’ 45.194
Study name Outcome Statistics for each study
Risk Lower Upper
ratio limit  limit Z-Value p-Value
Moers et al., 2009 PNF 0438 0182 1.050 -1.851 0.064
van der Viiet et al., 2001 PNF 1543 0476 5.003 0.722 0.470
Matsuno et al., 1994 PNF 0.333 0015 7501 -0.692  0.489
Merion et al., 1990 PNF 0333 0036 309 -096 0334
Halloran et al., 1987 PNF 1065 0.531 2137 0177 0.859
Guy et al., 2015 PNF 0.272 0013 5583 -0.844 0.398
Watson et al., 2010 PNF 3.000 0.125 71.738 0.678 0.498
Reznik et al., 2008 PNF 0.117 0.006 2118 -1.452 0.146
Abboud et al., 2011 PNF 0.333 0014 7763 -0.684 0.494
0.753 0477 1187 -1.223 0221
ro
Study name Outcome Statistics for each study
Hazard Lower Upper
ratio limit  limit Z-Value p-Value
Moers et al., 2009  1-yrgraft survival 0522 0290 0940 -2.167 0.030
Watson et al., 2010 1-yr graft survival 3320 1155 9.540 2228 0.026
1247 0204 7620 0239 0811

Risk ratio and 95% CI

*|$+.$+l

mt ¥

- |
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Favors HMP

100
Favors CS

Risk ratio and 95% CI

——

*
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Favors HMP

100
Favors CS

Hazard ratio and 95% ClI

0.01 0.1 1 10 100

Favors HMP

Favors CS

Figure 2. Forest plots comparing DGF (A), PNF (B) and 1-year graft loss (C) for all studies comparing HMP to CS —

human studies. Data expressed as RR (for DGF and PNF) and HR (for graft loss) £ 95% Cl. Different analyses

within the same study are denoted by an alphabetical letter suffix (e.g. “a”).

Human studies displayed the short-term advantages of MP when compared to CS. The RR
(unadjusted) of DGF for HMP versus CS studies was 0.77 (95% CI 0.69-0.87; p < 0.001).
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Within the DCD kidney subgroup, the RR of DGF was 0.78 (95 % CI 0.66-0.91; p = 0.002),
whilst it was 0.67 for ECD donors (95% CI 0.42-1.08; p = 0.097). It should be noted that only
two studies were available for the ECD comparison. A significant difference in PNF rates
between HMP and CS was only detected in the ECD cohort (RR 0.28, 95% CI 0.09-0.89; p =
0.031).

The medium to long-term effects of MP were less clear. With respect to graft failure rates
within the first year, there was no difference between HMP and CS overall (HR 1.25, 95% CI
0.20-7.62; p = 0.81). Insufficient data precluded HR calculations for further subgroup analyses,
or for the comparison of patient survival between the HMP and CS groups.

Meta-analysis Publication bias and Heterogeneity (Prospective Studies)

Visual assessment of funnel plots displayed no significant asymmetry when comparing HMP
to CS for the DGF parameter. There was only mild asymmetry in favor of positive studies for
studies comparing PNF (see Figure, SDC 5, for funnel plots). Study heterogeneity was low for

a majority of parameters (see Table, SDC 4).

Trends in one-year graft loss and patient survival (Prospective Studies)

Meta-analyses for graft loss/survival at one year could only be conducted in two studies. In one
of these studies by Moers et al., graft loss at one year was significantly higher in the CS group
compared to HMP (HR 0.52; p = 0.03); this finding was maintained in the ECD (HR 0.35; p =
0.02) but not DCD subgroups (HR 1.29; p = 0.7) in subsequent expansions of the study
cohorts.*®*?3° Graft loss (survival) data for the one year time-point were available in eight
further prospective studies. Although there were no statistically significant differences between
HMP and CS, there was a trend towards higher survival after HMP in four studies, including
one article investigating ECD kidneys.** In contrast, although still underpowered to produce
statistical significance, two studies indicated higher survival in CS kidneys, with one of these

studies analyzing DCD kidneys.***®

There were seven prospective studies with results available for patient survival one year post-
transplant.®%29323 Median survivals were 94.9% (range 80.6-97%) for HMP kidneys, and
96.7% (range 77.7-100%) for CS kidneys. No study reported statistically significant
differences between either preservation method.
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Nicholson and Hosgood presented the only human study exploring the use of WP for renal
preservation.?® The WP cohort impressively had 100% one year graft and patient survival rates,

although there were only 18 patients in the WP group.

Graft rejection (Prospective Studies)

Acute graft rejection rates were not statistically comparable owing to variable definitions and
immunosuppression. Rejection rates were no different in the multi-center trial by Moers et al.
(13.7% for CS versus 13.1% for MP).™® In contrast, three prospective studies showed a strong
trend toward lower rates of acute rejection in the HMP group, although this did not reach

significance.'>*"%

Risk of bias assessment (Prospective Studies)

The risk of bias assessment of cohort studies is summarized in SDC 6 (Figure). Six out of 8
domains in the assessment scale were adequately covered in at least 60% of studies.
Comparability of cohorts in study design or analysis was less adequately covered, as a
proportion of studies did not appropriately account for factors such as organ ischemic times.
SDC 7 (Table) displays the risk of bias assessment for the included RCTs upon utilization of

1.2* Across studies, it can be seen that there is a low risk

the Cochrane Collaboration’s bias too
of bias in at least three of the domains. Within the domains of blinding and allocation
concealment, however, at least half of the studies were at risk of selection and performance

bias.

3.4.3 ANIMAL (EXPERIMENTAL) DATA
MP characteristics (All Studies)
In stark contrast to human studies, 30 of 38 (78.9%) animal articles utilized oxygenated MP.

Furthermore, WP, including subnormothermic MP, was used in 14 (36.8%) of the included
animal studies (see Table, SDC 3). As such, further quantitative analyses regarding oxygenated

and/or WP were undertaken in animal studies.

Meta-analyses (Oxygenated HMP and WP Studies)

There were 10 distinct animal data-sets utilized in the meta-analyses that compared CS to WP,
whilst 11 studies were included that compared HMP to WP and five studies were available for

the comparison between oxygenated and non-oxygenated HMP.

59



Figure 3 displays forest plots of selected meta-analyses, with results tabulated in SDC 8.

(A) Study name Statistics for each study Std diff in means and 95% ClI
Std diff  Standard Lower  Upper
in means error Variance  limit limit ~ Z-Value p-Value
van der Wijket al., 1980a Creatinine -1.000 0.612 0375 -2200 0.200 -1.633 0.102
van der Wijket al., 1980b Creatinine  -1.500 0.654 0427 2781 0219 22295 0.022 ——
Rijkmans et al., 1984 Creatinine -4.300 0.838 0.702 5943 -2.657 -5.130 0.000
Hosgood et al., 2011 1  Creatinine -0.200 0.579 0335 -1.334 0934 -0.346 0.730
-1.664 0.780 0.608 -3.193 -0.135 -2.133 0.033
I’ 82.048 -6.00 -3.00 0.00 3.00 6.00
Favors WP Favors HMP
(B) Study name Qutcome Statistics for each study Std diff in means and 95% ClI
Std diff  Standard Lower  Upper
in means error Variance  limit limit  ZValue p-Value
Bagul etal., 2008 CrCl -0.400 0.583 0.340 -1.543 0.743 -0.686 0.493 —.——
Hoyeretal., 2014 CrCl 1.300 0.696 0485 -0.064 2664 1.868 0.062
Schopp et al., 2015 CrCl 1.700 0.674 0454 0.380 3.020 2.524 0.012
0.827 0.676 0457 0498 2152 1.223 0.221
2
I69.230 320 -1.60 0.00 1.60 3.20
Favors HMP Favors WP
(c) Study name Qutcome Statistics for each study Std diff in means and 95% CI
Std diff  Standard Lower  Upper
in means error Variance  limit limit  ZValue p-Value
Brasile et al., 2002 Sunival 2.209 1.180 1393 -0.104 4522 1.872 0.061 :
Brasile et al., 2005b Sunvival 2.099 1.185 1405 -0.224 4422 1.771 0.077
van der Wijket al., 1980b Sunival 1.775 0.854 0.730 0.101 3.449 2.078 0.038 il
Rijkmans et al., 1984 Sunvival 1.902 0.730 0.533 0471 3.333 2.605 0.009 —.'—
Hosgood etal., 2011 1  Sunival 0.505 0.770 0593 -2014 1004 -0.656 0512 —B+—
1.293 0.396 0.157 0516 2.070 3.262 0.001 ‘
-4.50 -2.25 0.00 2.25 4.50
I’ 46.907
Favors HMP Favors WP

Figure 3. Forest plots comparing peak creatinine (A), peak CrCl (B), and survival (C) for WP compared to HMP —
animal studies. Data presented as SMD + 95% Cl. Different analyses within the same study are denoted by an

alphabetical letter suffix (e.g. “a”).

Post-preservation renal function in animal experiments was assessed using the parameters of
peak creatinine, CrCl and FeNa, and animal survival during the experimental period. Peak
creatinine values were significantly lower in animal groups utilizing WP (SMD -1.72, 95% ClI
-3.09 to -0.34; p = 0.014) when compared to CS. The SMD of peak serum creatinine levels in
the WP group was also significantly lower when compared to the HMP group (-1.66, 95% CI -
3.19 to -0.14; p = 0.033). There was no significant difference however between peak creatinine
levels in the oxygenated HMP versus non-oxygenated HMP group (SMD -0.39, 95% CI -1.85
to 1.08; p = 0.60), however there were only 2 studies eligible for this comparison.3%°
However, the SMD of peak CrCl between the WP and HMP (0.83, 95% CI -0.50 to 2.15; p =

0.22) and CS (2.08, 95% CI -1.83 to 6.00; p = 0.22) groups was not significantly different.
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FeNa could not be compared between WP and other groups due to an insufficient number of
studies. Importantly, pooled FeNa was significantly lower in studies comparing oxygenated to
non-oxygenated HMP (SMD -1.54; 95% ClI -2.54 to -0.54; p = 0.002).

Animal survival in such studies is a reflection of maintenance of renal function as opposed to
actual survival per se as the vast majority of deaths reflected euthanasia after manifestation of
features of renal failure. Importantly, WP once again demonstrated its superiority over HMP
(SMD 1.29; 95% CI 0.52-2.07; p = 0.001). There was not enough data to analyze this

parameter for WP compared to CS groups.

Meta-analysis Publication bias and Heterogeneity (WP Studies)

Analysis of funnel plots did not display significant asymmetry when comparing peak creatinine
between WP and the HMP or CS groups (see Figure, SDC 9, for funnel plots). Study

heterogeneity was high for most parameters (see Table, SDC 8).

Mechanisms of action of MP — tubules, glomeruli and endothelium (All Studies)

The animal studies outlined comparisons between experimental and control groups for a wide
range of parameters that could not be meta-analyzed due to significant variability in reporting
between different studies. These functional indicators are displayed in Table 2, and can broadly
be characterized into those relating to tubular, glomerular or endothelial function or damage,
oxidative stress, levels of inflammation, micro-circulatory tissue perfusion, and oxygen
consumption. Histology was not included in this analysis due to wide variability in the
reporting of histological criteria. Broadly, improved tubular function with a reduction in
tubular injury, improved glomerular function, and reduced endothelial injury seemed to be
evident after the utilization of HMP compared to CS. Furthermore, HMP appeared to improve
renal cortical micro-circulation. There was no obvious advantage for any experimental group
regarding markers of inflammation or oxidative stress. Furthermore, with the exception of
higher oxygen consumption in all three studies comparing WP to CS, no clear differences

could be elucidated between the other experimental and control groups (Table 2).
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Table 2. Tubular, glomerular & endothelial function and damage in animal studies*

CS vs HMP
[n studies/total]

HMP vs WP
[n studies/total]

CSvs WP
[n studies/total]

HMP no-0, vs HMP-0,
[n studies/total]

Tubules 1. Lower FeNa: 1. Lower FeNa: 1. Lower FeNa: 1. Lower FeNa:
e (CS-0/8 e HMP-0/2 e (CS-1/4 e No-0,-0/2
e HMP-8/8 e WP-1/2 e WP-3/4 e 0O,-0/2
2. Higher serum/urine | 2. Higher serum/urine | 2. Higher serum/urine | 2. Higher serum/urine
tubular damage tubular damage tubular damage tubular damage
markers**: markers**: markers**: markers**:
e (CS-7/11 e HMP-0/3 o (CS-2/4 e No-0,-2/5
e HMP-0/11 e WP-1/3 e WP-1/4 e 0,-0/5
Glomeruli Lower proteinuria: Lower proteinuria: Lower proteinuria: Lower proteinuria:
e (CS-1/6 e HMP-0/1 e CS—NR e No-0,-0/1
e HMP-4/6 e WP-0/1 e WP-NR e 0,-1/1
Endothelium Higher injury markers Higher injury markers Higher injury markers Higher injury markers
***: ***: ***: ***:
e (CS-3/5 e HMP-0/1 e (CS-1/3 e No-0,-1/1
e HMP-1/5 e WP-0/1 e WP-0/3 e 0,-0/1
Inflammation Increased Increased Increased Increased
inflammatory inflammatory inflammatory inflammatory
markersh: markersh: markers”: markers”:
e (CS-1/5 e HMP- 0/2 e C(CS-0/2 e No-0,-0/1
e HMP-2/5 e WP-1/2 e WP-1/2 e 0,-0/1

Oxidative stress

Elevated markers of
oxidative stressM/:
e (S-2/4
e HP-2/4

Elevated markers of

oxidative stress/:
e HMP-1/1
e WP-0/1

Elevated markers of
oxidative stress/A/:
e (CS-0/1
e WP-1/1

Elevated markers of
oxidative stress/A/:
e No-0,—-1/2
o 0,-2/20MA

Microcirculation®

Better cortical
. . . A
microcirculation™:

Better cortical
. . . A
microcirculation™:
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CS — cold (static) storage; HMP — hypothermic machine perfusion; NR — not recorded; WP — warm (machine)

perfusion

* Number of studies for each respective outcome included only if statistically significant difference recorded in

each study (see meta-analyses for pooled outcomes for FeNa); in studies where there were > 2 study groups,

study outcome(s) only included for comparable groups

** Markers measured (references): alanine aminopeptidase45’ 1 aspartate aminotransferase
glutamyl transpeptidasesg; lactate dehydrogenase

acetyl-B-D-glucosaminidase

45,115

39,59, 67,113, 118, 129, 132, 134 _ . . . . .
; liver fatty acid binding protein ;

40, 113, 128
; gamma-

47,58
. N_
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L . 47, 113, 114, 132, 134 . 39 .
*** Endothelial injury markers (references): endothelin-1 ; thrombomodulin™; von Willebrand

45,116, 128
factor

A Inflammatory markers (references): high mobility group protein B1'; intercellular adhesion molecule 1'*°;

. . 132,133 . .. 113 114 . 116 .
interleukin-6""""""; myeloperoxidase activity ; nuclear factor kappa B1 ; toll-like receptor 4™"; tumor necrosis
59, 133
factor a™
AR . R o 113, 118, 132, . 70,
Free radical damage/oxidative stress markers (references): 8-isoprostane ; malondialdehyde;

oxidized to total glutathione ratio’"; thiobarbituric acid reactive substances* *%; unspecified lipid peroxidation
products39

AAA |n Gallinat et al., lipid peroxidation products significantly lower in the no oxygen group during preservation
(perfusion), with the opposite true after transplantation; in Hoyer et al.*® markers of oxidative damage were
also measured during preservation (perfusion), and were lower in the no oxygen group

“ Assessed as mean cortical erythrocyte flux 10 minutes post-reperfusion by Laser Doppler flowmetry

A . 39, 43, 45,47, 116
Studies included —

L 44,58, 59, 67, 113, 118, 132, 134
" Studies included —

Risk of bias assessment (All Studies)

1?° and is

Animal study bias assessment was performed using SYRCLE’s assessment too
summarized in SDC 10 (Figure). Overall, there were very few domains in which there was
clearly a high risk of bias. In 6 out of the 10 parameters however, bias assessment was largely

unclear as the domains could not be analyzed from the available study data.

3.5 Discussion

This systematic review and meta-analysis provides a comprehensive and up-to-date insight into
the current published literature regarding MP preservation of renal grafts prior to
transplantation in the clinical setting. Animal data was included to explore modifications to MP
that are as yet grossly under-explored in human studies, namely WP and oxygenated MP, in
addition to allowing the development of a greater mechanistic understanding of MP.

We show a definite reduction in DGF post-HMP preservation for renal allografts in humans
when compared to CS, including in DCD and ECD kidneys. PNF appeared to be reduced in the
ECD subset. There was not enough data to give sufficient power to comparisons of one year
graft survival by meta-analysis, and subgroup analyses could not be conducted for this
parameter. One year patient survival was comparable amongst the different studies. We
obtained mixed results regarding the benefits of oxygenated HMP. Furthermore, although there
was only one human study that employed WP?®, multiple animal studies showed its advantages
over both CS and HMP kidneys in terms of post-transplantation creatinine levels and animal
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survival. Animal study results showed mechanisms for improved allograft function in MP

kidneys, including better tubular and glomerular function, and less endothelial damage.

Increased demands for donor kidneys have necessitated the use of more marginal organs for
transplantation. Indeed, any method such as MP that will increase the pool of usable kidneys
can benefit developing and developed countries alike, especially due to the often prohibitively
high costs associated with long-term dialysis, and should be explored further.® A detailed
economic analysis by Wight et al., albeit from 2003, showed that MP is likely to be more
effective than CS in the long-term, with an economic benefit more pronounced when MP
preservation is applied to DCD kidneys.** Whilst Groen et al. in 2012 could not make the same
conclusion for DCD transplants due to insufficient numbers, these authors found reduced costs
after MP in the ECD subset, largely due to a reduced need for post-transplantation dialysis and

hospital bed-stays.*?

Mechanistically, MP reduces preservation-related damage and aids renal recovery through a
variety of mechanisms. ATP levels, and thus energy homeostasis, are better preserved in
perfused kidneys.**** Tubular and glomerular integrity seems to be aided by MP, an assertion
that is supported by the reduction in markers of tubular damage and improved tubular and
glomerular function seen after MP as compared to CS (Table 2). Furthermore, MP ensures
better reperfusion of grafts as measured by cortical microcirculation; this is likely related to a
reduction in endothelial damage and swelling*“ (Table 2). The flow cessation itself in CS as
compared to MP likely contributes to the increased endothelial dysfunction in CS grafts.*® The
pulsatile aspect of MP likely has an important effect on the maintenance of endothelial
integrity, as pulsatile-perfused kidneys compared to non-pulsatile MP have been shown to have
higher renal vascular flow, reduced expression of endothelin-1, and increased expression of the
vasoprotective kruppel-like factors and nitric oxide.*” We did not however find significant
support for less inflammation and oxidative stress in the HMP group (Table 2), although recent
evidence suggests that apoptosis and inflammation may be reduced in HMP through up-
regulation of aldehyde dehydrogenase 2 and reduction in expression of nuclear factor-kB and
matrix metalloproteinase 9.%44°

In congruence with previous systematic reviews®°%?

our data shows that DGF is undoubtedly
reduced in patients undergoing MP compared to CS. We additionally showed the possibility of

reduced PNF after HMP preservation of ECD kidneys. In contrast to Jiao et al.>® however, we
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could not find statistical evidence for improved graft survival in the ECD cohort, due to a lack
of available HR data that could subsequently be pooled. Furthermore, statistical methods in the
former study are flawed, with survival analyses conducted using OR instead of HR; in
addition, two out of the three studies in their survival analysis had significant patient overlap.>®
Perhaps most pertinently however, the pivotal large-scale and multi-center RCT performed by
Moers et al. showed significantly improved graft survival in HMP patients, with this survival
advantage still present after three years in DBD and especially ECD kidneys, but not in

kidneys from DCD donors.**>*%°

Whilst Moers and colleagues' study provides evidence regarding the efficacy of machine
perfusion as it is utilized currently, our analysis of all retrospective and prospective MP studies
in humans to date show that it is still employed in a very limited fashion, with considerable
room for modification to maximize the potentials of this technique. In particular, temperature
modification, oxygenation and pharmacologic manipulation of perfusion solutions are all in

their infancy with regard to human renal preservation via MP.

The inclusion of animal data has allowed this review to capture the possible future of MP, as
this experimental work has not yet caught up with application to the clinic. In particular, a
reasonable deduction can be made regarding the applicability and potential success of WP,
which currently has little human data. WP reverses the pivotal concept of hypothermia in organ
preservation, sustaining normal metabolic rates with an oxygenated red blood cell-based
perfusate. Compared to CS and HMP kidneys, WP kidneys had significantly lower peak
creatinine and better survival (Figure 3; also see Table, SDC 8). Nicholson & Hosgood utilized
WP in human ECD kidney grafts, and also reported lower rates of DGF compared to CS.® WP
potentially reduces the possibility of irreversible cold-induced metabolic disruption in addition
to reducing ischemia-reperfusion injury upon commencement of normothermic reperfusion in

ViVO.48'56'57

An alternative to WP at body temperature is the concept of subnormothermic MP, successfully
utilized here in two studies.”®*° Subnormothermic perfusion helps avoid the injuries induced by
cold ischemia without necessitating a significant change in perfusion equipment or solutions.*
In addition, it guards against the pitfalls inherent to an immediate temperature shift from

hypothermia to body temperature upon post-anastomotic reperfusion.®®
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The perfusion solution and its additives potentially have a major impact on the effectiveness of
kidney preservation. UW or a modified form of UW was the most commonly employed
solution for CS and MP in both animal and human studies (Table 1), which is not surprising
considering its proven efficacy.”® Although there is considerable ongoing research into
pharmacological manipulation of organ preservation solutions, surprisingly few studies utilized
additives to try and change graft outcomes (Table 1). Pathophysiological targets for these
additives include free-radical injury, endothelial damage and vasoconstriction, the complement
cascade, and apoptosis.®®® These processes were in some cases targeted as part of new
perfusion solutions, including Custodiol-N, Vasosol, and Exsanguinous Metabolic Support
(EMS) media.?®2%4 |t js difficult to ascertain individual effects of each pharmacologic agent,
as few studies undertook direct comparisons between them. Guerrera et al. compared Vasosol
solution, which contains vasodilatory agents such as prostaglandin E1 (PGE1) and
nitroglycerin, and the anti-oxidant N-acetylcysteine, to UW (Belzer MPS), and showed
significant lower DGF rates in the Vasosol group.®* The addition of PGE1 to UW was also
shown to be effective in another study.®? Other pharmacological therapies that may be

incorporated into renal preservation are reviewed by Chatauret et al.®

Oxygenation is also a pharmacologic intervention that can be applied to HMP. Its use was
much more prevalent in animal studies, with comparisons showing significantly lower FeNa in
the oxygenated HMP compared to non-oxygenated HMP group (see Table, SDC 8). The
absence of a statistical difference with regards to peak creatinine may be explained by the fact
that there were only two studies for comparison.***° Active oxygenation of the perfusate may
potentially increase the generation of reactive oxygen species (see Table 2), although this was
not supported post-transplantation in the study by Gallinat et al.** In contrast, the use of
oxygen during HMP is purported to restore adequate mitochondrial and cellular homeostasis
prior to reperfusion.®”®® An alternative to oxygenated MP is the use of persufflation, through
which oxygen can be delivered to the kidneys directly through its vasculature. Suszynski et al.
summarize the utility of persufflation for renal preservation;® this technique was compared to
CS and HMP by Treckmann et al., with persufflated kidneys having significantly lower
creatinine levels post-transplantation compared to HMP."”

Limitations of this review include the suboptimal comparability of HMP and CS cohorts within
the human studies. This was largely due to the fact that CIT for human MP kidneys was higher
than that for CS kidneys (see Table, SDC 2), which is not surprising given that MP is often
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used as a means to extend the period of preservation. Furthermore, a not insignificant
proportion of RCTs suffered from features of selection bias due to poor blinding and allocation
concealment. Additionally, it is difficult to tease out the impact of MP solutions on the overall
effect of MP, as a variety of solutions were utilized that were usually different to the CS
control. Animal studies, although informative, were quite heterogeneous and difficult to
formally assess for bias. We attempted to minimize bias by excluding all retrospective studies
from the meta-analyses, and in order to account for any study heterogeneity a random effects

model was employed to help reduce type | error.

In summary, we have shown distinct short-term advantages in the use of MP over CS for the
preservation of renal allografts, especially with regards to the reduction of DGF. ECD graft
recipients may benefit further from a reduction in PNF rates. In the medium to long-term, there
is likely a survival and cost advantage for ECD kidneys that have undergone MP in this way.
Although results from animal studies should be interpreted with more caution, they show some
mechanistic advantages to the use of oxygenated MP, and distinct functional improvements
upon the use of normothermic perfusion; this should provide a further stimulus for MP
oxygenation and WP human trials. We strongly encourage additional exploration and
enhancement of the MP preservation technique, through a variety of modifications based on the

presented experimental evidence, which may improve its short and long-term efficacy.
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4.1 Abstract

Introduction: The ongoing supply-demand gap with respect to donor kidneys for transplantation
necessitates the increased use of higher kidney donor profile index (KDPI) and/or circulatory
death donor (DCD) kidneys. Machine perfusion (MP) preservation has become increasingly
popular as a means to preserve such organs. Human data regarding normothermic kidney MP
(NMP) is in its infancy, and such a system has not been established in the Australasian clinical

setting.

Methods: Modified cardio-pulmonary bypass technology was utilized to develop a viable NMP
kidney perfusion system using a porcine DCD model. System development and optimization
occurred in two stages, with system components added in each experiment to identify optimal

perfusion conditions.

Results: Device functionality was demonstrated by the successful perfusion of and urine
production by, eight porcine kidneys. Urine production diminished in the presence of colloid in the
perfusate. Pressure-controlled (compared to flow-controlled) perfusion is preferable as a safe
perfusion pressure range can be maintained. More physiologic perfusion conditions are achieved if
oxygenation is provided by an oxygen/carbon dioxide mixture compared to 100% oxygen.

Discussion: A viable and reproducible NMP system was established and tested in porcine kidneys,
which was able to simulate graft function extra-corporeally. Further work is required to identify
the most optimal perfusion conditions. Prior to its utilization in clinical transplantation, the system

should be tested in non-transplanted human kidneys.
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4.2 Introduction

Organ transplantation is the optimal option for the management of end-stage renal disease. The
ever-increasing gap between kidney supply and demand necessitates expansion of the organ donor
pool through increased utilization of higher kidney donor profile index (KDPI) kidneys, including
donation after circulatory death (DCD) and expanded criteria donor (ECD) kidneys. Such kidneys
have a significantly higher risk of discard, delayed graft function, and overall graft loss.** This has
provided the stimulus for the adoption of novel organ perfusion and preservation strategies, such
as machine perfusion (MP), as a means to rejuvenate Kidneys, minimize kidney discard, and

improve graft function.>®

Normothermic MP (NMP) has potential distinct advantages over the more commonly employed
hypothermic MP (HMP). NMP effectively ‘restarts’ the graft ex vivo and may allow more accurate
prediction of graft viability by assessing adequacy of perfusion, renal blood flow parameters, and
urine production.” Nicholson and Hosgood were the first to publish an observational study
investigating the use of NMP in human ECD kidneys; the delayed graft function (DGF) rate was
remarkably low (5.6%) in the NMP group in comparison to 36.2% for CS kidneys.2 More
importantly, kidneys initially underwent cold static storage (CS), and later only had NMP for 1
hour during the immediate pre-implantation period.

The use of renal NMP has not yet been reported in the Australasian transplantation setting. A
recent Machine Perfusion Workshop run by the Transplantation Society of Australia and New
Zealand (TSANZ) discussed the merits of nationwide implementation of HMP, trialling of NMP,
or continuation of the current gold standard (CS). There was strong interest in NMP, and a watch-
and-wait approach with regards to further international trials of NMP was adopted.’ The primary
purpose of this study was to undertake technical development and determine the feasibility for a
customized NMP system using porcine kidneys, with a staged introduction of core NMP
components. This project was performed in anticipation of the increased use of NMP for higher

KDPI kidneys, and as a prelude to its testing in human donor kidneys.

4.3 Methods
4.3.1 ANIMALS
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Westran pigs (Westmead Transplant, Westmead, NSW, Australia) were utilised for these
experiments. All protocols were approved by the Western Sydney Local Health District Animal
Ethics Committee, in accordance with the Guidelines for Animal Welfare outlined by the National

Health and Medical Research Council.

4.3.2 DEVICE AND PERFUSION DETAILS
The normothermic machine perfusion (NMP) device (Supplemental Digital Content [SDC] 1) was

8, 10, 11

adapted from similar device descriptions, and utilised existing cardiopulmonary bypass

(CPB) technology. SDC 2 outlines device components and baseline perfusion solution details.

4.3.3 SYSTEM OPTIMIZATION

As the primary purpose of this study was to undertake technical development and optimization of
the NMP process using pre-defined stages (consisting of two kidney perfusions per stage),
statistical powering was not required. Study stages and the gradual introduction or alteration of

core system components are summarized in Fig. 1.

Stage 2
Stage 1 Perfusion
Hardware Condition
Testing Modification Carbogen
Vasodilator
Crystalloid suspension Colloid suspension Colloid suspension

Kidney 1 Kidney 2 Kidney 3 Kidney 4 Kidney 5 Kidney 6 Kidney 7 Kidney 8

|

Flow-controlled perfusion Pressure-controlled
perfusion
Leucocyte-depleted

Figure 1. Experimental/system optimization protocol for kidney NMP.

Stage 1 — Hardware Testing

In the first subset of experiments, kidneys (n = 2) were retrieved from a 110 kg female Westran
pig and sequentially placed onto the NMP device to test device functionality and feasibility.
Kidneys were retrieved in a standard fashion after circulatory arrest was induced by
exsanguination and abdominal perfusion was conducted using heparinized University of

Wisconsin (UW) solution (see SDC 2 for full details). NMP was conducted over a period of 10
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mins at 37°C; pump flow rate was arbitrarily set at 0.25 L/min, and oxygen (100%) was diffused

through the membrane oxygenator at 2 L/min.

Stage 2 — NMP device testing in a DCD model of porcine Kkidney retrieval

In the second set of experiments, kidneys (n = 6) were retrieved from Westran pigs using a
donation after circulatory death (DCD) model (based on the methods of Kaths et al.™**?), with 30
mins warm ischaemia time (WIT) and close to 24 hrs of cold ischaemia time (CIT) (SDC 3). The
kidneys were perfused on the NMP circuit for 60 mins each. Certain modifications to the NMP
process were made between respective pigs to help identify ideal perfusion conditions (Fig. 1), and
are outlined in detail in SDC 4.

4.3.4 SAMPLES

Wedge biopsies were taken immediately prior to and after cessation of NMP, and stained with
hematoxylin and eosin (H&E). Appropriate blood samples were taken at the commencement and
conclusion of NMP (i.e. 0 and 60 minutes), whilst urinary assessment was undertaken utilizing the

60 min urinary sample.

4.4 Results

4.4.1 STAGE 1

Both left and right kidneys displayed patchy perfusion after retrieval and back-table flushing (Fig.
2 A & B, respectively). WIT was < 5 minutes for each kidney, whilst the CIT was 2.5 hours and 4
hours for the left and right kidney, respectively. Both left and right kidneys displayed a
homogenous perfusion appearance, and commenced urine production after 1-2 minutes (Fig. 2).
Urine output (UO) over the 10 minute period was approximately 300 ml and 260 ml for the left
and right kidney, respectively.

4.4.2 STAGE 2

Donor and retrieval details

Kidneys from five pigs were utilized; these included two males and three females, with a median
weight of 70 kg (range 67.5-90 kg). WIT was controlled at 30 minutes. Median CIT was 22.5
hours (range 20-25.8 hours). NMP was undertaken for one hour.
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Figure 2. NMP of kidneys 1 and 2. (A, B) Kidney appearance after retrieval and backtable perfusion; (C, D)
corresponding kidney appearance at end-NMP; n.b. homogenous/uniform perfusion with NMP (cyst on left kidney);

and (E, F) urine production into ureteric cannula and collection bag.

Retrieval and NMP characteristics

These are summarized in SDC 5. Post-retrieval kidney macroscopic appearance after cold
perfusion was generally poor, likely due to the prolonged WIT. In general, this could not be
salvaged by NMP 24 hours later, regardless of perfusion conditions, and was reflected by dropping
flow rates and raised intra-renal resistance (IRR) during the final 20 minutes of NMP (SDC 6, B &
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C). This was especially the case in kidneys 7 and 8: flow parameters improved during the first half
of NMP (SDC 6, B), but abruptly dropped after this point (see Histology results, below).
Furthermore, lactate was measured at 0 and 60 minutes in kidneys 5, 6 and 8, without evidence of
clearance over one hour (median 16 mmol/L at 0 minutes [range 8.2-19 mmol/L], compared to a

median of 18 mmol/L at 60 minutes [range 11.7-21 mmol/L]).

Flow vs pressure-controlled perfusion

All flow-controlled kidneys had notable, gross oedema and tense capsules, which was not seen in
the pressure-controlled kidneys. Representative pressure, flow and IRR measurements are depicted
in SDC 6. In the flow-controlled kidney it can be seen that even at a flow rate of 0.25 L/min, a

higher pressure of 220 mmHg was achieved; this was not the case in pressure-controlled kidneys.

Histologic changes

Due to the severity of the ischaemic insult, all histologic sections at end-CS showed evolution
from changes of ischaemic tubular damage to gross glomerular and tubular disruption, loss of
architecture, dilatation of peritubular capillaries, and microthrombi within the glomeruli at end-
NMP (Fig. 3). This potentially explains the abrupt drop in flows for kidney 8, with tubular debris

and glomerular disruption during NMP.

Urinary parameters

All kidneys produced urine, with appearance varying from clear to blood-stained. Total UO did
not directly correlate with the degree of macroscopic perfusion during NMP (SDC 5). One-hour
UO was lower once colloid was added to the perfusion solution (median 250 ml, range 100-500

ml) compared to the use of crystalloid alone (median 2180 ml, range 810-3550 ml).

Fractional excretion of sodium, as a measure of tubular function, could not be measured as
creatinine was not added to the isolated system. Nevertheless, the kidneys in which urinary
electrolytes were measured (kidneys 5-8) displayed tubular function, with a median urinary
sodium of 122.5 mmol/L (range 120-129 mmol/L) in comparison to 137.5 mmol/L in the baseline

perfusion solution (range 137-138 mmol/L).

Leucocyte depletion
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The median white cell count (WCC) in pigs during whole blood retrieval was 4.9 x 10%/L (range
4.6-7.6 x 10%/L). The median WCC count after leucocyte depletion by centrifugation and washing
of PRBCs was 0.7 x 10%/L (range 0.6-0.7 x 10%/L) in comparison to 0.3 x 10%/L (range 0.2-0.4 x

10%/L) when a filter was utilized as an additional step.

Figure 3. Histologic changes after NMP, H&E sections. (A) End-CS (pre-NMP) [kidney 8]; (B) End-NMP, with
glomerular microthrombi, tubular flattening, interstitial oedema and dilatation of peritubular capillaries, and
retraction of the glomerulus within Bowman’s capsule [kidney 8]; and (C) End-NMP of a flow-controlled kidney
[kidney 3], with interstitial oedema; red blood cells are also seen in the tubular lumen, peritubular capillaries and

glomerular capillary loops, indicative of loss of basement membrane integrity.
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Acid-base homeostasis and partial pressure of O,/CO,

Kidney 8, in which carbogen was used instead of 100% O, was the only kidney in the series that
was able to improve perfusate pH from 0-60 minutes of NMP (pH at 0 minutes 6.97, and at 60
minutes 7.04).

Partial pressure of O;and CO, in kidney 7, where 100% O, was utilized, was 477 mmHg and <5
mmHg at 0 minutes, respectively, in comparison to the more physiologic 111 mmHg and 38

mmHg, respectively, for kidney 8.

Renin-angiotensin-aldosterone (RAA) system

Neural autoregulatory capacity is lost in the isolated kidney. The RAA system also plays an
essential role in the regulation of renal tubular function and blood flow. Aldosterone was
detectable in the perfusate of kidneys 5-8 at both 0 and 60 mins (median 182 pmol/L at 0 minutes
and 136 pmol/L at 60 minutes; reference interval 32-654 pmol/L). Renin was also measured but

not detected at any stage (< 2 mIU/L for all kidneys; reference interval 2.8-39.9 mIU/L).

Pump-related haemolysis

Plasma free haemoglobin (Hb) levels were measured as an indicator of haemolysis during NMP in
kidney 8; the measured level at the start of NMP was 1.21 g/L (reference < 0.05 g/L), which
dropped to 0.79 g/L at the conclusion of NMP. The drop in free Hb levels indicates there was no
significant haemolysis attributable to the use of a roller pump; the high values at the
commencement of NMP likely indicate RBC lysis during storage and processing.

4.5 Discussion

Normothermic machine perfusion of the renal allograft has the potential to significantly alter graft
viability, assessment, and outcome, especially for higher KDPI kidneys that may either be
discarded prior to transplantation or suffer from inferior graft function once transplanted. Kidney
preservation techniques in Australia, particularly with respect to the uptake of MP preservation,
have significantly lagged behind Europe and the USA. This has led us to develop and test a
preliminary NMP device using porcine Kidneys as described. Further development of this model

will allow us to expand our investigation of optimal perfusion settings, timing, and
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solutions/additives, with the ultimate aim of device testing initially in non-transplanted human

kidneys prior to translating NMP into a clinical program.

A severe DCD model with a prolonged CIT was utilized in this experimental set-up to help
ascertain the extent of injury that can potentially be reversed using NMP. Whilst our current NMP
apparatus and perfusion constituents were able to perfuse porcine donor kidneys and successfully
simulate graft appearance upon potential transplantation, the long WIT and CIT resulted in
significant damage to the kidneys that could not effectively be reversed by the NMP set-up. This
may well have been the result of microthrombi, as intravenous heparin was deliberately not used to
better mimic the clinical legal requirement of no ante-mortem interventions within New South
Wales and most other local jurisdictions; ante-mortem heparin may in fact protect against
thrombotic complications in the transplant setting.’® Thereafter, ischaemic damage sustained
during storage primed these porcine kidneys for tubulo-glomerular disruption upon perfusion on
the circuit.

Overall, both advantageous and deleterious perfusion conditions and parameters were identified
during the optimization process. The danger of flow-based perfusion settings was demonstrated,
with high arterial and intra-graft pressures, and consequent graft oedema. This was also explored
in greater detail by Mancina et al.'* The ideal pressure setting is not clearly defined, and will differ
for pigs and humans. In a porcine NMP model that served as a prelude to the clinical NMP model
used by Nicholson and colleagues, a mean arterial perfusion pressure of 75 mmHg in comparison
to 55 mmHg resulted in significantly less endothelial injury in the higher pressure group, whilst
allowing better perfusion parameters and urine production.® Earlier work by the same group

showed that pressures up to 95 mmHg may in fact sustain superior renal function during NMP.*

The fluid in which PRBCs are suspended and supplemented with can vary significantly.
Differences can be elucidated between the Toronto and Cambridge experiences — in particular, the
Canadian group utilizes STEEN solution, which contains human serum albumin, to stabilize
perfusate oncotic pressures and minimize graft oedema, whilst this is lacking in the UK perfusion
cocktail.™ 1" Lack of albumin in the perfusion fluid may also promote endothelial cell apoptosis,

although this requires further investigation in the context of NMP.*® Presence of colloid in the
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perfusate also affects total UO; after its addition into our perfusion fluid, cumulative UO from the

system dropped.

One hour of NMP was chosen for this pilot study, although there is evidence that
continuous/prolonged NMP may be more advantageous than the one-hour perfusion period.'® *°
The primary reason for this is the clinical applicability and potential for translation if 1-3 hours of
NMP is utilized — this can be performed at the recipient centre during the period in which the
patient is being prepared for surgery. In contrast, the costs and logistical issues associated with

prolonged perfusion periods may initially be hard to justify in any local clinical program.

There is considerable potential for Australasian transplant programs to progress Kkidney
transplantation outcomes and research through the implementation of NMP as part of carefully
conducted clinical trials. A randomized control trial comparing one hour of pre-implantation NMP
to CS alone for DCD kidney transplants is currently underway in the UK.?° Logistically, a similar
trial in Australia would be possible to implement. Alternatively, another highly fruitful trial would
involve the head-to-head comparison of NMP and HMP (oxygenated) prior to transplantation, as
there is currently no clinical data for this. Such trials could likely be instituted after the safety,
feasibility, and/or efficacy of NMP is demonstrated in pre-clinical models and human kidneys.
NMP also provides an excellent opportunity to deliver pharmacological, cellular or genetic
therapies prior to the second insult of reperfusion during transplantation. The legal framework in
Australia currently significantly restricts drug therapies delivered to the donor to preserve graft
function for the recipient. However, NMP can potentially bypass this consideration by allowing

direct treatment of the donor graft itself.

The current spike in interest and research into normothermic perfusion of the kidney heralds an
exciting time in transplantation research, with the potential for significant improvements in clinical
transplantation outcomes. As this technique continues to be investigated at various centres
overseas, this is the perfect opportunity for establishing and testing NMP systems in the
Australasian setting such that our patient outcomes and advances keep pace with the rest of the
world, and also allowing a contribution to the collective knowledge regarding the efficacy, ideal

conditions and settings, and mechanisms of action of NMP.
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5.1 Letter to the Editor
Dear Editors,

Normothermic machine perfusion (NMP) prior to transplantation has gained significant
prominence in the recent past, and has been clinically utilized in the setting of liver, heart, lung,
and kidney transplantation.! Nicholson and Hosgood were the first to report a series of kidney
transplants following a brief period of pre-implantation NMP in 18 marginal donors; the success of
this initial study and further investigations has led to a multi-center randomized control trial that is

currently underway in the UK.**

One consideration that may impact the subsequent widespread uptake of clinical NMP systems is
cost. In particular, the costs of consumables for each individual organ need to be sufficiently low
to stimulate further uptake by transplant centers. Consumables must also be sterilizable and
provide ease of use for the clinical team.

Our NMP set-up has been described previously.> We initially used a custom-designed metal
chamber, however this was difficult to clean/re-sterilize, and did not adequately collect and funnel
all residual blood into the reservoir. This prompted the design and development of the 3D-printed

perfusion chamber (Fig. 1).

The 3D-printed chamber employs gravity drainage of renal venous outflow and any other blood
leak (e.g. biopsy site) into a funnel-shaped cavity; only the renal artery is cannulated, allowing
open drainage from the renal vein. The chamber is placed above the blood/perfusion fluid
reservoir, and therefore blood can drain into the reservoir without necessitating an additional pump
mechanism. The need for a separate reservoir may be completely obviated depending on the prime
and packed red cell volume used in the circuit.

The kidney itself is placed on a fenestrated ‘mesh’ that can be incorporated into the print; this
requires the additional printing of polyvinyl alcohol supports that need to be dissolved in water
post-printing. A separate, reusable and sterilizable stainless steel mesh can alternatively be used

(Fig. 1D-E), significantly reducing print times.
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Figure 1. Customized, 3D-printed kidney perfusion chamber. (A) Front aspect, with holes for arterial and ureteric
cannulae; (B) Side aspect, showing % inch PVC tubing draining the chamber directly into the venous inflow port of
the reservoir; (C) Perfusion chamber with ‘mesh’ (upon which kidney sits) incorporated into print; (D-E) Perfusion

chamber with mesh in this case provided by a reusable, custom-cut stainless steel metal sheet. The perfusion
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chamber in (D) was printed using polypropylene (autoclavable), whilst the perfusion chamber in the other images

was printed using copolyester. (F-G) Renal blood flow and intra-renal resistance (IRR) in one porcine kidney and one

discarded human kidney placed on the 3D-printed perfusion chamber during 1 hour of NMP. The human and porcine

kidneys produced 43 ml and 180 ml of urine, respectively.

Use of such a chamber affords the following advantages:

(i)

(i)

(iii)

(iv)

(v)

Low cost — the chamber is printed using copolyester (CPE+) or polypropylene (Ultimaker
B.V., Geldermalsen, The Netherlands) on an Ultimaker 3 extended 3D printer (Ultimaker
B.V., Geldermalsen, The Netherlands). Costs per print are estimated at approximately 15-
20 USD.

Printable at the transplant center on-demand, and readily sterilizable. An ever increasing
range of printable materials allows for specific print properties. Advanced printers can print
polypropylene, which if used, can be safely autoclaved. If CPE is employed, sterilization
can be achieved using ethylene oxide gas or gamma irradiation; in this situation, it is
prudent that a relevant number of chambers are pre-printed and made available for use 1-2
weeks prior to any anticipated need. We have successfully printed and used both CPE and
polypropylene for the purposes of NMP.

Its components and dimensions can be readily and easily modified by altering print
settings.

The chamber obviates the need to (a) cannulate the renal vein (and therefore avoids the
need to shorten the vein prior to transplantation), and (b) ensure a blood-tight circulation
with little to no leak.

The chamber is compatible with perfusion constituents. Albumin, which is an important
constituent of the perfusate in some normothermic perfusion setups,® is not significantly
adsorbed by CPE and therefore remains in the perfusate. An isolated perfusion test was
performed using 20% human albumin diluted in 100 ml of 0.9% sodium chloride; this was
circulated into and out of the 3D-printed perfusion chamber via ¥ inch PVC tubing using a
pump generating a flow rate of 0.5 L/min. There was no albumin adsorption over 1 hour
(albumin concentrations at 0, 30, and 60 minutes of perfusion were 99 g/L, 97 g/L, and 102

g/L, respectively).
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We have successfully perfused 12 discarded human kidneys and 17 porcine kidneys using this set-
up.” ® Each kidney had declining intra-renal resistance (IRR) and increasing flow, in addition to
evidence of urine output. Examples of flow and intra-renal resistance parameters in one porcine

and human kidney respectively are presented in Figure 1F-G.
Overall, it is hoped that the innovative use of 3D-printing technology can further help facilitate the

uptake of normothermic machine perfusion of different organs, including the kidney, by lowering

costs and promoting ease of perfusion.
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6.1 Abstract

Objectives and Summary Background Data: (i) To compare the relative efficacy of CD47-
blocking antibody (aCD47Ab), soluble complement receptor 1 (sCR1), and recombinant
thrombomodulin (rTM) in a murine model of kidney ischemia-reperfusion injury (IRI1), and (ii)
investigate direct intra-renal delivery of the most efficacious agent to porcine donation after
circulatory death (DCD) kidneys using normothermic machine perfusion (NMP). NMP is an
emerging modality for kidney preservation prior to transplantation, and may allow
pharmacomodulation of renal IRl without the need for systemic donor/recipient therapies. The
aforementioned agents, although proven to be effective in the amelioration of IRI, have not been
directly compared, and are not yet in widespread clinical use. NMP may allow the rapid clinical

translation of these drugs to allow rejuvenation of damaged donor kidneys prior to transplantation.

Methods: Severe murine kidney IRl was induced; ischemic induction was preceded by intra-
venous injection of aCD47Ab, sCR1, rTM, aCD47Ab+sCR1, or vehicle control (n = 7-8/group).
Renal function and histopathologic features were compared after 24 hours. Porcine kidneys had 10
min warm ischemia and 6 hrs cold storage, followed by NMP with or without the addition of the
porcine-specific version of the most effective murine agent (a«CD47Ab) (n = 8-9/group).

Feasibility and IRI-related effects of drug delivery were ascertained.

Results: Serum creatinine after 24 hours was significantly reduced in mice treated with CD47,
sCR1, or aCD47Ab+sCR1, but not rTM. Histologically-confirmed injury was least severe in the
CDA47-blockade mice, as was inflammatory leukocyte infiltration, and renal cellular death.
aCD47Ab was therefore given via NMP to adult pig kidneys. CD47 receptor blockade was
successfully demonstrated by immunofluorescence. Renal perfusion/flow was better when CD47
was blocked, and there was a trend towards improved tubular and glomerular functional
parameters. Oxidative stress was significantly reduced in the aCD47Ab-treated kidneys, also with

evidence of reduced histologic damage, but not cell-death.

Conclusions: aCD47Ab provides a broad target for the amelioration of IRI. NMP can be
successfully utilized for targeted drug delivery to the kidney as a means to ameliorate IRI in the

setting of transplantation.
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6.2 Introduction

End-stage renal failure (ESRF) has a sizeable global burden of disease, causing at least 1.2 million
global annual deaths.! Kidney transplantation is the best available treatment for ESRF, conferring
a significant survival benefit over dialysis.”* However, there is a perpetual supply-demand gap
between patients awaiting transplantation and the availability of deceased donor kidneys. This has
necessitated expansion of the donor pool to include more marginal organs, including donation after
circulatory death (DCD) kidneys, which are subjected to greater warm ischemia.>’ Short-term
transplantation outcomes, including delayed graft function (DGF), are inferior in DCD kidneys in
comparison to kidneys from brain-dead (DBD) donors with no significant comorbidities.® This
increased susceptibility to ischemia-reperfusion injury (IRI1) and DGF can translate into poorer

long-term graft survival.®

As such, an improved method of kidney assessment, repair and preservation is required above and
beyond the currently accepted gold standard of cold static storage (CS), particularly in this donor
kidney subset. Machine perfusion (MP) preservation is an important alternative that has regained
prominence.’ Normothermic MP (NMP) is especially promising, and is now the subject of a multi-

center randomized control trial (RCT) comparing it to CS alone in DCD kidneys.'%*®

Most pharmacotherapeutics shown to ameliorate renal IRI have been unable to bridge the ‘valley
of death’ (translational gap) to the clinic. This is at least partly attributable to the inherent
difficulties and ethical considerations associated with the systemic use of such therapies in donors
or recipients.* > NMP can serve as a bridge across this valley by providing a platform for direct,
non-systemic drug treatment of the kidney whilst it is undergoing normal metabolic processes.™ ¢
Amongst the multiple anti-IRI agents tested in pre-clinical models, CD47-blocking antibody
(aCD47ADb), recombinant thrombomodulin (rTM), and soluble complement receptor 1 (sSCR1) are
especially translatable as they have been safely employed for other clinical applications.!”*
However, the comparative efficacy of these agents has not been established. Because IRI is

26, 27

characterized by the activation of multiple intersecting pathways, it is also plausible that

synergistic anti-IRI effects may be derived by delivering 2 or more of these agents together.

The primary aims of this study were therefore to directly compare aCD47Ab, sCR1, and rTM in a

murine model of renal IRI, and establish the combined efficacy of 2 of the best agents. Secondly,
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we aimed to show that direct intra-renal delivery of the chosen drug(s) to porcine DCD kidneys

using NMP could enhance renal perfusion parameters and ameliorate IRI.

6.3 Methods

A detailed description of the study methods is provided in Supplemental Digital Content (SDC) 1.
All animal protocols were approved by the Western Sydney Local Health District Animal Ethics
Committee, in accordance with the Australian code for the care and use of animals for scientific

purposes (8™ Ed., 2013), developed by the National Health and Medical Research Council.

6.3.1 PART 1: COMPARISON OF IRl TARGETS — MURINE MODEL

Animals and IRI model

A model of severe unilateral renal IR1 was utilized in male C57BL/6 mice (weight 25.3 + 1.3 g) as

follows:

e Right nephrectomy.

e Intra-venous injection of anti-IRI drug(s) diluted in vehicle control, or vehicle control alone
(total volume 0.25 ml).

e Left renal ischemia using an arterial microvascular clamp (Roboz Surgical Instrument Co.,
MD, USA) for 25 mins (mouse temperature maintained at 36°C).

e Mice were euthanized 24 hrs after induction of IRI for collection of blood and renal tissue

samples.

Study groups and pharmacotherapeutic agents

Mice were treated with the following agent(s) [n.b. these products are still mainly investigational
for the purposes described here]:

1. Group I —0.9% NaCl (vehicle control) only

2. Group Il - rTM (Asahi Kasei Pharma Co., Tokyo, Japan), 1 mg/kg body weight?®

3. Group 11 -sCR1 (CDX-1135; Celldex Therapeutics, MA, USA), 25 ng/g body weight®

4. Group IV — aCD47Ab (MIAP 301 [sc-12731]; Santa Cruz Biotechnology, TX, USA), 0.8
ug/g body weight*
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5. Group V — combination of best 2 performing drugs, determined by relative serum creatinine
(Cr) decrease compared to vehicle controls — aCD47Ab (0.8 pg/g body weight) and sCR1 (25

ug/g body weight) given as a single combined dose.

Serum samples

Blood (serum) samples were analyzed for urea and Cr levels.

Histology — Hematoxylin and Eosin (H&E)

Renal tubular damage at the corticomedullary junction was scored from 0-5 by 2 blinded renal

histopathologists using H&E sections, as described previously.?

Immunohistochemistry

Immunohistochemistry was performed for the detection of neutrophil infiltration as described in
SDC 1. Positively stained cells were counted from 5 high-power fields (HPF) at the

corticomedullary junction in each section.

Reactive oxygen species (ROS) characterization — Cytochrome C and Amplex Red

Superoxide production and hydrogen peroxide-generating activity was calculated in homogenized
mouse whole kidney tissue using cytochrome C, and amplex red, respectively. Further details can
be found in SDC 1.

Inflammatory markers — pro-inflammatory cytokine/chemokine mRNA expression

Real-time polymerase chain reaction (RT-PCR) was performed using homogenized renal tissue
sections for the expression of HPRT1, IL-6, TNF-a, IL-13, CCL2, and CXCL2, as described in
SDC 1. The AACt method was used to calculate expression fold changes normalized to HPRT1,
with the 0.9% NaCl group utilized as the control.

Immunofluorescence

Complement C3 and C9 staining was ascertained using complement C3 (Thermo Fisher Scientific)
or C9 (Abcam, Cambridge, UK) polyclonal primary antibodies and a goat anti-rabbit Alexa Fluor
647 secondary antibody (Thermo Fisher Scientific). Staining was visualized using a confocal

microscope, and quantified using Image J.
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TUNEL staining

Cellular death was ascertained using a commercially available kit (In Situ Cell Death Detection
Kit, TMR Red; Sigma-Aldrich/Merck, MO, USA), and visualized by confocal microscopy.
TUNEL-positive cells were counted from 3-5 HPF in each section.

6.3.2 PART 2: DIRECT INTRA-RENAL DELIVERY OF aCD47AB USING NMP — PORCINE
DCD MODEL
Animals and porcine kidney DCD model

Female adult outbred Landrace pigs (70.7 = 14.2 kg) were utilized for a DCD kidney retrieval

model as follows:

e Renal pedicle and aortic dissection and mobilization.

e Cannulation of the infra-renal aorta using a TUR giving set (Baxter Healthcare, IL, USA),
through which each pig was exsanguinated for autologous blood collection.

e Clamping of the renal pedicle (simultaneously with exsanguination) for 10 mins to simulate
warm ischemia in a DCD setting.

e Nephrectomy, and renal artery and ureteric cannulation.

e Cold perfusion of the kidney after exactly 10 mins (via the renal artery) using 500 ml of
University of Wisconsin (UW) solution containing 10,000 1U/L heparin. The 2 experimental
groups were — (i) control kidneys (no further additives); (ii) treatment kidneys, which were
given the best performing anti-IRI agent from the murine study via the renal artery,
immediately after the initial UW flush (i.e. [porcine/human-specific] aCD47Ab — BRIC-126
[sc-59079], Santa Cruz Biotechnology;100 pg diluted in 10 ml1 UW).

e All kidneys were stored in UW solution prior to NMP (4°C; 6 hrs).

Normothermic machine perfusion

NMP was performed using a modified cardio-pulmonary bypass circuit, as described previously,
and outlined in SDC 1.* Kidneys were perfused via the renal artery at a mean pressure of 75-85
mmHg and temperature of 37°C (1 hr). The 1 hr time period was chosen as it has been shown to
be effective in human kidney transplantation after initial CS, and is now the subject of a multi-
center RCT in the UK. *? The kidney was placed in a customized 3D-printed copolyester

perfusion chamber during NMP.** Immediately prior to starting NMP in treatment kidneys, 200
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ug of aCD47Ab (BRIC-126) was directly injected into the renal arterial line (i.e. ~0.8 pg/g of
kidney weight).

Renal tissue, blood, and urine samples

Sequential kidney biopsies, perfusion fluid blood samples (from the arterial limb), and blood gases

(from the arterial and venous limbs) were taken for further analyses as described in SDC 1.

Histology
H&E sections were scored from 0-3 (from least to most severe) by a blinded renal histopathologist
based on the extent of tubular dilatation, tubular debris, cytoplasmic vacuolation, and

inflammatory cell infiltration.>

Inflammatory markers — pro-inflammatory cytokine/chemokine mRNA expression

RT-PCR was performed as described using porcine-specific primers for HPRT1, IL-6, TNF-a, IL-
1B, and IL-18 (Thermo Fisher Scientific).

Immunofluorescence

aCD47Ab binding to porcine renal tissue was visualized by immunofluorescence using a goat anti-
mouse secondary antibody conjugated to Alexa Fluor 647 dye (Thermo Fisher Scientific). Porcine
renal tissue oxidative stress was quantified using dihydroethidium (DHE) (Thermo Fisher
Scientific), which is indicative of tissue levels of superoxide. TUNEL staining was also performed,
as described above. All immunofluorescence sections were co-stained for DAPI to visualize

nuclear staining.

Statistical analyses

Data is presented as mean + standard deviation (SD). Continuous parametric variables were
compared using the unpaired student’s t-test. In the event that more than 2 groups of parametric
variables were to be compared, the ANOVA test was utilized. Area under the curve (AUC) was
calculated for renal blood flow (RBF) and intra-renal resistance (IRR) prior to further statistical
comparisons. GraphPad Prism v. 7.02 was used for all statistical analyses. A p-value of <0.05 was

deemed statistically significant.
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6.4 Results
6.4.1 PART 1: MURINE RENAL IRl MODEL (WARM ISCHEMIA)

oCD47Ab results in the greatest protection from injury in a murine model of severe IRI

Severe IRI was evident in vehicle control murine kidneys 24 hours after induction of ischemia, as
indicated by serum urea and Cr levels, and the degree of histologic injury seen at the
corticomedullary junction (Fig. 1). Treatment with aCD47Ab prior to IRI resulted in a
significantly lower serum urea and Cr, and less histologic damage. A significant decrease in serum
Cr was also seen in the SCR1 (alone) group, but not the rTM-treated mice. In contrast, rTM-treated
mice had significantly less injury evident on histology as compared to controls, but this was not
evident in the sCR1 group.

Combination of aCD47Ab and sCR1 does not significantly ameliorate IRI in comparison to CD47

alone

Although mice treated with both aCD47Ab and sCR1 (aCD47Ab+sCR1) showed a significant
reduction in serum urea and creatinine in comparison to controls, this decline was not cumulative
to that seen with aCD47Ab alone (Fig. 1A). Microscopic (tubular) injury in the aCD47Ab+sCR1
mice was not significantly reduced (Fig. 1B).

Neutrophil influx after IRI is depleted in all treatment groups, in particular aCD47Ab and sCR1

given alone
Leukocytes, especially neutrophils, infiltrate renal tissue after IRI. Extensive neutrophil infiltration

was seen in vehicle controls (Fig. 2A). In comparison, all mouse treatment groups showed
significantly less neutrophil staining, with the greatest reduction evident in the sCR1 and

aCD47Ab groups of mice.

Superoxide but not hydrogen peroxide ROS production is diminished in all treatment groups

Superoxide production was significantly reduced in mice treated with aCD47Ab, sCR1, rTM, or
aCD47Ab+sCR1 (Fig. 2B). However, hydrogen peroxide levels did not decrease in any treatment
group, and in fact were significantly higher in rTM-treated mice (Fig. 2B).
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Figure 1. (A) Serum urea and creatinine 24 hours post-IRI in mice treated with 0.9% NaCl (vehicle control), aCD47Ab,
sCR1, rTM, or aCD47Ab+sCR1. (B) Representative H&E sections and semi-quantitative renal tubular damage scores
from each treatment group 24 hrs after the induction of IRl (20 x). Data shown as mean + SD; n = 7-12/group.

*p<0.05,**p<0.01,***p<0.001,****p<0.0001.
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Figure 2. (A) Representative sections and quantitative analyses from each murine treatment group after
immunohistochemical staining for neutrophils (number of cells per high power field [HPF]) (20 x). (B) Quantification
of reactive oxygen species production (hydrogen peroxide [amplex red] and superoxide [cytochrome C]) in all murine

treatment groups. Data shown as mean = SD; n = 5/group. *p<0.05, **p<0.01,***p<0.001.
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Pro-inflammatory cytokine and chemokine mRNA expression is variably modulated in treated

mice after IRI
IL-6 levels were significantly lower in all treatment mouse groups at 24 hours in comparison to

controls (Fig. 3). However, no significant reductions were seen in the mRNA expression profiles

of TNF-q, IL-1B, CCL2, or CXCL2. Interestingly, expression of TNF-a was significantly higher in
aCD47Ab-treated mice.
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Figure 3. Pro-inflammatory cytokine and chemokine (IL-6, TNF-a, IL-1B, CCL2, and CXCL2) mRNA expression profiles
in mouse kidney tissue 24 hrs after the induction of IRl following various drug treatments. Fold change calculated by

normalizing to HPRT1, with the 0.9% NaCl (Control) mice used as the reference group. Data shown as mean + SD; n =

6/group. (B) *p<0.05, **p<0.01,***p<0.001,****p<0.0001.
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Complement C3 deposition is reduced by CD47 or sCR1 treatment alone or in combination, but
C9 is not affected

All three complement pathways are implicated in IRI, with the activation of C3 and culminating in
the formation of the membrane attack complex (C5b-9). No significant differences were seen
between any mouse groups with respect to C9 staining (Fig. 4A). C3 deposition was poorly
defined, displaying constitutive tubular staining; however, it was significantly reduced in all

treatment groups except rTM (see figure, supplemental digital content 2).

Cell death is reduced in all mice treatment groups in comparison to controls

Renal tubular epithelial cells are the primary site of injury following IRI. Cell death quantified by
TUNEL staining 24 hours post-IRI induction was most significantly reduced in aCD47Ab+sCR1-
treated mice, although the reduction in the combined blockade group was not significantly greater
than that achieved by aCD47Ab or sCR1 treatments alone (Fig. 4B).

6.4.2 PART 2: PORCINE RENAL DCD MODEL AND DRUG DELIVERY VIA NMP

As shown in Part 1, aCD47Ab was the most effective IRI treatment in the murine model across
multiple comparative domains, and was therefore chosen as the targeted agent for part 2 of the
study. DCD porcine kidney NMP was compared with and without aCD47Ab treatment.

oCD47Ab can be directly and effectively delivered to the kidney using NMP

There is no aCD47Ab binding evident in untreated kidneys (Fig. 5A). In the treated kidneys,
addition of aCD47Ab to the UW cold flush did not result in binding of the antibody to the kidney
(Fig. 5B, ‘End CS’). In contrast, direct antibody infusion into the arterial line at the
commencement of NMP resulted in widespread aCD47Ab binding along the glomerulus and renal

tubular epithelium, which was detectable at the end of NMP (Fig. 5B, ‘End NMP”).

oCD47Ab treatment during NMP improves renal perfusion parameters

In comparison to untreated kidneys, kidneys receiving aCD47Ab during NMP had a significantly
greater RBF and lower IRR (Fig. 5C). There was also a trend towards improved renal oxygen
consumption, UO, CrCl, and FeNa in the aCD47Ab-treated kidneys (Fig. 5C).
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Figure 4. (A) Representative renal tissue photomicrographs (immunofluorescence) and quantitative integrated
density scores for complement C9 staining 24 hrs post-IRl in each mouse treatment group (20 x). (B) Quantification
of renal cellular death by TUNEL staining, with associated representative photomicrographs (immunofluorescence)

(40 x). Data shown as mean + SD; n = 5-6/group. **p<0.01,***p<0.001, ****p<0.0001.
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Figure 5. (A-B) aCD47Ab localisation in porcine NMP kidneys by immunofluorescence (20 x). aCD47Ab was given to
treatment group kidneys by addition of the drug into the (i) UW cold flush, and (ii) NMP circuit. (A) No antibody
binding evident in control kidneys (i.e. untreated kidneys). (B) Faint/minimal antibody binding at end CS (i.e. prior to
the commencement of NMP); strong binding is evident in biopsies at the end of NMP, especially in the glomerulus.
(C) Flow, IRR, glomerular, and tubular parameters after 1 hr of NMP in porcine kidneys treated with aCD47Ab in
comparison to no CD47 treatment. Data presented as mean * SD; n = 8-9/group. AUC — area under the curve; CrCl —
creatinine clearance; CS — cold storage; FeNa — fractional excretion of sodium; NMP — normothermic machine

perfusion; UO — urine output; UW — University of Wisconsin solution.
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Pro-inflammatory cytokine mRNA expression is increased after NMP

In both treated and untreated kidneys, renal expression of IL-6, TNF-a, IL-1p, and IL-18 increased
after NMP in comparison to end CS samples (Fig. 6). Although not significant, the increase in
expression of 1L-6 and IL-18 was less pronounced in the aCD47Ab group. In congruence with the
mouse RT-PCR data, expression levels of TNF-o and IL-1B appeared to be elevated in the

aCD47ADb treatment group.
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Figure 6. Pro-inflammatory cytokine (IL-6, TNF-qa, IL-1B, and IL-18) mRNA expression in porcine tissue from sections
taken at the end of NMP in comparison to the end CS reference group. Fold change normalized to HPRT1. Data

shown as mean + SD; n = 7/group. *p<0.05, **p<0.01.

Renal tubular debris is reduced in CDA47-treated kidneys after NMP but other histologic

parameters remain similar to controls
NMP re-institutes oxygenated blood flow to the kidney after a period of cold ischemia, and as such

would be expected to precipitate IRI, albeit at a reduced magnitude due to the leukocyte depletion

of the blood. Histologic comparison of the renal tubular condition before and after NMP showed a
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significant increase in tubular dilatation and vacuolation in both aCD47Ab-treated and untreated
kidneys (Fig. 7A). There was no significant change in inflammatory cell infiltrate in either group.
However, there was a significant decrease in tubular debris in the aCD47Ab-treated kidneys after
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Figure 7. Representative porcine renal tissue photomicrographs and quantitative scoring for (A) tubular injury (H&E
staining) (20 x), (B) oxidative stress (DHE staining) (20 x), and (C) renal cellular death (TUNEL staining; 40 x) at the end
of NMP. Data shown as mean + SD; n = 5-7/group. *p<0.05, ***p<0.001, ****p<0.0001.
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Renal oxidative stress induced by NMP is reduced by aCD47Ab treatment however renal tubular

epithelial cell death remained similar

Oxidative stress quantified by DHE staining was significantly reduced in aCD47Ab-treated
kidneys in comparison to controls (Fig. 7B). Renal cellular death however was not significantly
different between treated and untreated kidneys (Fig. 7C).

6.5 Discussion

This study provides the first direct in vivo comparison of three potent anti-IRI agents, aCD47Ab,
sCR1, and rTM, in a murine model of severe renal IRI. We show that aCD47Ab alone provides
the greatest level of protection that is not substantially increased by its combination with sCR1.
We investigated the feasibility of direct aCD47Ab delivery to the porcine kidney using NMP,
showing that it can be given at a dose based on renal weight alone, with evidence of renal tubular
and glomerular binding, and subsequent downstream beneficial effects on kidney perfusion,

oxidative stress, and tubular and glomerular function.

CDA47 provides a plausible target that can be blocked to significantly ameliorate IRI via the
modulation of multiple IRI-related pathways. CD47 signaling is important for promoting IRI;
injury primarily results from the renal parenchymal cell membrane-associated CD47 binding its
ligand thrombospondin-1.%* Downstream effects include inhibition of nitric oxide and its effects on
vascular smooth muscle, exacerbation of oxidative stress, inflammatory cell recruitment, and an
impairment of parenchymal cellular repair.?* *> % As such, receptor blockade should ameliorate
IRI by impacting multiple inter-related injurious processes. In our mouse model, we confirmed a
significant reduction to renal injury, with better preservation of renal function in the aCD47Ab
treated mice, which was superior to that provided by sCR1 or rTM alone. Neutrophil influx was
also correspondingly reduced to the largest extent in the aCD47Ab group, in addition to a robust
reduction in renal cellular death. Although levels of superoxide also significantly declined in the
aCD47Ab group, no reduction was seen in hydrogen peroxide levels. Indeed, substantial fluxes of
superoxide may significantly impact the stoichiometry of hydrogen peroxide detection by amplex
red, possibly explaining the different quantification trends of superoxide and hydrogen peroxide in
the study groups.®” Interestingly, with the exception of IL-6, there was no reduction in the mRNA
expression of TNF-a, IL-1p, CCL2, or CXCL2 in the aCD47Ab-treated mice. A lack of impact on
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TNF-a mRNA expression in response to CD47 blockade has also been noted elsewhere, indicating

this pathway is not directly involved in CD47-mediated cellular injury during IR1.2>

In order to investigate the potential synergistic amelioration of IRl by combining different drugs,
the 2 most efficacious drugs, aCD47Ab and sCR1, were given as a combined dose. Although
serum Cr levels were significantly lower in these mice compared to SCR1 alone, there was no
significant difference between the aCD47Ab+sCR1 group and the group of mice treated with
aCD47Ab alone. Furthermore, histologic injury, inflammatory cell infiltration, complement
deposition, ROS production, and cellular death were not incrementally improved in the combined
treatment group compared to aCD47Ab-treated mice. This acts to highlight the relatively broad
impact of CD47-blockade on the IRI cascade, therefore serving as a highly effective single agent.
Due to its relative superiority in the mouse renal IRI experiments, aCD47Ab was chosen as the
optimal agent to be administered using NMP in a porcine DCD model. Antibody was retained in
the renal parenchyma at the end of NMP, ensuring the CD47 receptor remains blocked prior to
potential transplantation. The drug was dosed according to kidney weight and not the weight of the
donor animal, as NMP affords the opportunity of direct intra-renal delivery. An additional dose of
aCD47Ab was given immediately after the induction of cold ischemia to account for potential
drug binding/uptake by the CDA47 receptor on circulating cells/PRBCs.*® However, there was no
immunofluorescence evidence that this cold perfusion dose caused effective aCD47Ab binding to
its receptor. In contrast, Xu et al. showed renal binding after pre-implantation delivery of
aCD47Ab to porcine kidneys via a direct renal artery cold flush.*® However, these authors used a
dose that was approximately 50 times greater (total 10 mg) than that used in this study, and the
aCD47Ab solution used was flushed via the renal artery 5 times.*® From our current work it can be
concluded that NMP facilitates highly specific and targeted delivery of reduced aCD47Ab dose(s)
to the kidney that cannot be achieved by adding blocking antibody(s) to the cold flush alone, and
this binding is retained over the 1 hr period of NMP.

Addition of aCD47Ab to the NMP perfusion circuit did not induce or worsen renal injury on the
machine in comparison to control kidneys. NMP involves reperfusion of the kidney with an
oxygenated PRBC-based solution, and as such can be considered as an early induction of IRI after
a period of CS. The primary difference between NMP and reperfusion after transplantation is that
the latter occurs in a uremic recipient with allogeneic whole blood containing the recipient’s
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leukocytes, pre-formed antibodies, and complement components. As such, the insult sustained
during NMP is unique in its nature. Overall, a pro-inflammatory state is induced.*® ** Therefore
and unsurprisingly, renal mMRNA expression of pro-inflammatory cytokines increased after NMP
in this study, albeit to a lesser extent for IL-6 and IL-18 in the aCD47Ab-treated group.
Furthermore, there was a mild increase in renal tubular injury parameters as evident by light
microscopy post-NMP; these parameters were similar in both groups with the exception of tubular
debris, which was significantly reduced in the CD47-blocked group. Importantly, the oxidative
stress induced by NMP was significantly less in the aCD47Ab treatment group.

CDA47 blockade during NMP enhanced some functional parameters over the course of perfusion.
RBF and IRR were significantly better in the treatment group, which may be related to the effects
of CD47 binding on the nitric oxide pathway and vascular responsiveness.®* Encouragingly, renal
oxygen consumption, UO, CrCl, and tubular function improved in the aCD47Ab-treated group,
although not reaching statistical significance. Additional improvements in these parameters during
NMP might require a higher dose of aCD47Ab or the induction of more severe injury through
prolongation of ischemic times such that more clear differences may be elucidated. Any ultimate
improvement in renal IRl by CD47 blockade needs to be proven after full-scale reperfusion with

leukocyte-replete allogeneic blood (i.e. transplantation).

Pharmacomanipulation of the kidney during NMP may also improve the efficacy of the short
periods of pre-implantation NMP currently in clinical use.'? There is some experimental evidence
to indicate the longer periods (8 or more hours) of renal NMP are superior to 1 hour of pre-
implantation NMP; this is in the setting where no additional anti-IRI drugs are added.**** Longer
periods of NMP are however more labor-intensive, expensive, and likely less readily taken up by
transplant centers. Pharmacologic amelioration of IRI during NMP may provide a compromise,
allowing shorter pre-implantation NMP.

In conclusion, this paper has shown the feasibility and efficacy of using NMP as a targeted drug
delivery system to the kidney as a means to ameliorate IRI. Three proven anti-IRI drugs were
compared in a murine kidney model of severe IRI, and aCD47Ab was shown to be most
protective. The porcine-specific version of this antibody was tested in a DCD model using NMP,

achieving renal binding, and improving some renal perfusion and injury parameters. NMP has a
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remarkable potential to not only directly treat and resuscitate donor kidneys prior to implantation,
but also to fast-track drug discovery/application from small animal and/or cell culture models into
the clinical setting. Its impacts may be significantly amplified through the targeted delivery of

anti-IR1 drugs to the kidney, which will likely translate into vast future clinical applications.
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7.1 Abstract

Introduction: Normothermic machine perfusion (NMP) is a promising new modality that
provides the potential for the resuscitation and improved assessment of kidneys prior to
transplantation. Using discarded human kidneys, we aimed to investigate the mechanistic basis and
translational potential of NMP as a superior strategy compared to the current gold standard of cold

static storage (CS).

Methods: Discarded deceased donor kidneys (n = 15) underwent brief (one hour) NMP after a
period of CS during transportation. Renal perfusion, biochemical, and histologic parameters were
recorded. Leukocyte efflux from the kidney was measured in selected grafts. NMP was directly
compared to CS in paired donor kidneys using simulated transplantation with whole allogeneic
blood, followed by assessment of perfusion and functional parameters, markers of ischemia-

reperfusion injury (IR1), and RNA sequencing.

Results: All kidneys were successfully perfused, with demonstration of improving renal blood
flows and resistance (median 260 ml/min and 0.29 mmHg/ml/min, respectively), and urine output
(median 21 ml), in all but one kidney. NMP completely resolved non-perfused regions in
discarded DCD kidneys. In paired kidneys, transcriptomic analyses showed induction of stress and
inflammatory pathways in NMP kidneys, with upregulation of pathways promoting cell survival
and proliferation. Furthermore, the NMP pairs had signifincantly better renal perfusion (1.5-2 fold
improvement in flow and resistance) and functional parameters, and amelioration of cell death,

oxidative stress, and complement activation.
Conclusions: NMP demonstrated multiple superior outcomes to CS, allowing for the rejuventation

of marginal kidneys. NMP has consdiderable potential to enhance early graft function in such

kidneys, and also reduce organ discards in order to increase kidney transplantation rates.
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7.2 Introduction

Normothermic machine perfusion (NMP) is a recently developed technique that may be applied to
deceased donor kidney preservation prior to transplantation. NMP has been shown to have early
potential in the enhancement of kidney transplant outcomes.*™ It may be performed in conjunction
with cold static storage (CS; the current reference standard), and/or as a sole modality prior to

transplant, although current human application has only seen employment of the former.

The emergence of NMP is a natural progression from increased prominence of machine perfusion
(MP) preservation for organ transplantation.* ®> The field of MP in kidney transplantation has
largely been dominated by hypothermic MP (HMP).® However, this modality has not gained
widespread acceptance due to an inability to accurately predict longer-term graft function, in
addition to ongoing high rates of delayed graft function (DGF) in donation after circulatory death
(DCD) kidneys, and equivocal impacts on graft survival.>® NMP presents a potential solution to
these problems, which is required to help close the organ supply-demand gap and improve
outcomes from the DCD and expanded criteria (high kidney donor profile index [KDPI]) kidneys
that organ transplantation centers are now increasingly reliant upon. ®*® Not only does NMP have
the potential to improve the function of these organs post-transplantation, it may also allow for
accurate functional assessment of the graft in a near-physiologic state.* Furthermore, NMP enables
the directed delivery of therapeutics to the kidney during perfusion while metabolic processes are

active.

Although preliminary evidence indicates superiority of NMP over CS alone, and a RCT is
currently underway to compare both techniques, many questions remain unanswered prior to the
more widespread uptake of NMP worldwide." ** In particular, little is known about the actual
mechanistic changes induced by NMP that may help improve graft outcomes, with the sparse
evidence available limited to porcine studies.* * This is crucial to more clearly inform clinicians
regarding how best to utilize NMP, including what type(s) of organs and recipients will benefit the
most from this technology. One important area of controversy relates to the thresholds and
duration at which NMP will be most beneficial, with current clinical evidence existing only for
one hour of pre-implantation NMP.» "8 However, experimental (porcine) evidence indicates that
longer periods of NMP (> 8 hours) may be more beneficial to subsequent transplant function,

whilst others have explored the feasibility of perfusion periods up to 24 hours.® ¥ ?° Brief (1-3
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hour) pre-implantation NMP however continues to remain attractive as it is convenient, and
therefore more readily employed, especially considering that current NMP technology is not easily

transportable.

Therefore, we aimed to investigate the comparative efficacy of a brief period of NMP following
CS, to CS alone, using paired human kidneys, with a particular focus on the mechanistic changes
that underlie any potential advantages offered by NMP. We will also examine the following
parameters that have not been clearly investigated using human kidneys — (i) biochemical, acid-
base, and perfusion-related trends during NMP that may be used to inform decision-making
regarding potential transplantation; (ii) passenger leukocyte load of donor kidneys and the use of
NMP to induce extravasation of these leukocytes; and (iii) the comparative efficacy of NMP with

autologous or banked (allogeneic) blood.

7.3 Methods
7.3.1 ETHICS
Ethics approval for this project was obtained from the Western Sydney Local Health District
human research ethics committee. All prospective donors’ families were consented for the
potential research use of kidneys for research purposes prior to the procurement process. Further
project support was obtained from the NSW Organ and Tissue Donation Service (OTDS), and

collaboration was also established with the Australian Red Cross Blood Service (ARCBS).

7.3.2 INCLUSION AND EXCLUSION CRITERIA

Kidneys were obtained for the purposes of this research from any deceased donor in the event that
— (i) they were deemed unsuitable for transplantation for any reason during or after procurement,
or (i) in the event of a planned liver-only donor whereby the kidneys had been deemed medically
unsuitable prior to retrieval. Kidneys were only excluded from subsequent NMP when autologous

or allogeneic blood was not available for perfusion.

7.3.3 KIDNEY PROCUREMENT
Retrieval was undertaken in a standard fashion, after aortic cannulation and cold perfusion with
Soltran, and in the event of liver or pancreas retrieval, also University of Wisconsin (UW)

solution. In the event that autologous blood was to be utilized for subsequent NMP, the inferior
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vena cava (IVC) was dissected and immediately accessed using a 28-32 Fr intercostal catheter
attached to a TUR giving set at the commencement of cold perfusion. Vented blood was collected
into a customized blood bag (LivaNova Australia, Dandenong, Australia) containing
anticoagulant-citrate-dextrose solution A (ACD-A) (Aurora Bioscience, Bella Vista, Australia)
and saline-adenine-glucose-mannitol solution (SAGM) (Macopharma, Chatswood, Australia), and
stored on ice. Kidneys were stored in the final flush solution (University of Wisconsin [UW]
solution or Soltran solution), surrounded by 0.9% sodium chloride ice slush, prior to transportation

to our center.

Donor and retrieval details that were recorded included age, sex, comorbidities, donation pathway
(DBD or DCD), ABO blood group, kidney donor profile index (KDPI), donor cause of death
(COD), intended and actual organs retrieved, reason for kidney discard/non-utilization, cross-
clamp time, warm ischemic time (WIT), cold ischemic time (CIT), and kidney anatomy. The
KDPI estimates the risk of graft failure relative to other donor kidneys and incorporates donor age,
history of hypertension or diabetes mellitus, height/weight, COD as stroke, terminal creatinine

level, and DCD pathway within overall scoring.? %

7.3.4 KIDNEY PREPARATION

Kidneys underwent standard back-table preparation. The renal artery was cannulated with heparin
tips connected to a ¥ inch luer lock adaptor (Medtronic, MN, USA and LivaNova Australia,
Dandenong, Australia), and the cannula was secured with a silk tie. The ureter was cannulated
with a shortened heparin tip (Medtronic), which was also secured using a silk tie. Kidneys

remained on ice slush until the commencement of NMP.

7.3.5 BLOOD PREPARATION

In the event that autologous blood was used, collected donor whole blood was centrifuged at 3500
RPM for 15 minutes, and the supernatant discarded. The residual packed red blood cell (PRBC)
mass was washed with Hartmann’s solution, re-centrifuged for 10 minutes, and the supernatant
was once again discarded. PRBCs were then passed through a leukocyte filter (Terumo Pty Ltd,
Tokyo, Japan) and collected into a new blood bag (total PRBC volume approximately 250 ml).
The ARCBS provided all PRBC units for the NMP cases in which banked blood was utilized (O+

or O- units only; total PRBC volume approximately 250 ml). All subsequent simulated
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transplantation experiments were conducted using whole banked blood (O+ or O-), also obtained
from the ARCBS. Total volume of each whole blood unit was approximately 500 ml, with 250 ml

of this used for each paired kidney (see below).

7.3.6 EXVIVO PERFUSION SET-UP

The NMP system was assembled as previously described.? In brief, NMP was undertaken using
autologous or banked PRBCs, to which was added Hartmann’s solution (150 ml), gelofusine (250
ml), 10% mannitol (50 ml), 10% calcium gluconate (5 ml), 8.4% sodium bicarbonate (15 ml),
sterile water for injection (25 ml), and heparin (2000 units). Continuous infusions of nutrient
(M199 with ultraglutamine) solution (20 ml/hr), 5% dextrose (5 ml/hr), and verapamil (5 mg in 2
ml, run at 5 ml/hr) were also run during NMP. Creatinine was added to the circuit (700 pmol in 5
ml 0.9% NaCl, to give an approximate concentration of 1000 pmol/L; Merck, Darmstadt,
Germany) to enable subsequent quantification of creatinine clearance (CrCl). The kidney was
placed in a customized, 3D-printed perfusion chamber.?* Only the renal artery was cannulated,
with the renal vein left open to drain into the reservoir via the perfusion chamber. Urine was
collected and output replaced with Hartmann’s solution. NMP was undertaken at a temperature of

37°C, with flow rates adjusted to maintain at a mean arterial pressure (MAP) of 75-85 mmHog.

To provide a direct comparison between CS and NMP in the absence of the ability to transplant
these kidneys, ex vivo reperfusion with whole blood was undertaken in paired kidneys to simulate
transplantation. This system utilizes whole blood containing leukocytes, complement, and other
inflammatory mediators; furthermore, the protective verapamil infusion was omitted. Ex vivo
whole blood reperfusion was undertaken at a MAP of 85-95 mmHg (maintained by flow
adjustment), at 37°C for 60 minutes, after a simulated second warm ischemic (‘anastomotic’) time
of 30 minutes during which the kidney was left at room temperature. Perfusion parameters
(pressure and flow) and urine output (UO) were sequentially recorded during NMP and whole

blood reperfusion.

7.3.7 PERFUSION EXPERIMENTS

(1) Single kidneys (n = 7) underwent NMP for 1-3 hours. These kidneys were used to (a)
establish NMP system feasibility, functionality, and safety; (b) compare NMP using
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autologous and banked blood; and (c) investigate leukocyte extravasation from the
graft during NMP.

(i) Paired kidneys (n = 8, i.e. 4 kidney pairs) were randomly allocated to either the cold
static storage (‘CS’) or ‘NMP’ groups. ‘CS’ kidneys underwent standard CS, a
subsequent 30 minute simulated SWIT period at room temperature, and then ex vivo
whole blood reperfusion for 60 minutes to simulate the immediate post-transplant
reperfusion period. ‘NMP’ kidneys underwent CS, followed by one hour of NMP, a
simulated SWIT of 30 mins, and finally ex vivo whole blood reperfusion for 60 minutes

(using the initial NMP circuit set-up).

7.3.8 SAMPLES

Sequential kidney biopsies were taken at the end of CS, after each hour of NMP (if applicable),
and at the end of ex vivo whole blood reperfusion (if applicable). Biopsy samples were stored in
10% natural buffered formalin, RNALater solution (Ambion/Thermo Fisher Scientific, TX, USA),
or snap frozen in dry ice with or without OCT media (Tissue-Tek, ProSciTech, Australia), for
subsequent analyses. Blood samples were also taken from the circuit and the start and end of
perfusion, as applicable, and sent to the hospital laboratory for quantification of hemoglobin, white
cell counts, platelet counts, hematocrit, electrolytes, urea, creatinine, blood sugar level, aspartate
aminotransferase (AST), lactate dehydrogenase (LDH), albumin, and osmolality. Arterial and
venous blood gas samples were taken during the start and end of perfusion, and analysed for
lactate, pH, partial pressure of oxygen (pO,) and carbon dioxide (pCQO), bicarbonate (HCO3), and
base excess (BE) using the i-STAT Alinity machine (Abbott, IL, USA). Urine samples were taken
at the end of perfusion and analysed for electrolyte, creatinine, and protein levels.

7.3.9 MEASUREMENTS AND ANALYSES

Renal blood flow (RBF) and intra-renal resistance (IRR = MAP/RBF)! was recorded throughout
perfusion and normalized to a kidney weight of 250 grams. Urine output (UO) was recorded every
hour of perfusion (ml). CrCl (ml/min/100g/hr) during NMP and ex vivo whole blood reperfusion
was calculated using the following formula — (urine Cr (umol/L) x urine volume (L))/plasma Cr
(umol/L). Fractional excretion of sodium (FeNa) (%) was calculated as — (100 x plasma Cr

(umol/L) x urine Na (mmol/L))/(plasma Na (mmol/L) x urine Cr (umol/L)). Renal oxygen
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consumption (mmHg*ml/min/g) at end-NMP or ex vivo reperfusion was determined using — [RBF
(ml/min) x (PaO, — PvO,) (mmHg)]/kidney weight (g).°

7.3.10 RENAL HISTOPATHOLOGY

All biopsies underwent Periodic Acid-Schiff (PAS) staining according to standard methods. Each
pre- and post-NMP, and post-ex vivo whole blood reperfusion was assigned a Remuzzi score by a
blinded renal histopathologist.”® The following parameters were assessed — number of glomeruli;
glomerular sclerosis (%); chronic damage (tubular atrophy/interstitial fibrosis; %); arteriolar
hyalinosis (0 — absent; 1 — present); intimal elastosis (0 — absent; 1 — less than medial thickness; 2
— more than medial thickness); and extent of acute tubular injury (0 — absent; 1 — loss of tubular

cell brush borders/vacuolization; 2 — cell detachment/casts; 3 — coagulation necrosis).

7.3.11 IMMUNOFLUORESCENCE

Renal tubular epithelial cell death was compared between paired kidneys (NMP versus CS pairs,
using cryosections cut from samples taken at the end of ex vivo whole blood reperfusion) using
TUNEL staining. A commercial in situ cell death detection kit was utilized for this purpose
(Sigma-Aldrich/Merck, MO, USA). Slides were co-stained with DAPI (1:25,000) for 2 minutes.
TUNEL staining was quantified using confocal microscopy.

Renal tissue oxidative stress was quantified and compared in paired NMP/CS samples using
dihydroethidium (DHE) (Thermo Fisher Scientific), an indicator of tissue superoxide levels.
Unfixed cryosections were thawed; DHE (10 uM) was applied to the surface of each section
(incubated at 37°C for 22 mins). Slides were co-stained with DAPI as above. Confocal microscopy
was utilized for visualization of DHE staining. Integrated densities were quantified using ImageJ
software (National Institutes of Health, USA). Each section had 4 images taken, with mean

densities for each image calculated from a further 4 regions of interest.

Complement (C9) staining was also performed in paired samples. Cryosections were fixed,
blocked, and thence stained with C9 primary antibody raised in rabbits (1:250 dilution; Abcam,
Cambridge, UK), and incubated for one hour at room temperature. This was followed by staining
with goat anti-rabbit secondary antibody conjugated to Alexa Fluor 647 (1:400 dilution;
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Invitrogen, CA, USA) for a further one hour at room temperature. DAPI co-staining was
performed. Sections were visualized using confocal microscopy; C9 staining intensity was

quantified using ImageJ software, with 4 regions of interest utilized for each section image.

7.3.12 FLOW CYTOMETRY ANALYSIS FOR LEUKOCYTE EFFLUENT FROM THE GRAFT
DURING NMP

Blood samples were taken from the circuit at different time points (n = 3 kidneys) to analyze
leukocyte extravasation from the graft. Samples were taken from the PRBC blood bag, and then at
‘start” NMP (5 minutes after the commencement of NMP), one hour post-commencement of NMP,
and 1.5 and 2 hours post-commencement of NMP. Briefly, samples were spun and equivalent
amount of “PRBCs” were used for staining. 50 pL of the graft circuiting “PRBCs” and control
baseline “PRBCs” were added into a Trucount tube (BD Biosciences) and blocked with pure
Fc1.3070 (BD Biosciences), followed by staining with an antibody cocktail and cell lysis/fixation
with BD FACS lysing solution (BD Biosciences) according to the manufacturer's instructions and
as described previously.?” Fluorochrome-coupled anti-human antibodies to CD45, CD3, CD11c,
CD14, CD16, CD19, CD56, CD123, CD141, HLA-DR, lineage cocktail (CD3, CD14, CD19,
CD20, CD56) (BD Biosciences), and CD303 (Miltenyi Biotec) were used. Potential dendritic cell
detection was performed using the following markers: HLA-DR+CD3-CD14-CD19-CD20-
CD11c+CD141 and/or HLA-DR+CD3-CD14-CD19-CD20-CD11¢c-CD303+CD123+. Flow
cytometric analysis was performed on a BD-LSR Fortessa (BD Biosciences) and Diva software
(BD Biosciences) for evaluation of absolute numbers of granulocytes, monocytes, NK cells, B
cells, T cells, NKT cells, and dendritic cells. Data was analyzed using FlowJo V10.

7.3.13 RNA EXPRESSION BY NEXT-GENERATION SEQUENCING

Targeted whole transcriptome RNA expression®® #°

was analyzed using paired kidneys undergoing
NMP or CS alone, followed by ex vivo whole blood reperfusion. Kidney biopsies from each group
were taken at end-CS, end-NMP (if applicable), and end-ex vivo reperfusion. RNA extraction was
conducted using an ISOLATE Il Mini-kit (Bioline Australia). For Ampliseq transcriptome
analyses, libraries were prepared using lon AmpliSeq Transcriptome Human Gene Expression Kit
(Thermo Fisher Scientific) following the manufacturer’s protocol using 10 ng of total RNA and
quantified by gPCR with lon Library TagMan Quantitation Kit (Thermo Fisher Scientific).
Libraries with concentration ranging from 1,515 pM to 6,629 pM were obtained and normalized to
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100 pM. Seven to eight normalized libraries were pooled together, templated on the lon Chef
System, then sequenced on lon 540 Chips using the lon S5 XL system. Reads were aligned back to
the manufacturer’s supplied target reference with built in mapping software Tmap. The aligned

data was TMM normalized using the edgeR package.*

7.3.14 STATISTICAL ANALYSES

Unless otherwise indicated, data is presented in the format mean + standard deviation (SD).
Continuous parametric variables were compared using the unpaired Student’s t-test, whilst non-
parametric continuous variables have been compared using the Mann-Whitney U test. The paired
t-test was used for comparison of baseline and end-NMP data for each individual kidney, or
functional data for each paired kidney at the end of ex vivo reperfusion. RBF and IRR graphs were
compared by first calculating the area under the curve (AUC) for each parameter plotted on the
graph. GraphPad Prism v. 7.02 was used for all of these statistical analyses. For all data
comparisons, a p-value <0.05 was considered as statistically significant.

Differential expression analysis was performed using voom.** For all comparisons, changes in
gene expression were deemed significant if they had a Benjamini-Hochberg adjusted p-value <
0.05. Pathway analysis was performed using a hypergeometric test to test if any Gene Ontology or
Reactome categories were enriched for differentially expressed genes.*** Wilcoxon-rank-sum
tests with directional alternative hypotheses were used on the test statistics to test if any of the
pathways were significantly up or downregulated. Further pathway analyses were conducted

through the use of Ingenuity Pathway Analysis (IPA) (Qiagen Inc.).*®

7.4 Results

741 RENAL HISTOLOGY, HEMODYNAMICS AND URINE OUTPUT DURING
NORMOTHERMIC MACHINE PERFUSION (NMP)

Fifteen discarded and/or non-utilized kidneys from 10 human donors were obtained. Donor and
perfusion characteristics are summarized in Table 1; also see Supplemental Digital Content (SDC)
1 for images of each kidney before and during perfusion. Eleven kidneys underwent NMP for 1-3
hours as defined in the methods. Four of these 11 kidneys underwent NMP followed by simulated
transplantation using ex vivo reperfusion with whole blood, whilst their direct pairs had CS alone
followed by ex vivo whole blood reperfusion. There were no significant changes with respect to

the renal tubular pathology when assessed by light microscopy during 1-3 hours of NMP (SDC 2).
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CIT — cold ischemic time; COD — cause of death; CS — cold static storage; CVA — cerebrovascular accident; DBD —
donation after brain death; DCD — donation after circulatory death; Hx — history; HTN — hypertension; ICH — intra-
cerebral hemorrhage; KDPI — kidney donor profile index; NA — not applicable; NMP — normothermic machine

perfusion; Sl — small intestine; VT/VF — ventricular tachycardia/fibrillation; WIT — warm ischemic time

* Both kidneys obtained for research however 2 kidney not perfused as majority of parenchyma (90%) consisted of
cystic tissue

** Frozen section of liver lesions equivocal, however clinically consistent with melanoma liver metastases

*** Declined due to donor hepatorenal syndrome (26 offers made to recipient centers), however contralateral
kidney was accepted and transplanted

i Kidneys considered unsuitable due to elevated donor creatinine (207 umol/L [2.3 mg/dL]) and proteinuria, although
note KDPI was only 52

™ Contralateral kidney well-perfused and transplanted

" NMP delayed due to logistical reasons

e Kidneys not considered due to donor comorbidities/KDPI, in addition to low donor eGFR (30-40 ml/min/1.73 mz)
? Time from extubation/withdrawal of life support to cold perfusion (time from cessation of circulation to cold
perfusion in brackets)

TBoth kidneys had upper pole arteries; upper pole artery of left (‘CS’) kidney was divided at retrieval, and as such the
upper pole artery of the right kidney (‘NMP’) was similarly ligated prior to NMP to make both kidneys more

comparable

Hemodynamics during NMP generally indicated a rise in renal blood flow (RBF) and decline in
intra-renal resistance (IRR) over time, with the exception of one kidney (DCD-D3) (Fig. 1A).
Median RBF and IRR after one hour was 260 ml/min/250g (range 172-359) and 0.29
mmHg/ml/min/250g (range 0.23-0.45), respectively. The median hourly urine output (UO) was 21
ml (range 0-46 ml); only one kidney did not produce any urine (DCD-D4) (Fig. 1B; also see
explanation in figure caption). Fig. 1B provides a graphical depiction of UO, creatinine clearance
(CrCl) and fractional excretion of sodium (FeNa). Visually it can be seen that UO was generally
positively correlated with creatinine clearance (CrCl) and inversely related to fractional excretion
of sodium (FeNa), although these relationships were not absolute (Fig. 1B).
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Figure 1. Perfusion, functional, and biochemical parameters and changes during NMP. (A) Renal blood flow and
intra-renal resistance (IRR) during NMP, with a MAP maintained between 75-85 mmHg. (B) LEFT PANEL — Urine
output (UO) per hour of NMP for each donor kidney. RIGHT PANEL — Relationship between UO, creatinine clearance

(CrCl), and fractional excretion of sodium (FeNa) in each donor kidney. (C) Perfusate acid-base balance (pH, lactate,
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and bicarbonate) and electrolyte (sodium, and osmolality) concentrations over the course of NMP, plotted for each
individual kidney. n.b. Although there was no UO recorded from the DCD-D4 kidney during NMP, perfusate creatinine
levels dropped over the course of perfusion (997 umol/L at baseline = 633 umol/L after 60 min NMP - 585 umol/L
after 90 min NMP). This indicates either (i) an abnormality related to ureteric function/vermiculation (unlikely as the

ureter was not significantly distended during perfusion), or (ii) urine leak into the perfusion chamber from an

unidentified site (more likely).

7.4.2 ISCHEMIC TIMES CORRELATE WITH PERFUSION PARAMETERS DURING NMP IN
DCD BUT NOT DBD KIDNEYS

NMP is likely to have differential impacts and characteristics in DCD and DBD Kkidneys
depending on the severity of the ischemic insult. In particular, it is useful to gain an understanding
of RBF and IRR during NMP and establish potential correlations between perfusion parameters
and ischemic times to provide a more objective graft functional assessment prior to
transplantation. This also provides an important baseline against which potential therapeutics
delivered to the kidney during NMP can be tested. SDC 3 plots each donor kidney’s RBF and
IRR, split by donor type (DCD or DBD) and arranged according to ischemic time. DCD kidneys
with a lower WIT/CIT demonstrated an elevated RBF (median 328 ml/min/250g; range 286-370)
and lower IRR (median 0.26 mmHg/ml/min/250g) in comparison to the two kidneys with a higher
WIT and CIT (median RBF 205 ml/min/250g [range 200-210] and median IRR 0.41
mmHg/ml/min/250g [range 0.39-0.42]; SDC 3A). In contrast, DBD kidneys showed no obvious
correlation between CIT and RBF or IRR; indeed, the two kidneys with the greatest CITs had
comparatively better perfusion parameters during NMP (SDC 3B). A correlation between

perfusion parameters and KDPI could not be established in either DCD or DBD donor subset.

7.4.3 LACTATE IS NOT CLEARED DURING BRIEF (1-3 HOURS) RENAL NMP

Lactate clearance can be used as a biomarker that defines effective perfusion and/or suitability for
transplantation during NMP of other organs such as the liver and heart.> ***" Lactate levels did not
decline after brief NMP in this series, but in fact increased significantly from baseline (11.2
mmol/L) to 60 minutes (13.1 mmol/L; p = 0.002; Fig. 1C). However, a rising lactate was not
indicative of acidemia in the perfusate, and a general uptrend was observed with respect to
perfusate pH (7.23-7.33; p = 0.003) and bicarbonate levels (16.8-19.4 mmol/L; p = 0.009; Fig.

1C). Furthermore, there was an observed increase in perfusate sodium levels after 60 minutes of
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NMP (143-148 mmol/L; p = 0.007), and a corresponding elevation in osmolality (338-345
mmol/kg; p = 0.004) (Fig. 1C).

7.4.4 LEUKOCYTES ARE IMMEDIATELY MOBILIZED FROM THE GRAFT INTO THE
CIRCUIT DURING NMP

Perfusion fluid samples were taken prior to and at defined intervals after the commencement of
NMP from donors 8-10, and then analyzed using flow cytometry. A significant efflux of
leukocytes (CD45+) was detected in all tested samples within 2-3 minutes of commencement of
NMP (“start NMP”” samples). Dendritic cells (markers defined in methods) were not detectable by
our methods at any time-point. However, large populations of granulocytes (CD455wSSChignh) Were
detected, along with smaller populations of monocytes (CD14+), T (CD3+) and B-lymphocytes
(CD19+), and NK cells (CD56+) (Fig. 2).

7.45 NMP UNDER SPECIAL CIRCUMSTANCES — KIDNEYS WITH MULTIPLE VESSELS,
AND KIDNEYS DISCARDED DUE TO POOR IN SITU PERFUSION AT RETRIEVAL

NMP can be safely and effectively performed in kidneys with more than one artery, including
more than one artery on a patch and/or separate upper or lower pole arteries (Fig. 3A-B). Back-
table arterial reconstruction is not required, and perfusion is facilitated by the use of Y-connectors

attached to separate cannulae.

NMP can also be utilized to assess and/or predict adequacy of renal perfusion in kidneys discarded
due to poor in situ perfusion post-retrieval from the deceased donor (Fig. 3C). Two kidneys in this
series (from donor 2 and donor 9) were discarded due to poor perfusion at retrieval in the context
of DCD donation. In both cases, NMP ‘cleared’ the non-perfused region(s) within 10 minutes of

commencement, thereby rendering these kidneys potentially transplantable.
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Figure 2. Leukocyte efflux from the donor kidney during NMP. Absolute cell counts for granulocytes, monocytes, NK
cells, and lymphocytes were calculated by flow cytometry using the pre-perfusion sample as a baseline, followed by

NMP arterial line sampling at selected time points. n = 3 kidneys. n.b. No dendritic cells were detected.
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Figure 3. NMP is possible in the presence of multiple arteries, and is a very useful tool in poorly perfused kidneys. (A-
B) NMP is feasible and safe for kidneys with multiple renal arteries, achieving good renal blood flows and intra-
renal resistance. Kidneys shown are from (A) donor 7 (DBD-D4) and (B) donor 8 (DBD-D5). (C) NMP is ideal
for the assessment of kidneys discarded for poor in situ perfusion. LEFT PANEL — Kidney (donor 2; DCD-D1) visualized
at end-cold storage, discarded due to a non-perfused lower pole and patchy middle region. RIGHT PANEL — The lower
pole of the same kidney is pictured 5 minutes after the commencement of NMP, showing complete resolution

of the previously non-perfused area.

134



7.4.6 DONOR AUTOLOGOUS PACKED RED BLOOD CELLS (PRBCS) CAN BE UTILIZED
FOR NMP

Banked blood transfusions (allo-) may increase the risk of allosensitization in kidney transplant
recipients; the feasibility of using autologous blood for NMP was therefore explored.®
Autologous whole blood was collected from 3 donors, and PRBCs were subsequently isolated for
the perfusion of 4 kidneys; all other kidneys underwent NMP using banked blood group O blood
(Table 1). There were no significant baseline differences with respect to KDPI (median 89 versus
83; p = 0.783) and CIT (median 8.9 versus 11.7 hours; p = 0.226) in kidneys perfused with
autologous or banked blood, respectively. Baseline blood parameters for both autologous and
banked blood are outlined in SDC 4. Hemoglobin levels (43.8 versus 65.3 g/L; p = 0.094) and
hematocrit (14.3% versus 20.7%; p = 0.150) were lower in the autologous blood group, and the
white cell count was higher (0.15 x 10%/L versus 0.06 x 10%/L; p = 0.071), despite using
identical volumes of PRBCs, but this did not reach statistical significance; platelet counts were
however statistically lower in the banked blood group (45.0 x 10%L versus 0.9 x 10%L; p
< 0.001). Perfusate potassium levels showed a trend towards an increase in the banked blood
group (5.4 versus 7.6 mmol/L; p = 0.107); there were no differences in sodium (142.0 versus
143.9 mmol/L; p = 0.404) and bicarbonate (13.0 versus 14.3 mmo/L; p = 0.491) concentrations.

SDC 5 compares NMP parameters between both groups after 60 minutes of NMP. Although AUC
for RBF was significantly higher (p = 0.005), and IRR significantly lower (p = 0.001), in the
banked blood perfusion group, these differences are unlikely to be clinically meaningful. There
were no significant differences with respect to glomerular (CrClI 0.7 vs. 0.5 ml/min/100g/hr; p =
0.610) or tubular function (FeNa 31.9 versus 26.4%; p = 0.806), or renal oxygen consumption
(298.0 versus 381.7 ml/min/g; p = 0.330) in the autologous compared to banked blood groups,
respectively (SDC 5). Perfusate LDH levels showed a higher trend in the autologous blood group
but this was not significant (p = 0.125), while AST levels were significantly lower in the group
perfused with banked blood (121.8 versus 49.2 U/L; p = 0.039).

7.4.7 NMP INDUCES GENE EXPRESSION CHANGES INVOLVING INFLAMMATORY,
STRESS, CELL DEATH, AND SURVIVAL-RELATED PATHWAYS
Targeted whole transcriptome RNA expression was performed, comparing paired kidneys treated

with CS alone or NMP after a period of CS (n = 3 pairs — pair 1-3, identified in Table 1). Samples
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were taken at the end of CS (‘end-CS’), after NMP (if applicable; ‘end-NMP”), and after simulated
transplantation (‘end-ex vivo’). Simulated transplantation allowed for a direct comparison between
CS and NMP kidneys, and involved ex vivo reperfusion with whole blood at a MAP of 80-90
mmHg, without the addition of any protective mediators. The SWIT (‘anastomoses’) was
approximated by leaving each kidney at room temperature for 30 minutes prior to reperfusion. The
principal component analysis (PCA) plot revealed unique population clusters, defined by donor
kidney pair (SDC 6). Within each donor kidney pair, end-CS samples were clustered close
together, whilst the end-ex vivo samples were distinctly different (SDC 6). Importantly, at baseline
(i.e. end-CS) within the kidney pairs there were no statistically significant differentially expressed
genes between the NMP and CS groups (data not shown).

One hour of NMP induced multiple gene expression changes. In comparison to biopsies taken at
the end of CS, NMP in the same kidneys modified expression of 200 genes (n = 196 were
significantly upregulated, and n = 4 were down-regulated) (Fig. 4A). A total of 115 pathways were
significantly enriched for differentially expressed genes. The most differentially up and down-
regulated genes and pathways are also indicated in Fig. 4A, whilst SDC 7 outlines expression
patterns for all genes and pathways. Ex vivo whole blood reperfusion (simulated transplantation on
the circuit using whole blood) produced distinctly different gene expression changes (65 genes) in
comparison to those induced by NMP (Fig. 4B, and SDC 8). This therefore indicates the technique
is a valid simulation for transplantation that does not merely recapitulate changes induced by the
NMP process. These gene expression changes were not evident in the CS group of kidneys after ex
vivo whole blood reperfusion, as shown in the scatter plots displayed in Figs. 4-5.

After simulated transplantation, paired kidneys subjected to either NMP or CS alone displayed
highly disparate gene signatures characterized by the differential expression of 495 genes (435 up-
and 60 down-regulated, respectively) (Fig. 5A). These are indicated in the scatter plot displayed in
Fig. 5A. A full list characterizing gene expression and pathway changes is provided in SDC 9. The
top 20 (plausible) pathways that were significantly impacted by NMP as determined by Ingenuity
Pathway Analysis (IPA) are summarized in Fig. 5B, ordered based on the —log(p-value).
Diseases/functions activated or repressed by NMP in comparison to CS alone, as predicted by IPA

based on differential gene expression profiles, are outlined in SDC 10-11. Overall, the signatures
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revealed were strongly consistent with a decrease in cell death and apoptosis in NMP kidneys,

with a corresponding increase in cell survival, viability, and proliferative functions.
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Figure 4. Whole transcriptome RNA sequencing in kidneys that underwent NMP. Sequential biopsies were taken
immediately prior to the commencement of NMP (end-CS), after one hour of NMP (end-NMP), and after
one hour of simulated transplantation (end-ex vivo). (A) LEFT PANEL — Gene expression changes (heatmap) after
NMP in comparison to the end-CS period (for the same kidneys). RIGHT PANELS — Pathway analyses, displaying the
most up- (TOP) and down-regulated (BOTTOM) pathways after NMP. (B) LEFT PANEL — Heatmap showing
differentially expressed genes in the NMP group of kidneys after ex vivo whole blood reperfusion (in comparison to
the end-NMP samples from the same kidneys). RIGHT PANELS — (TOP) HMGAL1 is the most differentially expressed
gene between end-NMP and end-ex vivo samples. (BOTTOM) Scatter plot showing the most up- and down-
regulated genes after ex vivo reperfusion (simulated transplantation) in comparison to end-NMP samples from the

same kidneys. Relevant comparator columns are indicated by the dark black lines.

7.4.8 ONE HOUR OF NMP ENHANCES RENAL HEMODYNAMICS AND FUNCTION, AND
AMELIORATES ISCHEMIA-REPERFUSION INJURY (IRI) IN COMPARISON TO CS KIDNEYS

Over the period of ex vivo whole blood reperfusion, RBF was greater, and IRR was lower, at most

time points in NMP compared to paired CS kidneys (Fig. 6A). RBF and IRR at the one hour time

point after ex vivo reperfusion in the NMP and CS pairs respectively was 250.3 = 79.7
ml/min/250g versus 152.1 + 138.8 ml/min/250g (p = 0.175), and 0.4 £ 0.1 mmHg/ml/min/250g
versus 0.9 = 0.6 mmHg/ml/min/250g (p = 0.137). Aggregated (AUC) RBF was significantly
higher (p = 0.023) and IRR was significantly lower in the NMP-‘treated’ kidneys (p = 0.009).

Paired comparisons of other functional parameters and injury markers were also performed (Fig.
6B), and showed a significantly better (lower) FeNa and perfusate AST in the NMP group (p =
0.034 and p = 0.043, respectively). There were strong trends favoring NMP over CS kidneys with
respect to CrCl, oxygen consumption, and UO, although these did not reach statistical

significance.

Furthermore, renal tubular epithelial cell death, as measured by TUNEL staining, was significantly
ameliorated in the NMP-treated kidneys after simulated transplantation (5.9 versus 9.6 TUNEL-
positive cells/HPF; p < 0.001); Fig. 7A). Similar significant trends were seen with respect to
oxidative stress (quantified using integrated density of DHE staining; p = 0.022; Fig. 7B), and
complement activation (measured by integrated density of complement C9 staining; p = 0.002;
Fig. 7C). Comparative histologic sections (PAS stain) from one donor pair (DBD-D3 — ‘Pair 2’)
are shown in Fig. 7D. Overall, there were no significant differences with respect to acute tubular

injury following ex vivo whole blood reperfusion, regardless of the initial treatment (SDC 12).
138



A

[?s?al » (FosBs,-

Y Semple Time ) ,
I Group (
IL6 SELE ,'
bi 2 FOSL1 L\' ‘ )
Al Wl O S S s oXC3) T8
PTX3NSERPINETH 7/
— | —~ CCL4 ‘,JATF [ccL3)
1 8
= JCCL3L3 EGR3)
5 5 - q‘ NF «—{FOS]
0 2 S [EREG™EGR1]
>
1 3 L/ s (TCTEX1D4)
= - o ]
% EGR2]
= i 2% :
 — -3
— —— | /‘Mﬂ KRTAP5 6
E— CR,_A DPY19L2P1
= Sample Time 0 4 8
— log2 (CS exvivo/end CS)
I End_CS
End_NMP Top Gene -
. End_Ex_vivo :
9
Group . Group1
- + cCs
I cs : . e
=8
I
= NMP g subjost
— . * DCD_D_2
Su bject s DBD_D_3
— - - = DBD_D_4
DCD_D_2
—; DBD_D_3 : :
. DBD_D_4 o G
End_CS End_NMP End_Ex_vivo
Group2
B [Wsitessae Dt-swre o [ estiesscoe O P gt [oomenises e [ovesact Dm‘;:a Toglpile]
log(p-value) Percentage
1 2 1 4 5 3 7 8 0o 0 20 N 4 S @ 0 W 9 W00 U0 10
Role of IL-17F in AIIerglc
Inflammatory Airway Diseases —_ il
1L-6 Signaling || LTI
Death Receptor Signaling [ || (L] ]
Unfolded Protein Response: L — s
TNFR2 Signaling E T— ()
PPAR Signaling |G | s
TNFR1 Signaling ] | ¥ M
Apoptosis Signaling X || ] %
iNOS Signaling I | v s
Induction of Apoptosis by HIV1 | || [] L}
Acute Phase Response Signaling| || [) 16
NFR2-Mediated Oxidative Stress Response [} ] [] 200
Granulocyte Adhesion & Diapedesis (] || ] 181
NF«B Signaling i | ¥ 187
Coagulation System 1 | [] 35
Endoplasmic Reticulum Stress Pathway ] I “ Hi
JAK/Stat Signaling Tl || ]
Production of NO & ROS in Macrophages [ || 194
eNOS Signaling '] | [] 12
HIF1a Signaling i | [l 124

W 0% 0 015 02

Ratio

025 0%

035

3 4 5 [} 1 8
agipahe)

Figure 5. Whole transcriptome RNA sequencing in kidney pairs that underwent one hour of NMP following CS in

comparison to CS alone. Comparisons were conducted after a simulated second warm ischemic period of 30 mins
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and then reperfusion of each kidney with whole allogeneic blood at a MAP of 85 mmHg and temperature of 37°C. (A)
LEFT PANEL — Gene expression heatmap comparing paired kidneys having CS or NMP, after ex vivo whole blood
reperfusion. RIGHT PANELS — (TOP) Scatter plot outlining the most significantly up- and down-regulated genes in the
NMP group in comparison to CS paired kidneys (relevant columns indicated by dark black lines). (BOTTOM) Most
differentially expressed gene between NMP and CS kidneys (HSPH1), with an obvious difference in expression at
the end-ex vivo time point for all 3 kidney pairs. (B) Ingenuity pathway analyses (IPA) showing top canonical
pathways significantly up- or down-regulated in the NMP group of kidneys in comparison to kidneys having CS alone.
Pathways are ordered by magnitude of —log(p-value). LEFT PANEL — Indication of pathway activation or repression
based on the z-score, which gives an indication of the non-randomness of pathway directionality. A positive z-score
suggests pathway induction, and a negative z-score denotes pathway suppression. RIGHT PANEL — Percentage
(indicated by colored bars) of total number of genes (indicated by numbers to right of bars) in a specific pathway that

are differentially expressed in NMP compared to CS kidneys.

7.5 Discussion

Normothermic machine perfusion prior to kidney transplantation presents a paradigm shift in the
preservation of deceased donor grafts, with the potential to simultaneously recondition and
objectively assess the donor kidney. We present the largest series of discarded human kidney NMP
outside of the UK, and demonstrate many novel findings that should help motivate translation of
this technique to clinical transplantation. In particular, using a paired kidney design and simulated
transplantation, we show that brief (one hour) NMP is superior to CS alone, as evidenced by
enhanced early perfusion parameters, glomerular and tubular function, and amelioration of IRI.
Transcriptome-wide sequencing demonstrated activation of protective stress-related responses,
together with promotion of cell survival and proliferation. The existing potential of NMP to
objectively assess renal allografts and reduce discard rates through assessment perfusion-related
parameters was confirmed. We also demonstrated the feasibility of using autologous (donor) blood
during NMP compared to the use of 31 party (banked) blood. Finally, we showed a massive efflux
of passenger leukocytes from the donor kidney into the NMP circuit during perfusion, which may
be targeted to modulate the acute rejection response in the recipient.

The attractiveness of brief pre-implantation NMP lies in its simplicity and the logistical
advantages this method affords above continuous methods of NMP, which require perfusion
during the whole transportation period. However, this technique remains experimental other than a
single UK trial. One important reason for a reluctance of uptake by centers is a lack of

understanding regarding the mechanistic benefits, if any, that can be offered by only one hour of
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NMP. This is notwithstanding the clear benefits of reducing graft discard rates offered by brief

NMP, especially in the setting of poorly perfused DCD kidneys, which was shown by Hosgood et

al. and supported by the findings here.'®

Our unique study design comparing paired kidneys has

allowed us to confidently explore the impacts of NMP without requiring large patient numbers. In

particular, this design removes the confounding influences of different donor and recipient

parameters, which contribute to variability in transplantation outcomes.
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Figure 6. Perfusion and functional parameters (after simulated transplantation [whole blood reperfusion (RFN)]) in
kidney pairs from the same donor, with 1 kidney having CS alone and the contralateral kidney undergoing CS followed
by one hour of NMP. (A) UPPER PANELS — Renal blood flow and intra-renal resistance (IRR) graphed for each individual
donor kidney. LOWER PANELS — Cumulative flow and IRR for the kidneys stored by CS alone in comparison to
contralateral kidneys having CS followed by NMP. (B) Comparison of renal functional parameters between the
two study groups after simulated transplantation — urine output (UQO), creatinine clearance (CrCl), fractional
excretion of sodium (FeNa), oxygen consumption, and perfusion fluid levels of lactate dehydrogenase (LDH) and

aspartate aminotransferase (AST).

NMP kidneys displayed better perfusion and functional parameters in comparison to the CS pairs
after simulated transplantation. Whole transcriptome sequencing demonstrated that a large number
of genes were differentially expressed in kidney after NMP in comparison to CS controls.
Important gene signatures included the significant upregulation of pro-inflammatory cytokines
(including IL-6), chemokines, and heat shock proteins (HSPs). Interestingly, porcine studies by
Nicholson and Hosgood in the UK have demonstrated increased expression of HSP-70 and IL-6 in
kidney tissue after NMP, and Stone et al. demonstrated a general pro-inflammatory response
during NMP. 4% 41 NMP likely rejuvenates and/or conditions the kidney through induction of
HSPs, in an ischemic preconditioning (IPC)-like response.***> Additional pathway analyses were
dominated by differential impacts of NMP on unfolded protein signaling responses (which is
largely HSP-dependent), cell death/apoptosis-related cascades, and cell survival. These factors
were demonstrated not only in pathway predictions, but confirmed by TUNEL, DHE, and
complement staining, which were all significantly improved in NMP kidneys. Overall, the
combination of gene expression data, pathway analyses, tissue staining, and finally in vivo renal
function, provides a convincing picture of the beneficial impacts that may be attributed to brief

pre-implantation NMP.

By itself, brief pre-implantation NMP is protective and beneficial to the graft, even after a period
of CS. However, the potential capabilities of NMP extend far beyond this conditioning effect.
Owing to the nature of NMP, the kidney is functional at a normal metabolic rate in oxygenated and
normothermic conditions. This provides a unique opportunity to objectively assess the graft before
implantation, and previous studies have shown a correlation between 12-month kidney transplant
function and macroscopic kidney perfusion during NMP, in addition to total urine output, and

renal blood flows achieved.'” ‘® Additional work has demonstrated a correlation between IRR
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during NMP and transplant kidney function in porcine studies, and further attributed predictive
value to perfusate pH, bicarbonate, AST, and lactate levels.® In contrast, lactate was not a good
predictive factor in our study. Our study has also verified the relationship between UO, CrCl, and
FeNa during NMP, and importantly demonstrates that ischemic time crucially impacts upon RBF
and IRR in DCD kidneys.

Passenger leukocytes play a role in the initiation and regulation of the alloimmune response
directed against the transplanted organ.*” *® Depletion of these leukocytes requires whole
body/organ irradiation, which has variable success and is not feasible in the transplant setting.*®
Stone et al. demonstrated efflux of passenger leukocytes during NMP of both the porcine kidney
and lungs.®® ** We now demonstrate the efflux of substantial numbers of passenger leukocytes
from human donor kidneys into the perfusion circuit during NMP, providing obvious therapeutic
potential in an attempt to modulate rejection in the recipient. Leukocyte filters have been
incorporated into lung perfusion systems to capture circulating leukocytes, but have uncertain
efficacy, likely due to saturation of the filter.”" Nevertheless, NMP provides the unique
opportunity to deliver directed therapeutic targets to the kidney, which may include targeting of
such leukocytes. Delivery of other agents that specifically target endothelial cells, ameliorate IRI,
and/or attempt to modulate endothelial cell MHC antigen expression using gene therapies, have

also been demonstrated by groups including our own.>*>*

Existing renal NMP devices have differed in perfusion settings and constituents.™ * 1% 20 2
Therefore, parameters such as RBF, IRR, and UO may not be readily compared between different
studies in terms of significance and predictive potential. Nevertheless, our use of NMP in
discarded human kidneys enhanced RBF and IRR in all but one kidney, providing good predictive
value for subsequent transplant graft function.'” Furthermore, DCD kidneys used here that were
discarded due to poor in situ perfusion after retrieval were homogenously and effectively perfused
during NMP. Overall, NMP has a remarkable potential to reduce kidney discards and increase

utilization rates, and this was also recently reflected in a liver NMP RCT.”
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Figure 7. Histopathology and ischemia-reperfusion injury in kidney pairs having NMP or CS followed by simulated
transplantation. (A) Representative photomicrograph (pair 2; DBD-D3) and cumulative comparison of renal cell
death/apoptosis in both study groups as determined by TUNEL staining (40 x). Similar immunofluorescence-based
comparisons of (B) oxidative stress (using DHE staining) (pair 3; DBD-D4), and (C) complement C9 staining (pair 2;
DBD-D3) after ex vivo whole blood reperfusion (20 x). (D) Representative photomicrograph of a kidney pair (pair 2;

DBD-D3) after simulated transplantation following either CS or NMP; periodic acid-schiff stain (20 x).

This study was wholly reliant upon the provision of discarded and/or non-utilized deceased donor
human kidneys, and as such all study variables could not be controlled. In particular, depending on
resource and staffing availability, not all factors (e.g. leukocyte efflux) could be tested for all
kidneys. Although kidney numbers are relatively small (n = 15), we included more kidneys than
other recent published discarded human NMP series.?% > More importantly, direct comparisons of
CS and NMP using paired kidneys from the same donor have added greater reliability to our
results. Although final result validation requires kidney transplantation, ex vivo perfusion as a

simulation of transplantation is an acceptable alternative when transplantation is not possible.*® %

56, 57

In summary, this study has utilized brief NMP of discarded human kidneys to provide the clearest
insight to date with respect to the mechanistic basis and superiority of NMP to CS alone. Strength
has been added to the notion that NMP can reduce kidney discard rates and therefore increase

organ utilization in recipients.

145



7.6 References

1. Nicholson ML, Hosgood SA. Renal transplantation after ex vivo normothermic perfusion:
the first clinical study. Am J Transplant. 2013; 13: 1246-1252.

2. Hosgood SA, Thompson E, Moore T, Wilson CH, Nicholson ML. Normothermic machine
perfusion for the assessment and transplantation of declined human kidneys from donation after
circulatory death donors. Br J Surg. 2018; 105: 388-394.

3. Kaths JM, Echeverri J, Linares I, et al. Normothermic Ex Vivo Kidney Perfusion
Following Static Cold Storage-Brief, Intermediate, or Prolonged Perfusion for Optimal Renal
Graft Reconditioning? Am J Transplant. 2017; 17: 2580-2590.

4. Jochmans I, Nicholson ML, Hosgood SA. Kidney perfusion: some like it hot others prefer
to keep it cool. Curr Opin Organ Transplant. 2017; 22: 260-266.

5. Nasralla D, Coussios CC, Mergental H, et al. A randomized trial of normothermic
preservation in liver transplantation. Nature. 2018; 557: 50-56.

6. Moers C, Smits JM, Maathuis MH, et al. Machine perfusion or cold storage in deceased-
donor kidney transplantation. N Engl J Med. 2009; 360: 7-19.

7. Watson CJ, Wells AC, Roberts RJ, et al. Cold machine perfusion versus static cold storage

of kidneys donated after cardiac death: a UK multicenter randomized controlled trial. Am J
Transplant. 2010; 10: 1991-1999.

8. Moers C, Varnav OC, van Heurn E, et al. The value of machine perfusion perfusate
biomarkers for predicting kidney transplant outcome. Transplantation. 2010; 90: 966-973.
9. Jochmans I, Moers C, Smits JM, et al. Machine perfusion versus cold storage for the

preservation of kidneys donated after cardiac death: a multicenter, randomized, controlled trial.
Ann Surg. 2010; 252: 756-764.

10.  Summers DM, Watson CJ, Pettigrew GJ, et al. Kidney donation after circulatory death
(DCD): state of the art. Kidney Int. 2015; 88: 241-249.

11.  Mirshekar-Syahkal B, Summers D, Bradbury LL, et al. Local Expansion of Donation After
Circulatory Death Kidney Transplant Activity Improves Waitlisted Outcomes and Addresses
Inequities of Access to Transplantation. Am J Transplant. 2017; 17: 390-400.

12. Rege A, Irish B, Castleberry A, et al. Trends in Usage and Outcomes for Expanded Criteria
Donor Kidney Transplantation in the United States Characterized by Kidney Donor Profile Index.
Cureus. 2016; 8: e887-e887.

13.  Garcia GG, Harden P, Chapman J. The global role of kidney transplantation. Lancet. 2012;
379: e36-e38.

14.  Hosgood SA, Saeb-Parsy K, Wilson C, Callaghan C, Collett D, Nicholson ML. Protocol of
a randomised controlled, open-label trial of ex vivo normothermic perfusion versus static cold
storage in donation after circulatory death renal transplantation. BMJ Open. 2017; 7.

15. Hosgood SA, Patel M, Nicholson ML. The conditioning effect of ex vivo normothermic
perfusion in an experimental kidney model. J Surg Res. 2013; 182: 153-160.

16. Bagul A, Hosgood SA, Kaushik M, Kay MD, Waller HL, Nicholson ML. Experimental
renal preservation by normothermic resuscitation perfusion with autologous blood. Br J Surg.
2008; 95: 111-118.

17. Hosgood SA, Barlow AD, Hunter JP, Nicholson ML. Ex vivo normothermic perfusion for
quality assessment of marginal donor kidney transplants. Br J Surg. 2015; 102: 1433-1440.

18. Hosgood SA, Thompson E, Moore T, Wilson CH, Nicholson ML. Normothermic machine
perfusion for the assessment and transplantation of declined human kidneys from donation after
circulatory death donors. Br J Surg. 2018; 105: 388-394.

146



19. Kaths JM, Cen JY, Chun YM, et al. Continuous Normothermic Ex Vivo Kidney Perfusion
Is Superior to Brief Normothermic Perfusion Following Static Cold Storage in Donation After
Circulatory Death Pig Kidney Transplantation. Am J Transplant. 2017; 17: 957-969.

20.  Weissenbacher A, Lo Faro L, Boubriak O, et al. Twenty-four-hour normothermic perfusion
of discarded human kidneys with urine recirculation. Am J Transplant. 2018. Epub ahead of print;
DOI: 10.1111/ajt.14932

21.  TSANZ. A Guide to the Australian Kidney Donor Profile Index (KDPI) 2016. Available
at: https://www.tsanz.com.au/standalonepages/documents/AustralianKDPIINFOv1.0.pdf.
Accessed March, 2017.

22. OPTN. A Guide to Calculating and Interpreting the Kidney Donor Profile Index (KDPI).
USA: The Organ Procurement and Transplantation Network, 2012.

23. Hameed AM, Miraziz R, Lu DB, et al. Extra-corporeal normothermic machine perfusion of
the porcine kidney: working towards future utilization in Australasia. ANZ journal of surgery.
2018; 88: E429-434.

24. Hameed A, Dervish S, Rogers N, Pleass H, Hawthorne W. A novel, customized 3D-printed
perfusion chamber for normothermic machine perfusion of the kidney. Transpl Int. 2018. Epub
ahead of print; DOI: 10.1111/tri.13361

25.  Adams TD, Patel M, Hosgood SA, Nicholson ML. Lowering Perfusate Temperature From
37 degrees C to 32 degrees C Diminishes Function in a Porcine Model of Ex Vivo Kidney
Perfusion. Transplant Direct. 2017; 3: e140.

26. Remuzzi G, Cravedi P, Perna A, et al. Long-term outcome of renal transplantation from
older donors. N Engl J Med. 2006; 354: 343-352.

217. Hu M, Wang C, Zhang GY, et al. Infiltrating Foxp3(+) regulatory T cells from
spontaneously tolerant kidney allografts demonstrate donor-specific tolerance. Am J Transplant.
2013; 13: 2819-2830.

28. Perico L, Morigi M, Rota C, et al. Human mesenchymal stromal cells transplanted into
mice stimulate renal tubular cells and enhance mitochondrial function. Nat Commun. 2017; 8: 983.
29.  Goel S, DeCristo MJ, Watt AC, et al. CDK4/6 inhibition triggers anti-tumor immunity.
Nature. 2017; 548: 471-475.

30. Robinson MD, McCarthy DJ, Smyth GK. edgeR: a Bioconductor package for differential
expression analysis of digital gene expression data. Bioinformatics. 2010; 26: 139-140.

31. Law CW, Chen Y, Shi W, Smyth GK. voom: precision weights unlock linear model
analysis tools for RNA-seq read counts. Genome Biol. 2014; 15: R29.

32.  Ashburner M, Ball CA, Blake JA, et al. Gene ontology: tool for the unification of biology.
The Gene Ontology Consortium. Nature Genet. 2000; 25: 25-29.

33. GO Consortium. Expansion of the Gene Ontology knowledgebase and resources. Nucleic
Acids Res. 2017; 45: D331-D338.

34. Fabregat A, Jupe S, Matthews L, et al. The Reactome Pathway Knowledgebase. Nucleic
Acids Res. 2018; 46: D649-D655.

35. Kramer A, Green J, Pollard J, Jr., Tugendreich S. Causal analysis approaches in Ingenuity
Pathway Analysis. Bioinformatics. 2014; 30: 523-530.

36.  Watson CJE, Kosmoliaptsis V, Randle LV, et al. Normothermic Perfusion in the
Assessment and Preservation of Declined Livers Before Transplantation: Hyperoxia and
Vasoplegia—Important Lessons From the First 12 Cases. Transplantation. 2017; 101: 1084-1098.

37. Dhital KK, lyer A, Connellan M, et al. Adult heart transplantation with distant
procurement and ex-vivo preservation of donor hearts after circulatory death: a case series. Lancet.
2015; 385: 2585-2591.

147



38.  Obrador GT, Macdougall IC. Effect of Red Cell Transfusions on Future Kidney
Transplantation. Clin J Am Soc Nephrol. 2013; 8: 852-860.

39. Leffell MS, Kim D, Vega RM, et al. Red Blood Cell Transfusions and the Risk of
Allosensitization in Patients Awaiting Primary Kidney Transplantation. Transplantation. 2014; 97:
525-533.

40. Yang B, Hosgood SA, Bagul A, Waller HL, Nicholson ML. Erythropoietin regulates
apoptosis, inflammation and tissue remodelling via caspase-3 and IL-1beta in isolated
hemoperfused kidneys. Eur J Pharmacol. 2011; 660: 420-430.

41.  Stone JP, Ball AL, Critchley WR, et al. Ex Vivo Normothermic Perfusion Induces Donor-
Derived Leukocyte Mobilization and Removal Prior to Renal Transplantation. KI Reports. 2016;
1: 230-2309.

42. Kume M, Yamamoto Y, Saad S, et al. Ischemic preconditioning of the liver in rats:
Implications of heat shock protein induction to increase tolerance of ischemia-reperfusion injury. J
Lab Clin Med. 1996; 128: 251-258.

43. Konstantinov IE, Arab S, Li J, et al. The remote ischemic preconditioning stimulus
modifies gene expression in mouse myocardium. J Thorac Cardiovasc Surg. 2005; 130: 1326-
1332.

44,  Gassanov N, Nia AM, Caglayan E, Er F. Remote Ischemic Preconditioning and
Renoprotection: From Myth to a Novel Therapeutic Option? J Am Soc Nephrol. 2014; 25: 216-
224.

45, Das DK, Maulik N. Cardiac genomic response following preconditioning stimulus.
Cardiovasc Res. 2006; 70: 254-263.

46. Kaths JM, Hamar M, Echeverri J, et al. Normothermic ex vivo kidney perfusion for graft
quality assessment prior to transplantation. Am J Transplant. 2018; 18: 580-589.

47. Harper IG, Ali JM, Harper SJF, et al. Augmentation of Recipient Adaptive Alloimmunity
by Donor Passenger Lymphocytes within the Transplant. Cell Rep. 2016; 15: 1214-1227.

48.  Oberhuber R, Heinbokel T, Cetina Biefer HR, et al. CD11c+ Dendritic Cells Accelerate the
Rejection of Older Cardiac Transplants via Interleukin-17A. Circulation. 2015; 132: 122-131.

49.  Tai H-C, Zhu X, Lin YJ, et al. Attempted Depletion of Passenger Leukocytes by Irradiation
in Pigs. J Transplant. 2011; 2011: 9.

50.  Stone JP, Critchley WR, Major T, et al. Altered Immunogenicity of Donor Lungs via
Removal of Passenger Leukocytes Using Ex Vivo Lung Perfusion. Am J Transplant. 2016; 16: 33-
43.

51. Luc JGY, Aboelnazar NS, Himmat S, et al. A Leukocyte Filter Does Not Provide Further
Benefit During Ex Vivo Lung Perfusion. ASAIO J. 2017; 63: 672-678.

52.  Tietjen GT, Hosgood SA, DiRito J, et al. Nanoparticle targeting to the endothelium during
normothermic machine perfusion of human kidneys. Sci Transl Med. 2017; 9.

53. Hameed A, Rogers N, Pleass H, Lu B, Miraziz R, Hawthorne W. Intra-Renal Delivery of
Drugs Targeting Ischemia-Reperfusion Injury of the Kidney using Normothermic Machine
Perfusion. Transplantation. 2018; 102: S700.

54. Figueiredo C, Carvalho Oliveira M, Chen-Wacker C, et al. Immunoengineering of the
Vascular Endothelium to Silence MHC Expression During Normothermic Ex Vivo Lung
Perfusion. Hum Gene Ther. 2018. Epub ahead of print; DOI: 10.1089/hum.2018.117

55. Kabagambe SK, Palma IP, Smolin Y, et al. Combined Ex Vivo Hypothermic and
Normothermic Perfusion for Assessment of High-Risk Deceased Donor Human Kidneys for
Transplantation. Transplantation. 2018. Epub ahead of print; DOI:
10.1097/TP.0000000000002299

148



56.  Schopp |, Reissberg E, Luer B, Efferz P, Minor T. Controlled Rewarming after
Hypothermia: Adding a New Principle to Renal Preservation. Clin Transl Sci. 2015; 8: 475-478.
57.  von Horn C, Minor T. Improved approach for normothermic machine perfusion of cold
stored kidney grafts. Am J Transl Res. 2018; 10: 1921-1929.

149



ISCHAEMIA 3 REPERFUSION —>

In Situ
Perfusion Normothermic Cold vs
(Routes, Regional Warm
Fluids) Perfusion
Donor
Management

Post-
Heparin/ ,__ Transplantation
Other  Donor | Procurement =2 Preservation \=2» Transplahtation Care and
Treatments — \ Monitoring

Location of
Life Support
Withdrawal

Modified Static vs .
Surgical Dynamic + FlU('EjTYPES,
Techniques Oxygenation Additives

PART 3 — THE LIVER
AND PANCREAS



Chapter 8

Use of the harmonic scalpel in cold phase recovery of the pancreas for

transplantation: the Westmead technique

Ahmer Hameed
Teresa Yu
Lawrence Yuen
Vincent Lam
Brendan Ryan
Richard Allen
Jerome Laurence
Wayne Hawthorne

Henry Pleass

As published in the Transplant International 2016, 29(5): 636-38; DOI:
10.1111/ri. 12777

151



8.1 Letter to the Editor
Dear Editors,

Pancreatic transplantation for the treatment of type | diabetes offers the current gold standard
treatment for a previously incurable disease.® During our extensive experience with en bloc liver
and pancreas recoveries, we noted the time-consuming nature of individually dividing vessels
along the greater curvature of the stomach, in addition to dissection of the superior mesenteric
pedicle close to the root of the small bowel mesentery. Additionally, small vessels around the
pancreatic graft borders are often missed during cold phase dissection, and are thus likely sources
of blood loss during organ reperfusion in the recipient.?

The ultrasonically activated Harmonic Scalpel (Smithfield, RI, USA) uses high frequency
ultrasound vibrations to cut and coagulate tissue.* The mechanical energy at the tip of the shear
results in the denaturation of proteins, which then form a coagulum to produce haemostasis.
Direct comparisons between the Harmonic Scalpel (HS) and electrocautery have shown that the

HS is associated with reduced operative time and bleeding.*

Herein, we describe easily adaptable modifications to the en bloc technique incorporating pancreas
recovery by using the HS that allows for more timely and effective procurement of the organ; to

our knowledge the use of the HS has not yet been described for this procedure.

The standard technique for procurement of the pancreas for transplantation has been described in
detail previously."® Our HS modification (the modified (Westmead) technique) to the standard

recovery technique can be divided into an in situ and ex situ phase.

In situ, the instrument is used for dissection around the greater curvature of the stomach, including
division of the short gastric vessels. The HS is further utilized in mobilizing the splenic flexure of
the colon, which is often surrounded by diffuse fatty and vascular tissue. This enables almost
bloodless dissection down onto the pancreas and lower pole of the spleen, and facilitates rapid

skeletonization of the pancreas to allow its mobilization to the midline.

Following perfusion within the cold phase of dissection, the HS allows the sealing of small jejunal
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branches, facilitating the rapid and safe creation of a more defined superior mesenteric artery
(SMA) and vein (SMV) pedicle inferior to the pancreatic head (Fig. 1a). This pedicle can then be
easily and safely ligated with the single deployment of a vascular stapler, whilst ensuring minimal
vessel leakage in the recipient. Complete en bloc removal of the liver-pancreas block then

proceeds in a standard fashion.

Modified technique Standard technique

Figure 1. (a) Creation of a more defined SMA/SMV pedicle with the Harmonic Scalpel prior to stapling. (b) PRBC
requirement in pancreas recipients by use of Harmonic Scalpel (modified (Westmead) technique) in the donor (n =
19 for Westmead technique, n = 36 for standard technique group) [* p < 0.01, Mann Whitney test]. (c) Final back

table specimen after use of standard techniques, and (d) after use of Harmonic Scalpel (Westmead technique).

Ex situ the HS can also effectively be employed on the back-table for further clearing of
extraneous tissues from the pancreas. We first use the device to separate the pancreas from the
spleen via division of the splenorenal ligament. The splenic artery and vein are individually
ligated with sutures, having skeletonized the vessels using the HS technique. It is then utilized for
the removal of any remaining/excess fatty tissue around the body and tail of the pancreas, such
that there is no further adherent tissue requiring removal at the recipient center. We believe that
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the quality of the final retrieved organ is significantly superior compared to cases when the HS is
not employed (Fig. 1c, 1d), thereby facilitating a more timely implantation process at the recipient

center as little further dissection of the specimen is required.

In the period 2011-2015, there were 21 recipients of pancreas transplants where the donation
surgery was performed using the Westmead technique (WT); 20 of these were simultaneous
pancreas-kidney (SPK) transplants. One of 20 (5%) SPK transplant patients in the WT group
underwent graft pancreatectomy due to graft vascular thrombosis compared to 6 of 102 (5.8%) in

the standard technique group (p = 0.68), and it is thereby as safe from this perspective.

Blood loss and PRBC requirement in recipients of SPK transplants retrieved using the WT (n =
19) was significantly less when compared to a random subset of SPK recipients of organs where
the standard technique was used (n = 36). PRBC requirement was 1.8 units (95% CI 1.2-2.3) in the
standard technique group compared to 0.5 units (95% CI 0.1-0.9) in the WT group (p < 0.01) (Fig.
1b). Mean blood loss in standard group was 928 ml (95% CI 533-1322), compared to 488 ml (95%
Cl 324-652 ml) in the WT group (p = 0.14).

It is unlikely that other confounding variables are responsible for the lower blood product
requirement in the WT group as only SPK transplants were compared that were performed within
the same unit by experienced surgeons with similar surgical techniques, with exclusion of patients
on significant anti-coagulation or anti-platelet therapy. Regardless, a difference in surgical
technique may have partly contributed to the final result; a prospective, randomized trial would be
able to definitively answer this. Blood product requirements in the standard technique group are
comparable to the few reports in the literature regarding transfusions in pancreas transplant

recipients.” 1°

Overall, the use of the HS is a modification that is technically safe and simple, yet allows rapid
dissection of the pancreas with a subsequent reduction in blood loss upon reperfusion, especially
from small peri-pancreatic vessels. Propagation of this method will likely improve recipient
outcomes, or at a minimum stimulate interest in alternative technique(s) for pancreatic

procurement. Further prospective, randomized comparative data is required to prove the
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effectiveness of the Westmead technique over more conventional strategies for organ recovery,

especially with regards to back-table dissection and longer-term recipient outcomes.
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9.1 Abstract
Background: This study aimed to synthesize evidence regarding the most effective solution for in
situ perfusion and preservation of the pancreas in donation after brain death donors, and to identify

the optimal in situ flush volume(s) and route(s) during pancreas procurement.

Methods: The Embase, Medline and Cochrane databases were searched (1980-2017). Articles
comparing pancreas graft outcomes between two or more different perfusion/preservation fluids
(University of Wisconsin (UW), histidine-tryptophan-ketoglutarate (HTK) and/or Celsior) were

included, and comparisons were estimated using random effects models.

Results: Thirteen articles were included (939 pancreas transplants). Overall, confidence in the
available evidence was low. A higher serum peak lipase (standardized mean difference 0.47, 95%
C1 0.23-0.71, 1> = 0) was observed in pancreatic grafts perfused/preserved with HTK compared to
UW, but no differences in short-term (one-month) pancreas allograft survivals or early thrombotic
graft loss rates between UW and HTK solutions were observed. Similarly, there were no
significant differences in the rates of graft pancreatitis, thrombosis and graft survival between UW
and Celsior solutions, and between aortic-only and dual aorto-portal perfusion. Perfusion volumes

could not be analyzed due to a lack of comparative data.

Discussion: The use of UW cold perfusion may reduce the peak serum lipase, but there is no
quality evidence to suggest UW cold perfusion improves graft survival and reduces thrombosis
rate, especially in younger donors or with shorter ischemic times. Further research is needed to
establish longer-term graft outcomes using the different perfusion/preservation solutions, the

comparative efficacy of Celsior, and ideal perfusion volumes.
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9.2 Introduction

Hypothermia has long been the dominant paradigm in organ preservation, and is most effectively
initiated by the cold vascular in situ flush.*®* Subsequently, organs are retrieved and immersed in
the same preservation fluid as is used for the flush for cold static storage (CS) and transportation
prior to transplantation.

Multiple types of perfusion/preservation fluids have been investigated in abdominal organ
procurement, with various combinations and volumes of perfusion.>® However, there is no
universal consensus regarding the optimal perfusion/preservation fluid, nor the route(s) or ideal
volume of flush. There are considerable variations in recommendations in different jurisdictions.”
"8 UK guidelines recommend 50-70 ml/kg of UW solution for aortic perfusion in the retrieval of
the pancreas from donation after brain death (DBD) donors, with or without UW portal perfusion
in situ or on the back-table, and no pre-flush.” Australian recommendations in DBD donors
suggest the use of either low-viscosity solution alone, such as HTK, or low-viscosity pre-flush
followed by 1.5-2 L of UW flush; centers are given leniency with regards to aortic-only or dual
perfusion.® There are no clear guidelines from the American Society of Transplant Surgeons
regarding DBD organ procurement. Eurotransplant advocates for HTK or UW aortic only
perfusion, without a pre-flush; the option of portal perfusion is provided if the pancreas is not

procured.

Clinical evidence regarding perfusion/preservation fluids is not unequivocally in favor of one
solution over another for pancreas preservation, although a single registry analysis suggests a
higher incidence of graft loss with HTK compared to UW solution for preservation of the

pancreas.” *°

The relative efficacy of the various preservation solutions for the pancreas, in the context of in situ
perfusion volume and route, has not been systematically explored. Therefore, the aims of this
systematic review and meta-analysis were to synthesize the existing evidence regarding effective
solution for in situ perfusion and subsequent CS of the DBD pancreas, and to identify the optimal

in situ flush volume(s) and route(s) during pancreas procurement.

9.3 Methods
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The protocol for this systematic review was prospectively registered with PROSPERO
(registration number — CRD42016038993)." The review was undertaken with adherence to the
Meta-analysis of Observational Studies in Epidemiology (MOOSE) guidelines.*?

9.3.1 STUDY SELECTION AND ELIGIBILITY

Randomized controlled trials (RCT; or quasi-RCTs) and/or observational articles were deemed
eligible for this review, without language restriction. An article was only included if it presented
data for a minimum of at least 10 patients/transplants per study group, and included information
regarding perfusion fluid route(s), flush volume(s), back-table perfusion and final preservation of
the pancreas. Paediatric studies, animal experiments, articles without a control group, and studies
exploring machine perfusion, were excluded from the analysis. Conference abstracts were also
excluded due to insufficient perfusion data and/or quality. Only data from DBD donors was
included; if mixed DCD and DBD donor data was presented in an article, this study was excluded
from further analysis if the DBD patient data could not be extracted.

9.3.2 LITERATURE SEARCH STRATEGY

Literature searching was conducted by two independent researchers, and encompassed the
Embase, Medline and Cochrane databases, and the Cochrane Register of Controlled Trials (1980
to January 2017). The full search strategy is outlined in Supplemental Digital Content (SDC) 1
(Table). A manual search of relevant full-text article reference lists was conducted to identify

further potential eligible articles.
9.3.3 DATA EXTRACTION
Two independent reviewers extracted study data into a pre-determined template for the following

parameters:

Baseline Characteristics and Study Demographics

Author(s), study date and period, center(s); donor patients/transplants, type of pancreas transplant;
donor cardiac arrest and vasopressor/inotrope requirements, donor and recipient age, donor
intensive care unit (ICU) stay, donor body mass index (BMI); aortic or dual perfusion (flush), use
of pre-flush and type (a pre-flush is defined as the removal of static blood from organs using a
solution that is different to the final flush and preservation solution), use of back-table perfusion
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and its type and route, perfusion volume(s), perfusion (preservation) solution(s) used, procurement

technique; cold ischemic time (CIT) and warm ischemic time (WIT).

Recipient Outcomes

Primary study outcomes included peak amylase and lipase in the first week post-transplantation,
the number of pancreatitis episodes, and thrombotic graft loss. Other secondary outcomes of
interest included C-peptide and HbALC at last follow-up, acute rejection rates, graft survival (one,
six & 12-month — survivals beyond this reported only sporadically), hospital length-of-stay (LOS),
and surgical complications (e.g. exocrine pancreatic leak). Graft pancreatitis was variably defined
in the included studies. The study definition was accepted in this analysis. The definitions included
a serum amylase levels > 2.5 times the upper limit of normal (ULN) from post-operative day two

4

onwards,™ surgical appearance on reperfusion,** amylase levels > 2.5 times the ULN with

associated pain,” pancreatic enzyme derangement with increased insulin requirements,'® or

amylase > 2 times ULN with associated clinical or radiologic features of pancreatitis.*”*°

9.3.4 DATA ANALYSIS

Median ischemic times, donor/recipient ages, perfusion volumes, and graft survival were
calculated (to allow a comparison between Celsior and UW or HTK) based on the number of
patients in each study group. If necessary prior to meta-analysis, continuous variables initially
underwent standardized mean difference (SMD) calculations between study groups using the

Practical Meta-analysis Effect Size Calculator.”’

Meta-analyses were conducted using studies with directly comparable groups, as determined by
the nature of perfusion solution used, perfusion route(s), and graft ischemic times. Only
observational studies were included in meta-analyses as there were insufficient RCTs with
comparable groups eligible for meta-analysis. Risk ratios (RR) and SMD between two comparable
groups were estimated using Dersimonian Laird random effects models. Publication bias was
assessed using funnel plots. Heterogeneity was evaluated using the I? statistic, and considered the
I thresholds of < 25%, 25-49%, 50-75% and > 75% to represent low, moderate, high and very
high heterogeneity. Subgroup analyses/meta-regression to further define sources of heterogeneity
could not be conducted due to insufficient data. Meta-analyses were conducted, where applicable,

using Comprehensive Meta-Analysis Version 2.2 (Biostat, Inc., Englewood, New Jersey, USA).
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9.3.5 RISK OF BIAS

The Cochrane Collaboration’s bias assessment tool was utilized to formally assess RCTs, and
includes the domains of random sequence generation, allocation concealment, blinding,
incomplete outcome data and selective reporting.”* Cohort studies undergoing meta-analysis were
screened for bias through the utilization of the Newcastle-Ottawa scale; this incorporates in its
assessment of bias the domains of representativeness of the exposed cohort, selection of the non-
exposed cohort, ascertainment of exposure, comparability of cohorts, assessment of outcomes and
follow-up timing and attrition.?> Publication bias was determined by examining funnel plots for

each meta-analysis parameter analyzed.

9.3.6 QUALITY OF EVIDENCE

The overall quality of evidence and thus confidence that may be derived from the summary
estimates derived from meta-analyses was assessed utilizing the Grading of Recommendations,
Assessment, Development and Evaluations (GRADE) guidelines.?

9.4 Results

9.4.1 OVERALL STUDY SELECTION AND CATEGORIES

Articles comparing different perfusion/preservation solutions and techniques for pancreas
transplantation were analyzed. The study selection process is summarized in Fig. 1. A total of 805
records were identified. Following screening, 10 data-sets (incorporating 13 studies with
overlapping data) were included in qualitative analyses, out of which only four cohort studies had
sufficient data and were eligible for meta-analyses.”®™® %2 Seven study data-sets were

observational in nature, and three were RCTSs.
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Figure 1. Study selection flow diagram.
*Includes articles with overlapping results that were analysed together

P Parameters analysed: peak amylase & lipase, graft pancreatitis, thrombotic graft loss, hospital length of stay, and

one-month graft survival

9.4.2 RISK OF BIAS ASSESSMENT

The overall risk of bias for observational studies was considered high. A summary of bias
assessment using the Newcastle-Ottawa scale is provided in SDC 2 (Table). All studies provided a
representative cohort of pancreas donors and recipients, and a clear description of the
exposure/intervention chosen. Comparability of study cohorts, as determined by similar

donor/recipient ages and/or ischemic times, was demonstrated in 62.5% of cohort studies included
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in meta-analyses. A majority of studies failed to specify whether the pancreas was retrieved en
bloc with the liver, and whether a rapid retrieval technique was utilized.

The overall risk of bias for RCTs was largely indeterminate due to the difficulty to assess a
majority of domains (Table, SDC 3). Risk of bias with respect to random sequence generation and
blinding was difficult to ascertain/unclear in two of the three studies (Table, SDC 3). All studies
had a low risk of bias with respect to incomplete outcome data. Both allocation concealment and
selective reporting could not be assessed from available data in any of the included RCTs. Funnel
plots were generated to assess publication bias, but were uninformative owing to only three or four

studies being included in each comparison (Graph, SDC 4).

Overall quality of study evidence is summarized utilizing the GRADE evidence profile (Table,
SDC 5). Quality of evidence is either low or very low for all outcome measures investigated.
Overall study evidence was downgraded due to the observational nature of studies included in

meta-analyses, and small sample sizes and/or wide confidence intervals (imprecision).

9.4.3 BASELINE CHARACTERISTICS OF INCLUDED STUDIES

Whole pancreas perfusion study characteristics, including comparator groups, donor and recipient
ages and ischemic times, are summarized in Table 1. Six whole pancreas studies compared UW to
HTK perfusion; eight of the studies overall specified the utilization of aortic-only pancreas
perfusion. A total of 939 pancreatic transplants were included in the analysis; these comprised,
where specified, 664 simultaneous pancreas-kidney transplants, 90 pancreas transplants alone, and
144 pancreas-after-kidney transplants. Median CIT was 10.1 hours, and median donor and
recipient ages were 26.2 and 41.9 years, respectively. A rapid procurement technique was utilized
in four articles;®® retrieval type was not clearly specified in the other studies. All studies

investigated in situ perfusion with subsequent CS in DBD donors.
Pancreas retrieval was performed en bloc with the liver, with separation of the organs on the back-

table, in three of the included study series. The remaining studies did not specify what organ(s)

were procured in addition to the pancreas, or the order in which they were removed.

164



165

09T 9've
WA Cyv-0'€e | -6'TC— 600¢C | Ssalpnis
a3uey —o3uey | 93uey YvT —vd salpnis | -G66T | €—10Y
T0T - 6Tt 9T — 06 —V.1d € —(20/q — | saIpnis pbiog
VN VN | UBIpsaN — UBIP3A | UelpaiN 799 — AdS 6€6 VN 6€6 — €101 ua) 4an1n | asuey L—Y Aipwwng
S9 Jluoy 80T (085 % 4N 1IN LT | SO uoisnuad )IH o 1832
€ d1Joy 81T 447 4N 1IN v | $O @ uoisnpad mn 89 4N 600¢ 104 | 19819ga3uyds
6 dluoy ovT €TV | *x6'TC ¥/9/9 9T | SO uoisnyuad )IH
S'€ ooy T'ST 6'9E | xx5'6C €/v/0T LT | SO uoisnyad mn 33 4N | 00T | Hoyod | | |33 Jeplod
S2
80 dluoy 9T €€ 8¢ 0/0/s1 9T | '8 uoisnyad Jois|a) e 1P
80 Jluoy ST €€ (013 0/0/s1 ST | SD g uoisnyad N T€ 4N 800¢ 10¥ 19 12Zn|03IN
So
7'C |leng L'8 x0TV 14 1IN 8¢ | '@ uoisnyad Jois|a) o1 1€
7'C leng €8 *xxC 9€ TLC AdN ¥¥ | SO uoisnyad mn [44 4N 900C | Hoyo) 19 anbpuep
SD g uoisnyiad
4 didoy L'ET v'GE 4N 0/0/91 9T | MnN +ysny-aid 13 (009 a8
C Jluoy €T ¥'GE 4N 0/0/0¢€ 0€ | SO uoisnyad mn 9t ua) JaAr S00C | woyo) 13 z3jezuon
wN.mN._m
6°€ olend €8 8ty 7'9C LS/6€/09T 8G¢ | SO 3 uoisnyad y1H (0019 19 |lemJe8y
€€ Jlend +€'6 6’1V TLe LT/TT/TT 0S | SD ™ uoisnyiad MmN 80¢€ ua) Jann 0TOZ | Woyod “le19 ||spud
S 1oy S'6 S'LE (414 €T/1/te 9¢ | $2 '8 uoisnyiad y1H 18
€ dluoy L'L 8'LE 9'v¢ vT/€/ve I | SO uoisnyad mn LL 4N 900C | Hoyo) 19 9qs3|3u]
)]
6'L Jluoy 80T L'8E 0'1€ 4N 9S | '8 uoisnyad Jois|a) (0019 -
9'S dluoy 10T €6€ €6¢C 4N 95 | SO uoisnyad MmN (49" ua) JoAr ¥00¢ 104 | ., 1e1913809
L6 Jluoy 10T S'6E | xxL'6C 0/0/8v 8% | SO uoisnyuad )IH
8V dluoy oct €EV | %x9VE 0/0/Lv Ly | $D W uoisnyad mn S6 UN £00C | Hoyo) |  '|e 13 JaXd9g
6V ooy 6'€T LT €LC €1/1/TT 9T | SD B uoisnjad )1H
9C Jluoy 'St 14 0'9¢ vz/s/es 18 | SO uoisnyad mn L6 4N 800¢C | Hoyo) | .. '[e 19 Osuoly
(1) swnjon
(ysni4) uoisnyiad | (uesan) (ueanl) | (uean) sdnouo
uoisnyiad leng (s4y) a8y 98y AVd/VLd/NdS | dnoid UOUAAIRU| | Ssjuejdsuel) Jpanaiiay Jed A adAL salpnis
|elol 10 J1340y 1n juaididay Jouoq ‘u| Jsadu /401e28dWOD |elol suedio | Apnis Apnis SYIUINVd

"S9IPN1S PapN[oUl BY3 JO SIIISIIDIOBIBYD dUljaseq "I d|qeL




CIT — cold ischemic time; CS — cold storage; EC — Euro-Collins; HTK — histidine-tryptophan-ketoglutarate; NA — not
applicable; NR — not recorded; P — prospective; PAK — pancreas after kidney transplant; PTA — pancreas transplant
alone; R — retrospective; RCT — randomized control trial; SPK — simultaneous pancreas kidney transplant; UW —

University of Wisconsin; WIT —warm ischemic time

* Total ischemic time

** Statistically significant difference between the two study groups (i.e. p < 0.05)

26-28, 31

*Dual perfusion indicates aortic + portal perfusion; in the Fridell et al. data-set, the portal circulation was

slowly perfused with plasmalyte, and was accessed through the inferior mesenteric vein

P One liter EC pre-flush + one liter formal UW flush

¥ Not recorded by perfusion fluid; for Manrique et aI.,19 in total there were 67 SPKs and 5 PAKs, whilst for
Schneeberger et aI.,16 there were 65 SPKs, 2 PTAs, and 1 PAK

® The majority of studies included

"In addition to the pancreas

£ By each group as specified in Table 1

9.4.4 PERFUSION AND PRESERVATION CHARACTERISTICS

Table 1 outlines the perfusion and preservation fluids utilized in each study group, in addition to
the routes and volumes of in situ perfusion. A ‘pre-flush’ to remove static blood was only utilized
in one included article.*®* Aortic-only perfusion was most prevalent in the pancreas studies, with
UW being the most popular perfusion solution and was used at lower volumes than HTK (3 L
[range 0.88-5.6 L] compared to 6.5 L [range 4.9-9.7 L], respectively). Back-table perfusion with
UW was used in two studies (1 L, volume only recorded in one study),** # and HTK in two
studies (1 L, volume only recorded in one study).** # This back-table flush was given via the
splenic artery and superior mesenteric artery (SMA)/coeliac axis. Two studies explicitly specified
not using back-table flush.'”-?° In one of two pancreas back-table flush studies,** only in situ aortic
perfusion was performed, whilst dual perfusion was utilized in the other article due to combined

liver-pancreas procurement.?® %

9.4.5 TRANSPLANT OUTCOMES
Peak serum amylase/lipase and graft pancreatitis rates

Of the seven studies that included peak serum amylase and/or lipase as outcomes, only four
(57.1%) provided sufficient data for meta-analyses. Pancreatic allografts being perfused with and
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subsequently preserved in UW had a lower serum peak lipase compared to those preserved in
HTK solution (SMD 0.42, 95% CI 0.14-0.69; p = 0.003; I> = 0; n = 205 patients; Fig. 2). However,
the difference in peak amylase did not reach statistical significance (SMD 0.32, 95% CI -0.13-
0.76; p = 0.159; 1> = 67.0; n = 302 patients; Fig. 2).

In pancreatic allografts perfused and subsequently preserved in UW compared to HTK, via the
aortic-only route, graft pancreatitis rates were considerably higher in the HTK group in Alonso et
al.’s study (9 of 16 [56.3%] HTK patients versus 19 of 81 [23.5%] UW patients; p = 0.01)." There
was no statistical difference in pancreatitis rates between UW and HTK in the study by Potdar et
al., as defined by pancreatic appearance upon reperfusion (5 of 16 [31.3%] HTK patients
compared to 4 of 17 [23.5%] UW patients; p = 0.62).*

Of the three UW versus Celsior studies, including two studies with aortic-only perfusion and one
study utilizing dual perfusion, there were no significant differences in peak amylase, lipase or graft

pancreatitis rates.!’”*% %

Thrombotic graft loss rates

Of the eight studies that reported thrombotic graft loss rates, only three (37.5%) provided
sufficient data for meta-analyses. There were no significant differences between thrombotic graft
loss rates between pancreata perfused via the aorta using UW or HTK (time period not recorded in

most studies; n = 269 patients; Fig. 2).

Thrombotic graft loss rates were also no different in the articles comparing UW and Celsior in situ

pancreas perfusion and preservation,’™'* %

Hospital length-of-stay

Hospital length-of-stay (LOS) was reported in three articles, all of which compared UW and HTK,
and were also eligible for meta-analysis. Mean difference between hospital LOS in the HTK and
UW groups was 2.91 days (95% CI -0.04-5.87; p = 0.053; I* = 0; n = 174 patients; Fig. 2).

167



A

Study name Qutcome Statistics for each study Std diff in means and 95% ClI
Std diff ~ Standard Lower  Upper
in means error Variance  limit limit  Z-Value p-Value
Potdaretal., 2004  Peakamylase 0.610 0.356 0.127 -0.088 1.308 1.712 0.087
Englesbe et al., 2006 Peak amylase 0.070 0.228 0.052 -0.378 0.518 0.306 0.759
Beckeretal.,, 2007 Peakamylase -0.090 0.205 0.042 0492 0312 -0.438 0.661
Alonsoetal., 2008 Peakamylase 0.860 0.280 0079 0310 1410 3.066 0.002
n = 302 patients 0.319 0.226 0.051 -0.125 0.763 1.410 0.159
=67.0 -2.00 -1.00 0.00 1.00 2.00
Favours HTK Favours UW
B
Study name Outcome Statistics for each study Std diff in means and 95% CI
Std diff ~ Standard Lower  Upper
in means error Variance  limit limit  ZValue p-Value
Potdaret al., 2004  Peaklipase 0.630 0.357 0.127 -0.069 1.329 1.765 0.077 | |
Englesbe et al., 2006 Peak lipase 0.450 0.231 0.053 -0.003 0.903 1.946 0.052
Beckeretal., 2007  Peaklipase 0.320 0.207 0.043 0.085 0.725 1.550 0.121 -
n = 205 patients 0.417 0.141 0.020 0.140 0.694 2.951 0.003
=0
- -1.00 -0.50 0.00 0.50 1.00
Favours HTK Favours UW
C
Study name Outcome Statistics for each study Difference in means and 95% ClI
Difference  Standard Lower  Upper
in means error Variance  limit limit ~ ZValue p-Value
Englesbe et al., 2006a Hospital LOS 2.800 1.914 3.663 -0.951 6.551 1.463 0.143 | .
Englesbe et al., 2006b Hospital LOS 1.000 2.967 8.803 4815 6.815 0.337 0.736 L
Alonso et al., 2008 Hospital LOS 7.600 4.333 18.773 0.892 16.092 1.754 0.079 &
n = 174 patients 2.916 1.508 2273 0039 5872 1934 0053 ‘ ]
4
r=o0 -10.00 -5.00 0.00 5.00 10.00
Favours HTK Favours UW
D
Study name Qutcome Statistics for each study Risk ratio and 95% CI

Risk Lower Upper
ratio limit limit Z-Value p-Value

Englesbeetd., 2006 Thrombatic graft loss 084 026 354 -0216 082

Becler etd., 2007 Thrombatic graft loss 099 0144 666/ -002 0983

Aosoetd., 2008 Thrombatic graft loss 5083 1121 228%6 2108 0035

n =269 patients 168 0518 540 080 030
0.01 0.1 1 10 100

I¥=37.9
Favours HTK Favours UW
E
Study name Qutcome Statistics for each study MH risk ratio and 95% ClI
MH risk Lower Upper
ratio  limit limit Z-Value p-Value
Potcer etd., 2004 I-nonthgraft sunivel 3176 010 72747 073 0469
Englesbeeta., 2006  1-nonthgraft sunivel 188 0487 732 094 036 ——
Aomsoetd., 2008 I-nonthgraft sunivel 2500 050 12510 1115 0266 L ]
Becler etd., 2007 I-nonthgraft sunivel 099 030 280 -009 0969
1515 0737 3117 1130 029
n =302 patients
r=u 0.01 0.1 1 10 100
Favours HTK Favours UW

Figure 2. Forest plots for (A) peak amylase, (B) peak lipase, (C) hospital length-of-stay, (D) thrombotic graft loss rates,

and (E) one-month graft survival after in situ aortic perfusion and preservation of the pancreas with UW or HTK.
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Exocrine pancreatic leak and fistula formation

Pancreatic leakage, as evidenced by a peri-pancreatic fluid collection, abscess and/or fistula
formation, was not uniformly or consistently reported and hence could not be statistically
analyzed. The leak rate for UW in situ perfusion/preservation groups was reported in six studies,
with a median of 10.0% (range 0-13.3%). Median leak rates were similar in both HTK and Celsior
perfusion/preservation groups, at 11.1% (range 11.1-31.3%, n = 2 studies) and 10.0% (10.1-
17.9%, n = 3 studies), respectively.

Graft survival

One-month graft survival was reported in five studies, out of which four (80%) were eligible for
meta-analysis. There was no significant difference in one-month pancreatic graft survivals
subsequent to UW or HTK in situ aortic perfusion and preservation, although there was a trend
favoring UW (n = 302 patients; Fig. 2). Twelve-month graft survival data for this comparator

group was available for only two studies,™ %

and as such formal meta-analyses were not
conducted. In the study by Alonso et al., pancreatic graft survival at 12 months after UW and HTK
perfusion/preservation was 90% and 81%, respectively (p = 0.09); corresponding levels in

Englesbe et al.’s article were 89% and 72.5%, respectively (p > 0.05).2> %

To allow for survival comparisons between Celsior perfusion/preservation and UW or HTK, one,
six, and 12-month pancreas graft survivals were collated. Survival data is presented in Table 2.
Survival data for pancreas procurement after dual perfusion was only available from one study?
and thus no meaningful comparisons could be made. More data were available for the assessment
of aortic-only perfusion; aortic perfusion using UW provided a median 12-month graft survival of
90%, compared to 81% for HTK-perfused grafts. Only one Celsior aortic-only perfusion article
was available (from a single center in Pisa, Italy), with 12-month pancreas allograft survival of
95.9%."

Other perfusion/preservation group comparisons

Fridell et al. compared UW and HTK dual perfusion and preservation; there were no significant
differences in peak amylase or lipase, whilst pancreatitis and thrombotic graft loss rates were not

recorded.?® The one study that employed an Euro-Collins pre-flush followed by a formal UW flush

169



found no differences with the UW-only perfusion/storage group in terms of graft pancreatitis and

thrombotic graft loss rates.*®

Table 2. Comparison of median one, six and twelve-month graft survivals in pancreatic grafts obtained after UW, HTK

or Celsior perfusion. Data presented as median (range).**

PANCREAS

UW (Aortic
Perfusion)

UW (Dual
Perfusion)

HTK (Aortic
Perfusion)

HTK (Dual
Perfusion)

Celsior (Aortic
Perfusion)

Celsior (Dual
Perfusion)

1-month
survival, %
(range; n
studies)

95 (87.0-100; 5)

94 (NA*; 1)

87.5 (85-93.8; 4)

95 (NA; 1)

NA

NA

6-month
survival, %
(range; n
studies)

90 (80.0-95.8; 6)

NA

85.4 (81-86.1; 4)

NA

95.9 (67-95.9; 2)

NA

12-month
survival, %
(range; n
studies)

90 (82.6- 95.8; 4)

86 (NA; 1)

81 (72.5-85.4; 3)

92 (NA; 1)

95.9 (NA; 1)

NA

HTK — histidine-tryptophan-ketoglutarate; NA — not applicable; UW — University of Wisconsin

* NA here indicates that there was no extractable study data available

** Median overall survivals weighted by total patient numbers in each study group

9.5 Discussion and Conclusions

This systematic review has compared the various different DBD pancreas perfusion and
preservation conditions, and analyzed their potential for impacting graft outcomes in the recipient.
Overall the quality of evidence was poor, with wide confidence intervals for effect estimates and
only a small number of studies. Furthermore, the majority of included data was from younger
donors, with relatively short CITs. At best, UW in situ perfusion and preservation results in less
biochemical pancreatic enzyme release in comparison to HTK, and may manifest in lower graft
pancreatitis rates, although definitions for this vary between studies. There were no clear
differences between UW and HTK for other short-term graft parameters, including thrombotic
graft loss. HTK-preserved pancreata tended to have lower graft survivals in comparison to UW.
Despite meta-analyses not being possible in the comparison between UW and Celsior, there was
no evidence of deleterious consequences in the short and longer term when Celsior was utilized.

Study heterogeneity and limited data precluded any conclusions being drawn regarding ideal
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perfusion volumes or routes, although aortic-only perfusion with lower volumes of UW was the
most common occurrence.

An important consideration in the interpretation of data from this study is the separate but also
likely synergistic impact on the pancreatic allograft of in situ perfusion during procurement, and
also subsequent CS preservation in the same perfusion fluid. As such, it is very difficult to tease
out the individual effects of the initial flush and then subsequent preservation on graft outcomes.
This suggests that both factors must be considered before analyzing the efficacy of a CS
preservation fluid, and as such, only articles including both procurement and preservation data

were included in this study.

A number of abdominal organ perfusion fluids exist, which vary in constituents/composition and
viscosities. The three most commonly employed solutions for the pancreas, which also tend to be
the same for all abdominal organ procurement, are UW, HTK and Celsior. These all contain
impermeants designed to counteract cellular edema, buffers to counteract ischemic acidosis, and
energy substrates to encourage ATP formation upon reperfusion.®* UW differs further in that it is
an ‘intra-cellular’ type solution that is of higher viscosity due to the presence of hydroxyethyl
starch and as such its flow rates during organ flushing are lower.* ** In contrast, higher flush
volumes are recommended in particular for HTK to allow for equilibration of the fluid’s
electrolyte content with the graft extracellular space, although this has been challenged by

OtherS.l4' 28,34,35

UW compared to HTK pancreas perfusion and preservation resulted in a reduction of recipient
peak lipase, which may translate to lower graft pancreatitis rates. A formal comparison of graft
pancreatitis was precluded not only by insufficient studies reporting this parameter, but more
importantly by the significant variability in how graft pancreatitis was defined.*® Clinical acute
graft pancreatitis must be distinguished from histologic pancreatitis and definitions incorporating
clinical signs, biochemical parameters and/or imaging findings should be preferred over the
utilization of individual parameters.®® 3" If indeed UW is superior to HTK with respect to recipient
graft pancreatitis, this may at least partially be related to the ‘low-flow’ nature of the pancreas
being better-suited to the more viscous UW solution compared to faster flush rates achieved with

HTK and the potential for hyper-perfusion.®®

171



The impact of perfusion/preservation fluid on graft outcomes may also be modified by the duration
of cold ischaemia. In the study by Englesbe et al., where both study groups had a CIT of less than
10 hours, UW was not clearly advantageous in comparison to HTK.* In contrast, CITs of more
than 12 hours were seen in Alonso et al.’s article, with superior outcomes in the UW group,
possibly suggesting that UW is a better preservative in the event of longer ischemic times.™
Although pancreas articles could not be meta-analyzed for differences between UW and Celsior,
this comparison was made in three different studies, including two studies with CITs of 12 hours
or less, and showed no significant outcome disparities between either perfusion solution.!’** %
Overall, especially when attempts are made to minimize pancreas CIT, it is possible that the

choice of preservation solution may not significantly impact subsequent transplantation outcomes.

Another important consideration is the quality of the donor pancreas, as determined by factors
such as donor age. Median donor age for all included studies in this systematic review was 26.2
years. Current evidence indicates a decline in pancreas transplantation rates, in part related to
donor factors, and therefore the future may see the increased utilization of so-called expanded
criteria donors, including DCD and older DBD donors.****  There is conflicting evidence
regarding post-transplantation outcomes when older and/or DCD pancreata are utilized,
however.**** Although one strategy in the expanded criteria donor cohort could include the
minimization of CITs through local allocation alone, optimal and novel donor management and

preservation strategies will likely need to be employed to further enhance recipient outcomes.*® %

43, 45

Pancreas retrieval is almost always undertaken in a multi-organ retrieval setting, where the liver
and kidneys are also often procured. As such, high quality perfusion and preservation of the
pancreatic allograft needs to be undertaken without compromising the quality and outcomes of
other retrieved organs, in particular the liver. Only three of the studies included here specified liver
procurement in addition to the pancreas, but hepatic allograft outcomes were not discussed.*® 8 28
A systematic review and meta-analysis by O’Callaghan et al. however did not show any
significant differences in liver transplantation outcomes when UW, Celsior or HTK solutions were
utilized.® In contrast, a recent European registry analysis suggested a higher risk of liver allograft
loss when HTK solution was employed, which was in fact also shown in a pancreas registry

analysis.” *® A further confounding factor not considered by these studies is the effect of the route
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of in situ perfusion, namely aortic-only in comparison to dual perfusion. Few comments can be
made regarding pancreas retrieval after dual perfusion from this present article, due to the lack of
included studies investigating this technique. Nevertheless, pancreatic procurement after dual
perfusion is discouraged due to possible risks of increased graft injury stemming from venous
congestion and graft edema.?* Significantly, dual in situ perfusion does not seem to provide clear
benefits for liver transplantation outcomes, and as such its routine use must be questioned,
especially in a multi-organ retrieval setting.*® *® We are currently in the process of formally
investigating dual compared to aortic-only in situ perfusion for liver retrieval in a further

systematic review.

Procurement teams have the option of employing a ‘pre-flush’ prior to the final in situ organ flush.
A pre-flush is advocated by relatively few authors as a means to improve final preservation fluid
distribution within the organ, especially prior to the use of UW flush due to its high viscosity and
its possible tendency to aggregate with red blood cells.*® Pre-flush employment may also decrease
the total volume of UW required, thereby reducing preservation costs due to the significantly
greater expense of UW in comparison to fluids such as HTK.'* %" Gonzalez et al.’s study was the
only article included here that utilized a pre-flush.® These authors compared Euro-Collins pre-
flush followed by UW aortic flush with UW aortic flush alone for pancreas procurement, and
showed no significant post-transplantation outcome differences between both over a three-month
time period.” It is clear that most major retrieval units do not utilize or report on a pre-flush
technique, however, and if it continues to be utilized by some units it would be worth a larger

prospective trial to ensure its value and ensure it is not in fact detrimental.

Certain biases and disadvantages must be considered in the interpretation of findings from this
review. Firm conclusions could not be made regarding longer-term graft outcomes and ideal
perfusion routes and volumes, owing to a paucity of available data. Furthermore, the fact that most
included articles were retrospective in nature introduced confounding and heterogeneity to the
cumulative data; this was reflected by low or very low quality of evidence as determined by the
GRADE assessment. Despite our attempts to minimize biases and account for study heterogeneity
by only meta-analyzing comparable study cohorts, and using a random effects model in all cases,

the cumulative evidence presented here must be interpreted with caution.
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In summary, this is the first review to systematically investigate DBD donor pancreas in situ
perfusion and preservation prior to transplantation. Although cumulative evidence suggests that
UW may reduce ischemia-reperfusion injury of the pancreas, as manifested by a lower peak lipase,
longer-term outcomes, the comparative efficacy of UW and Celsior, and ideal perfusion volumes
remain uncertain. The development of uniform pancreas procurement and preservation guidelines
will require additional studies that are prospective in nature and higher-powered,