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Abstract

Deceased donor kidneys from Donation after Circulatory Death (DCD) contribute significantly
to transplantation yet pose challenges due to ischemia-reperfusion injury (IRI). This study
characterizes renal tubular epithelial injury during DCD and evaluates the protective potential of
PKX-001, an antifreeze protein. Using a rat model, we simulated ischemia by prolonged cold
preservation followed by warm preservation to mimic reperfusion injury. Biomarkers, including
NAG and cleaved caspase-3, quantified proximal tubular damage, supported by
immunohistochemical staining for caspase-3 and KIM-1. Findings indicate increased proximal
tubular damage with extended cold ischemic time, exacerbated by PKX-001 under static cold
storage (SCS), contrasting with protective trends under hypothermic machine perfusion (HMP).
Sex-based differences in susceptibility to tubular injury were noted, with female rats showing
increased vulnerability. This study advances understanding of IRI in DCD grafts, highlighting
the need for tailored interventions to improve outcomes and reduce healthcare costs associated

with DCD kidney transplantation.
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Chapter 1: Introduction

1.1 Kidney Transplantation

Chronic kidney disease (CKD) is a significant precursor to end-stage renal disease (ESRD),
affecting millions of people worldwide (1). CKD is a progressive condition where the kidneys
gradually lose their function over time due to various underlying causes such as diabetes,
hypertension, glomerulonephritis, and polycystic kidney disease (2). If left untreated or poorly
managed, CKD can progress to ESRD, where the kidneys lose nearly all their function (3). In
2020, the number of Canadians living with ESRD exceeded 50,000, approaching a threshold that
will be difficult for the Canadian healthcare system to maintain (4). While hemodialysis and
peritoneal dialysis are viable treatment options for ESRD patients, they are costly and associated
with higher mortality rates (5). Accordingly, several studies have demonstrated that kidney
transplantation results in lower long-term mortality rates, improved quality of life, and reduced
costs when compared to dialysis, making it the treatment of choice for patients suffering from
ESRD (6, 7, 8).

Kidney transplantation can be performed via two main approaches: heterotopically or
orthotopically (9). In heterotopic transplantation, the donor kidney is positioned in the recipient's
pelvis by connecting the artery and vein end-to-side to the iliac vessel and attaching the ureter
directly to the urinary bladder (9). Notably, the recipient's own kidneys are not removed in this
procedure (9). Conversely, orthotopic transplantation involves entirely replacing the diseased
kidney with a healthy donor kidney, typically positioned in the same anatomical location as the
original organ (10). This approach is taken when heterotopic transplantation is not an option due
to vascular pathology, obesity, or retained iliac fossae from a former graft (10). Complications of

kidney transplantation can either be pathological, which includes rejection and infection, or



surgical, which involves vascular and urological complications (11). Rejection is one of the
leading causes of graft loss, affecting around 8% of patients; therefore, immunosuppression is
crucial post-transplantation (12, 13). There are various types of rejection. Hyperacute rejection
occurs when pre-existing antibodies in the recipient's blood target donor antigens, such as ABO
blood groups or HLA antigens, leading to rapid destruction of the transplanted organ upon
revascularization (13). Acute T cell-mediated rejection involves the activation of recipient
lymphocytes by foreign donor antigens, triggering T cell infiltration and organ damage (13).
Antibody-mediated rejection arises from antibodies against donor antigens, predominantly HLA
antigens, activating complement-dependent pathways and recruiting immune cells to attack the
graft (13). Finally, chronic rejection, influenced by both immune and nonimmune factors, is
often linked to medication non-compliance and manifests as chronic antibody-mediated or
cellular rejection (13). These rejection processes highlight the importance of immunosuppressant
therapy in kidney transplantation, which aims to suppress the recipient's immune response

against the donor organ and prevent rejection episodes.

1.2 Renal Graft Shortage

Despite kidney transplantation offering the greatest potential for increased survival, enhanced
quality of life, and reduced costs for patients in need, there is still an unmet gap between the
grafts available for donation and recipients on the waitlist requiring a transplant (8). According
to the Canadian Institute for Health, the average wait time in 2021 for adult patients to receive a
kidney transplantation was 3.3 years (14). In 2022, there were over 2800 Canadians waiting for a
transplant, of which 4% of them died while waiting for a kidney (14). The United States

experiences a similar trend on a larger scale, with a 5-year wait time, over 90,000 patients



currently waiting for kidney transplantation, and over 4000 deaths occurring on the waitlist (15,
16). These statistics emphasize the urgent need to expand both live and deceased kidney

donations.

1.3 Organ Donor Sources

Live kidney donation involves the voluntary donation of a healthy kidney, often from a family
member or friend, to a recipient in need of a kidney transplantation (17). This has played a role
in reducing waitlist times for patients who have the option of live kidney donation (17).
Nevertheless, before the transplant procedure, the donor must undergo a comprehensive
evaluation to confirm their physical suitability for donation and to ensure compatibility between
their kidney and the recipient's (17). This evaluation includes various medical tests such as blood
typing, tissue typing, and cross-matching to confirm compatibility between the donor and
recipient, reducing the chance of rejection and thus, improving post-transplant outcomes (18).
However, achieving a perfect match between donor and recipient is rare outside of cases
involving identical twins or some siblings (18). To address potential mismatches and reduce the
risk of rejection post-transplantation, treatments, and immunosuppressive medications play a
crucial role (19). One treatment option is plasmapheresis, which involves removing antibodies
against the donor's blood type from the recipient's bloodstream (19). This pre-emptive measure
significantly decreases the likelihood of these antibodies attacking the newly transplanted kidney
(19). Plasmapheresis is commonly implemented before kidney transplantation from a living
donor but can also be included in a patient's post-transplantation treatment plan to enhance graft
survival (19). However, both immunosuppressants and plasmapheresis come with potential

downsides that must be carefully managed in clinical settings. Immunosuppressants suppress the



immune system, increasing susceptibility to infections (20). This is managed by closely
monitoring patients for signs of infection and providing prophylactic antibiotics or antiviral
medications (20). Long-term use of immunosuppressants can increase the risk of certain cancers,
requiring regular screening for early detection and dose adjustments to balance rejection risk and
cancer risk (21). Additionally, some immunosuppressants can cause organ toxicity, necessitating
regular blood tests to monitor organ function and adjust medications accordingly (22). On the
other hand, plasmapheresis can lead to hypotension, nausea, and imbalances in electrolytes such
as calcium, leading to hypocalcemia, requiring supplements or dietary adjustments (22).

In light of these challenges, live kidney-paired donation programs offer a unique solution for
incompatible donor-recipient pairs, helping to reduce the kidney transplant waitlist (23). These
programs allow individuals with willing but incompatible living donors to still receive a kidney
transplant through a paired exchange (23). By participating in these programs, incompatible pairs
are matched with other pairs in similar situations, allowing for a mutual exchange of kidneys
(23). This process not only increases the number of living donor transplants but also reduces the
wait times for patients who have willing donors but face compatibility challenges.

However, the majority of kidney transplants in the western hemisphere are performed using
kidneys from deceased donors, which come from individuals who have passed away but
consented to organ donation (24). These organs are allocated to recipients based on various
factors, including compatibility, medical urgency, and waiting time on the transplant list (24).
Ideally, kidneys sourced from standard criteria donors (SCD)—typically under 60 years of age,
having experienced brain death, free of significant medical conditions or risk factors, and
exhibiting normal or near-normal function at the time of donation—offer improved long-term

outcomes and a reduced risk of complications due to their superior quality (25). However,



depending solely on SCDs did not effectively address the shortage of organs (26). Therefore, in
2002, the American United Network for Organ Sharing (UNOS) proposed the use of extended
criteria donors (ECD), which were estimated to have over 1.5 times the risk of graft failure
compared to SCD (26). ECDs are donors who are brain-dead, over the age of 60, or between the
ages of 50 and 59 with two of the following criteria: serum creatinine >1.5 mg/dl,
cerebrovascular accident as the cause of death, or history of high blood pressure (26).

There is also a subtype of donors who cannot be classified under SCD due to the cessation of
cardiac function occurring before procurement of the organ, known as donation after
cardiocirculatory death (DCD), which has also emerged to increase the number of donors (25).
However, these grafts have been associated with an increased risk of delayed graft function
(DGF) (42-52%) when compared to SCD (24%) (27). These donors are further classified using
the Maastricht classification (25): (I) dead on arrival- subdivided into (a) totally uncontrolled due
to cardiocirculatory death outside the hospital with no witnesses and (b) uncontrolled due to
cardiocirculatory death outside the hospital but with witnesses and resuscitation attempts;

(IT) unsuccessful cardiopulmonary resuscitation; (IIT) controlled, involving cardiac arrest after
withdrawal of life-sustaining treatments but not meeting brain death criteria; (IV) uncontrolled,
brain death has been diagnosed, or is being evaluated, but the patient experiences cardiac arrest
before organ recovery can take place; and (V) uncontrolled, referring to cardiac arrest in hospital

patients (25). Today, class IIl DCD donors are preferred and routinely used worldwide.

1.4 Renal Ischemia-Reperfusion Injury
Ischemia-reperfusion injury (IRI) is an inevitable process during kidney transplantation, which

can ultimately lead to delayed graft dysfunction (DGF), non-function, acute rejection, and



chronic graft dysfunction (28, 29). This injury occurs when the blood supply to the transplanted
kidney is temporarily interrupted, first during the harvesting operation when the renal artery is
clamped — known as warm ischemia, and further during cold organ preservation — known as cold
ischemia (29, 30). The most significant injury occurs during the subsequent reperfusion of the
previously ischemic cells upon anastomosis of the donor kidney into the recipient, which is
known as reperfusion injury (30). During the ischemic phase, which occurs when the kidney is
removed from the donor and transported to the recipient, the organ experiences reduced oxygen
and nutrient supply, which shifts cells to anaerobic metabolism, reducing adenosine triphosphate
(ATP) production and, therefore, causing intracellular acidosis from lactate formation (28). This
leads to lysosomal membrane destabilization, cytoskeleton breakdown, and inhibition of Na"/K"
ATPase, causing cellular edema due to the accumulation of Na* and water (28). Ca®" also
accumulates during this process, activating proteases, which remain inactive during ischemia but
damage cells during reperfusion due to the normalized pH (28). Additionally, the accumulation
of Ca** in mitochondria causes the production of reactive oxygen species (ROS), leading to the
opening of mitochondrial permeability transition pores (mPTP) after reperfusion (28). When
blood flow is restored upon transplantation, oxygen levels increase, and the pH is normalized,
which exacerbates the injury experienced during ischemia by triggering an inflammatory
response, further oxidative stress, and endothelial dysfunction (28). Intracellular Ca>" levels
continue to rise, activating proteases, such as calpains, leading to the damage of cell structure
and apoptosis (28). Additionally, the increase of oxygen results in excessive ROS production,
which is responsible for the activation of numerous injury pathways that also contribute to injury

of the cell membranes and cytoskeleton (28). Finally, the mPTP is now able to induce apoptosis



and necrosis and act as damage-associated molecular patterns, causing activation of the innate

and adaptive immune system (28).

1.5 Acute Tubular Necrosis

Acute kidney injury (AKI) is a sudden decline in kidney function characterized by a rapid
increase in serum creatinine levels and decreased urine output (31). This condition can lead to
symptoms such as decreased consciousness, confusion, lethargy, fluid retention, nausea, and
reduced or absent urine output (32). AKI can result from reduced blood flow to the kidneys
(prerenal), damage to the glomerulus or tubule (intrinsic renal), or urine flow obstruction
(postrenal) (33). Acute tubular necrosis (ATN) is characterized by damage to the renal tubular
cells and is the most common cause of AKI, affecting 45% of patients (34). ATN is associated
with high mortality and morbidity and can occur following exposure to toxins, sepsis, or, most
commonly, ischemia- due to reduced blood flow to the kidney, affecting 50% of patients (34).
Upon biopsy, early in ATN, changes can vary from cellular swelling to focal necrosis and
apoptosis of tubular epithelial cells, leading to sloughing of cells into the tubular lumen (34).
Proximal tubules may exhibit dilation along with loss of the brush border, while distal and
collecting ducts may show granular, hyaline, and pigmented casts (34). Additionally, there may
be the presence of white blood cells in dilated vasa recta, interstitial edema, and eosinophilic
hyaline casts composed of Tamm-Horsfall protein (34). As the condition progresses,
regeneration of the tubular epithelium occurs, characterized by dilated tubular lumina, flattened
epithelial cells, large nuclei with prominent nucleoli, and increased mitotic activity (34).
However, before these microscopic changes become visible in the tubules, there is a loss of

certain enzymes and molecules into the urine, making them useful as biomarkers for ischemic



AKI. (35). One common, sensitive, and non-invasive biomarker is N-acetyl-p-glycosaminidase
(NAG), arenal proximal tubule lysosomal enzyme that cannot be filtered by the glomerulus
(35). Its presence in urine serves as an indicator of tubular damage, typically appearing within 12
hours to 4 days (35). Another biomarker is Kidney Injury Molecule-1 (KIM-1), a type 1 cell
membrane glycoprotein not present in healthy kidney cells but found in ischemically injured
renal proximal tubules (35). KIM-1 is found in the urine as early as 24 hours and has been found
to be a good predictor of the development of AKI (35). Neutrophil Gelatinase-Associated
Lipocalin (NGAL) is another urinary marker for AKI (35). Its levels can rise as early as 2 hours
following injury to the thick ascending renal tubules and the renal collecting ducts (35).
Cytokines, such as Interleukin-18, are also effective biomarkers for assessing the damage caused
by ischemic AKI within the renal proximal tubules, as their levels can more than double
following injury (35). Other biomarkers include Fatty Acid-Binding Protein, Midkine, cell cycle

arrest markers, Retinol Binding Protein, and MicroRNA (35).

1.6 Renal Graft Preservation
Renal graft preservation techniques play a crucial role in maintaining the viability and function

of the donated organ by minimizing damage and extending the storage period.

Static Cold Storage

Static cold storage (SCS) is the gold standard for renal graft preservation in kidney
transplantation (36). In this technique, the donor kidney is placed in a cold preservation solution,
typically the University of Wisconsin (UW) or histidine-tryptophan-ketoglutarate (HTK)

solution, on ice at 4°C (37). This method slows down cellular metabolism and decreases the



production of toxic metabolites produced by the kidney pre-transplantation (37). SCS is a simple
and cost-effective method that allows for easy transport of the kidney from the donor site to the
transplant center (38). It provides adequate preservation for most kidneys, especially those from
SCD with minimal risk factors (38). The storage duration on SCS typically ranges from 12 to 24
hours (37). Storage beyond 24 hours can reduce its benefits, leading to increased rates of IRI,
DGF, and chronic graft failure, particularly for kidneys from ECDs or those obtained through
DCD, which are more susceptible to IRI during storage (37, 38). Prolonged ischemic times,
especially in kidneys with pre-existing risk factors, can increase the risk of DGF after
transplantation (39). These challenges contribute to the difficulty in addressing the unmet gap
between patients requiring transplantation and the limited availability of suitable donor organs.
Thus, advancing preservation techniques is crucial to improving graft outcomes and increasing

the donor pool to satisfy the rising demand for kidney transplants.

Machine Preservation

Machine perfusion has become increasingly popular in research for its potential to expand the
donor pool by improving and assessing organ viability, extending preservation time, reducing
IRI, and providing therapeutic interventions (40).

Hypothermic machine perfusion (HMP) involves the continuous flushing of cold preservation
solution through the renal artery, maintaining the organ between 2-8 °C while providing
nutrients and metabolites from the preservation solution and removing any accumulated toxins
(41). The most commonly used preservation solution for HMP is UW due to its ability to

maintain intravascular control of edema during perfusion (42).



HMP has been found to significantly reduce IRI in porcine livers, making it particularly
beneficial for kidneys from ECD or DCD, which are more vulnerable to IRI (43). Additionally, it
has been shown that HMP reduces DGF and increases the survival rate for ECD kidneys when
compared to SCS (44). However, HMP is associated with technical challenges and higher costs
(41).

Hypothermic-oxygenated machine perfusion (HOPE) is a modification of HMP with the addition
of oxygenation, creating an environment that closely mimics physiological conditions (45). DCD
kidneys preserved on HOPE have shown better function post-transplantation when compared to
SCS in terms of macrophage and endothelium activation, tubular damage, nuclear injury, and
graft function (45). However, the use of HOPE is less widespread than HMP, leading to fewer
published results (46).

Normothermic machine perfusion (NMP) maintains the kidney at near-physiological
temperatures (37°C), preserving cellular metabolism and function (47). NMP has the potential to
replenish ATP synthesis, prevent organ deterioration, and promote recovery post-transplantation
(47). This technique not only facilitates organ assessment and viability testing but also allows for
potential repair and conditioning of the organ before transplantation (47). However, NMP has
limitations, including high cost, the need for continuous monitoring, and evidence suggesting
increased oxidative stress and inflammation (48).

Finally, Sub-normothermic machine perfusion (SNMP) operates at temperatures slightly below
physiological levels (15-27°C) and has been shown to benefit renal blood flow and function and
reduce organ damage upon reperfusion (49). However, this modality has undergone limited

investigation compared to other preservation techniques (50).
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Machine perfusion has impacted renal transplantation by expanding the donor pool. By
improving graft preservation and enhancing organ quality, machine perfusion enables the use of
kidneys from marginal donors that may have been previously deemed unsuitable for
transplantation. This addresses the unmet gap between patients requiring transplantation and the
limited availability of suitable organs, ultimately increasing access to transplants. Ongoing
research continues to refine machine perfusion protocols, enhance organ preservation, and

improve transplant outcomes.

1.7 Anti-Aging Glycopeptide — PKX-001

Anti-aging glycopeptides (AAGP), derived from anti-freeze glycoproteins (AFGPs) found in
various organisms such as fish, plants, and insects, enable cells to withstand sub-zero
temperatures (51). AFGPs function by reducing the freezing point of water, preventing ice
crystal growth during freezing, and inhibiting ice recrystallization (52). These glycoproteins
exhibit thermal hysteresis activity, effectively separating the melting and freezing points of a
solution, thereby modifying and inhibiting ice crystal growth to protect cellular membranes from
freezing damage and ensure survival in extreme cold environments (53). Despite promising
research on AFGPs in numerous areas, including preservation and organ transplantation, their
application on a large scale is impractical due to their very large molecular size, cost, and
inability to be purified past 85%. This led to the development of AFGP synthetic analog, AAGP
or PKX-001 (Protokinetix, Marietta, Ohio) (51). PKX-001, with a molecular formula of
C20H35CIF2N4011 and a molecular mass of 580.96 g/mol, exhibits a specific structure composed
of Ala-Ala-Lys-F-C-F-Galactose (51). It is highly hygroscopic (able to absorb water from the

environment), and lightly lipid soluble (51). With a solubility of 650 g/L in water and solubility
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in methanol, ethanol, and DMSO, PKX-001 remains stable across a wide pH range (2-14) and
temperatures ranging from -196°C to +37°C (51). It also demonstrates resistance to enzyme
degradation by proteases or galactosidases (51). Optimal bioactivity is achieved at concentrations
ranging from 1 to 10 mg/mL and pH levels of 5.3 to 7.3, depending on the cell lines and stress
tests applied (51).

Bioactivity testing revealed that PKX-001 could maintain (1) viability of adult skin fibroblasts
during nutrient depletion and deprivation, (2) viability of adult skin fibroblasts under moderate
and cold temperatures, (3) protection of adult skin fibroblasts against UVA, UVC, and oxidative
stress, and (4) protection against in vitro IL 1-B induced inflammatory response (51).

In the context of islet transplantation for type 1 diabetes, challenges like islet loss due to
immunosuppressant toxicity are an ongoing concern (54). The study by Gala-Lopez et al.
explored the potential of PKX-001 to enhance islet engraftment and function post-transplantation
while also protecting against tacrolimus toxicity, an immunosuppressive medication commonly
used to prevent rejection post-transplantation (54). Results show that PKX-001 supplementation
significantly improved islet survival, insulin secretion, and engraftment in a murine and human
model (54). Additionally, islet cells treated with PKX-001 were comparable to islet cells not
exposed to tacrolimus, mitigating long-term tacrolimus-induced graft dysfunction (54).

The study by Viringipurampeer et al. highlighted the potential of PKX-001 in enhancing the
long-term survival of stem cells in vivo, offering a promising approach for repairing damaged or
diseased retinas (55). In an in vivo rat model of rhodopsin-mutant retinitis pigmentosa, which
leads to blindness, preincubation of human photoreceptor precursor cells with PKX-001 prior to
transplantation facilitated their integration and maturation into cone photoreceptors expressing

opsins that contribute to color vision and visual acuity (55). Furthermore, the transplanted cells
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formed connections with host tissue and significantly enhanced diagnostic tests such as
optokinetic tracking and electroretinography responses compared to transplants lacking PKX-
001 pre-treatment (55).

Cell therapy has also emerged as a promising strategy for treating neurodegenerative diseases,
but it faces challenges such as low cell survival and integration rates due to various factors,
including immune rejection (56). To address this, Yanai et al. developed an ex vivo system to
identify factors contributing to transplanted neuronal cell death and potential protective
compounds (56). Photoreceptor precursor cells were exposed to toxic components in the system,
revealing elevated prostaglandin E2 levels, a marker for inflammation or cellular stress in this
study (56). PKX-001 significantly reduced prostaglandin E2 levels and improved photoreceptor
precursor cell survival by 2.8-fold (56). These findings suggest PKX-001 shows promise in
enhancing long-term transplanted cell survival (56).

Given the propitious findings on the efficacy of PKX-001 in enhancing cell survival and
function, particularly in a transplantation setting, this study aims to also explore the potential role
of PKX-001 in preservation and how it affects the health of renal tubular epithelial injury during

DCD.
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Chapter 2: Objectives

Thirty-three percent of all deceased donor transplanted kidneys come from DCD, resulting in a
2-3 week period during which the kidneys remain quiescent, requiring ongoing dialysis for
patients until renal function resumes (57). This prolonged period increases the risk of infections
and extends hospital stay for recipients, increasing costs for the healthcare system. During this
time, the healing process involves gradual restoration of kidney function, which is monitored
through various indicators such as improvement in serum creatinine and resolution of low urine
output, volume overload, and hyperkalemia (58). The decision to discontinue dialysis is based on

consistent improvement in these parameters and the absence of significant complications.

This study aims to characterize renal tubular epithelial injury during DCD and investigate the
potential protective effects of the antifreeze protein PKX-001 to make room for interventions to
mitigate post-DCD transplantation risks.
The hypothesis is that DCD kidneys preserved with MP will sustain less damage compared to
those preserved with SCS, and that the addition of PKX-001 may further reduce damage in both
preservation modalities.
To achieve this, this study has outlined the following four main research objectives:

1) Establishing a reproducible rat-controlled-DCD kidney donor model.

2) Establishing a reproducible ex-vivo kidney preservation system.

3) Evaluating PKX-001 as a therapeutic agent to ameliorate renal tubular injury after DCD.

4) Measuring renal tubular injury during machine perfusion through quantification of

biomarkers.
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Chapter 3: Materials and Methods
3.1 Surgical Techniques

Controlled - Donation after Circulatory Death (DCD)- Induced Rat Kidney Retrieval

Liet al., 2016 compared three rat DCD induction methods: diaphragmatic cutting, apical
clipping, and potassium chloride injection (59). They found diaphragmatic cutting to effectively
simulate clinical scenarios, offering a reliable framework for organ studies (59). Despite longer
cardiac arrest induction times, it caused less liver injury and aligned best with Maastricht III and
V criteria, making it ideal for clinical research (59).

Consequently, we adopted the diaphragmatic cutting method following their methodology to

establish a reproducible rat-controlled-DCD kidney donor model (59).

Animal Preparation:

Male Wistar and female Zucker rats (336 £ 59 g and 194 + 46 g, respectively) were obtained
from Charles River Laboratories (Montreal, Canada). Animals were housed under standard
laboratory conditions with a 12-hour light-dark cycle and ad libitum access to food and water.
All procedures were conducted in accordance with the guidelines set by the Institutional Animal
Care and Use Committee (Protocol No. 20-083).

Anesthesia and Surgical Setup:

Rats were anesthetized with isoflurane (2% induction, 1-2% maintenance) delivered through a
nose cone. The rat was placed in a supine position on a surgical platform, shaved from the

xiphoid to the groin area, and sterilized using ethanol.
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Abdominal Incision:

A cruciform incision was made in the abdomen, and the resulting tissue corners were sutured
back to ensure an open surgical field to begin the procedure (See Figure 1).

Vascular Exposure:

The bowels were carefully set aside to reveal the infrarenal aorta and vena cava (See Figure 1).
Next, the infrarenal aorta was encircled with a suture in preparation for subsequent manipulation
(See Figure 1).

Induction of Cardiac Arrest:

The sternum was opened and the diaphragm was incised to initiate the induction of hypertension
and hypoxia, and finally, asystole (See Figure 1). One thousand units of heparin were
administered into the heart, and a three-minute waiting period followed to establish the DCD
aspect of this model (See Figure 1).

Vascular Control:

The descending aorta in the chest was located and clamped using a vascular clamp (See Figure
1). The inferior vena cava entering the right atrium was opened, and the descending intrathoracic
aorta was ligated using a hemostat to restrict blood flow (See Figure 1).

Circuit Venting and Preservation Solution Infusion:

The infrahepatic vena cava was opened to facilitate venting of the circuit to prepare for the
flushing of preservation solution and PKX-001, depending on the study group (See Figures 1
and Figure 4). Once the circuit has been fully ventilated, intra-aorta injection above ligature (1)
allowed for slow infusion of cold saline, followed by infusion of chilled UW solution (See
Figure 1). Then, depending on the study group, further flushing was conducted with PKX-001 or

chilled saline (See Figures 1 and Figure 5).
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Cannulation and Organ Retrieval:

The liver was carefully removed to clear up the surgical field for the cannulation of the left and
right kidneys (See Figure 2). The superior mesenteric artery and the celiac trunk were ligated,
and 20 gauge cannulas were inserted into the distal and proximal aorta of the left and right
kidneys (See Figure 2). The aorta was then ligated immediately above the left renal artery and
below the right renal artery in preparation to divide the aorta between the left and right renal
arteries to separate both kidney circuits (See Figure 2). All attachments around the kidneys were
dissected, and the ureters were divided. The kidneys with cannulas were carefully removed and

placed in a sterile container with chilled UW solution on ice for preservation.
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Figure 1: Surgical procedure for establishing a rat controlled-DCD model (1/2) previously
reported by Li et al. (59). Steps 1-9, including Flushing and surgical retrieval of the left and right

kidney for subsequent preservation, are shown.

17



10.

13.

16.

Remove liver

T ————il}

I
Insert canula
for left and
right kidneys

via distal and
proximal aorta,
respectively

3

e

Divide aorta between
ties (4) and (5)

9

17 —
+’ Ligate superior
mesenteric artery (2)
-1
- <)
14. —|—2 Ligate aorta
H- immediately above
left renal artery (4)
s
',
=1

. "

Remove all attachments around
kidneys

12.

‘=—+ 5)

Ligate celiac
trunk (3)

s

N——F
H-  Ligate aorta immediately
2 below right renal artery

Carefully remove kidneys with
cannulas place in container with
cold UW solution

Figure 2: Surgical procedure for establishing a rat controlled-DCD model (2/2) previously

reported by Li et al. (59). Steps 10- 18 for flushing and surgical retrieval of the left and right

kidney for subsequent preservation are shown.

Nephrectomy for Kidney Control

A kidney control was necessary for the analysis of the caspase-3 present in our kidney samples.

As our samples were obtained from a DCD model, using these kidneys as a negative control

would not have provided an accurate representation. Instead, a simple nephrectomy was

performed to obtain a suitable control. This involved the removal of kidneys without initiating

cardiac arrest or any waiting period. The procedure included making a cruciform incision in the

abdomen, suturing tissue corners to create an open surgical field, setting aside bowels to expose

the kidneys, and then removing the kidneys by cutting any fat or tissue holding them in place
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(See Figure 3).
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Figure 3: Surgical procedure for a simple nephrectomy without the induction of DCD in

the rat to be used as a kidney control during quantification of biomarkers.

3.2 The Radnoti Organ Perfusion System
The Radnoti isolated organ perfusion system (Radnoti, California, USA) was utilized to perfuse

rat kidneys.

Original Ex-Vivo Machine Setup

The initial setup of the machine perfusion system had a single large reservoir where the kidneys
were stored, requiring a minimum of 500mL of preservation solution to maintain complete
submersion and circulation throughout the system. Given that the focus of this research was to
characterize renal tubular epithelial injury during DCD and investigate the protective potential of
PKX-001, it was crucial to prevent the dilution of biomarkers in the perfusate sample.
Additionally, this system was limited to perfusing one organ at a time, and considering that rats
possess two kidneys, this setup would have been inefficient, resulting in one kidney being wasted
and requiring more rats.

To address these three issues, we optimized the machine perfusion setup to simultaneously
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perfuse two kidneys while reducing the pressure by adding an overflow line and total volume of

preservation solution to minimize biomarker dilution.

Optimized Ex-Vivo Machine Setup

The optimized setup included a peristaltic pump that operated through rotating rollers to
compress and decompress a flexible tube, mimicking the natural pulsatile flow of blood and
ensuring optimal perfusion. This generated a pulsatile flow of preservation solution within the
tube, which was delivered through the kidneys and around the entire system. It was determined
that the kidneys perfused best at 30 rotations per minute (rpm).

Valves labeled 8, which were connected to the peristaltic pump, directed the 200 mL
preservation solution flow either to the kidneys or bypassed the system directly into the waste
container for cleaning (see Figure 4).

The system also included a circulating water bath, which was essential for maintaining the
temperatures required for the different preservation modalities used in this project (4°C and 37°C
for hypothermic and normothermic preservation, respectively) (See Figure 4). The system
included tubing that was enveloped by a jacket through which temperature-controlled water from
the bath flowed. The water-jacketed tubing also played a role in maintaining the temperature of
the perfusion solution as it travels from the reservoir to the organ and back.

This system had two reservoirs that required 200 mL of UW preservation solution to fully
submerge the kidneys, which were cannulated and connected to the inflow tubing (A) (See
Figure 4). The reservoirs also had chamber outflows (B), returning the preservation solution to
the peristaltic pump for continuous circulation (See Figure 4). A temperature wire was placed

inside one of the reservoirs to ensure temperature consistency through monitoring. Additionally,
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two bubble traps above the system maintained a pressure around the physiological temperature
of kidneys and purged any trapped bubbles into the overflow tube (C) using valves 1 and 2,
which ensured uninterrupted flow (See Figure 4). Furthermore, there was a flow and pressure
sensor (yellow triangle and purple oval, respectively) that was connected to a computer running

LabChart, which displayed those readings in real time (See Figure 4).
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Figure 4: Ex vivo kidney preservation system includes the peristaltic pump, a circulating water
bath, a waste container, the perfusate valves (red), the flow sensors (yellow triangles), pressure

sensors (purple ovals), perfusate filter (green circle), and two reservoirs which have inflow (A),

outflow (B), and overflow tubing (C).

3.3 Experimental Design
Experiment 1: Ischemia through cold preservation

During SCS, kidneys were flushed with and preserved in chilled UW preservation solution to

remove blood and metabolic waste products. However, during this period, the kidneys were not
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actively perfused with blood, leading to a temporary reduction in blood flow and therefore,
ischemia. Therefore, the length in which the kidneys were preserved increased the ischemic
injury experienced by the graft.

On the other hand, during HMP, kidneys were connected to a machine perfusion system that
circulates chilled UW preservation solution through the renal arteries. Since the protocol does
not include the addition of oxygenation or blood, the kidney still experiences ischemia.
Experiment 1 was conducted using male Wistar rats (330 + 63 g), resulting in a total of four
study groups (n=6), which were preserved for 24 hours in either SCS or HMP to mimic
ischemia. The purpose of the following four study groups was to compare SCS with MP and
explore the potential protective effects of PKX-001, which was flushed into the kidneys during
surgery at a concentration of 5 mg/mL (See Figure 5):

Group I: SCS + Saline

Group II: SCS + PKX-001

Group III: HMP + Saline

Group 1V: HMP + PKX-001

Ischemia - Male Wistar Rats
(24hr Cold Preservation)

Group I: Group Il: Group llI: Group IV:
SCS + Saline SCS + PKX-001 HMP + Saline HMP + PKX-001

Figure 5: Experiment 1 experimental groups for the male Wistar rat kidneys undergoing

24-hours of cold preservation. Group I (n=6): SCS flushed with saline during surgical retrieval,

group II (n=6): SCS flushed with PKX-001 during surgical retrieval, group III (n=6): HMP
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flushed with saline during surgical retrieval, and group IV (n=6): HMP flushed with PKX-001

during surgical retrieval.

Rat sex and strain were also explored to see if it made a difference in tubular damage
experienced by the kidneys during ischemia, so two additional study groups that utilized female
Zucker rats (194 £ 46 g) were added. Due to the limited amount of PKX-001 available, it was
decided to examine the two extreme groups from the first part of experiment 1 (See Figure 6):
Group I: SCS + Saline

Group 11: HMP + PKX-001

Ischemia - Female Zucker Rats
(24hr Cold Preservation)

Group I Group Il:
SCS + Saline HMP + PKX-001

Figure 6: Experiment 1 experimental groups for the female Zucker rat kidneys undergoing

24-hours of cold preservation. Group I (n=6): SCS flushed with saline during surgical retrieval,

and group II (n=6): HMP flushed with PKX-001 during surgical retrieval.
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Experiment 2: Ischemia-Reperfusion injury through cold and warm preservation

The purpose of experiment 2 was to mimic reperfusion injury through the warm preservation of
previously ischemic kidneys subjected to cold preservation.

NMP aims to gradually reintroduce blood flow and oxygen to the organ after cold preservation,
which can lead to reperfusion injury- when blood flow is restored to tissues following a period of
ischemia.

Male Wistar rats (351 + 48 g) were utilized, and the 24-hours of cold preservation from
experiment 1 was repeated to mimic ischemia (See Figure 7). Following this, the kidneys were
removed from the machine and placed in room temperature distilled water for 30 minutes to
mimic secondary warm ischemia — or the time during transplantation when the surgeon is
physically handling the graft (See Figure 7). Subsequently, the kidneys underwent 2 hours of
normothermic preservation to mimic reperfusion injury in a solution made up of 500 mL of
Dulbecco's Modified Eagle Medium (DMEM) (Cytiva, Logan, Utah), 50 mL of 10% Fetal
Bovine Serum (FBS) (Gibco, Grand Island, Newyork), 2% Penicillin-Streptomycin (Cytiva,
Logan, Utah), and 3% Bovine Serum Albumin (BSA) (Cytiva, Logan, Utah), previously reported

by Raigani et al. (See Figure 7) (60).
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Figure 7: Experiment 2 experimental design for mimicking IRI. Ischemia was first mimicked
through 24 hours of cold preservation, followed by 30 minutes of secondary warm ischemia

time, followed by 2 hours of warm preservation, mimicking reperfusion injury.

The same two extreme study groups from experiment 1 were utilized again due to the limited
amount of PKX-001 available:
Group I: SCS + Saline

Group II: HMP + PKX-001 (5 mg/mL)

3.4 Perfusate and Tissue Sample Collection

Perfusate Sample Collection

Perfusate samples from each kidney, totaling 1.3 mL, were collected directly from either the
Radnoti perfusion system via a syringe attached to the sampling port connected to the reservoir
or from the SCS container using a pipette. These samples were obtained at different time points
of the preservation period: T0, 6, 20, and 24 hours for experiment 1, and TO, 6, 20, 24, 25, and
27 hours for experiment 2. These time points were chosen to optimize the assessment of damage
throughout the preservation process while accommodating practical constraints.

Subsequently, each sample was distributed into 100 uL aliquots using a pipette in separate test

tubes, which were then placed in a -80 °C freezer for storage
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Tissue Sample Collection

Tissue Samples were obtained at the end of the experiment, either at T24 hours for experiment 1
or T27 for experiment 2. The tissue samples underwent initial sectioning in a sagittal cross-
section, following which these sections were further divided along their horizontal axis, resulting
in four total pieces (See Figure 8). One-quarter of the tissue was preserved in embedding
cassettes and placed in cassette containers with 10% acetate buffered formalin (0.2 L 37%
formaldehyde, 1.8 L distilled water, 46.1 Na acetate-3H20), fully submerging the cassettes, at
room temperature (See Figure 7). The remaining three quarters were each divided into thirds,
yielding a total of nine tissue pieces (See Figure 8). Of these, three were placed in disposable
base molds with chilled medium compromised of 20% sucrose and Optimal Cutting Temperature
Embedding Medium for Frozen Tissue Specimens OCT (1:2) and wrapped in aluminum foil and
stored in a -80 °C freezer (See Figure 8). The remaining six tissue slices were placed in test

tubes without any preservatives and were also stored in a -80 °C freezer (See Figure 8).
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Figure 8: Procedure for tissue sample collection at the end of preservation. Step 1: the
kidney is cut in a sagittal cross-section. Step 2: the two tissue halves are cut in half. Step 3: one
quarter is preserved in formalin (formaldehyde) at room temperature, and the remaining three
quarters are cut in thirds. Step 4: six of the remaining thirds are flash-frozen in the -80°C freezer,

and the remaining three samples are preserved in a mixture of OCT and flash-frozen.

3.5 Quantification of Perfusate and Tissue Biomarkers

N-Acetyl-B-D-Glucosaminidase (NAQG)

NAG activity in perfusate samples was measured using the Abcam NAG Colorimetric Assay Kit
(Abcam, Toronto, Canada), following the provided protocol.

This assay uses a synthetic p-nitrophenol (pNP) derivative as a substrate, cleaving the glycosidic
bond between N-acetylglucosamine and the rest of the substrate molecule, releasing pNP. The
generated pNP, which has a yellow color, is quantified by measuring absorbance at 405 nm using

the CLARIOstar Plus microplate reader (BMG Labtech, Ortenburg, Germany). The intensity of
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this color is directly proportional to the NAG activity in the sample. pNP in basic media, forming
the p-nitrophenolate ion, is used as a calibrator to create a standard curve with known NAG
concentrations. This standard curve is then used to calculate the enzyme activity in the test
samples according to the calculation provided by the protocol. This assay allows for accurate

quantification of NAG activity to assess kidney damage and related conditions.

Cleaved Caspase-3

Cleaved caspase-3 activity in perfusate samples was measured using the Abcam cleaved caspase-
3 Colorimetric Assay Kit (Abcam, Toronto, Canada), following the provided protocol.

This assay kit measures the activity of cleaved caspase-3 through a colorimetric reaction,
providing a quantifiable indicator of apoptotic processes. The assay relies on DEVD-pNA (Asp-
Glu-Val-Asp p-nitroanilide), a synthetic peptide conjugated to the chromophore, pNA, which is
cleaved by caspase-3 present in the sample. Upon cleavage at the DEVD site, pNA is released,
inducing a color change that can be detected spectrophotometrically at 405 nm, facilitating
quantification using the CLARIOstar Plus microplate reader. We quantified cleaved caspase-3 in

tissue lysate using the following protocol:

Preparation of Homogenized Tissue Lysate Samples:

Kidney tissue samples were collected throughout the duration of our experiment and stored in the
-80 °C freezer (See Figure 8).

Tissue samples were cut into smaller pieces, yielding a total weight of 0.05 - 0.5 g, and placed
into 2.0 mL homogenizer tubes on ice. The homogenizer tube was filled with 1 mL of Lysis

Buffer (Abcam, Toronto, Canada), and the sample was homogenized using the Fisher Scientific
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laboratory homogenizer (Waltham, Massachusetts) for 30 seconds at a speed between 2 and 3,
followed by sonication for 20 seconds at 30 using the Fisher Scientific model 120 sonic
dismembrator (Waltham, Massachusetts). The samples were then stored at 4°C for 2 hours.
Following the 2 hours, the samples were sonicated again, and the weight of each tube was
recorded for matching and balancing in the ultracentrifuge rotor. If the samples were not within
+/- 0.2g of each other, the weight was adjusted using chilled lysis buffer. The tubes were placed
in the pre-cooled ultra-centrifuge according to their matching weights and centrifuged at 10,000
rpm for 25 minutes with the brake off. Supernatants were collected for the assay with 160 puL

added per tube and flash-frozen at -80°C until further use.

3.6 Tissue Staining

Kidney Injury Molecule-1 and Caspase-3 Co-stain

The Leica ChromoPlex 1 Dual Detection Kit (Leica, Ontario, Canada) was utilized to
simultaneously detect two target antigens in tissue sections using immunohistochemistry (IHC),
following the provided protocol. Tissue sections were initially incubated with a primary antibody
cocktail comprising KIM-1 (Novus Biologicals, Toronto, Ontario) at a dilution of 1:100 and
Caspase-3 (Novus Biologicals, Toronto, Ontario) at a dilution of 1:200 in Bond Primary
Antibody Diluent (Leica cat no AR9352), allowing specific binding to their respective target
proteins. Subsequently, the sections underwent treatment with a polymer-horseradish peroxidase
(HRP) conjugate, forming a complex with the bound primary antibodies. The catalytic action of
the polymer-HRP conjugate resulted in the conversion of a chromogenic substrate into a colored
precipitate at the site of antigen-antibody binding, facilitating visualization under a microscope.

This dual detection system of the Leica ChromoPlex 1 kit enables simultaneous visualization of
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two distinct target proteins within the same tissue section, facilitating analysis of protein co-

localization or differential expression.

Hematoxylin and Eosin (H&E)

Hematoxylin and eosin (H&E) staining was performed using the Leica Spectra Workstation,
following a standardized protocol for visualizing tissue morphology and cellular structures.
Initially, tissue sections mounted on slides undergo deparaffinization to remove the embedding
medium and subsequent rehydration through graded alcohols. The sections are then immersed in
hematoxylin solution, selectively binding to acidic tissue components such as the nucleus and
staining them blue-purple. After rinsing, a differentiation step with acid alcohol enhances the
contrast between stained and unstained regions. Counterstaining with eosin follows, imparting a
pink-red color to cytoplasmic components. Dehydration with graded alcohols and clearing with
xylene render the sections transparent. Finally, the stained and cleared sections are mounted with

a coverslip, preserving the staining for microscopic examination.

Periodic Acid-Schiff (PAS)

The Abcam 150680 Periodic Acid-Schiff (PAS) Stain Kit (Abcam, Toronto, Canada) was
utilized to facilitate PAS staining, a histological technique used to visualize carbohydrate-rich
macromolecules within tissue samples. Initially, tissue sections mounted on slides are treated
with periodic acid, selectively oxidizing carbohydrate molecules and creating reactive aldehyde
groups. Subsequently, Schiff's reagent, a fuchsin derivative, reacts with these aldehyde groups,
forming a colored complex that stains the oxidized carbohydrate structures pink to magenta.

Following staining, dehydration and clearing steps remove excess water and render the sections
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transparent. Finally, the stained and cleared tissue sections are mounted with a coverslip for
preservation and microscopic examination. This standardized PAS staining protocol allows for
the visualization of glycogen storage, basement membranes, and other carbohydrate-rich

components, aiding in the histological analysis of various tissues and pathologies.

3.7 Statistical Analysis of Biomarkers

Statistical Analysis of N-acetyl-B-glycosaminidase and Caspase-3

The final calculations for NAG and caspase-3 activity were calculated using the equations
provided by the Abcam protocol, using Microsoft EXCEL. GraphPad Prism 10 was then used to
perform a sensitivity analysis to remove any outliers present in our data set. A 2-way and 1-way
ANOVA test was run on the NAG and caspase-3 data set to determine if there was any statistical

significance between or within the different groups.

Statistical Analysis of Kidney Injury Molecule-1 and Caspase-3

The inForm software (Akoya Biosciences, Marlborough, Massachusetts) was utilized for the
quantitative and qualitative analysis of kidney tissue samples stained with antibodies for KIM-1
and caspase-3. Tissue sections stained for chromogen’s fast-red (to identify KIM-1 staining) and
3,3’-Diaminobenzidine (DAB) (to identify caspase-3 staining) were imaged to create a spectral
library to analyze the experimental samples. Four images of each kidney within each group were
acquired (4x) and processed using inForm’s image analysis algorithm.

The software used machine learning and pattern recognition techniques to differentiate the tissue

compartments of the kidney. By recognizing staining patterns and staining intensities, inForm
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segmented the tissue into cortex and medulla compartments and identified tissue regions
expressing KIM-1 and cleaved caspase-3.

The optical density (O.D.) of the staining was measured in each captured image to quantify the
expression levels of the biomarkers. These O.D. measurements from the cortex of the kidney
were then used to calculate the average intensity of KIM-1 and cleaved caspase-3 expression
within the kidney tissue using Microsoft EXCEL. An ordinary one-way ANOVA test and a
sensitivity analysis were conducted for statistical significance using GraphPad Prism 10.
Representative images from each group were captured at various magnifications (4x, 10x, 40x,
and 100x). A nephropathologist then evaluated the images for the staining intensity of KIM-1
and caspase-3, categorizing them as weak, moderate, or strong. This grading was subjective and

based on a comparative assessment of all stained tissue samples.

Statistical Analysis of Hematoxylin and Eosin and Periodic Acid-Schiff

The H&E and PAS tissue stains were given to a blinded pathologist to grade. In their assessment,
they examined changes, including edema, interstitial lymphoid infiltration, and tubular injury
(61). The stained kidney samples were categorized as either unremarkable (0) or showing signs
of mild (1), moderate (2), severe (3), or very severe (4) acute tubular necrosis. The median and
range were calculated using GraphPad Prism 10, and a Kruskal-Wallis test was performed to
determine statistical significance between the medians of the groups. This will be indicative of
varying degrees of tubular epithelial cell injury, including dilated tubules, flattened tubular

epithelial cells, and granular casts.
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Chapter 4: Results

4.1 Experimentation Animals

The average weights of the Wistar rats in experiment 1: SCS and HMP groups were 348 £ 56 g
and 316 = 67 g, respectively, and the average weights of the Zucker rats in the SCS and HMP
groups were 172 + 238 g and 228 + 25 g, respectively (See Table 1). Although there was no
difference in weight between the two modalities of preservation, the Wistar rats were heavier
than the Zucker rats, likely due to their age (See Table 1).

The average weights of the Wistar and Zucker rat kidneys from the SCS groups were slightly
different (1.68 £ 0.245 g and 1.18 £ 0.191 g, respectively) (See Table 2). Additionally, the
average weights of the left Wistar and Zucker kidneys from the SCS groups (1.76 = 0.166 g and
1.18 + 0.122 g, respectively) were slightly higher than the average weights of the right Wistar
and Zucker kidneys (1.62 + 0.293 g and 1.18 + 0.248 g) (See Table 2).

Additionally, the average weights of the Wistar rats in experiment 2: SCS+NMP and
HMP+NMP groups were 356 + 53 g and 347 + 52 g, respectively, showing no difference in rat

weight between experiment and group (See Table 3).

Table 1: Average weight of Wistar and Zucker rats in different preservation modalities.

Experiment 1: Ischemia Through Cold Preservation
Male Wistar Rats Female Zucker Rats
Modality Average Weight (g) Modality Average Weight (g)
SCS 348 SCS 172
HMP 316 HMP 238

33



Table 2: Experiment 1 - Average weight of Wistar and Zucker rat kidneys in the SCS

groups.
Experiment 1: Ischemia Through Cold Preservation
Male Wistar Rats Female Zucker Rats
Side Average Kidney Side Average Kidney
Weight (g) Weight (g)
Right 1.62 Right 1.18
Left 1.76 Left 1.18

Table 3: Experiment 2 - Average weight of Wistar rats in different preservation modalities.

Experiment 2: IRI Through Cold and Subsequent Warm Preservation

Modality Average Weight (g)
SCS + NMP 356
HMP + NMP 347

4.2 Ex-vivo machine preservation system parameters

Hypothermic ex-vivo kidney preservation was initiated for 24 hours at a temperature set at 6°C

and an average peristaltic pump speed of 37 rpm in UW solution. At the start of preservation

(TO), the average temperature was 8.18°C, and over the remaining 24 hours of preservation, the

temperature remained constant at around 7.5°C (See Figure 9a). The bubble traps on the

machine (See Figure 8) were adjusted to a height of 1.15m to ensure a suitable pressure for the

kidneys and adjusted accordingly depending on the pressure throughout preservation. The
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average pressure at the start of preservation (T0) was at its peak of 64.39 mm Hg but decreased
slightly and remained relatively constant over the remaining 24 hours (See Figure 9b). The
average flow at the start of preservation was 3.31 mL/min and remained relatively constant over
the duration of the 24 hours of preservation (See Figure 9c).

Normothermic ex-vivo kidney preservation was initiated for 2 hours following 24 hours of
hypothermic ex-vivo kidney preservation and 30 minutes of storage in room temperature distilled
water to initiate secondary warm ischemia. During this time, the perfusate solution was switched
from UW to a mix of DMEM, FBS, 2% Penicillin-Streptomycin, and 3% BSA. The pH of the
normothermic preservation increased from 7.65 to 8.46 over the two hours of preservation.
During this 30-minute period, the machine was set to a temperature of 37°C and reprimed at a
peristaltic pump speed of 30 rpm. At the start of normothermic preservation, the average
temperature was at 35.45°C and increased slightly to 36.51°C (See Figure 10a). The average
pressure at the start of normothermic preservation was 55.1 mm Hg and decreased to 54 after
two hours (See Figure 10b). The average flow decreased from 5.53 mL/min to 4.89 over the two
hours of preservation (See Figure 10c¢). Additionally, the average pressure was higher, and the
average flow was lower in hypothermic machine perfusion compared to normothermic machine

perfusion (See Figure 9b and ¢ and Figure 10b and ¢).
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4.2- Experiment 1: Perfusate Analysis of Renal Tubular Epithelial Injury during Ischemia

NAG activity in the perfusate was quantified at the 0-and 24-hour timepoint. There was no
difference in NAG activity at the 0-hour timepoint across the four groups; group I: SCS, group
II: SCS+PKX-001, group III: HMP, and group IV: HMP+PKX-001 (1.00, 1.04, 1.09, and 0.91
U/L respectively) (See Figure 11). There was a significant increase in NAG activity over 24
hours in group I: SCS (0.84 to 1.87 U/L), group II: SCS+PKX-001 (1.02 to 3.47 U/L), group III:
HMP (1.09 to 1.82 U/L) and group IV: HMP+PKX-001 (8.98 to 1.76 U/L ) (See Figure 11).
There was also a significantly higher release of NAG activity into the perfusate in group II:
SCS+PKX-001 when compared to group I: SCS (3.47 and 2.30 U/L, respectively) (See Figure

12).

Experiment 1- NAG Activity: Ischemia through Cold Preservation

[l Group I: SCS
B Group II: SCS + PKX-001
Il Group lIl: HMP

N Group IV HMP + PKX-001

NAG Activity
(U/L)

OTO @T24

Group! Group Il  Group lll  Group IV

Figure 11: Experiment 1- NAG activity (U/L) in male Wister rat kidney perfusate after 24
hours of ischemia induced by cold preservation. An ordinary one-way ANOVA test and a
sensitivity analysis were conducted to determine statistical significance and outliers (5 data
points removed). Group 1 (SCS, blue, n=6); Group 2 (SCS+PKX-001, blue with black stripes,

n=6); Group 3 (HMP, red, n=6); Group 4 (HMP+PKX-001, red with black stripes, n=6). White
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circles denote 0-hour baseline NAG activity, and black circles denote 24-hour NAG activity.
Each column and bar represent the mean = SD. *P <0.05, **P <0.01, ***P <0.001,

Fadx P <0.0001.

Experiment 1- NAG Activity: Ischemia through Cold Preservation
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Figure 12: Experiment 1- NAG activity (U/L) in male Wister rat kidney perfusate after 24
hours of ischemia induced by cold preservation in the SCS and SCS+PKX-001 groups. An
ordinary one-way ANOVA test and a sensitivity analysis were conducted to determine statistical
significance and outliers (1 data point removed). Group 1 (SCS, blue, n=6); Group 2
(SCS+PKX-001, blue with black stripes, n=6). Black circles denote 24-hour NAG activity. Each

column and bar represent the mean + SD. ****P <(.0001.

Fold increase of NAG activity in the perfusate showed no significant difference between the two
different modalities, SCS and HMP, with or without the addition of PKX-001 (See Figure 13).
However, there is a trend suggesting lower NAG activity in the MP groups compared to the SCS

groups (1.85 and 2.08, respectively). With the addition of PKX-001, NAG activity was further
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reduced in the MP group compared to the SCS group (2.70 and 3.00, respectively) (See Figure

13).

Experiment 1- Ischemia through Cold Preservation
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Figure 13: Experiment 1- Fold increase (T24-T0) of NAG activity (U/L) in male Wistar rat
kidney perfusate after ischemia induced by cold preservation. An ordinary one-way ANOVA
test and a sensitivity analysis were conducted to determine statistical significance and outliers (7
data points removed). Group 1 (SCS, blue, n=6); Group 2 (SCS+PKX-001, blue with black
stripes, n=6); Group 3 (HMP, red, n=6); Group 4 (HMP+PKX-001, red with black stripes, n=6).

Each column and bar represents the mean + SD.

NAG activity was also quantified in perfusate from female Zucker rats at the 0-hour timepoint
and 24-hour timepoint. Again, there was no difference in NAG activity at the 0-hour timepoint
across the two groups; group I: SCS and group II: HMP +PKX-001 (1.12 and 0.85 U/L

respectively) (See Figure 14). Additionally, there was a significant increase in NAG activity
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after 24 hours of preservation in group I: SCS (1.123 to 2.82 U/L), and in group II: HMP+PKX-

001 ( 0.85 to 2.52 U/L) (See Figure 14).

Experiment 1- Ischemia through Cold Preservation:
NAG Activity of Female Zucker Rats
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Figure 14: Experiment 1- NAG activity (U/L) in female Zucker rat kidney perfusate after
24 hours of ischemia induced by cold preservation. An ordinary one-way ANOVA test and a
sensitivity analysis were conducted to determine statistical significance and outliers (2 data
points removed). ). Group 1 (SCS, blue with black dots, n=6); Group 2 (HMP+PKX-001, red
with black dots, n=6). White circles denote 0-hour baseline NAG activity; black circles denote

24-hour NAG activity. Each column and bar represents the mean + SD. *** P <(0.0001.

Fold increase of NAG activity in the perfusate of female Zucker rats showed no significant
difference between the two different modalities, SCS and HMP, with or without the addition of

PKX-001 (See Figure 15).
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Experiment 1- Ischemia through Cold Preservation
NAG Activity Fold Increase of
Female Zucker Rats
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[l Group II: HMP+ PKX-001
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Figure 15: Experiment 1- Fold increase (T24-T0) of NAG activity (U/L) in female Zucker
kidney perfusate after ischemia induced by cold preservation. An ordinary one-way ANOVA
test and a sensitivity analysis were conducted to determine statistical significance and outliers (1
data point removed). Group 1 (SCS, blue with black dots, n=6); Group 2 (HMP+PKX-001, red

with black dots, n=6). Each column and bar represents the mean = SD.

However, a significant increase in NAG activity was observed in female Zucker rats compared to
male Wistar rats at the 24-hour timepoint in both the SCS group (2.82 U/L and 1.87,

respectively) and the HMP+PKX group (2.52 U/L and 1.56, respectively) (See Figure 16).
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Experiment 1- Ischemia through Cold Preservation:
NAG Activity of Male Vs. Female
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Figure 16: Experiment 1- NAG activity (U/L) in male Wistar versus female Zucker rat
kidney perfusate after 24 hours of ischemia induced by cold preservation. An ordinary one-
way ANOVA test and a sensitivity analysis were conducted to determine statistical significance
and outliers (4 data points removed). ). Group 1 (SCS, blue, n=6); Group 2 (HMP+PKX-001,
red, n=6). Dotted bars denote female Zucker rats. White circles denote 0-hour baseline NAG
activity; black circles denote 24-hour NAG activity. Each column and bar represents the mean

+SD. **P <0.001.

Fold increase of NAG activity in the perfusate of male Wistar and female Zucker rats showed no
significant difference between the two different modalities SCS and HMP, with or without the

addition of PKX-001 (See Figure 17).
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Experiment 1- Ischemia through Cold Preservation
NAG Activity Fold Increase
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Figure 17: Experiment 1- Fold increase (T24-T0) of NAG activity (U/L) in male Wistar rat
kidney perfusate after ischemia induced by cold preservation. An ordinary one-way ANOVA
test and a sensitivity analysis were conducted to determine statistical significance and outliers (5
data points removed). Group 1 (SCS, blue, n=6); Group 2 (HMP+PKX-001, red, n=6). Dotted

bars denote female Zucker rats. Each column and bar represents the mean + SD.

4.3- Experiment 1: Homogenized Tissue Lysate Analysis of Apoptosis during Ischemia.

Cleaved caspase-3 was quantified in homogenized tissue lysate extracted from the 24-hour tissue
samples. Caspase-3 was calculated as fold increase, necessitating a negative kidney control. The
optical density of the original kidney control was higher (0.132 at 405nm) than the optical

density of the new kidney control (0.049 at 405nm) (See Figure 18).
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Cleaved Caspase-3 Kidney Controls:
Induced DCD Vs. Simple Nephrectomy
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Figure 18: Cleaved caspase-3 activity (O.D. at 405nm) in homogenized tissue lysate of male
Wistar rat kidney controls. The old kidney control represents a DCD-induced model involving
cardiac arrest induction by sternotomy, followed by a three-minute wait before kidney removal.

The new kidney control represents an SCD-induced model achieved through simple

nephrectomy without cardiac arrest induction.

The new kidney control was used to calculate the fold increase in cleaved caspase-3 activity
during ischemia through cold preservation. There was no significant difference in the fold
increase of cleaved caspase-3 activity between any of the groups. However, a trend was
observed, indicating that all four experimental groups exhibited a higher fold increase in cleaved

caspase-3 activity compared to the kidney control (See Figure 19).
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Figure 19: Experiment 1- Fold increase in cleaved caspase-3 activity in homogenized tissue
lysate of male Wistar rat kidneys against a negative kidney control (SCD-induced model)
following 24 hours of ischemia induced through cold preservation. An ordinary one-way
ANOVA test and a sensitivity analysis were conducted to determine statistical significance and
outliers (6 data points removed). Group 1 (SCS, blue, n=6); Group 2 (SCS+PKX-001, blue with
black stripes, n=6); Group 3 (HMP, red, n=6); Group 4 (HMP+PKX-001, red with black stripes,

n=6). Each column and bar represents the mean + SD.

Cleaved caspase-3 activity was also quantified in homogenized tissue lysate from female Zucker

rats at the final 24-hour timepoint. There was no significant difference in cleaved caspase-3

between the different groups of female Zucker rats (See Figure 20).
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Experiment 1- Ischemia Through Cold Preservation
Cleaved Caspase-3 Fold Increase
of Femal Zucker Rats
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Figure 20: Experiment 1- Fold increase of cleaved caspase-3 activity in female Zucker rat
kidneys. An ordinary one-way ANOVA test and a sensitivity analysis were conducted to
determine statistical significance and outliers (2 data points removed). Group 1 (SCS, blue with
black dots, n=6); Group 2 (HMP+PKX-001, red with black dots, n=6). Each column and bar

represents the mean + SD.

Cleaved caspase-3 activity between male Wistar rats and female Zucker rats was also assessed in
homogenized tissue lysate at the final 24-hour timepoint. These results show no difference in
fold increase of cleaved-caspase-3 activity in the tissue lysate of male Wistar and female Zucker
rats between the two different modalities SCS and HMP, with or without the addition of PKX-

001 (See Figure 21).
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Experiment 1- Ischemia Through Cold Preservation
Cleaved Caspase-3 Fold Increase
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Figure 21: Experiment 1- Fold increase of cleaved caspase-3 activity in male Wistar rat and
female Zucker rat kidney homogenized tissue lysate against a negative kidney control (SCD-
induced model) following 24 hours of ischemia induced through cold preservation. An ordinary
one-way ANOVA test and a sensitivity analysis were conducted to determine statistical
significance and outliers (10 data points removed). Group 1 (SCS, blue, n=6); Group 2
(HMP+PKX-001, red, n=6). Dotted bars denote female Zucker rats. Each column and bar

represents the mean + SD.

4.4- Analysis of Immunohistochemistry of KIM-1 and Caspase-3 Co-Stained Tissues

Male Wistar rat kidney tissues obtained from the final 24-hour timepoint were
immunohistochemically stained for cleaved caspase-3 and quantified. There was a significant

increase in average O.D. of caspase-3 staining between group I: SCS (0.21) and group II:
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SCS+PKX-001 (0.31) (See Figure 22). In addition to a significant decrease in average O.D. of
caspase-3 staining between group III: HMP (0.31) and group IV: HMP+PKX-001 (0.22) (See
Figure 22).

Additionally, there was a significant increase in average O.D. of caspase-3 staining between
modality types in group I: SCS (0.21) when compared to group III: HMP (0.31) (See Figure 22).
As well as a significant decrease in average O.D. of caspase-3 staining between modality types

in group II: SCS+PKX-001 (0.31) and group IV: HMP+PKX-001 (0.22) (See Figure 22).

Experiment 1: Average O.D. of Caspase-3
Detected by IHC
in Male Wistar Rats

B8 GroupI: SCS
B8 Group II: SCS + PKX-001
& Group III: HMP

B8 Group IV: HMP + PKX-001
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Groupl  GroupIl Group Il Group IV

Figure 22: Experiment 1 — O.D. of cleaved caspase-3 intensity in male Wistar rat kidney
tissue after 24 hours of ischemia induced by cold preservation, detected by IHC. Average
caspase-3 optical densities in the cortex of the kidney were analyzed using one-way ANOVA
and a sensitivity analysis for statistical significance (no outliers were detected). Group 1 (SCS,

blue, n=4); Group 2 (SCS+PKX-001, blue with black stripes, n=4); Group 3 (HMP, red, n=4);
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Group 4 (HMP+PKX-001, red with black stripes, n=4). Each column and bar represent the mean

+SD. *P <0.05.

There was no significant increase in average O.D. of caspase-3 staining at the 24-hour timepoint
between either group: I SCS (0.25) or group II: HMP+PKX-001 (0.22) in the female Zucker rat

kidneys (See Figure 23).

Experiment 1: Average O.D. of Caspase-3
Detected by IHC
in Female Zucker Rats

0.3-
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Figure 23: Experiment 1 — O.D. of cleaved caspase-3 intensity in female Zucker rat kidney
tissue after 24 hours of ischemia induced by cold preservation, detected by IHC. Average
caspase-3 optical densities in the cortex of the kidney were analyzed using one-way ANOVA
and a sensitivity analysis for statistical significance (no outliers were detected). Group 1 (SCS,
blue with black dots, n=4); Group 2 (HMP+PKX-001, red with black dots, n=4). Each column

and bar represent the mean + SD.
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Caspase-3 average O.D. between male Wistar rats and female Zucker rats was also compared in
tissue by IHC at the final 24-hour timepoint. These results show no difference in fold increase of
caspase-3 activity in the tissue lysate of male Wistar and female Zucker rats between the two

different modalities SCS and HMP, with or without the addition of PKX-001 (See Figure 24).

Experiment 1: Average O.D. of Caspase-3
Detected by IHC in
Male Wistar Vs. Female Zucker Rats

0.4=-
B Groupl: SCS (W)

E& Group I: SCS (2)
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E& Group Il: HMP+ PKX-001 (2)
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Figure 24: Experiment 1 — O.D. of cleaved caspase-3 intensity in male Wistar vs. female
Zucker rat kidney tissue after 24 hours of ischemia induced by cold preservation, detected
by IHC. Average caspase-3 optical densities in the cortex of the kidney were analyzed using
one-way ANOVA and a sensitivity analysis for statistical significance (no outliers were
detected). ). Group 1 (SCS, blue, n=4); Group 2 (HMP+PKX-001, red, n=4). Dotted bars denote

female Zucker rats. Each column and bar represent the mean + SD.

Male Wistar rat kidney tissues obtained from the final 24-hour timepoint were

immunohistochemically stained for KIM-1 and quantified. There was a significant increase in

average O.D. of KIM-1 staining between group I: SCS (0.03) and group II: SCS+PKX-001
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(0.10) (See Figure 25). Additionally, there was a significant decrease in average O.D. of KIM-1
staining between group II: SCS+PKX-001 (0.10) and groups III: HMP+PKX-001 (0.02), and IV:

HMP-+PKX-001 (0.03) (See Figure 25).

Experiment 1: Average O.D. of KIM-1

Detected by IHC
in Male Wistar Rats
%k
| |
0.15= o o
| B |
B GroupI: SCS
0.10 B8 Group II: SCS + PKX-001
g @@ Group I1I: HMP
0.05= B8 Group IV: HMP + PKX-001
0.00-
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Figure 25: Experiment 1 — O.D. of KIM-1 intensity in male Wistar rat Kidney tissue after
24 hours of ischemia induced by cold preservation, detected by IHC. Average KIM-1 optical
densities in the cortex of the kidney were analyzed using one-way ANOVA and a sensitivity
analysis for statistical significance (no outliers were detected). Group 1 (SCS, blue, n=4); Group
2 (SCS+PKX-001, blue with black stripes, n=4); Group 3 (HMP, red, n=4); Group 4
(HMP+PKX-001, red with black stripes, n=4). Each column and bar represent the mean + SD.

**P <0.01.
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There was no significant increase in average O.D. of KIM-1 staining at the 24-hour timepoint
between either group: I SCS (0.03) or group II: HMP+PKX-001 (0.02) in the female Zucker rat

kidneys (See Figure 26).

Experiment 1: Average O.D. of KIM-1
Detected by IHC
in Female Zucker Rats

0.08
0.06= E& Group I: SCS (2)
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Figure 26: Experiment 1 — O.D. of KIM-1 intensity in female Zucker rat kidney tissue after
24 hours of ischemia induced by cold preservation, detected by IHC. Average KIM-1 optical
densities in the cortex of the kidney were analyzed using one-way ANOVA and a sensitivity
analysis for statistical significance (no outliers were detected). Group 1 (SCS, blue with black
dots, n=4); Group 2 (HMP+PKX-001, red with black dots, n=4). Each column and bar represent

the mean + SD.

KIM-1 average O.D. between male Wistar rats and female Zucker rats were also compared in
tissue by IHC at the final 24-hour timepoint. These results show no difference in fold increase of
KIM-1 activity in the tissue lysate of male Wistar and female Zucker rats between the two

different modalities SCS and HMP, with or without the addition of PKX-001 (See Figure 27).
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However, a trend suggests that the SCS group in both strains and sexes of rats exhibited a lower

average O.D. of KIM-1 compared to the MP groups with the addition of PKX-001 (See Figure

27).
Experiment 1: Average O.D. of KIM-1
Detected by IHC in
Male Wistar Vs. Female Zucker Rats
0.08 =
B Group I: SCS (W)
0.06- E= Group I: SCS (2)
B Group Il: HMP+ PKX-001 (W)
g: 0.04 Bl Group Il: HMP+ PKX-001 (2)
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0.00-
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Figure 27: Experiment 1 — O.D. of KIM-1 intensity in male Wistar vs. female Zucker rat
kidney tissue after 24 hours of ischemia induced by cold preservation, detected by IHC.
Average KIM-1 optical densities in the cortex of the kidney were analyzed using one-way
ANOVA and a sensitivity analysis for statistical significance (no outliers were detected). ).
Group 1 (SCS, blue, n=4); Group 2 (HMP+PKX-001, red, n=4). Dotted bars denote female

Zucker rats. Each column and bar represent the mean + SD.

Representative images of caspase-3 and KIM-1 co-stained tissues showed overall weak caspase-

3 staining in group I: SCS and group II: SCS+PKX-001 (See Figures 28 and 29). The KIM-1

staining for those two groups was also weak (See Figures 28 and 29). The caspase-3 stain for

54



kidneys preserved on HMP was moderate, and the KIM-1 stain was weak. Both stains appeared

stronger in the HMP+PKX-001 group (See Figures 30 and 31).

Figure 28: Experiment 1- Representative image showing weak caspase-3 (brown) and weak
KIM-1 (red) co-staining in IHC of a male Wistar rat preserved on SCS. Intensity was graded
by a blinded nephropathologist through comparisons with other groups to determine an
appropriate range of intensity. a) 10X magnification - cortex of the kidney b) 20X magnification
¢) 40X magnification d) 100X magnification - unstained glomerulus and mildly stained proximal

tubules for caspase-3, with all tubules mildly stained for KIM-1- all nuclei intact.
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Figure 29: Experiment 1- Representative image showing weak caspase-3 (brown) and
moderate KIM-1 (red) co-staining in IHC of a male Wistar rat preserved on SCS with the
addition of PKX-001. Intensity was graded by a blinded nephropathologist through comparisons
with other groups to determine an appropriate range of intensity. a) 10X magnification - cortex
of the kidney b) 20X magnification c¢) 40X magnification d) 100X magnification - unstained
glomerulus and mildly stained proximal tubules for caspase-3, with all tubules moderately

stained for KIM-1- all nuclei intact.
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Figure 30: Experiment 1- Representative image showing weak caspase-3 (brown) and
moderate KIM-1 (red) co-staining in IHC of a male Wistar rat preserved on HMP. Intensity
was graded by a blinded nephropathologist through comparisons with other groups to determine
an appropriate range of intensity. a) 10X magnification - cortex of the kidney b) 20X
magnification c¢) 40X magnification d) 100X magnification - unstained glomerulus and mildly
stained proximal tubules for caspase-3, with all tubules moderately stained for KIM-1- all nuclei

intact.
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Figure 31: Experiment 1- Representative image showing strong caspase-3 (brown) and
strong KIM-1 (red) co-staining in IHC of a male Wistar rat preserved on HMP with the
addition of PKX-001. Intensity was graded by a blinded nephropathologist through comparisons
with other groups to determine an appropriate range of intensity. a) 10X magnification - cortex
of the kidney b) 20X magnification c¢) 40X magnification d) 100X magnification - unstained
glomerulus and strongly stained proximal tubules for caspase-3, with all tubules moderately

stained for KIM-1- all nuclei intact.
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Representative images of caspase-3 and KIM-1 co-stained tissues showed overall moderate
caspase-3 staining in Zucker rats kidneys preserved on SCS and moderate staining in kidneys
preserved on HMP+PKX-001 (See Figures 32 and 33). The KIM-1 staining for both groups of

Female Zucker rats was moderate (See Figures 32 and 33).
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Figure 32: Experiment 1- Representative image showing moderate caspase-3 (brown) and
moderate KIM-1 (red) co-staining in IHC of a female Zucker rat preserved on SCS.
Intensity was graded by a blinded nephropathologist through comparisons with other groups to
determine an appropriate range of intensity. a) 10X magnification - cortex of the kidney b) 20X

magnification c¢) 40X magnification d) 100X magnification - unstained glomerulus and
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moderately stained proximal tubules for caspase-3, with all tubules moderately stained for KIM-

1- all nuclei intact.

Figure 33: Experiment 1- Representative image showing moderate caspase-3 (brown) and
moderate KIM-1 (red) co-staining in IHC of a female Zucker rat preserved on HMP with
the addition of PKX-001. Intensity was graded by a blinded nephropathologist through
comparisons with other groups to determine an appropriate range of intensity. a) 10X
magnification - cortex of the kidney b) 20X magnification c) 40X magnification d) 100X
magnification - unstained glomerulus and moderately stained proximal tubules for caspase-3,

with all tubules moderately stained for KIM-1- all nuclei intact.
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4.5 Pathologist Analysis- Tissue Grading for Acute Tubular Necrosis Experienced during

[schemia

Acute tubular necrosis was graded by a blinded pathologist using H&E and PAS-stained kidney

tissues subjected to 24-hours of cold preservation. There was no statistical difference between

group I: SCS and group II: SCS+PKX-001 groups (median grade 0) (See Figure 34). However,

there was a statistical difference between the ranks of group I: SCS (0) and group III: HMP, as
well as group I: SCS (0) and group IV: HMP+PKX-001 (3) (See Figure 34).

Additionally, there was a statistical difference between group II: SCS+PKX-001 (0) and group
[II: HMP (4), as well as group II: SCS+PKX-001 (0) and group IV: HMP+PKX-001 (3) (See
Figure 34).

Although not significant, the median grading for ATN was higher in group III: HMP (4) when
compared to group IV: HMP+PKX-001 (3) (See Figure 34).

Additionally, a non-significant trend indicates that the kidney control is higher than the SCS-
preserved groups (groups I and II) but lower in the HMP-preserved groups (groups III and IV)

(See Figure 34).
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Experiment 1: Degree of ATN after 24-hours
of Cold Preservation
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Figure 34: Experiment 1- Blinded pathologist grading of H&E and PAS stained rat kidney
tissue samples for ATN following 24-hours of cold preservation mimicking ischemia. A
Kruskal-Wallis test was run to determine statistical significance between the medians of each
group, and a post-hoc test was run to evaluate the difference in rank between the groups.

The degree of ATN was graded as 0= normal, 1=mild, 2=moderate, 3=severe, and 4= extremely
severe. Group 1 (SCS, blue, n=8); Group 2 (SCS+PKX-001, blue with black stripes, n=7); Group
3 (HMP, red, n=7); Group 4 (HMP+PKX-001, red with black stripes, n=6).; Kidney control (
white n=4). Each column and bar represents the median and range. **P <0.001 and ***P

<0.0001.

4.6- Experiment 2: Perfusate Analysis of Renal Tubular Epithelial Injury during IRI.
NAG activity in the perfusate was quantified at the 0-and 24-hour timepoint for experiment 2.
There was no difference in NAG activity between group [ (SCS+NMP) and group 11

(HMP+PKX-001+NMP) at both the 0-hour timepoint (1.20 vs. 1.70 U/L) and the 24-hour
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timepoint (3.15 vs. 3.17 U/L) (See Figure 35).

However, there was a significant spike in NAG activity between the 24 and 25-hour timepoint in
group [: SCS+NMP (3.15t0 33.6 U/L) and group II: HMP+PKX-001+ NMP (3.17 to 23.5U/L
(See Figure 35).

There was also a significantly higher release of NAG activity into the perfusate in group II:
SCS+PKX-001 when compared to group I: SCS (3.47 and 2.30 U/L, respectively) (See Figure
35).

Additionally, there was no significant difference in NAG activity between the 25 and 27-hour
timepoint in both group I: SCS+NMP (33.61 and 35.86 U/L) and group I1I: HMP+PKX-

001+NMP) (23.47 and 26.95 U/L) (See Figure 35).

Experiment 2- Ischemia Reperfusion Injury through Warm Preservation
NAG Activity
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Figure 35: Experiment 2- NAG activity (U/L) in male Wistar rat kidney perfusate after 24
hours of ischemia induced by cold preservation followed by two hours of reperfusion injury
induced by warm preservation. Ordinary one-way ANOVA test and a sensitivity analysis were
conducted to determine statistical significance and outliers (1 data point removed). Group 1

(SCS+NMP, blue n=4); Group 2 (HMP+PKX-001+PKX-001, red with black stripes n=5). White
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circles denote 0-hour baseline NAG activity; black circles denote 24-hour NAG activity; white
squares denote 25-hour NAG activity; black squares denote 27-hour NAG activity. Each column

and bar represents the mean £ SD. **** P <(0.00001,***P <0.0001.

The fold increase of NAG activity in the perfusate decreased significantly at the 25-hour (28.07

vs. 13.12 U/L) and 27-hour (30.25 vs. 14.13 U/L) time points between group I and group II (See

Figure 36).
Experiment 2- Ischemia Reperfusion Injury through Warm Preservation
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Figure 36: Experiment 2- Fold increase of NAG activity (T24/T0; T25/T0; T27/T0) in male
Wister rat kidney perfusate after 24 hours of ischemia induced by cold preservation followed by
two hours of reperfusion injury induced by warm preservation. An ordinary one-way ANOVA
test was conducted to determine statistical significance, and a sensitivity analysis revealed no
outliers. Group 1 (SCS+NMP, blue n=4); Group 2 (HMP+PKX-001+PKX-001, red with black

stripes n=5). Black circles denote 24-hour NAG fold increase; white squares denote 25-hour
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NAG fold increase; black squares denote 27-hour NAG fold increase. Each column and bar

represents the mean + SD. ***P <0.0001.

4.7- Experiment 2: Homogenized Tissue Lysate Analysis of Apoptosis during IRI.

Cleaved caspase-3 activity in tissue lysate from samples taken at the 27-hour timepoint was
quantified in experiment 2. There was no significant difference in cleaved caspase-3 activity
between any of the groups (See Figure 37). However, there is a noteworthy but non-significant
decrease in cleaved caspase-3 fold increase activity in group II: SCS+HMP+PKX (0.62) when

compared to group I: SCS+NMP (1.51) and the kidney control (1) (See Figure 37).

Experiment 2: Ischemia Reperfusion Injury through Warm Preservation
Caspase-3 Fold Increase
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Fold Increase
Caspase-3

0‘0 0*0

Figure 37: Experiment 2- Fold increase of cleaved caspase-3 activity in male Wistar rat
kidney homogenized tissue lysate against a negative kidney control (SCD-induced model)
following 24 hours of ischemia induced through cold preservation followed by 2 hours of

reperfusion injury induced through warm preservation. An ordinary one-way ANOVA test was
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conducted to determine statistical significance, and a sensitivity analysis revealed no outliers.
Group 1 (SCS+NMP, blue n=5); Group 2 (HMP+PKX-001+NMP, red with black stripes n=4).

Each column and bar represents the mean + SD.

4.8-Analysis of Immunohistochemistry of KIM-1 and Caspase-3 Co-Stained Tissues

Male Wistar rat kidney tissues from the 27-hour timepoint were immunohistochemically stained
for cleaved caspase-3 and quantified for experiment 2. There was no significant difference in the
average O.D. of caspase-3 staining between group I: SCS+NMP and group II: HMP+PKX-
001+NMP (See Figure 38). However, there is a trend suggesting an increase in average O.D. of

caspase-3 staining in group Il compared to group I (See Figure 38).
Experiment 2: Average O.D. of Caspase-3
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Figure 38: Experiment 1 — O.D. of caspase-3 intensity in male Wistar rat kidney tissue after
27 hours of IRI induced by cold and subsequent warm preservation, detected by IHC.
Average caspase-3 optical densities in the cortex of the kidney were analyzed using one-way

ANOVA and a sensitivity analysis for statistical significance (no outliers were detected). Group
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1 (SCS+NMP, blue, n=4); Group 2 (HMP+PKX-001+NMP, red with black stripes, n=4). Each

column and bar represent the mean + SD.

Male Wistar rat kidney tissues obtained from the final 27-hour timepoint were
immunohistochemically stained for KIM-1 and quantified for experiment 2. There was no
significant difference in the average O.D. of KIM-1 staining between group I: SCS+NMP and
group II: HMP+PKX-001+NMP (See Figure 39). However, there is a trend suggesting an

increase in average O.D. of KIM-1 staining in group II compared to group I (See Figure 39).

Experiment 2: Average O.D. of KIM-1
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Figure 39: Experiment 1 — O.D. of KIM-1 intensity in male Wistar rat kidney tissue after
27 hours of IRI induced by cold and subsequent warm preservation, detected by IHC.
Average KIM-1 optical densities in the cortex of the kidney were analyzed using one-way
ANOVA and a sensitivity analysis for statistical significance (no outliers were detected). Group
1 (SCS+NMP, blue, n=4); Group 2 (HMP+PKX-001+NMP, red with black stripes, n=4). Each

column and bar represent the mean + SD.
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Representative images of caspase-3 and KIM-1 co-stained tissues showed overall weak caspase-
3 staining in group I: SCS+NMP and moderate staining in group 1I: HMP+PKX-001+NMP (See

Figures 40 and 41). The KIM-1 staining for both groups was moderate (See Figures 40 and 41).

Figure 40: Experiment 2- Representative image showing weak caspase-3 (brown) and
moderate KIM-1 (red) co-staining in IHC of a male Wistar rat preserved on SCS+NMP.
Intensity was graded by a blinded nephropathologist through comparisons with other groups to
determine an appropriate range of intensity. a) 10X magnification - cortex of the kidney b) 20X

magnification c¢) 40X magnification d) 100X magnification - unstained glomerulus and weakly
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stained proximal tubules for caspase-3, with all tubules moderately stained for KIM-1- all nuclei

intact.

Figure 41: Experiment 2- Representative image showing moderate caspase-3 (brown) and
moderate KIM-1 (red) co-staining in IHC of a male Wistar rat preserved on HMP+PKX-
001+NMP. Intensity was graded by a blinded nephropathologist through comparisons with other
groups to determine an appropriate range of intensity. a) 10X magnification - cortex of the
kidney b) 20X magnification ¢) 40X magnification d) 100X magnification - unstained
glomerulus and moderately stained proximal tubules for caspase-3, with all tubules moderately

stained for KIM-1- all nuclei intact.
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4.9- Pathologist Analysis- Tissue Grading for ATN Experienced during IRI

Acute tubular necrosis was graded by a blinded pathologist using H&E and PAS stained kidney
tissues subjected to 24 hours of cold preservation followed by 2 hours of warm preservation.
Although non-significant, group I: SCS+NMP had a lower grading of ATN (1) when compared
to group II: HMP+PKX-001+NMP (3) (See Figure 21). Additionally, group II: HMP+PKX-
001+NMP had a significantly higher grading for the degree of ATN when compared to the

kidney control (See Figure 42).
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Figure 42: Experiment 2- Blinded pathologist grading of H&E and PAS stained rat kidney
tissue samples for ATN following 24 hours of cold preservation mimicking ischemia and 2
additional hours of warm preservation mimicking reperfusion injury. A Kruskal-Wallis test was
run to determine statistical significance between the medians of each group, and a post-hoc test
was run to evaluate the difference in rank between the groups. The degree of ATN was graded as

0= normal, 1=mild, 2=moderate, 3=severe, and 4= extremely severe. Group 1 (SCS+NMP, blue,
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n=5); Group 2 (HMP+PKX-001+NMP, red with black stripes, n=4); Kidney control (white n=4).

Each column and bar represents the median and range. *P <0.01.
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Chapter 5: Discussion

IRI is a critical factor influencing outcomes in kidney transplantation. It occurs when the blood
supply to the kidney is interrupted during transplantation (ischemia) and then restored
(reperfusion). This process can cause significant damage due to oxidative stress, inflammation,
and cellular injury. IRI contributes to DGF and increases the risk of both acute and chronic
rejection. IRI is experienced to a greater degree in less-ideal donors, such as DCD grafts, whose
use has increased to expand the donor pool. Therefore, it is imperative that we understand and
characterize IRI during DCD to improve transplant success and long-term graft survival.

Our study successfully characterized the damage in DCD grafts by inducing maximal damage
during cold preservation to mimic ischemia, followed by a period of warm preservation to
simulate reperfusion injury. We accomplished this through the quantification of various
biomarkers, including NAG in the perfusate and cleaved caspase-3 in tissue lysate. Damage was
further assessed and characterized through immunohistochemical staining for caspase-3 and
KIM-1 in tubular cells. Additionally, H&E and PAS staining were evaluated by a blinded

nephropathologist to grade the extent of ATN, which further confirmed our findings.

Experiment 1: Assessing Proximal Tubular Epithelial Cell Damage Following Cold Preservation
NAG is a glycosidase enzyme highly active in the lysosomes of proximal renal tubular epithelial
cells that hydrolyzes terminal glucose residues in glycoproteins (62). Due to its large size (140
kDa), NAG cannot pass through the glomerulus under normal conditions and is typically absent
from urine (62). However, in cases of tubular cell damage, elevated levels of NAG appear in
urine. This makes urinary NAG a valuable early indicator of tubular injury (62). Since our study

utilized rats, canulating the ureter for urine collection during machine preservation was
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challenging. Additionally, both HMP and SCS are forms of organ preservation that slow down
metabolism, thereby ceasing urine production. Consequently, we would not have been able to
obtain sufficient urine samples to quantify NAG effectively. To address this, the ureters were
maintained during kidney retrieval so that any release of NAG would enter the perfusate through

the ureters, allowing for collection and analysis at different time points.

To induce as much damage as possible without compromising the integrity of the kidneys, we
allowed cold preservation to run for 24 hours- the approximate cold ischemic time that a kidney
graft can withstand, to characterize the damage that takes place in DCD grafts (63).

In our first experiment, we saw that over the 24 hours of preservation, NAG activity increased
significantly in all of our groups, indicating an increase in proximal tubular epithelial cell
damage (See Figure 11). This was to be expected since even a short increase in CIT can cause
kidneys to have a significantly higher incidence of ATN post-transplantation (64).
Interestingly, there was also a significant increase in NAG activity after 24 hours between the
SCS group and SCS+PKX-001 group, which indicates that the kidneys initially flushed with
PKX-001 endured more damage to the proximal tubular epithelial cells (See Figure 12). This
could be due to the limited availability of PKX-001 for our study, restricting us to only flushing
the kidneys with PKX-001 instead of incorporating it into the preservation solution as we
initially intended. Additionally, this limitation has prevented us from conducting a dose

escalation study to determine the ideal dose of PKX-001 for kidney preservation.
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Previous studies that were able to show the protective effects of PKX-001 incorporated it into
media, therefore the concentrations of PKX-001 were not diluted like it would have been had we

included our limited amount in our preservation solution (200 mL) (54, 55, 56).

Strain and sex-based differences were also assessed by adding female Zucker rats to our
experimental design. Interestingly, there was a significant increase in NAG activity in the female
rats at the 0-hour and 24-hour timepoint in the SCS group and at the 24-hour timepoint in the
HMP+PKX-001 group, indicating that female Zucker rats had more proximal tubular epithelial
cell damage than the male Wistar rats (See Figure 16). This is different than what is reported in
the literature, where females are generally protected from ATN due to baseline physiological
variations, such as chromosomal composition, hormone receptor distribution, and gene
expression profiles influenced by sex hormones (65). Additionally, differences in mitochondrial
function, inflammation, and repair responses contribute to varying susceptibility, severity, and
recovery from renal injury between males and females (65). However, the observed differences
could be attributed to the strain used. Zucker rats are obese, hyperphagic, hyperinsulinemic, and,
more specifically- hypertensive, which may make them more reflective of an ECD compared to
other strains. This could explain why the female Zucker rats appeared more susceptible to injury
than the male Wistar rats, which are more likely to represent a normal quality donor despite both
coming from a DCD model. We utilized them in another non-published study to investigate a
non-invasive method to measure fat in livers (66, 67). Our study showed that the Zucker rats did
indeed have a higher percentage of fat, and according to studies, fatty livers may subsequently

damage the kidneys (68). Also, oftentimes, the retrieval of our kidneys takes place once a week
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over the span of a month. Studies have shown that aging Zucker rats have progressively impaired
renal function (69), likely due to them being more representative of an ECD model.

The fold increase was calculated to account for the difference in preservation volume between
the SCS and HMP groups (50 mL and 200 mL, respectively) to draw comparisons of proximal
tubular epithelial cell damage between different preservation modalities. There was no statistical
difference between the different modalities or strains (See Figures 13 and 17). Therefore,
experiment 1 did not demonstrate that MP was better at protecting DCD kidneys from proximal

tubular damage, as studies have previously reported (36, 41).

Experiment 1: Assessing Apoptosis Following Cold Preservation

We also wanted to evaluate apoptosis through the quantification of cleaved caspase-3.
Apoptosis can be initiated by either external or internal signals, both leading to the activation of
caspase-3 (70). The intrinsic pathway is activated by intracellular stressors such as DNA
damage, nutrient deprivation, or oxidative stress, which increase levels of pro-apoptotic proteins
(70). These proteins cause the release of cytochrome ¢ from mitochondria, forming a complex
with Apaf-1 and procaspase-9, resulting in the activation of caspase-9 (70). Caspase-9 then
cleaves and activates caspase-3, resulting in apoptosis (70). The extrinsic pathway may also
contribute by activating death receptors on the cell surface, which recruit an adapter protein that
activates caspase-8, also leading to the cleavage and activation of caspase-3 (70). Cleaved
caspase-3 was specifically chosen for evaluation because it is a key executioner caspase that
plays a central role in the final stages of apoptosis (71). Unlike initiator caspases such as

caspase-8 and caspase-9, which are involved earlier in the apoptotic signaling pathways, caspase-
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3 is crucial for the execution phase of cell death (71). Its cleavage is a definitive marker of

apoptosis, providing a direct and reliable measure of the extent of cellular apoptosis (71).

We initially used the perfusate samples collected to quantify caspase-3. However, after multiple
attempts and ensuring the kit was optimized using a positive control, our samples were
consistently showing negligible amounts of cleaved caspase-3. This could have been because the
kit we were using was meant to measure cleaved caspase-3 in either tissue or cell lysate.
Additionally, caspase-3 is a marker of apoptosis, not cell lysis. Therefore, the contents within the
cell may not have leaked into the perfusate for us to quantify successfully.

For these reasons, we utilized homogenized tissue lysate to quantify cleaved-caspase-3. After
optimizing the kit, we ran into problems with our negative kidney control, which was supposed
to be used to calculate the final fold increase of cleaved caspase-3 in our sample. The kidney
control O.D. was consistently higher than all of our experimental groups. This was due to our
negative kidney control coming from the DCD model, which caused the O.D. to be higher than
that of some of the experimental groups (See Figure 18). Consequently, a simple nephrectomy
was performed to correct this issue which resulted in a lower O.D., more representative of a
healthy kidney (See Figures 3 and 18).

The fold increase of cleaved caspase-3 was recalculated using the new kidney control, and there
was no statistical difference in apoptosis between the groups with and without the addition of
PKX-001 (See Figure 19). Additionally, there was no statistical difference in apoptosis within

the kidney based on sex or strain of the rat (See Figure 21).
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Experiment 1: Immunohistochemistry Analysis to Assess Damage in Tubular Cells

IHC on tissues stained for caspase-3 was also analyzed for differences in apoptosis in the tubular
cells found in the cortex of the kidney. Unlike the results from the perfusate and tissue lysate
showing no difference between preservation modalities affecting tubular cells, IHC analysis of
the tissues revealed that the kidneys preserved on SCS had fewer apoptotic tubular cells than the
kidneys preserved on HMP (See Figure 22). This contrasts with existing literature where HMP
has been shown to decrease apoptosis compared to SCS (43).

This could be explained by the average pressure during preservation being fairly higher, causing
MP to damage the kidneys (See Figure 9b). A previous study has demonstrated that kidneys
preserved at a lower pressure (30/20 mm Hg) were better at preserving the viability of kidneys
by lowering the damage endured by proximal tubules when compared to higher perfusion
pressures (60/40 mm Hg) (72).

However, the findings from tissues stained for caspase-3 aligned with our NAG results,
indicating a significant increase in apoptotic tubular cells in kidneys flushed with PKX-001 and
preserved on SCS compared to those preserved only on SCS (See Figures 12 and 22).
Remarkably, our HMP groups, with the addition of PKX-001, exhibited a protective effect on
tubular cells, significantly reducing apoptotic tubular cells compared to HMP alone (See Figure
22). This aligns with previous studies demonstrating the protective effects of PKX-001 on other
cell types (54, 55, 56).

Our tissues were also stained for KIM-1, a transmembrane glycoprotein that is only detectable in
kidneys experiencing tubular injury.

The average optical densities of the KIM-1 stain were significantly higher in the SCS-preserved

group with PKX-001 compared to the group stored by SCS alone, further confirming our
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previous findings that the addition of PKX-001 combined with SCS results in more tubular
damage in DCD grafts (See Figures 12, 22 and 25). Similar to the caspase-3 staining results, the
addition of PKX-001 in the MP group significantly reduced tubular damage in DCD grafts
during cold preservation (See Figure 25).

These results suggest that staining intensity can be attributed to the interaction between PKX-001
and the preservation method used. In the SCS+PKX-001 group, the higher intensity of caspase-3
and KIM-1 staining compared to SCS alone suggests that PKX-001 may exacerbate tubular
injury under static cold storage conditions, leading to increased KIM-1 expression. This may be
due to PKX-001 increasing oxidative stress, promoting pro-inflammatory pathways, or depleting
cellular energy stores faster in the static environment of SCS.

Conversely, as seen in the caspase-3 staining in the HMP+PKX-001 group, the lower intensity
compared to HMP alone indicates that PKX-001 may have a protective effect during HMP,
reducing tubular injury. Under HMP conditions, PKX-001 may exert its protective effects by
reducing oxidative stress, inhibiting apoptotic pathways, and supporting energy metabolism with
the oxygenation produced due to the continuous circulation provided by HMP.

The representative images of caspase-3 and KIM-1 showed no difference between the SCS and
SCS+PKX-001 groups, aligning with our tissue lysate cleaved caspase-3 results (See Figure 19).
This discrepancy with the average O.D. data, which indicated an increase in caspase-3 with
PKX-001 (See Figures 28 and 29), may be due to the visual grading method used for the images.
The grading was based on staining intensity, whereas the O.D. quantifies the amount of caspase-

3, providing a more accurate measure of tissue damage (See Figures 22 and 25).
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The same can be said for the HMP+PKX-001 group, which showed higher stain grading than
HMP alone (See Figures 30 and 31), which contrasts with the average O.D. data (See Figures
28 and 29).

There was no disparity observed in tubular damage within the kidney cortex among rat sexes or
strains, suggesting that neither sex nor strain exhibited superior or inferior ability in protecting
tubular cells from ischemia-induced ATN, as seen by caspase-3 and KIM-1 staining (See
Figures 24 and 27). This can also be seen in representative images captured for caspase-3 and
KIM-1, showing no difference in grading between either group (moderate caspase-3 and KIM-1

staining for both SCS and HMP+PKX-001) (See Figures 32 and 33).

Experiment 1: Nephropathologist Blinded Analysis and Grading of Acute Tubular Necrosis

A blinded nephropathologist graded tissues stained with H&E and PAS for the degree of ATN.
They assessed changes such as edema, interstitial lymphoid infiltration, and tubular injury. The
kidneys were categorized as unremarkable (0) or showing mild (1), moderate (2), severe (3), or
very severe (4) ATN. Overall, the grading aligned with our previous caspase-3 IHC analysis (See
Figure 22). Although there was little to no tubular damage in the SCS and SCS+PKX-001
groups, there was a significant increase in the degree of ATN in the HMP and HMP+PKX-001
groups compared to the SCS groups (See Figures 25, 34, and 9b). This indicates severe and very
severe ATN, which could also be explained by the higher MP pressures (See Figure 9b) (72).
Our caspase-3 IHC analysis specifically examined proximal tubule damage, showing increased
damage to the tubules after HMP compared to SCS, and the grading of ATN corresponded with

these findings (See Figures 22 and 34).
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The early injury to these cells, as indicated by increased staining, is consistent with the typical
progression of ATN. Also, although not significant, there was a decrease in the degree of ATN in
the HMP+PKX-001 group when compared to HMP, which also aligns with our caspase-3 IHC
findings that PKX-001 may have a protective effect on proximal tubular epithelial cells when
combined with MP (See Figure 22 and 34).

However, the nephropathologist's grading contradicted the KIM-1 results. The lower KIM-1
staining observed in the HMP and HMP+PKX-001 groups suggests less tubular injury, while the
higher ATN grading indicates that these conditions may have led to substantial cumulative or
structural damage. This discrepancy may be influenced by other changes observed, such as
edema and interstitial lymphoid infiltration, which were also assessed in the nephropathologist's
grading. Therefore, the combination of preservation method and PKX-001 demonstrates varying

impacts on acute injury metrics (See Figures 25 and 34).

Experiment 2

Although the IHC results revealed interesting findings from Experiment 1, our perfusate and
homogenized tissue analysis was not as impactful as we hoped. Consequently, we decided to
repeat the experiment with the addition of mimicking reperfusion during transplantation by
adding 2 hours of warm preservation. Given that reperfusion injury significantly contributes to
tissue damage, we anticipated more impactful results that would allow us to characterize the

damage occurring in DCD grafts fully.
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Experiment 2: Assessing Proximal Tubular Epithelial Cell Damage Following Ischemia-
Reperfusion Injury

There was a significant spike in NAG activity between the final timepoint of cold
preservation/ischemia (T24) and the initial timepoint of warm preservation/reperfusion injury
(T25), indicating increased proximal tubular epithelial cell damage at the onset of reperfusion
(See Figure 35). This finding aligns with the pathophysiology of IRI, where reperfusion
exacerbates damage to previously ischemic cells, leading to an increased release of NAG from
damaged epithelial cells into the perfusate.

Remarkably, allowing the machine to run for 24 hours on a cold setting followed by 2 hours on a
warm setting revealed that the machine, with the addition of PKX-001, was able to lower
proximal tubular epithelial damage (See Figure 36). The fold increase was significantly lower at
the 24-hour and 27-hour timepoint between SCS+NMP and HMP+NMP, suggesting that the
machine, specifically NMP, was able to reduce the damage endured during reperfusion injury
(See Figure 35). This aligns with a previous study that demonstrated kidneys preserved on NMP
for a short period of time had reduced tubular injury when compared to kidneys stored on SCS
(73).

The average pressure during the duration of preservation was lower, and the average flow was
higher, which could help explain the role of MP in protecting proximal tubular epithelial cells

when compared to SCS (See Figures 10b and c).

Experiment 2: Assessing Apoptosis Following Warm Preservation
Apoptosis during IRI was also assessed in tissue lysate. While there was no statistical difference

between the two experimental groups, a noteworthy trend suggests that HMP followed by NMP
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with the addition of PKX-001 reduced the amount of apoptosis that occurred during IRI
compared to SCS followed by NMP. Additionally, this approach potentially restored the graft to
a better state than the kidney control (See Figure 37), which has been reported in previous

studies (74).

Experiment 2: Immunohistochemistry Analysis to Assess Damage in Tubular Cells

IHC on tissues stained for caspase-3 was also analyzed for differences in apoptosis in proximal
tubular epithelial cells. Similar to experiment 1, there was no significant difference between the
SCS+NMP and the HMP+PKX-001+NMP group (See Figures 22 and 38). However, there was a
slight non-significant increase in caspase-3 O.D. in the HMP+PKX-001+NMP group when
compared to SCS+NMP (See Figure 38). This is contrary to what was seen in the caspase-3
release from tissue lysate, where there was a trend suggesting less apoptosis in the HMP+PKX-
001+NMP group when compared to the SCS+NMP group (See Figures 37 and 38).

The discrepancy between cleaved caspase-3 measurements in the tissue lysate and IHC results
can be attributed to several factors. In the SCS+NMP group, higher levels of cleaved caspase-3
were observed in the homogenized tissue lysate, indicating more diffuse and widespread
apoptosis throughout the tissue. This is because the lysate came from the entire kidney, meaning
all cells that experienced apoptosis were quantified for apoptosis, not just the proximal tubular
epithelial cells within the cortex of the kidney. This could indicate that during SCS, other non-
specified cells experienced more apoptosis while the other non-specified renal cells preserved on
MP experienced less apoptosis.

Therefore, the HMP+PKX-001+NMP group that showed more intense caspase-3 staining in

IHC, which was stained for only apoptosis in the cortex of the kidney, specifically tubular
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epithelial cells, experienced more apoptosis (See Figure 38). These results suggest, again, that
MP causes more damage to proximal tubular epithelial cells of DCD grafts than SCS does.
This can be seen in representative images captured for the differences in caspase-3 and KIM-1
grading in the SCS+NMP (weak caspase-3 and moderate KIM-1 staining) and the HMP+PKX-

001+NMP group (moderate caspase-3 and KIM-1staining) (See Figures 40 and 41).

The KIM-1 staining also showed no significant difference between the SCS+NMP and the
HMP+PKX-001+NMP group. However, the HMP+PKX-001+NMP did have a noteworthy
increase in KIM-1 O.D. when compared to the SCS+NMP group, indicating slightly more

tubular damage occurred (See Figure 39).

Experiment 2: Nephropathologist Blinded Analysis and Grading of Acute Tubular Necrosis

A blinded nephropathologist graded tissues stained with H&E and PAS for the degree of ATN
for experiment 2. Overall, the grading aligned with our IHC analysis on cleaved caspase-3 and
KIM-1 (See Figures 39 and 42). The increase in proximal tubular epithelial cell damage was
consistent in the HMP+PKX-001+NMP group compared to the SCS+NMP group (See Figures
39 and 42). However, this was contrary to the NAG perfusate results, which suggested that the
combination of HMP+PKX-001+NMP lowered proximal tubule damage compared to
SCS+NMP (See Figure 36).

The discrepancy between tissue and perfusate results in proximal tubule damage could be due to
the timing and nature of the measurements. NAG activity in the perfusate, sampled at the onset
of reperfusion injury (25 hours), reflects immediate cellular stress and enzyme release, providing

a snapshot of acute injury. In contrast, [HC samples, taken following 2 hours of NMP (27 hours),
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capture cumulative and sustained damage, including both the initial injury and subsequent
reparative or ongoing damaging processes. MP may offer immediate protective effects by
reducing acute enzyme leakage (as seen in the perfusate) (See Figure 36), but prolonged
exposure to perfusion pressures and the potential for oxidative stress may lead to greater

cumulative structural damage (as seen in the tissue) (See Figure 49).

There were discrepancies observed between the results of tissue lysate cleaved caspase-3 and the
grading by the nephropathologists for ATN. Specifically, the grading indicated more damage in
the HMP-+PKX-001+NMP group compared to the SCS group in the lysate (See Figures 37 and
49). This discrepancy suggests that the increase in ATN severity in the HMP+PKX-001+NMP
group could be attributed to necrosis of tubule cells, which would not manifest in cleaved
caspase-3 measurements.

The difference between the two groups likely arises from the nature of necrotic cell death
pathways. In ischemic tubular necrosis, necrosis can occur through various pathways such as
necroptosis, ferroptosis, pyroptosis, parthanatos, and mitochondrial permeability transition.
Among these, necroptosis is the most common form observed in ATN. Necroptosis is a
programmed form of necrosis that can contribute to tissue damage without necessarily activating
caspase-dependent apoptotic pathways like those monitored by cleaved caspase-3 assays.
Therefore, the increased ATN grading in the HMP+PKX-001+NMP group could be explained by
the prevalence of necroptosis. However, this is inconsistent with what is found in the literature,

where MP has the potential to reduce necrotic cell death (43).

84



Limitations

Due to time constraints, our biomarker analysis was limited. We originally intended to examine
mitochondrial damage-associated molecular patterns (mitoDAMPs) released in each group to
compare the severity of ATN and the inflammatory response. Additionally, we planned to
analyze cytokines and chemokines, which could have provided insights into why some groups
exhibited significantly less damage. For instance, cytokines such as transforming group factor
beta (TGF- B), which plays a role in tissue repair and regeneration, and interleukin-10 (IL-10), an
anti-inflammatory cytokine, could have elucidated the mechanisms underlying tissue repair and
inflammation (75, 76). Investigating the immune system's response would have been particularly

insightful for characterizing damage in DCD grafts.

A further limitation is the uncertainty regarding whether our warm preservation conditions
accurately mimicked physiological conditions. We did not measure oxygen or pH levels
throughout the preservation process due to the lack of appropriate tools and monitoring. This gap
in our data collection could mean that our preservation method did not fully replicate the

intended physiological environment, potentially affecting the outcomes.

In our second experiment, the sample size was less than ideal due to the loss of some kidneys to
the preservation machine. Instead of having more than six samples per group, we ended up with
four to five samples. While this sample size still allowed for statistical analysis to be conducted,
a larger sample size would have provided more reliable results, enhancing the statistical power

and the generalizability of our findings.

Another limitation was our assessment of the rats' sex and strain. To investigate potential sex-

based differences, female Wistar rats would have been preferred. Instead, we utilized a different
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strain, which, although providing some results, may not accurately represent the differences that
might be present in male Zucker rats. This choice limits our ability to generalize our findings

across different sexes and strains.

Finally, we faced limitations related to the availability of PKX-001. Our initial goal was to
conduct a dose escalation study by incorporating PKX-001 into the preservation solution. This
approach could have provided valuable insights into the optimal dose of PKX-001 necessary for
the SCS of DCD grafts. The limited availability hindered our ability to explore the dose-
dependent effects, which may have resulted in more pronounced differences in our findings. In
fact, we observed that PKX-001 caused more damage at the doses we used, but without a broader
range of doses, it is difficult to determine the ideal concentration for minimizing harm and

enhancing preservation.

These limitations collectively may have influenced our results and highlighted areas for
improvement in future studies. Addressing these issues could lead to more definitive conclusions

and a deeper understanding of the variables impacting kidney preservation and transplantation.
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Chapter 6: Conclusions

Our study successfully characterized the damage in DCD grafts through the quantification of
biomarkers by using different preservation methods to mimic the process of IRI while also
evaluating the protective role of PKX-001 on renal graft integrity. Our findings revealed several
critical insights into the outcomes of kidney preservation techniques, shedding light on both
protective and exacerbatory effects under varying conditions. This combination of perfusate and
tissue biomarkers may be used as a standardized platform for future studies evaluating strategies

to decrease organ damage in kidney transplantation.

Experimentally, our study demonstrated that prolonged CIT significantly increased NAG
activity, indicating proximal tubular epithelial cell damage, a hallmark of ATN. Notably, the
addition of PKX-001 during preservation exhibited variable effects depending on the method
used. In SCS, PKX-001 appeared to exacerbate tubular damage, as seen by increased NAG
activity and higher caspase-3 and KIM-1 staining intensity. Conversely, in HMP, PKX-001
showed a protective trend, reducing apoptotic tubular cells and mitigating ATN severity

compared to SCS alone.

Furthermore, our findings suggest sex-based differences in susceptibility to renal injury, with
female Zucker rats showing increased NAG activity and greater tubular damage compared to
male Wistar rats, contrary to expected protective effects typically observed in females. This
highlights the importance of considering strain-specific metabolic factors and their influence on

renal outcomes in experimental models.

During warm preservation to mimic reperfusion injury, we observed a significant spike in NAG

activity, indicating further damage to proximal tubular epithelial cells. Interestingly, kidneys
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flushed with PKX-001 and preserved with HMP+NMP showed reduced NAG activity,
suggesting a protective effect during the reperfusion phase. However, discrepancies between
perfusate and tissue analyses highlight the importance of assessing acute versus cumulative

tissue damage in transplantation settings.

Our study advances our understanding of the damage occurring during IRI in DCD grafts,
emphasizing the complexity of renal preservation strategies. Our findings highlight the
importance of exploring therapeutic approaches to reduce the damage observed in DCD kidneys,
specifically proximal renal tubular epithelial cells. This will enhance graft outcomes while
decreasing the period of dormancy a DCD kidney experiences post-transplantation to reduce
hospital stay for patients and costs for hospitals.

Additionally, PKX-001 shows promise in mitigating renal damage under certain conditions,
although its effects are context-dependent and influenced by the choice of preservation method.
The protective effects of PKX-001 in renal cells have not been thoroughly explored until now,
marking a significant gap in understanding its potential in kidney preservation. Our study
represents a pioneering effort in this area, shedding light on PKX-001's role and paving the way

for future investigations to determine the optimal dose for preserving DCD kidneys.
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