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Abstract

Cardiac transplantation is a life-saving treatment for patients with end-stage heart disease,
but it is limited by a shortage of suitable donor hearts. Strategies to expand the donor organ pool
include the use of extended donor criteria and hearts donated after circulatory determination of
death. The current clinical standard for organ preservation, cold static preservation (CSP), is
limited to only 4-6 h, and prolonged periods of preservation have been associated with poor post-
transplant outcomes. Additionally, the inability to measure cardiac function in CSP has contributed
to excessive organ discard and the overall shortage of hearts for transplantation. Ex vivo heart
perfusion (EVHP) represents a promising alternative for organ preservation, repair, and functional
assessment. However, previous studies have reported progressive functional decline during EVHP,
the underlying mechanisms of which remain poorly understood.

The overall objective of this thesis was to assess the feasibility of using gene expression to
measure cardiac tissue injury and repair during EVHP. A novel literature-based cardiac specific
injury and repair gene set was developed. Biopsies were obtained from porcine hearts either in
vivo (IV, n=7) or after 12 h of EVHP (n=32) or combined heart and liver perfusion (H+L, n=7).
Functional parameters were recorded during perfusion. Histology was assessed for features of
cardiac injury. A gene expression profiling platform (NanoString nCounter) was used to measure
the changes in cardiac injury and repair gene transcripts. The differential expression of these
mRNA transcripts was correlated with cardiac function and histology.

Exploratory analysis demonstrated distinct clustering of the biopsy sample groups based
on gene expression patterns. A total of 44 genes were significantly upregulated and 12 genes were
significantly downregulated in EVHP versus IV group. Aggregate upregulated and downregulated

gene sets showed higher and lower expression, respectively, in EVHP versus IV, EVHP versus



H+L, and H+L versus IV. Except for mild interstitial edema in EVHP biopsies, no significant
histologic alterations were identified. Gene set expression correlated with various functional
parameters and histologic interstitial edema. Most of the upregulated genes included inflammatory
and tissue remodeling genes, whereas downregulated genes predominantly represented structural
genes, suggesting that pro-inflammatory and pro-fibrotic genes are the main drivers of cardiac
injury during EVHP.

The work presented in this thesis demonstrates that EVHP induces a molecular injury
response that correlates with functional and histologic features of cardiac injury in a porcine model.
Molecular assessment appears more sensitive and specific for measuring tissue injury compared
with function and histology. This thesis thus presents a novel approach for assessing organ viability
and the mechanisms of tissue injury and repair during EVHP. Additionally, this thesis highlights
molecular pathways that may be further exploited to develop therapeutics which could improve
cardiac function during EVHP, ultimately optimizing this promising technology and expanding

the donor organ pool.
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Chapter 1

Introduction



1.1 Cardiac transplantation

Cardiac transplantation is a life-saving surgical intervention that is often the only remaining
therapeutic option in patients with end-stage heart failure (1). It is a surgical procedure that
involves explanting a functional heart from a recently deceased organ donor and implanting it into
a patient with advanced heart failure where other medical, surgical or device-based therapeutic
attempts have already been optimized but remain inadequate (2). The procedure takes
approximately 4-8 h, with the heart implantation itself taking about 70 to 90 min. The ultimate
goal of cardiac transplantation is to provide advanced heart failure patients with a near-normal
quality of life.

Heart failure is a complex, heterogenous clinical syndrome that is caused by a functional
or structural impairment of the heart (3). Clinically, heart failure manifests as fatigue, shortness of
breath, exercise intolerance, edema, chronic cough, lack of appetite, confusion, delirium, and/or
high heart rate (3, 4). Patients with end-stage heart failure demonstrate progressive morbidities and
very poor prognosis, with heart transplant and mechanical circulatory support as the only available
advanced therapeutic options in selected patients (5). Heart failure is a major global health concern
with an increasing prevalence, estimated to affect more than 37.7 million people globally.
Currently, about 600,000 Canadians are diagnosed with heart failure and the trend is increasing at
a rate of about 90,000 new cases per year (6). It is the second most common cause of death after
cancer and the leading cause of hospitalization in Canada. Readmission rates are greater than 20%
at 30 days and mortality rates are in excess of 30% at one. The overall burden to the Canadian
healthcare system is estimated to be more than 2.8 billion dollars per year (7).

Despite representing the current standard of care for the management of end-stage heart
failure, cardiac transplantation is faced with critical challenges. This includes a growing number

of patients in need of heart transplantation without a corresponding increase in the number of



suitable donor organs. The complexity of heart transplant candidates has also increased, with the
patient population becoming older, more immunologically sensitized, and increasingly in need of
complex mechanical circulatory support (8). The number of heart transplants performed
worldwide is currently estimated to be 5500 procedures annually, constituting less than 10% of
the global need (9, 10). Increasing demand for cardiac transplantation and the current limited
supply of suitable donor hearts is estimated to result in an overall global one-year mortality rate of
17% for patients on the waiting list (11). In Canada, approximately 180 heart transplant procedures
are performed per year, with a wait time of up to two years. About 15% of the wait listed patients
die before they can receive a transplant and a similar percentage get removed from the waiting list
because they become too sick to proceed with the surgery. Other unresolved challenges with
cardiac transplantation include the association between ischemic injury sustained during donor
organ preservation and inferior clinical outcomes post-transplantation (9). However, ongoing
research efforts are expected to address these limitations through the development of novel
approaches and technological advances, including the use of ex vivo heart perfusion devices,
expansion of donor organ acceptance criteria, and introduction of the concept of donation after
circulatory death (8).
1.2 History of cardiac transplantation

In 1964, Dr. James D. Hardy of the University of Mississippi Medical Centre transplanted
a chimpanzee heart into a human patient by using a defibrillator to resuscitate the organ prior to
implantation. Although the patient survived for only 90 min, this groundbreaking procedure paved
the way for human cardiac transplantation. Three years later, in 1967, the world’s first inter-human
heart transplant was performed at the Groote Schuur Hospital, South Africa, with Dr. Christiaan

Barnard as the lead surgeon (12). The recipient was a 54-year old man, Louis Washkansky with



end stage ischemic cardiomyopathy, who received a donation from Denise Darvall, the first human
heart donor, after she was hit by a drunk driver (13). The second inter-human heart transplant was
a pediatric case that took place three days later at Maimonides Hospital, Brooklyn, New York.
This procedure involved an 18-day-old baby with Epstein anomaly who received a donor heart
from an anencephalic baby and survived for six and half hours (14). One year later, in 1968, the
first heart transplant in Canada was performed at the Montreal Heart Institute (Montreal, Quebec)
with Dr. Pierre Grondin as the lead surgeon (15).

Although hundreds of heart transplants were performed over the subsequent decade, more
than 70% of the transplant recipients did not survive beyond three months. However, the
introduction of cyclosporine as a novel immunosuppressive medication in 1980 was a major
breakthrough for the field of solid organ transplantation, with subsequent reductions of post-
transplant complications such as allograft dysfunction, acute rejection and systemic infections.
This resulted in the median post-heart transplant survival increasing from only three months to
more than 8 years (9, 16, 17). Since then, more than 100,000 patients have been transplanted
worldwide, with a global estimate of approximately 5500 transplant procedures per year (9, 18).
Currently, it is estimated that approximately 86% of patients survive beyond one year post-
transplantation, with 75%, 62%, and 36% still alive at 5, 10 and 20 years, respectively, for an
overall median survival in excess of 12 years (9). In comparison, the majority of these advanced
heart failure patients would not have survived one year without heart transplantation.

However, not all patients diagnosed with advanced heart failure are eligible to receive a
transplant. Patients with a predicted life-expectancy less than two years are generally considered
ineligible (19). Such patients often suffer from systemic diseases such as advanced pulmonary

insufficiency, recurrent infections, malignancy, amyloidosis, hypertension, autoimmune disease,



and/or irreversible liver and kidney disease (20, 21). Mechanical circulatory support can be utilized
as a destination therapy (i.e. a treatment for the remainder of their life) in such patients who are
ineligible for cardiac transplantation (20). However, mechanical circulatory support therapies
confer a number of potential complications, including bleeding and clotting, infections, or even
failure of the device, thus resulting in these patients having a poor quality of life and prolonged
hospitalizations (22). Such patients could have benefited from cardiac transplantation, but the
shortage of suitable donor organs unfortunately limits recipient eligibility criteria, resulting in a
significant number of patients dying or being removed from the waiting list because of

deteriorating health status (18).

1.3 Cardiac donation

Organ donation refers to the process when a person permits removal and transplantation of
their own organs to another person, either by providing consent while still alive or with the
approval of their next of kin following death. The primary goal of organ donation is to reduce
morbidity and mortality in patients with end-stage organ failure. However, exercising one’s choice
to donate their organs may help a living individual fulfil their own personal wish to donate, or
support a bereaved family and help them fulfil the previously expressed wishes of their loved one
to become an organ donor (23, 24). Cardiac donation involves the retrieval of hearts from deceased
donors either through donation after neurologic determination of death (NDD) or donation after
circulatory determination of death (DCD) (10). Coordinated efforts by critical care practitioners,
transplant teams and organ donation organizations are required to effectively manage potential
donors and successfully retrieve suitable organs for transplantation. Collaboration between these

groups is imperative in facilitating successful organ recovery under optimal conditions.



Ideally, optimizing the conversion from potential deceased donor to actual donor involves
addressing organ donation at multiple levels along the path to successful transplantation, including
proper donor identification, death declaration, organ procurement, and preservation. Despite
concerted efforts to improve public awareness about the benefits of transplantation, deceased organ
donation rates have remained relatively low around the world because of a failure to transform
potential donors into actual donors (25). Currently, it is estimated that only about 17% of potential
donors end up becoming actual donors. Failed donor referrals, lack of consent, or missed donor
identification are some of the purported reasons for this very low rate of donor conversion (26).
The recent re-adoption of DCD organs is intended to increase donor conversion for potential
donors who fail to meet the standard criteria for organ donation following brain death; however,
the complexities surrounding this criterion continue to limit its application (26, 27).

While there are growing technological advances to support DCD organ donation, the
associated ethical issues remain a major concern. In the anticipatory period of death following the
decision to withdraw life sustaining therapy, some potential donors may take longer for the heart
to stop beating, thus disqualifying them from donating because of the extended warm ischemic
period (28, 29). Public trust is very critical in this scenario to avoid the misconception that
withdrawal of life sustaining therapy (WLST) was performed to accelerate the occurrence of death
in favor of organ retrieval. Determinations on the care of potential organ donors and the
management of prospective recipients are thus vital and should be transparently separated to avoid
possible conflicts of interests and ultimately increase organ donation rates (26, 30).

Currently, there is no universally accepted criteria for clinical triggers or definitions for
identifying potential deceased organ donors, thus leading to confusion among critical care teams

accountable for instigating the process of organ donation, and consequently contributing to missed



opportunities for organ donation (31). Successful cardiac transplantation requires prudent selection
of the potential donor, thorough evaluation of the explanted organ, and allocation to the appropriate
transplant recipient (18). The two main types of organ donation, NDD and DCD, are determined

based on whether or not the heart is beating at the time of death (28, 32).

1.3.1 Donation after neurologic determination of death

Death is the greatest inevitability in life (33). Neurological death, commonly referred to as
“brain death” -- and perhaps better understood as “brain arrest” -- is defined as the eventual clinical
expression of complete and irreversible cessation of cerebral and brain stem functions (34). The
concept of brain death originated in the 1950s following developments and discovery in the critical
care field related to seemingly “alive” patients on life sustaining therapy long after clinical
cessation of brain function (35).

Notwithstanding general consensus on the concept of neurologic determination of death,
there are substantial international variations in the diagnosis of death using these criteria (36). To
ensure that there is uniform practice in the recognition, diagnosis and documentation of NDD in
Canada, the Canadian Council for Donation and Transplantation hosted a national conference of
experts in Vancouver, British Columbia in April 2003 (32). This forum recommended use of the
following minimum clinical criteria as Canadian Medical Standard criteria for NDD (32):

» An established etiology that is likely to cause neurologic death in the absence of reversible
conditions that can mimic neurologic death.

» Deep unresponsive coma with respective absence of motor responses, excluding spinal
reflexes.

» Absence of brain stem reflexes (which include corneal reflex, cough reflex, facial motor

response to painful stimuli, gag reflex, and pupillary response to light) and apnea testing.



» Ancillary tests: cerebral perfusion scintigraphy, cerebral angiography.

NDD represents the traditional gold standard of organ donation (1). It is the most
commonly used source of organs from deceased donors across the world, primarily because the
presence of intact cardiorespiratory function allows for organ evaluation before organ procurement
(8, 37). NDD donors are generally preferred for cardiac transplantation and are thus perpetually
recruited by transplant programs (8, 38). Most often, it is critically brain-injured patients that
progress to neurological death that ultimately become eligible for organ donation (32). Patients
with traumatic brain injury, subarachnoid and intracerebral hemorrhage, and anoxic brain injuries
may progress to neurologic death if they experience progressive cerebral edema and herniation
(39, 40). The changing incidence and effectiveness of treatments for these different causes of brain
injury, however, has been reported to influence the number of patients who may progress to
neurologic death, thus affecting the number of potential deceased organ donors. Hospital mortality
for patients with traumatic brain injury and stroke (subarachnoid hemorrhage and intracerebral
hemorrhage) has been reported to have decreased over time, whereas mortality for those with
anoxic brain injury appears to have increased (40); this provides a possible explanation for why
the donation of organs using these criteria has remained steady.

Brain dead donors have paralyzed hypothalamic thermoregulatory function, which, as a
result, leads to gradual hypothermia to equilibrate with the temperature of the surrounding
environment (41). This gradual hypothermia consequently causes undesirable effects of
hemodynamic instability, coagulopathy, and acidosis. Combined hypothermia, hypokalemia and
acidosis are highly detrimental to cardiac physiology and function, which is particularly

problematic for cardiac transplantation. Collaborative efforts between critical care physicians and



transplant surgeons are therefore necessary to optimize the management of such patients for

optimal organ retrieval.

1.3.2 Donation after circulatory death

Donation after circulatory death (DCD) is the process of procuring organs from donors that
have been declared dead based on cardiocirculatory criteria, rather than NDD (42).
Cardiocirculatory arrest refers to the abrupt cessation of blood flow to the body as a result of
sudden failure of the heart’s pumping potential (43). This condition may progress to death if there
are no rapid attempts to resuscitate cardiac function. Declaration of death in DCD includes
cardiopulmonary assessment with the presence of apnea and circulatory arrest after a defined
standoff period (8).

Non-heart beating donor, a term previously used to describe organ donors following DCD
criteria, was first adopted in 1995 at the first international conference on non-heart beating
donation that led to the development of the Maastricht classification (44). Since modified in 2013,
the Maastricht classification is a system used for classifying DCD donors into four categories (I-

IV) (Table 1.1) (28).

Table 1.1. Modified Maastricht DCD classification

i e e

Found dead IA. Out-of-hospital
I Uncontrolled No attempt at resuscitation IIB. In-hospital
Witnessed cardiac arrest ITA. Out-of-hospital
I Uncontrolled Unsuccessful attempt to resuscitate | IIB. In-hospital
Planned withdrawal of life ICU
1 Controlled sustaining therapy
Sudden cardiac arrest in a brain- ICU
v Uncontrolled controlled| 4.4 patient




According to the modified Maastricht classification, category I describes donors declared
dead on arrival, with no attempt at resuscitation by a medical team; category II involves
unsuccessful resuscitation; category III refers to anticipated cardiac arrest following withdrawal
of life support treatment in an ICU patient; and category IV refers to an unanticipated cardiac arrest
in a brain dead patient during management for organ procurement using NDD criteria (44).

Donation through uncontrolled DCD presents many challenges, including established
warm ischemic injury at the time that the potential for organ donation is identified, the requirement
for rapid mobilization of organ procurement services, and the time needed to approach the
bereaved family for consent processing (42). During functional warm ischemic time (FWIT), the
DCD heart functions in an escalating hypoxemic environment while aiming to keep oxygen
delivery to the system (45). FWIT, commonly used in the Maastricht controlled category III, refers
to the period between when the donor’s systolic blood pressure drops to 50 mmHg following
WLST to when the heart stops beating (1).

Continuous low oxygen and high carbon dioxide in the blood results in pulmonary
vasoconstriction and right ventricular distention, causing a catecholamine surge and terminal
cardiac hyperactivity (8, 45). Therefore, at the time of organ retrieval, DCD hearts will have
tolerated significant ischemic injury and consequent anaerobic metabolism, which causes
depletion of ATP energy stores and intracellular acidosis (8). Continuous degradation of ATP
results in the progressive accumulation of reactive oxygen species (46). Additionally, depletion of
energy stores results in failure of ATP-dependent ionic pumps, failure of Na*/K* and Ca?* pumps,
and loss of transmembrane ionic gradients resulting in myocyte sodium influx (47). Reperfusion
during organ retrieval causes further sodium influx, and this increasing intracellular sodium causes

reversal of the Na*/Ca?"pump and consequent calcium influx (1, 8, 48). Increasing intracellular
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Ca?" accumulation promotes myocyte death through production of additional reactive oxygen
species and activation of apoptotic and necrotic pathways (49). Resuscitating the DCD heart prior
to procurement is therefore essential for limiting the severity of ischemia-reperfusion injury (IRI)
and optimizing functional recovery. Given that DCD donors suffer from cardiac arrest following
the withdrawal of life-support therapy, donor hearts can only be evaluated after resuscitation to
confirm the retrieval of viable organs (8).

Current reports document over 70 successful DCD heart transplants around the world since
2014, with an estimated potential to eventually increase this source of donor hearts to at least 17-
30% (50, 51). Four approaches for DCD organ procurement have been reported, including: 1) direct
procurement and cold static preservation (CSP), ii) direct procurement and ex vivo heart perfusion
(EVHP) preservation, iii) normothermic regional perfusion (NRP) and CSP, and iv) NRP and
EVHP preservation (50, 52-54). Direct procurement is the most commonly used technique for
DCD hearts and involves the delivery of cold cardioplegic solution into the organ at the time of
retrieval to optimize ischemic post-conditioning and subsequent preservation in either cold static
storage or an EVHP device (8). Application of cold cardioplegic solution prevents contraction of
the myocardium following reperfusion, thus promoting recovery of myocardial ATP and
restoration of ionic pumps, ultimately avoiding hyper-contracture (55, 56). Another technique,
NRP, involves reperfusion of the DCD donor, excluding brain circulation, following the
declaration of circulatory death (57). During this technique, transplant surgeons perform a median
sternotomy on the donor followed by clamping of the arch vessels to prevent circulation into the
brain, and subsequently place the donor on extracorporeal life support for one hour before weaning.
NRP is aimed at re-establishing myocardial energy stores, decreasing ATP degradation and

increasing antioxidant concentrations (58). In NRP, heart function is assessed in situ, then arrested
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using cold cardioplegic solution and subsequent preservation in CSP or perfusion in an ex vivo
device.

The first human-to-human heart transplantation performed by Dr. Christiaan Barnard in
1967 utilized a DCD donor (12, 59). However, upon the introduction of the practice of using organs
from NDD donors in 1968, the use of DCD hearts was largely abandoned (60). DCD criteria were
later readopted and, currently, transplant centers are increasingly utilizing DCD donors in an
attempt to address the increasing crisis related to donor organ shortages (42). Canada introduced
the use of DCD donor criteria in 2005. Since then, DCD donation has increased by 429%,
accounting for 21% of all deceased donors over the last 10 years, according to a report by the
Canadian Institute for Health Information (61). However, only kidneys, livers and lungs from these
DCD donors have been used for transplantation, not hearts. This limitation in the use of DCD
hearts for transplantation is in part due to the warm ischemic time which induces myocardial injury,
resulting in suboptimal organ quality and increased risk of graft dysfunction. The standard protocol
for DCD organ donation includes an evaluation of the patient status as fully dependent on life-
support therapy with a consensus agreement to WLST, a consented option to donate organs,

ultimate WLST, declaration of death, and finally organ retrieval (8).

1.4 Myocardial protection and preservation

Protection of the myocardium of donor hearts from ischemic injury prior to transplantation
is a critical determinant of a transplant recipient’s quality of life. The most important factors in
myocardial protection include the procurement period duration and the manner of preservation
prior to transplantation. Ischemia induces a cascade of biochemical reactions including a shift to
anaerobic metabolism (62). The repercussions of these changes include depletion of ATP and

accumulation of lactate, which lead to further detrimental effects such as myocardial edema,
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acidosis and irreversible structural damage to the myocardium. Myocardial protection strategies
are geared towards obviating reperfusion injury and suppressing anaerobic metabolism (63).

The use of cardioplegia prior to organ procurement and preservation represents one of the
key strategies in protecting the myocardium. Cold cardioplegia has been reported to lower oxygen
consumption and confer protection to the myocardium by stimulating electromechanical arrest,
thus making ischemia less harmful (64, 65). The success of donor heart preservation is critical for
the ultimate success of cardiac transplantation, including graft function and long-term survival
(66). Donor heart function is directly proportional to the duration of ischemia, with ischemic times
exceeding 4 h reported to have a higher risk of primary graft dysfunction with associated prolonged
lengths of hospital stay and increased mortality post-transplantation (9, 67). Currently, there are
two methods of organ preservation that aim to minimize this ischemic injury: cold static

preservation and ex vivo heart perfusion (68).

1.4.1 Cold static preservation

Cold static preservation (CSP) is the current clinical standard for myocardial protection
during the interval between donor organ retrieval and transplantation. It involves storing the organ
in an inactive state under hypothermic conditions (4°C) to minimize cardiac metabolic demands
and injury (69). CSP is a universally employed strategy for organ preservation used by almost all
heart transplant programs around the world due to its simplicity, reliability and affordability (70).
This type of organ preservation combines the use of hypothermic conditions, which decreases
myocardial metabolism, and various ionic solutions, which facilitate the rapid cessation of
electromechanical cardiac activity (71). These ionic solutions are classified as either intracellular
or extracellular based on concentrations of <70 mmol/L of Na* and 30-125 mmol/L of K*, or >70

mmol/L of Na" and 5-30mmol/L of K, respectively (71).
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Prolonged CSP beyond 4-6 h has been reported to cause ATP depletion, elevated reactive
oxygen species (ROS), Na"/K* ATPase dysfunction, alteration of Ca?>" homeostasis, and increased
levels of xanthine oxidase: the key elements that alter myocardial contractility and viability (72,
73). Furthermore, hypothermia has been reported to cause myocyte swelling and increased H"
levels (74). Severely elevated H' levels result in activation of proteases and phospholipases, which
in turn causes lysosomal degeneration and eventual myocyte death (75). Accordingly, most
cardioplegic solutions have been modified with metabolic substrates, colloids, impermeants,
buffering systems, pharmacological agents and ROS scavengers, which allow for deleterious
hypothermic and ischemic effects to be partially reduced (76).The University of Wisconsin (UW)
cold storage solution and histidine-tryptophan ketoglutarate (HTK), both intracellular solutions,
and Celsior, an extracellular solution, are the most common CSP solutions used by clinical
transplant programs (66). These solutions induce a rapid cessation of cardiac electromechanical
activity by depolarizing myocyte membranes through reduction of the transmembrane K" gradient
(71, 77). UW solution contains allopurinol and glutathione as scavengers for ROS, adenosine as
an energy precursor, and hydroxyethyl starch as a colloid to maintain oncotic pressure (74).
However, despite the application of hypothermic conditions and the utility of these specialized
cardioplegic solutions, there remains low levels of anaerobic metabolism during CSP. As a result,
prolonged CSP has been associated with accumulating cardiac injury and increased risk of primary
graft failure (69).

The limited safe preservation time associated with CSP means that it can only be utilized
for donor hearts that do not need to be transported long distances. Close coordination between
organ retrieval and transplant institutions is required to minimize cold ischemic time (70).

Additionally, CSP does not allow for pre-transplant functional assessment or resuscitation of
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suboptimal organs and, as such, is not ideal for extended donation criteria organs, including those
from DCD donors. Some transplant centers have attempted to mitigate these limitations by
applying NRP for graft reconditioning, followed by preservation with CSP. Ayyaz et al. reported
a case of full cardiac recovery following application of NRP in a DCD donor with a warm ischemia
time of 23 min (78). Roberto et al. applied the same principle in a porcine animal model, with NRP
followed by CSP storage prior to transplantation. Their results demonstrated non-inferior
myocardial function with DCD hearts treated in this manner, compared with NDD donors from
the same pre-clinical model (57). Subsequently, Messer ef al. reported successful human DCD
cardiac transplantation utilizing the NRP-CSP technique with a short ischemic time of 15 min (50).
Other advantages of this NRP approach include simultaneous perfusion and functional assessment
of other organs such as the liver, kidneys, lungs and pancreas, making it relatively affordable
compared to EVHP devices limited to one organ at a time (79). In the United Kingdom, use of
NRP has been reported to have increased heart transplant activity by 45% (80).

Despite these promising reports, the use of NRP is surrounded by ethical concerns,
including the potential for cerebral reperfusion through collateral circulation, thus limiting its
widespread adoption in organ transplantation (78). Furthermore, the application of NRP and short
periods of CSP in DCD donors is limited to scenarios with donor-patient colocation for optimal
post-transplant outcomes. Therefore, its application is likely not feasible in countries like Canada,
where minimum standoff periods are mandatory and long distances between potential donors and
recipients are common. Such limitations ultimately limit the size of the donor pool for transplant

programs utilizing CSP as their only method of myocardial protection.
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1.4.2 Ex vivo heart perfusion

Ex vivo heart perfusion (EVHP) is a novel method for preserving donor hearts for
potentially longer periods than CSP by providing organs with a continuous supply of oxygen and
nutrient-rich perfusate in a normothermic beating and near-physiological state. The use of EVHP
for 12 h has been reported to be associated with myocardial functional recovery and maintenance
of endothelial cell function. This strategy has the potential to limit the duration of pre-transplant
cold ischemia through the continuous supply of oxygenated perfusate, and thus reduce cardiac
tissue injury and consequent primary graft dysfunction (18, 81, 82). In recent years, there has been
significant global scientific interest in EVHP, with the hope of reducing cold ischemia times,
facilitating recovery of myocardial function, allowing the use of marginal donor organs, and
ultimately increasing the donor organ pool and improving pre and post-transplant survival (83).

Langendorff perfusion, a technique developed by Oscar Langendorftf in 1895, is one of the
most commonly used methods for ex vivo perfusion and examination of explanted hearts (84-86).
The Langendorff method involves perfusing the heart in the reverse direction through the
ascending aorta, so that the backward-flow blocking action of the aortic valves causes a pressure
build up in the aorta, which forces perfusate into the coronary arteries (70). In this technique, an
isolated heart in an empty and beating state (i.e. non-working mode) is thus perfused with donor
blood flowing through the aorta, into the coronary artery, and out the coronary sinus (84, 85).

The only currently clinically accepted and available ex vivo perfusion device for human
cardiac transplantation is the Transmedics Organ Care System (OCS). This is a transportable
platform designed to perfuse an explanted heart in a Langendorff, normothermic, unloaded beating
state with oxygenated and nutrient-rich donor blood in near-physiologic conditions (87). OCS was

developed and tested in the PROCEED II clinical trial and has been shown to be non-inferior to
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standard CSP for preserving NDD donor hearts (86). The advantage of this EVHP technique over
CSP is attributed to a reduction in ischemia-reperfusion injury because of the re-establishment of
aerobic metabolism and the warm environment that helps mitigate the deleterious effects of
hypothermia, such as myocardial cellular edema, as well as the provision of nutrient rich, high
energy products and elimination of metabolic waste products (69, 88).

However, although EVHP technologies may serve as an alternative for CSP, the most
promising benefit is its potential ability to facilitate expanded use of extended criteria organs, such
as those from DCD donors (69). As previously discussed, DCD donor hearts undergo an inevitable
warm ischemia period, and additional cold ischemia resulting from CSP is undesirable. In addition,
DCD hearts are associated with unknown functional status, representing a further risk of occult
pathology (53). Novel strategies, such as EVHP, are thus needed to minimize ischemic injury,
identify occult pathology, and allow for optimal recovery of the myocardium. Furthermore, EVHP
can potentially facilitate organ transportation between different geographical regions that would
traditionally not be possible as a result of unacceptably long cold ischemia times (18). Also, the
longer safe preservation times that are potentially feasible with EVHP could allow for optimal
preparation by the transplant team and more time for appropriate patient matching (18).

The perfusate solution utilized in the OCS system contains insulin, adenosine, antibiotics,
bicarbonate salts, methylprednisolone, vitamins, and freshly collected and leucocyte-free blood
from the corresponding donor (89). Usually, 1200 to 1500 mL of fresh blood is collected from the
donor just before aortic cross-clamping but after systemic heparinization (70). The donor heart is
retrieved using the standard surgical explantation procedure by flushing with cold cardioplegic
solution, such as UW or Celsior, through the aortic root. This achieves cold cardioplegic arrest and

represents the only cold ischemic period, which is usually limited to half an hour (89). With closed

17



superior and inferior vena cava, the donor heart is then connected to the OCS circuit, which works
by pumping perfusate solution into the aorta and then the coronary arteries (87). Deoxygenated
blood from the coronary veins flow back into the right ventricle via the tricuspid valves and out
into a reservoir, via an oxygenator, through a pulmonary artery cannula (70). A pulsatile pump
ejects perfusate solution through a heat exchanger for warming and back into the aorta for a
continuous cycle of perfusion (Figure 1.1) (90). Lactate profiles, aortic pressure and coronary flow
can be continuously assessed throughout the perfusion period (91).

Although OCS-EVHP is now clinically accepted for normothermic cardiac preservation,
left ventricular functional assessment remains elusive with the non-loaded beating state that this
system currently employs. Furthermore, there are emerging reports that the use of lactate levels in
OCS as a marker for cardiac function might be limited. This has led to the development of
alternative systems that allow hearts to be perfused in a loaded beating state, which provide the
opportunity for more sophisticated assessment of cardiac functional parameters (86). However,
despite the theoretical benefits and preliminary success of these EVHP systems, the mechanisms
of EVHP-related repair remain poorly understood and there is a need for more precise tools for
measuring and studying tissue injury and repair during EVHP. Fundamental to the advancement
of such technologies is the utility of preclinical models, such as large animals that model human

physiological processes, to facilitate the translation from basic research into clinical practice (92).
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Figure 1.1. Organ Care System. Schematic of circuit flow in the normothermic non-loaded heart beating state.
Reproduced with permission from Elsevier Inc. (90)

1.5 Animal model

Given the complexity of the human cardiovascular system, it is necessary to use a pre-
clinical model with similar biological characteristics to advance our knowledge of potential
therapeutic interventions to preserve and repair damaged hearts (93). An ideal pre-clinical model
for cardiovascular studies should be comparable to human subjects in both pathophysiologic and
metabolic functions (93). It is critical that, for investigations aimed at eventual clinical translation,
initial results from small animal model studies be confirmed with large animal pre-clinical models
that are more analogous to humans with a high percentage of genetic similarity (94, 95).

A model system should ideally be low-cost, reproducible, ethically appropriate, easily

manipulated, and biologically illustrative of human disease (93). Pigs are the most commonly used
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large animal models for cardiovascular studies because they mimic humans in coronary anatomy,
organ size, immunology and physiology (96, 97). Porcine models offer simplicity in the
implementation of methods and devices from human healthcare facilities (98). Human and porcine
myocardium share a high degree of molecular similarity, including in the ventricular expression

of B-MHC and excitation-contraction coupling (93, 99).

1.6 Assessment of donor heart viability

Although EVHP represents a promising strategy for increasing the size of the donor organ
pool through resuscitation of hearts that would have otherwise been discarded, reliable methods of
assessing organ viability prior to cardiac transplantation are necessary (52). The development of
EVHP has provided an opportunity to more precisely evaluate and potentially resuscitate such
hearts (90). The currently clinically available OCS, as discussed previously in this chapter, allows
preservation of hearts in a non-loaded mode. This limits organ assessment to only metabolic
parameters, such as lactate concentration, oxygen saturation, aortic pressure and coronary flow
rate, but not functional parameters (52). However, alternative EVHP devices have recently been
developed which allow preservation of hearts in a working mode, hence facilitating the monitoring
of both metabolic and functional parameters, including left ventricular assessment (86). With the
availability of these newer devices, reports have emerged demonstrating an invariable decline in
myocardial function during EVHP, which presents a significant challenge to the broader clinical
implementation of this technology. Specifically, Hatami et a/ found that EVHP induces a time-
dependent decline in cardiac function (100). Understanding the mechanism of ongoing cardiac
injury during EVHP is thus critical. One potential strategy to address this limitation could be to
use modern molecular pathology tools to measure gene expression and correlate it with functional,

metabolic, and histological parameters. This approach has previously been used to monitor injury
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and repair in other organs, including porcine lungs preserved with ex vivo lung perfusion, and

could thus similarly be applied to EVHP (101).

1.7 NanoString nCounter

NanoString nCounter is a high throughput gene expression platform capable of detecting
up to 800 genes in one reaction with both high sensitivity and reproducibility. The principle of the
nCounter assay is the utilization of target-specific, color-coded probe pairs (i.e. a biotin-labeled
target-specific capture probe and a unique color-coded reporter probe) for direct digital detection
of mRNA molecules, without the need for cDNA generation or pre-amplification. These
fluorescent barcodes, which are designed to be specific to particular nucleic acid sequences of
interest, allow for simultaneous, automated, non-amplified measurement of multiple gene targets
from a single sample (102-104). Biotin labeling of capture probes enables the formed probe-target
complex to be immobilized for the collection of data, whereas the color-coding of the reporter
probes provides unique signals for detection (105, 106).

NanoString nCounter has been reported to work reliably with formalin-fixed, paraffin-
embedded (FFPE) tissue, is similar in sensitivity to real-time polymerase chain reaction (RT-PCR)
and is more sensitive than microarrays, thus bridging the gap between genome-wide arrays and
quantitative RT-PCR (103). Its reliability for analyzing low quality RNA biospecimens, such as
those derived from FFPE tissue, provides a novel opportunity for both retrospective and
prospective studies aimed at understanding the molecular mechanisms of disease development,
prognostication, therapeutic response, and diagnostic assay validation for use in clinical pathology
applications (102). The nCounter platform is able to analyze very short RNA fragments with great

specificity due to the fact that it does not require pre-amplification steps and thus avoids
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amplification-associated biases and error (103, 107). Additionally, the sensitivity of target
detection with the nCounter platform is maintained at very low input RNA amounts (107).

There are four main steps in nCounter-based assays, including hybridization, purification
and immobilization, digital counting and analysis (Figure 1.2) (108). During hybridization, the
sample RNA is mixed with the probe code-set (i.e. a solution containing the unique pairs of
reporter and capture probes) (108). The target-specific probes hybridize directly to the gene of
interest without the need for enzymatic reaction. The mixture is then transferred to the nCounter
Prep Station where excess probes are removed after hybridization and the probe-target complexes
are bound, immobilized and aligned on the nCounter cartridge, which is then transferred to the
nCounter Digital Analyzer for digital counting of the color-coded probes. The data are then

normalized using NanoString nSolver software for further analysis.
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Figure 1.2. NanoString nCounter Gene Expression System.
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The greatest benefit of the nCounter methodology is its feasibility for gene profiling of
FFPE tissues, which allows for direct correlation between gene expression and histological
morphologies on the same tissue sample (109). Furthermore, this platform provides the
opportunity to reliably perform retrospective gene expression profiling on archival FFPE
biospecimens, thus facilitating immediate correlation with long term clinical follow-up (110).
Through the use of molecular signatures/sets of genes as markers for particular tissue phenotypes,
this technology has the potential to allow for more precise, objective and mechanistic evaluation

of heart tissue during organ retrieval, preservation and transplantation (111).

1.8 Thesis approach

Cardiac transplantation remains the gold standard treatment for end-stage heart failure. The
demand for heart transplantation has been increasing while the supply of donor hearts has remained
relatively constant. Researchers around the world are thus exploring novel strategies to expand the
donor organ pool. The development of ex vivo heart perfusion (EVHP) devices, which will
potentially allow for extended preservation, functional evaluation and resuscitation of donor
organs (18), along with the growing acceptance and utilization of DCD hearts for transplantation,
represent major areas of focus for increasing global heart transplant activity. Despite these
promising efforts, however, little is known about the molecular mechanisms of cardiac injury and
repair during EVHP. Gene expression analysis offers a potential novel approach for addressing
this limitation, but no gene signatures have been derived to monitor the quality of hearts in ex vivo
perfusion. Development of such a tool may allow us to further optimize and implement EVHP
technologies.

The second Chapter of this thesis focuses on the development of a literature-based gene

set, which will be used in chapter 3 to assess the molecular injury-repair response in porcine hearts
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after 12 h of normothermic EVHP. The fourth chapter will focus on the correlation between gene
expression and cardiac functional and histological parameters. NanoString nCounter will be used
for the measurement of this gene set as a potential novel diagnostic tool for the quantitative

assessment of cardiac injury and repair in ex vivo perfusion.

1.9 Hypothesis and Thesis Objectives

This thesis will test the hypothesis that gene expression can be applied as a molecular assay
for the quantitative assessment of cardiac injury and repair during ex vivo heart perfusion. The
thesis consists of literature-based and experimental studies with three specific research objectives:
Objective 1: To develop a literature-based, cardiac-specific gene set for measuring tissue injury
and repair before, during and after EVHP (Chapter 2)

Objective 2: To assess the expression of this gene set in a porcine model for EVHP (Chapter 3)

Objective 3: To correlate gene set expression with cardiac function and histology (Chapter 4)
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2.1 Introduction

Ex vivo heart perfusion (EVHP) devices represent a promising alternative to cold static
storage for the preservation of donor hearts prior to heart transplantation. The greatest potential
benefit of this technology, as discussed in chapter one of this thesis, is the opportunity to evaluate,
repair and preserve ‘extended criteria’ donor hearts, including those from donation after circulatory
death (DCD) donors. Despite preliminary success with EVHP for short-term organ preservation,
emerging reports demonstrating progressive functional decline (of normally working hearts pre-
retrieval) after 12 h of perfusion highlight the need for additional optimization before the potential
benefits of this technology can be fully realized. In particular, the molecular mechanisms of donor
heart injury and repair during EVHP remain poorly characterized. However, previous research
focused on analogous processes of cardiac ischemia and reperfusion provide existing knowledge
from which gene signatures can be developed and used as novel tools for organ assessment during
preservation.

Ideally, any biological process, including cellular response to a stimulus or a pathological
condition, can be measured or reflected by changes in the expression levels of genes (1). The
central dogma of molecular biology describes the flow of information stored within genetic DNA
being transcribed into mRNA, and then translated into proteins (2). Expression of this genetic
information following modification by environmental factors phenotypically characterizes an
organism (3). Gene expression profiling provides an opportunity to better understand these
biological changes. The level of expression of a particular gene can be determined by quantifying
the number of corresponding messenger RNA (mRNA) molecules present in a sample. However,
expression of a single gene may not necessarily define biological conditions. Therefore, it is often
prudent to utilize gene signatures associated with a biological condition to better define and

understand the molecular mechanisms of biological changes. Accordingly, gene signatures have
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become critical tools for assessing molecular changes representing specific cellular conditions or
disease states, in order to address research questions or evaluate responses to clinical therapeutic
interventions (4).

The completion of the Human Genome Project (HGP) in April 2003 following its inception
in 1990, with the aim of sequencing and mapping all genes of the entire human genome, has
catalyzed a tremendous transformation in medicine (5). With an initial quest to better understand
human cancer, the HGP brought together expertise from multiple areas of science including
engineers, computer specialists, statisticians and biologists, to ensure the project was successful
(6, 7). The HGP led to the development of new technologies and analytical tools that facilitated
open data sharing through user-friendly software such as GenBank, ultimately making HGP data
available to all (8). Additionally, the HGP led to the development of high-throughput technologies
facilitating the sequencing of non-human pre-clinical models, thus benefiting translation from
basic research to clinical practice (6). The availability of genome-wide sequences provides the
opportunity to transform our increasingly sophisticated knowledge of human diseases into the
provision of predictive, preventive, and personalized medicine.

The ability to identify gene signatures reflecting specific biological processes provides the
opportunity to perform informative gene expression profiling with high-throughput technologies
such as microarrays, RNA sequencing and NanoString nCounter. Quantitative information
representing changes in expressed genes can be used to link the relationship between biological
processes with distinct perturbations. Although all three of the previously mentioned
transcriptomics platforms can be used to measure the expressions of large numbers of genes
simultaneously, this thesis focuses on the use of NanoString nCounter technology. As discussed

in chapter one, this is a robust high-throughput gene expression profiling platform capable of
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measuring mRNA levels of specific gene signatures in a flexible, simple and cost-effective manner,
including from formalin-fixed paraffin-embedded (FFPE) tissue samples.

Developing informative gene signatures requires identifying sets of genes that reliably
represent the biological processes of interest. Ideally, this involves the use of genome-wide
microarray or RNA sequencing data to define gene signatures that can be utilized as postulates of
a given study characteristic or biological state of interest (1). Gene signatures can either be
developed from experimental databases such as PubMed or a priori knowledge such as gene
ontologies and signaling pathways. However, this process of gene set development is hindered by
functional redundancy of genes, which can potentially result in the exclusion of relevant genes
from the signature list. The Molecular Signature Database Hallmarks (MSigDB H), an enrichment
analysis database, represents one of the currently available platforms that can be used to identify
robust and non-redundant gene expression signatures (9). The MSigDB H collection was derived
and refined by merging compositionally redundant gene sets based on their ability to distinguish
related biological process (10).

As discussed in the first chapter of this thesis, limited understanding of and insufficient
tools for studying the mechanisms of EVHP-related cardiac injury and repair remain a barrier to
the successful clinical implementation of this promising technology. This chapter is aimed at
developing a literature-based, cardiac-specific, injury and repair-related gene set from the PubMed
database that can be used to measure molecular responses before, during and after EVHP.
Specifically, a PubMed search was performed to retrieve articles describing significantly
differentially expressed genes associated with various clinical and experimental models of acute
cardiac injury and repair. Several additional databases, including MSigDB Hallmarks, SPEED,

STRING, Metascape, Cytoscape and Gene Card, were utilized to further characterize the
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differentially expressed genes identified from the PubMed database. Furthermore, signaling
pathways associated with the selected genes were studied through enrichment analysis. Also,
Metascape was used to identify possible protein complexes via the automated MCODE algorithm.
Finally, possible functions of the identified MCODE protein complexes were explored, including

their mechanisms and the signaling pathways involved.

2.2 Materials and Methods
2.2.1 Data sets

This study focuses on previously published articles reporting microarray data related to
acute injury/stress, ischemia/reperfusion, or repair in human or animal cardiac tissue or cells.
Specifically, PubMed was searched using the following terms: 1) “acute AND (heart OR cardiac
OR myocardial) AND (injury OR failure) AND microarray”, 2) “(heart OR cardiac OR myocardial)
AND repair AND microarray”, and 3) “(heart OR cardiac OR myocardial) AND ischemia AND
reperfusion AND microarray” as assessed on June 1, 2018. Studies focusing on chronic heart
disease were excluded. For all studies meeting these inclusion criteria, all genes reported to be
statistically significantly differentially expressed were recorded. These genes were then
categorized based on the number of studies in which they were independently reported. To balance
comprehensiveness and functional redundancy, the final gene set used for downstream analysis

was derived from the reporting frequency category containing 50 to 100 genes.

2.2.2 Gene ontology enrichment analysis

The Metascape database (http://metascape.org) was utilized to evaluate the overriding
Gene Ontology (GO) biological network categories represented by the final gene set (11). The GO
sources utilized by the Metascape database for this analysis included the Kyoto Encyclopedia of

Genes and Genomes (KEGG; http://genome.jp/kegg), Gene Ontology (GO) Biological Processes
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(http://geneontology.org/), Canonical Pathways, Reactome Gene sets (http://reactome.org) and the
comprehensive resource of mammalian protein complexes (CORUM;
http://mips.gsf.de/genre/proj/corum/index.html) (11, 12). This database uses the whole genome as
the enrichment background. P-values were calculated based on accumulative hypergeometric
distribution (13). A minimum of three terms with P-value <0.01 and enrichment factor greater than
1.5 were applied to group the associations into clusters based on terms with similar characteristics.
Kappa scores were used to perform hierarchical clustering of the terms, with a score greater than
0.3 representing a significant cluster (14). For visualization of gene co-expression networks, and
for better understanding of the enriched biological states, Cytoscope version 3.7.2
(http://cytoscape.org) was used (15, 16). Functional annotations were further manually refined
using MSigDB H, Search Tool for the Retrieval of Interacting Genes/Proteins (STRING)
(http://string-db.org), and Gene Card database (GeneAlaCart file (date: January 2020). GO

structures were obtained from xlsx files (9, 17).

2.2.3 Signaling pathway enrichment analysis

Signaling Pathway Enrichment using Experimental Data sets (SPEED) (http://speed.sys-

bio.net/), which supports humans genes and signaling pathways only, was used to perform pathway
enrichment analysis. “Maximum absolute Z-score percentile” of 1% (more stringent) and
“Minimum percent overlap across experiments” of 33% (more lenient) was used. A stringent Z-
score percentile limits the number of regulated genes, thus accepting highly differentially
expressed genes as gene signatures, whereas a lenient minimum percent overlap across
experiments allows a greater number of less consistent genes to be considered, overall balancing
the number of genes accepted with a reasonable level of confidence (18). To assess the balance

relative to experimental background noise, “Maximum expression level percentile” was set at 40%
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with all available pathways selected for use. The complete list of genes in the SPEED database

was included to determine statistical significance.

2.2.4 Construction of protein-protein interaction network

To better understand the potential functions of the target gene products in the final gene set,
STRING was used to construct a protein-protein interaction (PPI) network. The STRING database
PPI network is based on seven parameters, including: 1) curated database which is enriched with
known metabolic and signal transduction pathways and protein complexes, ii) experimentally
derived data including yeast two-hybrid, co-crystallization, co-purification and genetic
interactions, ii1) text-mining which incorporates an unsupervised automated data search of proteins
that are commonly mentioned together, iv) co-expression, which identifies genes that are co-
regulated over a large number of experiments, v) co-occurrence, which identifies groups of genes
with similar patterns of existence across genomes, vi) neighborhood, which identifies groups of
genes that are regularly observed together in their neighborhood, and vii) fusion, a parameter that
identifies sets of genes that are occasionally present in one open reading frame (17). A median
confidence of combined score greater than 0.4 was set to explore the regulatory mechanisms of
the final gene set. Additionally, a search for genes that form protein complexes (i.e. a network that

contains between 3 to 500 gene products) was performed using the Metascape database (11).

2.3 Results
2.3.1 Identification of acute cardiac injury and repair associated genes

The search terms identified a total of 56 studies reporting significant differential gene
expression patterns in relevant clinical or experimental models. Specifically, “acute AND (heart
OR cardiac OR myocardial) AND (injury OR failure) AND microarray” identified 18 studies (19-

36), “(heart OR cardiac OR myocardial) AND repair AND microarray” identified 20 studies (37-
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56), and “(heart OR cardiac OR myocardial) AND ischemia AND reperfusion AND microarray”
identified 18 studies (57-73). These 56 studies reported a total of 1735 unique genes with
significant differential expression.

These genes were grouped according to the number of articles describing significant
differential expression for each of them. 7IMP1 was the most frequently reported gene, being
described in nine out of 56 studies. Two genes (CXCL10 and HMOXTI) were reported in seven
studies, two genes (CCL2 and NR4AI) were reported in six studies, five genes (ATF3, BTG?2,
CXCL2, THBS1, VCAM]1) were reported in five studies, and 15 genes (CCR2, CTGF, EGRI, FOS,
GADDA45B, ICAM1, IL6, LOX, MMP12, MYC, RTN4, S10049, SELE, SERPINE1, SOCS3) were
reported in four studies. An additional 43 genes were reported in three studies, 201 genes in two
studies, and 1466 genes in only one study (Table 2.1). Given the goal gene set size of 50-100 genes,

those described in at least three articles (n=68 genes) were selected for further analysis (Table 2.2).

Table 2.1. Summary of the reporting frequency of 1735 significantly differentially expressed cardiac
injury and repair genes in 56 studies as of June 1, 2018.

Number of articles describing Total number of
unique genes

reported

significant differential expression

for a specific gene

>1 1735
>2 269
>3 68
>4 25
23 10

&

=7 3
=8 1
=9 1
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Table 2.2. Summary of the transcripts included in the literature-derived 68-gene set for cardiac

injury and repair.
Gene Name

Actin, alpha 1, skeletal muscle

Actin, alpha 2, smooth muscle, aorta

ADAM metallopeptidase domain 8

Ankyrin repeat domain 1

Activating transcription factor 3

BTG anti-proliferation factor 2

Caspase 8

C-C motif chemokine ligand 2

C-C motif chemokine receptor 2

CD68 molecule

CD8a molecule

Collagen type I alpha 1 chain

Collagen type IV alpha 1 chain

Connective tissue growth factor

Cathepsin S

C-X-C motif chemokine ligand 10

C-X-C motif chemokine ligand 11

C-X-C motif chemokine ligand 2

C-X-C motif chemokine ligand 9

Cysteine rich angiogenic inducer 61

Egl-9 family hypoxia inducible factor 3

Early growth response 1

Fc fragment of IgE receptor Ig

Fc fragment of 1gG receptor I1b

Fibronectin 1

Fos proto-oncogene, AP-1 transcription factor subunit
Growth arrest and DNA damage inducible beta
Growth differentiation factor 15

Heme oxygenase 1

Heat shock protein 90 alpha family class A member 1
Intercellular adhesion molecule 1

Insulin like growth factor 1

Interleukin 6

Insulin receptor substrate 1

Integrin subunit beta 2

Jun proto-oncogene, AP-1 transcription factor subunit
Lysyl oxidase

Minichromosome maintenance complex component 6

Myocyte enhancer factor 2C

Functional
Annotation
Cell structure

Cell structure
Tissue remodeling
Signal transduction
Signal transduction
Apoptosis
Apoptosis

Immune response
Immune response
Immune response
Immune response
Tissue remodeling
Tissue remodeling
Tissue remodeling
Immune response
Immune response
Immune response
Immune response
Immune response
Cell proliferation
Oxidative stress
Signal transduction
Immune response
Immune response
Tissue remodeling
Signal transduction
Apoptosis

Signal transduction
Oxidative stress
Signal transduction
Immune response
Cell proliferation
Immune response
Signal transduction
Immune response
Signal transduction
Tissue remodeling
Signal transduction

Signal transduction

Reference

(29, 38, 46)
(29, 39, 63)
(24,37, 57)

(29, 33, 39)

(25, 30, 62, 68)
(25,29, 33, 36, 64)
(29, 65, 68)

(19, 20, 24, 25, 61, 73)

(24,29, 45, 57)
(19,29, 57)
(19,29, 40)
(24,31, 41)
(24,29, 41)
(25,29, 47, 50)
(19, 37, 50)

(19, 24,29, 45, 47, 51, 57)

(19, 51, 59)
(25,29, 33, 59, 62)
(19,29, 51)
(25,29, 60)
(29, 33, 63)
(29, 33, 48, 62)
(19, 24, 29)
(24,29, 45)
(24, 31, 50)
(33,62, 73)
(29, 30, 32, 56)
(47, 60, 63)
(24, 33,41, 57, 59)
(29, 64, 73)
(28,47, 62, 73)
(48, 53, 55)
(29, 44, 68, 73)
(29,47, 63)
(19,24, 57)
(29, 73)
(24,33,57,71)
(24,29, 34)
(116-118)



Table 2.2. Summary of the transcripts included in the literature-derived 68-gene set for cardiac injury and

repair (continued)

Gene Gene Name Functional Reference

Symbol Annotation
Matrix metallopeptidase 12 Tissue remodeling (37,40,47,57)
Matrix metallopeptidase 14 Tissue remodeling (29,37,47)
MYC proto-oncogene, bHLH transcription factor Cell proliferation (29,32, 64,73)
Myosin heavy chain 7 Cell structure (29, 50, 61)
Myosin light chain 9 Cell structure (29, 50, 59)
Myomesin 2 Cell structure (29, 34, 61)
Nuclear factor of activated T cells 4 Signal transduction (119-121)
NFKB inhibitor alpha Immune response (27, 33, 35)
Natriuretic peptide B Signal transduction (20, 25, 61)
Nuclear receptor subfamily 4 group A member 1 Signal transduction (29, 33, 62, 64)
Platelet and endothelial cell adhesion molecule 1 Immune response (29, 46, 62)
Placental growth factor Cell proliferation (33, 57, 60)
Prostaglandin D2 synthase Signal transduction (29, 34, 61)
Reticulon 4 Signal transduction (29, 59, 62, 64)
S100 calcium binding protein A8 Immune response (23,73)

S100 calcium binding protein A9
Selectin E
Serpin family E member 1

Thrombospondin 1
TIMP metallopeptidase inhibitor 1

Immune response
Immune response

Tissue remodeling

Tissue remodeling

Tissue remodeling

(24, 25,29, 73)
(25,29, 59, 73)
(25,29, 37, 47)

Solute carrier family 2-member 4 Signal transduction (29, 33, 60)
Suppressor of cytokine signaling 3 Signal transduction (21, 29, 44, 50)
Transforming growth factor beta 1 Tissue remodeling (33,47, 50)

(19, 24, 25, 29, 50)

(21, 25, 31, 37, 47, 50, 57,

65,71)
Tenascin C Tissue remodeling (29, 50, 54)
Tumor necrosis factor Immune response (29, 44,73)
TNF alpha induced protein 3 Immune response (19, 27, 35)
Triadin Cell structure (29, 34, 63)
Vascular cell adhesion molecule 1 Immune response (29, 40,47, 57, 69)
Vascular endothelial growth factor C Tissue remodeling (29, 51, 67)

2.3.2 Gene Ontology (GO) analysis of cardiac injury-repair gene set

To understand the biological functions of the 68 genes identified from the literature, GO
analysis was performed using the Metascape database. From the enrichment analysis, many

biological processes associated with acute cardiac tissue injury and repair were confirmed,
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including leukocyte migration, response to low oxygen levels, extracellular matrix organization,

tissue morphogenesis, cell death regulation, epithelial cell proliferation, muscle structure

development, and response to growth factor (Figure 2.1A). The interconnection of the GO

associated terms was assessed using Cytoscape, with nodes representing GO terms that are

interconnected based on similar biological processes (Figure 2.1B). Further refinement of these

terms using the MSgDB H, GeneCards and STRING databases resulted in each gene being

associated with one of six major functional categories, including immune response (n=22 genes),

tissue remodelling (n=14), signal transduction (n=17), apoptosis (n=3), cell structure (n=6), cell

proliferation (n=4), and oxidative stress (n=2) (Table 2.2).

0 2 10

15
-log10(P)

20

25

GQ:0050900; leukocyte migration

GQ:0001568: blood vessel development
G0:0002237: response te molecule of bacterial origin
GQ:0030198; extracellular matrix organization
GQ:0019221: cytokine-mediated signaling pathway
hsa04933: AGE-RAGE signaling pathway in diabetic complications
GQ:0010942; positive regulation of cell death

M167: PID AP1 PATHWAY

hsa05144: Malaria

G0:1901652: response to peptide

GQ:0070482; response to oxygen levels
GO:0048729: tissue morphogenesis

GQ:0009612: response to mechanical stimulus
GQ:0050673; epithelial cell proliferation
GO:0070848: response to growth factor
G0:1901214: requlation of neuron death
GQ:0061061: muscle structure development
GQ:0046677; response to antibiotic

G0:0001816: cytekine production

GQ:0045055; regulated exocytosis

Figure 2.1 A. Gene Ontology analysis of 68 genes associated with acute cardiac injury and repair. Top 20 most
significant GO functional processes associated with the 68 genes.
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M leukocyte migration
M blood vessel development
Mresponse to molecule of bacterial origin
W extracellular matrix organization
W cytokine-mediated signaling pathway
AGE-RAGE signaling pathway in diabetic complicatic
M positive regulation of cell death
[MPID AP1 PATHWAY
M Malaria
response to peptide
response to oxygen levels
tissue morphogenesis
[Mresponse to mechanical stimulus
W epithelial cell proliferation
response to growth factor
regulation of neuron death
muscle structure development
response to antibiotic
M cytokine production
regulated exocytosis

Figure 2.1 B. Gene Ontology analysis of 68 genes associated with acute cardiac injury and repair. Network
organization of all the clusters produced with the complete list of genes. Created by Metascape. Each enriched
functional category is represented by one node. Node size is directly proportional to the number of genes, whereas
color indicates cluster identity.

2.3.3 Signaling Pathways

The SPEED database was used to deduce common signaling pathways causing the
regulation of the 68-gene set. This database uses an algorithm that allows for the identification of
signaling pathways which cause a distinctive pattern of gene regulation in humans (18). It utilizes
microarray data to identify signature genes that are consistently regulated by specific signaling
pathways, established from pathway perturbation experiments involving TLR, TGFB, H20,,
MAPK, IL-1, PI3K, Wnt, VEGF, JAK-STAT and TNF alpha (74-80). SPEED analysis of the 68-
gene set identified 67 human genes associated with several signaling pathways involved in acute
tissue injury and repair, including the IL-1, TNFa, MAPK-PI3K, TLR and JAK-STAT signaling

pathways (Table 2.3, Figure 2.2).
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Table 2.3. Signaling pathway enrichment analysis using SPEED database.

‘ i Genes in
Background
IL-1 | 17 | 125 | 85824 | 1.59-23 |
TNFa | 13 | 109 | 142e-17 | L16e-17 |
MAPK PBK | 9 | 41 | 516e-15 | 7.15e-15 |
TLR | 9 ‘ 62 ‘ 2.84e-15 ‘ 2e-13 ‘
JAK-STAT | 7 | 27 | 176e-12 | 9.93e-13 |
H202 | 6 | 41 | 30209 | 1.82e-09 |
Wat | 6 | 80 | 1.83¢-07 | 1.38¢-07 |
TGFB | 3 | 32 | 13504 | 64e05 |
VEGF | 1 | 2 | 623e03 | 2386e-03 |
PI3K only | 1 | 16 | 48802 | 17302 |
MAPK only | 1 | 20 | 6.06e-02 | 2.58e-02 |

Genes in list, n=67; genes in background, n=21485. FDR, false discovery rate.

-log10(FDR) per pathway

IL-1

TNFa
MAPK_PI3K
TLR
JAK-STAT
H202

wWnt

TGFB
VEGF
PI3K_only

MAPK_only

0.000 7.600 15.200 22.799

Figure 2.2. Bar Chart representing -log10 false discovery rate (FDR) in each pathway of the SPEED signaling
enrichment analysis for the 67 genes.
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To determine non-random associations between the genes, SPEED applies Fisher’s exact
test and correction with -log10 false discovery rate (FDR) (18). The IL-1 signalling pathway was
found to be the most significantly represented by the 68-gene set, including the following 17
transcripts: MYC, CCL2, VCAMI, EGRI, SELE, GADD45B, CXCLI10, JUN, GDF15, 1L6,
NFKBIA, AFT3, TNF, ICAM1, BTG2, TNFAIP3, and CXL2. The other pathways that were most
significantly associated with the 68-gene set included TLR signaling (9 genes: IL6, GADD45B,
CXCLI10, TNFAIP3, TNF, ICAMI1, NFKBIA, CXCL2, SOCS3), TNF alpha-signalling (12 genes:
CYR61, EGRI, IL6, CXCL2, CCL2, JUN, FOS, AFT3, TNFAIP3, ICAM1, NFKBIA, SERPINEI)

and MAPK-PI3K (CYR61, EGRI, FOS, JUN, GDF15, THBSI, CTGF, AFT3, NR4A41). (Table 2.4).

Table 2.4. Genes associated with each of the SPEED signaling pathways.

Signaling  Genes (transcription factors)

Pathway
202 EGRI, JUN, GDFI5, IL6, AFT3, HMOXI,
L1 MYC, CCL2, VCAMI, EGRI, SELE, GADD4SB, CXCL10, JUN, GDF15, 116, NFKBIA, AFT3, TNF, ICAMI, BTG2, TNFAIP3, CXL?

JAK.STAT | CCL2, GADD45B, CXLI0, FOS, ICAMI, CXCLY, SOCS3
MAPK-PI3K | CYR6L EGRI, FOS, JUN, GDFI5, THBSI, CIGE AFT3, NR441
MAPK-only | THBSI

PIK3-only | CTR0!

TGFB GADD45B, SERPINE, EGRI,

TLR IL6, GADD45B, CXCL10, TNFAIP3, TNE ICAMI, NFKBIA, CXCL2, SOCS3

TNFa CYRG61, EGRI, IL6, CXCL2, CCL2, JUN, FOS, AFT3, INFAIP3, ICAMI, NFKBI4, SERPINEI
VEGF EGRI

Wat JUN, AFT3, FOS, IRS1, TNFAIBP3, HSP90AAI
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2.3.4 Protein-Protein Interaction

To understand the protein interaction network of the 68 gene set, these transcripts were
further analyzed using the STRING network. Protein-protein interaction analysis demonstrated
moderate overall correlation (Pearson’s correlation coefficient = 0.601, p<0.0001) based on all of
the association evidence available in the STRING database, including: (i) three prediction channels
(neighborhood, gene fusion, and co-occurrence), (ii) text-mining, iii) co-expression, (iv)
experiments (biochemical/genetic data), and (v) databases (previous reports of curated pathways
and protein-protein complexes) (Figure 2.3). The clustering coefficients (Pearson’s correlation
coefficients) for channels (ii) to (v) were 0.630, 0.366, 0.142, and 0.484 (p<0.0267), respectively.
Although the STRING interaction scores do not reflect strength or specificity of the underlying
evidence, they do represent approximate confidence of the associations in a scale of zero to 1 based

on the available evidence (17).
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j RTH4

Figure 2.3. STRING interaction network of the 68 genes. Functional association evidence based on: (i) text mining,
(i1) experiments, (iii) co-expression, (iv) co-occurrence, (v) gene fusion, (vi) neighborhood, vii) databases. Confidence
cut-off for showing interaction set at median confidence (0.400). Each node represents a gene, and the edges represent
the type of association. Number of nodes: 68, Number of edges: 560, Average node degree: 17.4, Average local
clustering coefficient: 0.601.
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A further analysis of the protein-protein interaction using the Metascape database, which
applies Molecular Complex Detection (MCODE) algorithm, resulted in the identification of three
densely connected MCODE components, including: 1) CXCL2, CCR2, CXCLY9, CXCLI1 and
CXCLI10,?2) TNF, ACTAI, SLC244, ACTA2 and MYH?7, and 3) JUN, FOS and ATF3 (Figure 2.4

and Table 2.5) (81).
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Figure 2.4. A) Protein-protein interaction network
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Figure 2.4. B) MCODE components identified in the 68-gene set.

Table 2.5. Functional descriptions represented by the three MCODE components in the 68-gene set

Color MCODE Description Log10(P)

MCODE 1 R-HAS-380108 Chemokine receptors bind chemokines -13.6

. MCODE 1 GO:0070098 chemokine-mediated signalling pathway — -12.2
. MCODE 1 GO:1990868 Response to chemokine -12.0
. MCODE 2 GO:0048729 Tissue morphogenesis -5.5
. MCODE 2 GO:0006936 Muscle contraction -4.5
. MCODE 2  GO:0003012 Muscle synthesis process -4.2
. MCODE 3 MI166 PID AFT2 pathway -7.9
. MCODE 3 M167 PID AP1 pathway -7.6
. MCODE 3 M2 PID SMA? 3 nuclear pathway 7.4



2.4 Discussion

EVHP represents a promising tool for the evaluation, preservation, and repair of donor
hearts prior to transplantation. However, the benefits of this emerging technology have not yet
been fully realized, primarily due to functional decline during prolonged organ perfusion, unlike
in the preservation of other organs such as lungs. Understanding the mechanisms of myocardial
functional deterioration during EVHP has the potential to facilitate its further development and
clinical implementation, and thus provide the opportunity for improved assessment of organ
quality and development of therapeutic interventions to optimize donor heart quality. Gene
expression signatures can be used as a robust tool for understanding and discovery of functional
correlations between genes, disease states and therapeutic interventions (1). The objective of this
study was to design a literature-based, cardiac-specific gene set that could be used to further
understand the mechanisms of injury and repair, and to assess the viability of donor hearts during
EVHP.

The identification of ‘immune response’, ‘tissue remodeling’ and ‘signal transduction as
the main subset of gene lists with most transcripts in the identified 68-gene set reflect common
phases including acute inflammatory and reparative processes, that occur following cardiac tissue
injury (82). A further analysis of signaling pathway enrichment demonstrated IL-1 to be the top-
ranked pathway represented by the 68-gene set, with a large number of genes (MYC, CCL2,
VCAMI, EGRI, SELE, GADD45B, CXCL10, JUN, GDF15, 1L6, NFKBIA, AFT3, TNF, ICAMI,
BTG2, TNFAIP3, CXL2) identified to be the main causal influence. IL-1 signaling has been
strongly implicated in facilitating the pro-inflammatory response following myocardial infarction
(83). Notably, it has been previously reported that the myocardial environment may act as a local
immune system that regulates immune response and inflammation (84). Following ischemia,

resident myocardial immune cells generate danger signals called damage-associated molecular
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patterns (DAMPs), which are recognized by pattern recognition receptors (PRRs) (82, 84). One
major class of PRRs is the Toll-like Receptors (TLRs), ten of which have been identified in humans
(TLR 1-10). TLR1, TLR2, TLR4, TLR6 and TLR10 are located on cell surfaces, whereas TLR3,
TLR7, TLR8 and TLRY are expressed intracellularly and recognized by nucleic acid structures (85,
86). TLR2 and TLR4 are mostly expressed in cardiac cells and trigger signalling cascades that
activate NF-kB and interferon regulatory transcription factors, which in turn regulate target genes
encoding pro-inflammatory cytokines and interferons in the myocardium (87). A range of potential
endogenous ligands have been identified, including: 1) products of necrosis and cellular
constituents resulting from ischemia, such as heat shock proteins (HSP90OAA1, HSP60, HSP70)
and high mobility group box (HMGB); 2) products of extracellular matrix (ECM) alterations due
to ischemia-reperfusion, such as S100 proteins, fibronectin, fibrinogen, heparin; and 3) reactive
oxygen species (ROS) (84).

Furthermore, the production of ROS by myocardial mitochondria during periods of
ischemia and organ reperfusion causes the activation of inflammatory molecular cascades,
including pro-inflammatory signaling pathways such as IL-1, TNFo and MAPK pathways (88, §9).
These signaling pathways are consistent with the findings of this study, including the identification
of IL-1, TNFa and MAPK-PIK3 as three of the top-ranking upstream signaling pathways in
SPEED enrichment analysis. MAPK, an intracellular signal transduction pathway, is a key player
in the regulation of cell function and survival during ischemia-reperfusion injury (IRI) (90, 91).
The MAPK pathway consists of a cascade of kinase signaling including c-Jun N-terminal,
extracellular-signal-regulated Kinase (ERK) and p38 (92). Whereas MAPK-ERK has been
reported to confer cardioprotective properties to the myocardium following ischemia and IRI,

MAPK-JNK activation has been shown to reduce IRI and infarct size as well as induction of
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apoptosis (93). Previous studies on small animal models (rat) reported the existence of two JNK
isoforms (JNK-1 and JNK-2), with knockdown of JNK-1 and retention of JNK-2 preventing
cardiomyocyte IRI-induced apoptosis (94). On the other hand, MAPK-p38 activation has been
reported to contribute to myocardial tissue injury through activation of the TNFa pathway in
response to progressive accumulation of ROS produced during ischemia-reperfusion (89, 93, 95).
The MAPK-p38 signaling pathway has been thoroughly studied resulting in the development of a
MAPK-p38 inhibitor, which is administered during reperfusion for the recovery of myocardial
function and attenuation of the generation of IL-6, a proinflammatory cytokine that is a potent
inducer of the acute inflammatory response (96, 97). This MAPK-p38 inhibitor has been
incorporated into some of the commercially-available cardioplegic solutions, such as Celsior,
University of Wisconsin and Euro-Collins, to protect the myocardium against IRI (88, 98, 99). In
general, previous studies have reported the MAPK pathway to induce myocardial injury through
activation of immune cells, regulation of cytokines, and the induction of apoptosis (88). Therefore,
it is not surprising that this pathway is so strongly represented by the 68-gene set derived in this
study, including the following transcripts: EGRI, FOS, JUN, GDF15, AFT3 and NR4Al. In
particular, activation of the MAPK-ERK signaling pathway has been shown to be involved in the
downstream activation of EGR1, a gene reported to be an upstream master regulator of the
inflammatory response during myocardial IRI (100). Extensive involvement of this pathway in IRI
supports the inclusion of these genes in a molecular signature for the assessment of cardiac injury
and repair.

The search for densely connected regions in the 68- gene set protein-protein interaction
network using the MCODE algorithm resulted to the identification of three molecular complexes

which could potentially represent the main effectors of cellular processes during myocardial injury.
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Particularly, FOS, JUN and AFT3 genes identified to form one of the molecular complexes, were
found to share common signaling pathways, including the MAPK-PIK3 and AP-1, ATF2 and SMA
2/3. These signaling pathways are critical upstream cascades that influence myocardial tissue
remodeling. The MAPK signaling pathway has been shown to play a vital role in the conversion
of extracellular stimuli caused by specific stress into consequent cellular responses (101). MAPK
signaling has been implicated to cause the downstream regulation of AP-1 signaling, which
together with activated NF-kB influences the expression of MMPS and pro-inflammatory
cytokines including IL-1, TNFa and IL-6 (102). Notably, activating protein-1(AP-1) is a group of
dimeric transcription factors comprising JUN, ATF3 or FOS subunits which bind to common DNA
site known as AP-1-binding site (103). Previous experiment on loss and gain of function
highlighted the critical roles of FOS and JUN genes in cardiac injury. JUN is noted to play a vital
role in promoting sarcomeric protein (actin and myosin) expression while suppressing ECM
proteins (104). Thus, an alteration to the regulation of sarcomeric proteins could potentially be
deleterious to cardiac contractility. JUN is reported to confer cardio-protection against pathologic
remodeling, hence very critical in preventing cardiac dilation and heart failure(103, 104).
Furthermore, studies exploring PI3K/Akt pathway have suggested that this signaling pathway
plays a critical role in preservation of cardiac function during ischemia and IRI (105).

The second MCODE component constitutes three structural genes (ACTI, ACT2, and
MYH?7), an immune response gene (TNF) and a signal transduction gene (SLC244). The described
roles of this MCODE complex include tissue morphogenesis and muscle contraction. These
structural genes encode myocardial contractile proteins that play a critical role in cell motility and
contraction of the myocardium (106, 107). Identification of TNF, a pro-inflammatory gene, as a

member of this MCODE component suggests its critical role in the downstream regulation of these
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structural genes. On the other hand, SLC244 encodes a glucose-transporter protein which, upon
insulin stimulation, moves to the myocyte cell surface and begins to transport glucose across the
cell membrane for energy metabolism essential for muscle contraction (108, 109). The
susceptibility of myocardial contractile proteins to progressive production of ROS and oxidative
stress has been reported (110). The consequence of this is increased cardiac relaxation and
myocardial contractile dysfunction (111). Therefore, the members of this MCODE protein
complex may represent a novel gene set for assessing myocardial contractile function following
ischemia and IRI.

The third MCODE complex identified in this study comprised of five genes including
CCR2, CXCL2, CXCL19, CXCL10,and CXCLI1 all of which are involved in chemokine-mediated
signaling and were functionally annotated as immune response genes. Chemokines represent a
family of CC and CXC cytokines that are crucial in leukocyte recruitment and the mediation of
pro-inflammatory responses (112). CCL2-CCR2 binding facilitates monocyte recruitment thus,
the expression of these genes may implicate myocardial pathogenicity that is characterized with
monocytic infiltration(113). Analyzing these chemokine and respective receptor may potentially
help in detecting the extend of cardiac injury. The ROS and DAMPs produced during ischemia
and IRI are recognized upstream effectors of chemokine-mediated signaling cascade (114). Thus,
the inclusion of this molecular complex in the 68-gene set is supported as a representative marker
of pro-inflammatory effects in EVHP. Previous study suggested that targeting of CCL2/CCR2
system may represent a potential approach for developing effective therapies (115), further
suggesting the importance of evaluating these genes to assess cardiac viability and potentially

optimize organ management during EVHP.
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2.5 Conclusion

The derivation of a novel, evidence-based 68-gene set for cardiac injury and repair,
representing multiple pathophysiologically relevant signaling pathways, provides the opportunity
to study the mechanisms of acute myocardial injury and repair, as well a possible tool for the
assessment of organ quality, during EVHP. It is worth noting that most of the genes identified in
this Chapter were previously analyzed based on case-control experiments. Therefore, collective
analysis of this large number of genes may provide a comprehensive understanding of cellular
processes occurring during machine perfusion. Additionally, the identified MCODE components
highlighted chemokine-chemokine receptor interactions, structural alterations and tissue
remodeling as the key cellular processes that may potentially help in distinguishing between
normal and altered molecular processes in EVHP. These molecular complexes may constitute
potential targets for both diagnostic and therapeutic purposes. Further analysis of this set of genes

is experimentally exploited in Chapter 3 and Chapter 4.
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Chapter 3

Gene expression changes

during ex vivo heart perfusion’

2 A portion of this Chapter has been published as: Rotich S, Herbers N, Hatami S, Nagendran J, Mengel M,
Freed DH, Adam BA. Gene expression in ex vivo perfused porcine hearts: identification of a molecular
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3.1 Introduction

Heart failure represents a significant global health burden affecting both children and adults,
male and female (1, 2). Approximately 1-2% of the global population is estimated to be affected,
with a lifetime risk at 55 years of age of 33% in men and 28% in women (3). Cardiac
transplantation is the current “gold standard” treatment for patients with end-stage heart disease.
The current median survival after cardiac transplantation is 11 years overall and 13 years for
patients that survive beyond the first-year post-transplantation (4). It is estimated that more than
50,000 patients around the world would benefit from cardiac transplantation; however, only about
10% successfully receive it, with a resulting global waitlist mortality rate of 17% per year (5). One
of the primary reasons for this disappointingly low rate of cardiac transplant activity is a shortage
of appropriate donor hearts. Despite the growing wait list for cardiac transplantation, a large
number of potential donor hearts are not being used for various reasons, including size mismatch
between the donor heart and recipient, advanced donor age, and medical co-morbidities in the
donor (6). However, with the growing demand for heart transplantation, transplant programs have
commenced significant efforts to address this shortage by expanding acceptance criteria to include
donor hearts that would have previously been declined because of either smoking history, donor
age, inotropic therapy, intravenous drug abuse or cardiac arrest (7). Reassuringly, despite this
expansion of donor organ acceptance criteria, rates of primary graft dysfunction (PGD) have not
significantly increased (5). One strategy to further increase the size of the potential donor organ
pool is to expand the use of hearts from “donation after circulatory death” (DCD) donors.

Cold static preservation (CSP) represents the current clinical standard for ex vivo
preservation of donor hearts, during the time between organ retrieval and transplantation into the
recipient. This preservation strategy aims to minimize cardiac metabolic activity and thus reduce

oxidative stress and ischemic injury prior to transplantation. However, the duration of CSP
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correlates with post-transplant mortality, thus limiting this preservation strategy to a maximum of
4-6 h (8). Additionally, increased warm ischemic injury sustained by hearts retrieved from
extended criteria donors means that these organs may not be able to sustain additional cold
ischemia during CSP. There is thus an urgent need to explore alternative preservation strategies
that may be more appropriate for such extended criteria donor hearts.

Ex vivo heart perfusion (EVHP) is an emerging novel technique that provides the
opportunity to not only preserve donor hearts but also objectively evaluate the function of, and
potentially recover, organs deemed ineligible for transplantation (9). Despite encouraging early
results with EVHP, including non-inferior post-transplant outcomes compared with CSP and the
ability to facilitate expanded transportation of donor hearts for transplantation (10), there are
emerging reports of significant functional decline during EVHP (11) and the mechanisms of
cardiac injury and repair in this context remain poorly understood (12). Most preclinical research
on EVHP has focused on technical optimization with little attention to developing more precise
tools for assessing organ viability prior to heart transplantation (13), which currently include
nonspecific metabolic and functional parameters such as lactate, venous and arterial oxygen
saturation, coronary flow and arterial pressure (14).

As discussed in Chapter 2 of this thesis, transcriptome-wide microarray studies have
previously demonstrated that heart tissue injury and repair stimulate the expression of numerous
gene pathways. This study investigated the hypothesis that analysis of the expression level of a
prototypical subset of the genes (described in Chapter 2) would allow for more specific, objective
and mechanistic assessment of cardiac tissue injury and repair during EVHP. Specifically, this
study aimed to assess the feasibility of using gene expression to quantify heart injury and repair in

a porcine animal model for EVHP.
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3.2 Methods
3.2.1 Animal Model

A total of 46 hearts from female domestic pigs were used for this study. Experiments were
performed in accordance with the Animal Care and Use Committee at the University of Alberta.
All animals were treated with humane care in compliance with the “Principles of Laboratory
Animal Care” formulated by the National Society for Medical Research and the “Guide for the

Care and Use of Laboratory Animals” prepared by the Institute of Laboratory Animal Resources.

3.2.2 Organ Retrieval and Preparation

Organ retrieval and preparation was performed by Dr. Sanaz Hatami, PhD student,
Department of Surgery, University of Alberta. After injection of an intramuscular dose of ketamine
(20 mg/kg, Bimeda Inc., Irwindale, CA) and atropine (0.05 mg/kg, Rafter 8, Calgary, AB) as
premedication, orotracheal intubation was established, and general anesthesia was maintained with
isoflurane (1-2%, Fresenius Kabi Canada Ltd, Toronto, ON). The porcine hearts were procured
and prepared for the ex vivo perfusion as described in detail before (15). Briefly, an experienced
cardiothoracic surgeon performed a standard median sternotomy by incising the skin over, and
through the sternum to expose the heart. After intravenous delivery of heparin (1000 U/kg bolus,
Fresenius Kabi Canada Ltd, Toronto, ON) and Ringer’s lactate solution (1000-1500 mL), a two-
stage venous cannula was placed into the right atrium and 1000 mL of whole blood was retrieved
and was used to prime the EVHP circuit. /n vivo biopsy samples were obtained from a random
subset of normal hearts that were not utilized for EVHP. The pigs were then exsanguinated
(euthanized), and the hearts were excised, weighed, and immediately mounted on a custom EVHP
apparatus and perfused for 12 h, either as isolated heart perfusion or combined heart and liver

perfusion (Figures 3.1). The porcine livers were procured and prepared as described before (16).
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All livers were exposed through a midline laparotomy, and the vascular elements were
appropriately isolated. The infra-renal aorta was then cannulated with a 20 French cannula in
preparation for cold flush. After exsanguination, the aorta was cross-clamped, and the suprahepatic
vena cava was divided in the chest cavity for venous venting. The abdominal viscera were flushed
with 2 liters of cold (4°C) Histidine-Tryptophan-Ketoglutarate (Custodiol HTK, Methapharm Inc.,

Brantford, ON) and the liver was dissected.
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Figure 3.1. Schematic of ex vivo perfusion systems. A: Ex vivo heart perfusion B: Combined ex vivo perfusion
of heart and liver. Components: A, venous reservoir; B, left atrial pump; C, Aortic pump; D, oxygen/heat exchanger;
E, medical gas mixer; F, leukocyte filter; G, Flow sensor; H, Pressure sensor; Ao, Aorta; HA, hepatic artery; IVC,
inferior vena cava; LA, left atrium; PA, pulmonary artery; PV, portal vein. This figure was provided by Dr. Sanaz
Hatami, PhD student, Department of Surgery, University of Alberta.

3.2.3 Biopsy collection and processing

Biopsies were collected by Dr. Sanaz Hatami in the Department of Surgery, and later
processed by Shalawny Miller, medical laboratory technologist in the Department of Laboratory
Medicine and Pathology Core Lab, University of Alberta. A total of 46 porcine heart biopsies were
collected, including seven in vivo (IV), 32 after 12 h of heart-only perfusion (EVHP-T12), and

seven after 12 h of combined heart-liver perfusion (H+L-T12) (Figure 3.2). The biopsies were
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obtained from the left ventricle, briefly rinsed in PBS, placed in optimal cutting temperature (OCT)
compound (Sakura Finetek USA, Inc., Torrance, CA) then mounted in a cryostat chuck, and stored

in a -80°C freezer.
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Figure 3.2. Study Design. Experimental groups: IV, in vivo; H+L, combined heart and liver perfusion; EVHP, ex
vivo heart perfusion; NWM, non-working mode; WM, working mode.

The OCT biopsy samples were subsequently thawed by running on warm water, fixed with
Surgipath 10% Neutral Buffered Formalin (Leica Biosystems Inc., Ontario, Canada) for 48 h,
placed in tissue cassettes and loaded into an automated tissue processor (Leica HistoCore PEARL,
Leica Biosystems Inc., Buffalo Groove, IL) for overnight processing (approximately 13 h). The
tissue processor was set respectively as follows: formalin fixation for 1 h at 37°C, processing water
for 3 min, and dehydration with increasing ethanol concentration (70%, 80%, 95% for 40 min each,

and 100% for 3 h) at 45°C. Clearance of alcohol from with xylene was set at 45°C for 3 h followed
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by paraffin infiltration for 3.5 h. The tissue cassettes were then removed from the processor and
two sets of sections were cut from the formalin-fixed, paraffin-embedded (FFPE) blocks using a
rotary microtome (Leica HistoCore AUTOCUT Microtome, Leica Biosystems Inc., Buffalo
Groove, IL). The two sets of sections differed in thickness: one set of dedicated sections for gene

expression analysis described in this chapter, and another set for histology analysis described in

Chapter 4.

3.2.4 RNA extraction and gene expression
An overview of the FFPE sample RNA isolation and gene expression workflow is shown

in Figure 3.3.
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Figure 3.3. Overview of the NanoString nCounter gene expression analysis workflow. Formalin-fixed paraffin-
embedded (FFPE) tissue section preparation, RNA isolation, probe hybridization, processing and counting, and data
analysis.

Three consecutive 20 um fresh sections where obtained from each FFPE block and
dedicated for RNA isolation. Deparaffinization and RNA extraction were performed using the

Qiagen RNeasy FFPE kit (Qiagen, Toronto, ON). Briefly, paraffin was removed from the freshly
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cut sections using deparaffinization solution followed by lysis with proteinase K containing buffer
at 56°C, and incubation at 80°C to reverse RNA-RNA formalin crosslinking. The mixture was
further treated with DNase to remove genomic DNA and/or micro DNA present. The lysate was
then mixed with Buffer RBC, followed by the addition of ethanol to provide optimal conditions
for RNA binding to the silica membrane in the RNeasy MinElute spin column. RNA was then
eluted using RNase-free water. Concentration and purity of the isolated RNA were quantified with
a Nanodrop 2000c spectrophotometer (Thermo Fisher Scientific, Waltham, MA).
Oligonucleotide probes specific to Sus scrofa (domestic pigs) were designed (NanoString
Technologies, Seattle, WA) and manufactured (Integrated DNA Technologies, Coralville, IA) for
the cardiac injury-repair 68-gene set described in the previous chapter. In addition to the 68
experimental genes, GAPDH, HPRTI, SDHA and TBP were included as housekeeping/reference
genes in the final gene set for data normalization purposes (17, 18). Buffer, probe, and RNA sample
mixture were added into strip tubes and then hybridized at 65°C for 18 h. A NanoString® nCounter
FLEX Analysis System (NanoString Technologies, Seattle, WA) was then utilized to quantify
gene expression, as per manufacturer instructions. The hybridized mixture was transferred to the
nCounter prep station for processing to eliminate unbound probes and get the purified probe-target
complex immobilized and aligned on the nCounter cartridge. The cartridge was then transferred
to the nCounter digital analyzer for probe counting (Figure 3.3). NanoString nSolver Analysis
Software Version 4.0 (NanoString Technologies, Seattle, WA) was used to perform quality control
assessment and data normalization. Briefly, for System QC, flag lanes were considered when
percent field of view (FOV) registration was <75 on ‘Imaging QC’, binding density outside of 0.1-
2.25 on ‘Binding Density QC’, and when positive control R? value <0.95 on ‘Positive Control

Linearity QC’. For mRNA data QC, flag lanes were considered when 0.5 fM positive control is <
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2 standard deviation the mean of the negative controls on ‘Positive Control Limit of Detection

QC’.

3.2.5 Statistics

R version 3.4.1 (R Foundation for Statistical Computing, Vienna, Austria) was used for all
post-normalization statistical analysis. Log2 normalized transcript counts were used for the
analysis of individual genes and mean log2 normalized counts were utilized for the analysis of
aggregate gene sets. Exploratory heatmap analysis (heatmap.2 function in gplots package) and
principal component analysis (prcomp function in stats package) were performed using
unsupervised clustering (18). Volcano plot analysis was used to assess differential gene expression
by consolidating fold change and Students #-test with a false discovery rate (FDR) threshold of
0.05 (t.test and p.adjust functions in stats package). Comparison of gene set expression between
sample groups was performed using Mann-Whitney U-test (Wilcox.test function in stats package).

Statistical significance was considered at P<0.05.

3.3 Results
3.3.1 RNA and quality control

The mean RNA yield for the 46 FFPE biopsy samples was 61.2 +24.9 (mean = SD) ng/uL
with a range of 26.88-114.9 ng/uL. No quality control or normalization flags were encountered.
The mean positive control normalization factor was 1.09 + 0.32 (range: 0.64-1.88; manufacturer-

recommended acceptable range: 0.3-3) and mean housekeeping gene normalization factor was

1.07 £ 0.30 (0.56-2.05; acceptable range: 0.1-10).
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3.3.2 Differential gene expression during EVHP

Exploratory heatmap analysis demonstrated a distinct pattern of gene expression clustering
in 31/32 (96.9%) of the EVHP-T12 samples versus the IV and H+L-T12 sample groups; 5/7
(71.4%) of the H+L-T12 samples versus the IV group; and 37/39 (94.9%) of the combined EVHP-
T12 and H+L-T12 samples versus the IV group (Figure 3.4A). The EVHP-T12 cluster
demonstrated relatively higher expression of 51 transcripts (Gene Cluster 1) and relatively lower
expression of 17 transcripts (Gene Cluster II) when compared to the other sample groups (Figure
3.4). Principal component analysis (PCA) confirmed distinct clustering of the sample groups based
on the gene expression patterns (Figure 3.5). Principal component 1 (PC1) identified 44.9% of the
gene expression variance between samples, primarily representing differences between the IV
sample group versus H+L-T12 and EVHP-T12. Principal component 2 (PC2) identified 9.6% of
the variance, primarily representing differences within the IV and EVHP-T12 groups. The PCA
results showed the largest variation between the IV group and the EVHP-T12 and H+L-T12
sample groups. EVHP-T12 and H+L-T12 demonstrated more similar although still distinct
clustering. PCA also identified some of the genes that most strongly influenced the clustering of
the sample groups; for example, EGRI, SLC2A44, THBS1, COL4A1 and CXCL10 were associated
with the EVHP-T12 group, whereas JUN, IGF'I, ACTA2 TRDN, and PTGDS were associated with

the H+L-T12 group.
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Figure 3.4. Exploratory gene expression analysis. Heatmap showing relative gene expression values (blue
represents relative downregulation and red represents relative upregulation in this cohort). Each column represents
one sample and each row represents one gene. Blue, green, and red sample labels represent H+L T12, in vivo and
EVHP T12 sample groups, respectively. I and II represent gene clusters.
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Figure 3.5. Principal component analysis of all 68 genes. Distinct clustering of the sample groups based on the
variation in gene expression patterns. Published as per footnote on page 79.

To identify which genes were statistically significantly differentially expressed in response
to EVHP, volcano plot analysis was performed to compare the EVHP-T12 versus IV sample
groups (Figure 3.6). Forty-four of the previously identified 51 transcripts in “Gene Cluster I”
exhibited statistically significantly higher expression in EVHP-T12 versus IV after correcting for
multiple comparisons (FDR<0.05). In terms of functional annotation, 18/44 (40.9%) of the
upregulated transcripts represented immune response genes, 11/44 (25%) signal transduction, 8/44
(18.2%) tissue remodeling, 3/44 (6.8%) apoptosis, 3/44 (6.8%) cell proliferation and 1/44 (2.3%)

oxidative stress. The top 10 most highly upregulated transcripts (log2 fold change greater than 4)
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included genes associated with immune response (/IL6, CCL2, CXCL2, and SELE), signal
transduction (NPPB and SOCS3), tissue remodeling (TNC, SERPINE and TIMP1I) and oxidative
stress (HMOXI). Of the Cluster II genes, 12 were found to be significantly downregulated in
EVHP-T12 versus IV (FDR<0.05). These 12 downregulated transcripts included four (33%) cell
structure genes (MYH7, ACTA2, MYOM?2, and TRDN), three (25%) signal transduction genes
(IRS1, JUN, and MEF2C), three (25%) tissue remodeling genes (LOX, FNI and COLIAI), one
(8%) cell proliferation gene (/GFI), and one (8%) immune response gene (CCR?2). The remaining
12 transcripts did not show statistically significant differential expression between EVHP-T12 and

IV (FDR>0.05).
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Figure 3.6. Volcano plot demonstrating differential expression of 68 cardiac injury and repair-related genes
after 12 h of ex vivo heart perfusion. Y-axis represents log2-fold change and X-axis represents Student’s t-test P-
value between EVHP T12 versus in vivo controls. A false discovery rate (FDR) threshold of 0.05 was used to
determine statistically significant differential expression. Published as per footnote on page 79.
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3.3.3 Gene set expression versus perfusion strategy

The significantly upregulated and downregulated genes identified with volcano plot
analysis were combined into aggregate gene sets by calculating the mean of the log2 normalized
counts of the constituent genes. Expression of the aggregate gene sets was then compared between
different perfusion strategies: 1) EVHP versus H+L, in comparison with the IV group, 2) hanging
versus laying modes, and 3) WM versus NMW. Upregulated 44-gene set expression was
significantly higher in both EVHP-T12 and H+L-T12 sample groups versus IV (P<0.001), and
significantly higher in EVHP-T12 versus H+L-T12 (P<0.001) (Figure 3.6A). The opposite pattern
was observed with the downregulated 12-gene set, with significantly lower expression in both
EVHP-T12 and H+L-T12 groups versus IV (P<0.001), and lower expression in EVHP-T12 versus

H+L-T12 (P<0.001) (Figure 3.6B).
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Figure 3.7. Gene set expression changes with ex vivo heart perfusion (EVHP) and combined heart-liver
perfusion (H+L). Box plot demonstrating aggregate upregulated (A) and downregulated (B) 44-gene set expression
with different preservation strategies.
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Within the EVHP-T12 sample group, there was no significant difference in upregulated

44-gene set expression between NWM and WM hearts (P=0.096) (Figure 3.8A). However, there

was significantly lower downregulated 12-gene set expression in WM versus NWM hearts

(P=0.011) (Figure 3.8B). There was significantly higher expression of the upregulated 44-gene set

expression in hanging versus laying hearts (P=0.036) (Figure 3.7C), and significantly lower

expression of the downregulated 12-gene set in the laying versus hanging modes (P=0.011) (Figure

3.7D). Although the number of hearts exposed to dialysis treatment was small (n=3), no significant

differences in gene set expression were identified between the dialysis and no dialysis groups

(Figure 3.8 E and F).
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3.4 Discussion

The shortage of suitable donor hearts for cardiac transplantation is in part due to the
relatively short preservation time and limited organ transportation necessitated by the current
clinical standard of CSP. EVHP represents a promising alternative that could minimize ischemic
injury, allow for organ resuscitation and functional assessment, prolong preservation time,
facilitate therapeutic interventions, and ultimately expand the donor organ pool. The current
clinically accepted and available ex vivo device, Organ Care System (TransMedics Inc., Andover,
MA) allows organ preservation in a non-working mode, and myocardial quality assessment is
limited to lactate levels. This limitation led to the development of EVHP devices that allow for
organ preservation in working mode, thus making it possible to assess several functional
parameters. Despite the potential of EVHP demonstrated in animal and early human experiments,
details on the molecular mechanisms of cardiac injury and repair during EVHP remain poorly
understood. This study investigated gene expression patterns in hearts from a healthy porcine
model subjected to 12 h of EVHP.

In this study, 68 transcripts previously reported in several studies to be associated with
acute phase of cardiac injury and repair (as discussed in chapter 2 of this thesis) were used to
evaluate changes in gene expression during EVHP. Distinct sample group clustering based on gene
expression patterns was observed. Further analysis identified 44 significantly upregulated and 12
significantly downregulated genes after 12 h of EVHP. This suggests that EVHP induces a
quantifiable molecular response that could potentially be used to more precisely monitor organ
status during EVHP and further understand mechanisms of EVHP-related cardiac injury and repair.

Myocardial ischemia induces two inflammatory phases: 1) acute pro-inflammatory phase,
which begins following the onset of ischemia to 24 h, and 2) anti-inflammatory reparative phase

which begins from the 4™ to 7" days following the ischemic insult (19). The pro-inflammatory
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phase has been shown to be detrimental to the myocardium whereas the latter phase confers
protection (19, 20). The 18/44 significantly upregulated transcripts in this study included pro-
inflammatory genes, in keeping with acute molecular injury after 12 h of EVHP. Sang et al.
reported upregulation of pro-inflammatory genes (CCL2, IL-6, NFkBIA, S100 family, CXCL2,
CCR?2) following myocardial infarction (19), suggesting that our findings represent progressive
pro-inflammatory ischemic injury during EVHP. Notably, previous studies on danger associated
molecular patterns (DAMPs) and pathogen associated molecular patterns (PAMPs) reported the
presence of S100 proteins in DAMPs generated by injured cells (21). The significant upregulation
of SI00A8 and S100A9 genes after 12 h of EVHP, therefore, suggests accumulation of myocardial
injury rather than repair during EVHP. IL-6, a pleiotropic cytokine that has been reported to play
both pro-inflammatory and anti-inflammatory roles (22) is another upregulated gene in this study.
It is a potent inducer of acute phase inflammation and is produced in response to cardiac ischemic
injury, thus inducing and directing the trafficking of immune cells. However, it also produces
signals conferring a protective and wound healing response to cardiac tissue injury (23). It has
been reported that in the acute phase, /L-6 is cardioprotective, but causes pathogenic inflammation
in the chronic phase (24). In acute myocardial ischemic injury, /L-6 is purported to be
overexpressed to protect myocytes against oxidative stress and prevent apoptosis (25).
Interestingly, /L-6 is reported to decrease ventricular contraction through the JAK/STAT signaling
pathways, in contrast to the STAT3 and ERK signaling pathway, which confers cardioprotective
functions of IL-6 signaling during reperfusion injury (26, 27). In this study, therefore, upregulation
of IL-6 may have represented a reparative response to cardiac injury. However, further study is

needed to confirm the downstream pathways induced by upregulation of this gene.
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Four genes (CXCL2, CXCLI11, CXCL10 and CXCL9) of the MCODE complex previously
identified in chapter two of this thesis were significantly upregulated, with significant
downregulation of CCR2. This MCODE complex plays a critical role in chemokine-mediated
signaling pathway. CC and CXC represent a family of chemotactic cytokines that are commonly
involved in the chemotactic recruitment of mononuclear leukocytes and neutrophils respectively
(28). The production of DAMPs, ROS, and injury of the extracellular matrix following ischemia-
reperfusion injury represent upstream effectors of signaling pathways including TLR, IL-1,
complement cascade and NF-KB that activate chemokine-mediated pro-inflammatory response
(28). Notably, TLR signaling has been implicated in downstream CXC chemokine upregulation
(29). The role of CCL2 during inflammation has been reported to be involved in the recruitment
of monocytes from the blood stream into the tissues through interaction with its corresponding
receptor, CCR2 (30). However, this study identified upregulation of CCL2 and downregulation of
CCR?2 after 12 h of EVHP, which is of uncertain significance and warrants further mechanistic
analysis. CXCLY9, CXCL10 and CXCLII are implicated in the chemotactic recruitment of
lymphocytes, whereas CXCL?2 is involved in the recruitment of neutrophils and monocytes (28,
31-33). The upregulation of these genes therefore indicates the presence of molecular signals
promoting lymphocytic and neutrophilic inflammation after 12 h of EVHP.

The AP-1 MCODE complex identified in chapter two of this thesis demonstrated
upregulation of ATF3 and FOS, and downregulation of JUN with EVHP. Previous AP-1 studies
focusing on the deletion of JUN reported fibrosis of the myocardium, alteration of sarcomere
organization and cardiomyocyte apoptosis (34). Activation of the MAPK signaling pathway results
in the downstream activation of the AP-1 cascade, which then induces the expression of TGFJ-1

and collagens I and III (35).7GFp-1 upregulation in this experiment has been previously reported
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to play a critical role in extracellular matrix formation-remodeling (36). Altogether, this suggests
that upregulation of both FOS and ATF'3 and down regulation of JUN might represent the induction
of molecular pathways associated with myocardial fibrosis and cardiomyocyte loss. Subsequently,
ATF3 homodimerized AP-1 signaling might have induced the upregulation of TGFf-1, thus
representing early cardiac remodeling. Evidently, ATF3 and GDF3 -- a TGFp-1 superfamily
member -- have been reported to be upregulated following ischemia-reperfusion, findings that are
consistent with this study (37, 38).

Acute myocardial ischemic injury has previously been reported to induce a reduction in
oxygen tension within cardiomyocytes, consequently leading to loss of oxidative phosphorylation
and decreased ATP production due to structural changes within the cardiomyocytes, including
cellular and mitochondrial edema and depletion of energy stores (39). These reports are consistent
with our findings of significant downregulation among structural genes (e.g. COLIAI, MYH7,
ACTA2, FNI), reflecting alterations in extracellular matrix, sarcomeric integrity, myocardial
contractility, and mitochondrial structure. Reduced molecular injury in combined heart and liver
perfusion may therefore be attributable to hepatic activity, such as liver-derived cardioprotective
effectors that enhance cardiomyocyte tolerance to ischemia (40). Specifically, Liu et al
demonstrated significantly reduced myocardial infarcts due to upregulation of alpha-1 acid
glycoprotein 2 (AGP2), neuregulin 4 (NRG4), bone morphogenetic protein-binding endothelial
regulator (BMPER), fibroblast growth factor 21 (FGF2I) and trefoil factor 3 (7FF3) by
hepatocytes in post-myocardial ischemia (40). Furthermore, significantly lower expression of the
downregulated 12-gene set in WM and laying position suggests that these strategies are associated

with relatively more myocardial injury. However, further work is needed to understand these
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interesting observations and help explain the unresolved mechanisms underlying improved cardiac
function observed with EVHP in a loaded physiologic mode (41).

Cardiac fibrosis is one of the defense phenomena that is induced following myocardial
injury. The lack of regenerative capacity by adult human cardiac cells shifts the response to loss
of cardiomyocytes by a reparative process that causes the formation of fibrous tissue (42). Rapid
loss of cardiomyocytes following acute ischemic injury stimulates an intense inflammatory
response which ultimately leads to the replacement of the lost cells with fibrous tissue (43).
Cytokines such as TNF-a, IL-6, chemokines, and growth factors such as TGF-fand GDF-15 have
been noted to be the common upstream profibrotic effectors (42). The upregulation of these genes
in this study therefore suggest an active stimulation of early fibrotic cardiac tissue remodeling.
Notably, coactivation of proinflammatory and profibrotic reactions stimulates a vicious cycle that
causes progressive activation of myofibroblasts (42). This results in significant increase of
collagen deposition and accumulation in the extracellular matrix (44). Upregulation of matrix
metalloproteinases as well as their tissue inhibitors have been reported to be associated with
collagen turnover and extracellular matrix (ECM) fibrosis (45). These findings are consistent with
the results in this experiment including increased expression levels of MMPI2, MMPI4 and
TIMP1, hence suggesting cardiac remodeling, a process that has been associated with systolic and
diastolic dysfunction. Studies on pre-clinical models of end stage heart failure reported similar
results on the upregulation of MMPs (46, 47).

ECM turnover is further enhanced with upregulation of LOX genes and subsequent increase
of lysyl oxidase enzymes that are crucial in collagen cross-linking, an activity that enhances
resistance of collagen to matrix metalloproteinase degradation (48, 49). LOX enzymes function by

converting soluble collagen into insoluble collagen thus making them resistant to degradation by
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matrix proteinases (49). Interestingly, the findings in this study identified a significant
downregulation of LOX, suggesting an active ECM turnover that is very much susceptible to MMP
degradation (50). It is therefore tempting to speculate that EVHP induces an active cardiac repair
through the downregulation of LOX, however, overwhelmed by other factors causing cardiac
fibrosis. Consistent with this hypothesis is a study by El Hajj et al. that reported improved cardiac
function following application of lysyl oxidase inhibitor (44).

In addition to its inhibitory activity against MMP degradation, Takawale et al recently
reported that 7/IMPI contributes to cardiac fibrosis through MMP-independent pathways (51).
They demonstrated that 7/MPI is involved in mediating the association between CD63 and
integrin-Bl1 present on cardiac fibroblasts, causing downstream activation and nuclear
translocation of Smad2/3 and [B-catenins (51). Notably, Smad2/3 are known to be TGF- signal
transducers and, thus, their activation results in increased expression of 7GF-£I ultimately causing
de novo collagen production (51, 52). In particular, TGF-fI is reported to be involved in the
downstream regulation of the A7F3 gene, which further activates the upregulation of 7TGF-fI in a
positive-feedback loop (53). Together with TIMP1, MMPs and TGF-p1, ATF3 was upregulated in
this experimental study. This cumulative activation of TGF-pfI could explain the overwhelming
action of downregulated LOX gene with less cross-linked ECM turnover during EVHP repair.
Studies in tissue inhibitor of metalloproteinases (TIMPs) have demonstrated low expression levels
of TIMPI in a normal healthy heart and increased expression levels in dysfunctional hearts (54).
The overexpression of both TIMPI and MMP14, however, has been associated with cardiac
fibrosis and left ventricular dysfunction in pressure-overloaded human hearts (55) as well as in
animal studies (56), further suggesting a pattern of tissue remodelling-mediated myocardial

damage during EVHP. Particularly, MMP-14 has been widely studied and reported to degrade
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fibronectin and fibrillar collagen type I which are extracellular matrix components that are encoded
by FNI and COL1A1 genes respectively (57). It is therefore tempting to speculate that upregulation
of the MMP-14 could have contributed to the downregulation of FNI and COLIAI observed in
this study through a negative feedback mechanism. COLIA1 and COL1A?2 are the two genes that
encode collagen type 1, the most abundant component of the ECM (58). Downregulation of these
genes has been reported to result in loss of ECM integrity, and hence decline in cardiac function
(59).

One of the challenges with EVHP is the incomplete clearance for metabolic waste products
and cellular debris (60). Mechanistically, continuous hemodialysis during EVHP could be a
suitable modality for ionic homeostasis (61). This study incorporated a brief period of dialysis to
assess whether functional performance would be positively impacted. Interestingly, gene
expression changes did not show any significant differences between groups with or without
dialysis, although the sample sizes were small. These results suggest that neither ionic imbalance
nor metabolite accumulation are the primary drivers of functional deterioration during EVHP. The
findings are consistent with a prior study by Buchko e a/ who examined the effects of continuous
hemodialysis during ex vivo lung perfusion (EVLP) (62).

Overall, these results suggest an active process of molecular cardiac tissue injury during
EVHP, represented by a pro-inflammation, pro-apoptosis, and pro-necrosis gene expression
phenotype. This is the direct opposite to what has previously been reported in EVLP (18), which
differs from EVHP in multiple respects, including the presence of ventilation in addition to
perfusion. The proposed theoretical benefits of EVHP include the influence on aerobic metabolism
during organ perfusion by maintaining cellular function and integrity through enhanced

microcirculation, clearance of toxins as well as the removal of inflammatory cells (63). However,
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powerful pro-inflammatory genes including TNFo and IL6 were found to be upregulated in EVHP
contrary to what was observed in EVLP (18). Although the overexpression of 7/MPI in EVLP
(18) was interpreted to represent tissue repair, upregulation of this transcript in the current EVHP
study could, in contrast, suggest cardiac tissue injury because of the notable role of this gene in
the injured heart. Additionally, powerful pro-apoptotic genes including BTG2, GADD45B and
CASP8 demonstrated high expression in EVHP as well as pro-oxidative stress HMOX gene,
findings that are contrary to the previous EVLP study. BTG2, in particular, has been reported in
cancer studies to be a powerful tumor suppressor gene as well is in cardiomyocyte hypertrophy
(64, 65).
3.5 Strengths and Limitations

This study has multiple strengths and limitations worth noting. The use of a homogenous,
large animal, pre-clinical model along with a novel, thoroughly annotated, literature-derived gene
signature for cardiac injury and repair are considered the greatest strengths. However, notable
limitations include the use of donor hearts being procured from healthy animals as opposed to
diseased hearts that would more accurately mimic the clinical situation of donation after cardiac
death. Additionally, this study did not include intermediate biopsy collection time points between
TO and T12 for the EVHP gene expression analysis, due to concerns about the potential
confounding effect of such biopsies on organ status and cardiac function; hearts with such biopsies

could not sustain prolonged perfusion.

3.6 Conclusion

Gene expression profiling represents a powerful approach for assessing cellular functions
and generating testable hypotheses. This study aimed to exploit the benefits of this approach to

improve our understanding of and ability to monitor cardiac tissue injury and repair during EVHP.
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The experiment in this Chapter demonstrated that EVHP induces a quantifiable molecular response
thus, supporting the hypothesis that analyzing the expression level of the described subset of genes
identified in Chapter 2 would allow for mechanistic measurement of cardiac tissue injury during
organ perfusion. Two sets of genes (44 upregulated and 12 downregulated) that were identified in
this study could potentially be used, either individually or as aggregate gene sets, to assess the
quality of ex vivo perfused hearts prior to transplantation. To further understand the mechanisms
of injury occurring during EVHP, the identified sets of genes were correlated with function and

histology as described in detail in Chapter 4.
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Chapter 4
Correlation between gene expression,
cardiac function and histology

during ex vivo heart perfusion’

3 A portion of this Chapter has been published as: Rotich S, Herbers N, Hatami S, Nagendran J, Mengel M,
Freed DH, Adam BA. Correlation between gene expression and cardiac function in ex vivo perfused porcine
hearts [abstract]. Am J Transplant. 2019;19 (suppl3).
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4.1 Introduction

Although heart transplantation remains the gold standard treatment for patients with end-
stage heart disease, successful transplant intervention requires accurate pre-transplant assessment
of donor organ viability (1). Being able to determine the functional status of a potential donor heart
is thus vital for transplant surgeons to make informed decisions regarding organ acceptance. Ex
vivo perfusion of donor hearts provides a promising opportunity for more accurately measuring
the degree of injury incurred during organ procurement and assessing the overall quality of the
heart prior to transplantation (2). During EVHP, numerous hemodynamic, physiological, electrical
and metabolic parameters can be measured (3). However, alterations in these parameters are
generally not associated with a specific underlying etiology; for example, ischemia-reperfusion
injury, ion imbalances, progressive accumulation of toxins, nutrient depletion, cardiomyocyte
necrosis or apoptosis, and inflammation have all been reported to contribute to cardiac dysfunction
during EVHP (3). A thorough assessment of cardiac injury would therefore ideally incorporate
other diagnostic tools such as electrocardiography, biomarker levels, and histology (4).

Histopathological scoring has been widely used to provide both qualitative and quantitative
measures of cardiac injury in cardiovascular research (5). Although different investigators have
previously employed varying scoring systems, common histological features of cardiac injury
include the presence of inflammatory cells, myocardial hemorrhage, interstitial edema, necrosis,
and endothelial injury (5, 6). These features are often further qualified as being focal, multifocal
or diffuse depending on the extent of injury (7). Notably, cardiomyocyte necrosis is generally
represented by loss of nuclei, hyper-eosinophilia, loss of striations, and/or the presence of
contraction bands (6).

Cardiac troponin I, a common clinical biomarker for measuring myocardial injury,

unfortunately has limited utility for quantifying myocyte necrosis in EVHP, due to procedure-
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related ischemia resulting in the release of cytoplasmic contents in the absence of tissue necrosis
(8). In the setting of EVHP, increased troponin I could result from the organ retrieval procedure,
ischemia-reperfusion, absence of renal clearance or EVHP-induced inflammation, and thus may
not reflect the true extent of myocardial necrosis (9-11). Similar limitations of nonspecificity are
encountered with brain natriuretic peptide (BNP), another biomarker of cardiac injury that is
secreted by the heart following ventricular wall distension (12) and has been associated with
decreased left ventricular ejection fraction (13).

Terminal deoxynucleotidyl transferase (TdT) dUTP Nick-End Labeling (TUNEL) is a
commonly used method for rapid detection and quantification of apoptotic cells (14). During
apoptosis, the affected cells demonstrate biochemical and morphological characteristics including
chromatin condensation, cell and nuclear shrinkage, development of membrane bound apoptotic
bodies and phagocytosis by adjacent cells or macrophages in the absence of an associated
inflammatory response (15). Endonuclease degradation of DNA is a biochemical hallmark of
apoptosis that results in the generation of double-stranded fragments of DNA of about 180-200
base pairs in length (16). The TUNEL assay, a template-independent method, utilizes
deoxynucleotidyl transferase to catalyze the addition of labeled dUTPs to the 3’-hydroxyl ends of
double-stranded DNA fragments for the identification and quantification of apoptotic cells (15).
The complexes can then be visualized with the use of immunohistochemical techniques (17).
However, the application of this technique for detecting apoptosis during EVHP presents several
challenges. First, the reliability of DNA fragmentation in the TUNEL assay for detection of
apoptosis can result in false positives due to possible necrosis-mediated DNA damage (18).
Furthermore, the reliability of the TUNEL assay is suboptimal with formalin-fixed, paraffin-

embedded (FFPE) tissue due to processing-related DNA fragmentation. Although alternative
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methods such as Western blots have been employed to confirm and characterize apoptotic cells,
the utility of apoptosis as a measure of injury appears limited for the purpose of organ quality
assessment. In particular, Hatami et al. demonstrated significant number of apoptotic cells after 12
h of EVHP that was out of proportion to the observed decrease in cardiac function (19).

Some myocardial functional parameters assessed during EVHP have been shown to
reliably predict graft failure post-transplant (20). One of the currently clinically available EVHP
devices, the TransMedics Organ Care System (OCS), allows for assessment of several parameters
that have previously been associated with post-transplant graft survival, including arterial lactate
level, venous and arterial oxygen saturation, coronary sinus flow and aortic pressure (21). However,
the ability of the OCS to only allow for organ perfusion in non-working mode limits the assessment
of myocardial function (19). Furthermore, there is concern about the reliance of OCS on lactate
concentrations as a primary marker of organ viability, given that up to 30% of hearts have been
reported to be falsely deemed nonviable with this marker following in vivo assessment using
normothermic regional perfusion (22, 23). These findings highlight the need for novel parameters
that are sensitive and specific for determining the eligibility of an organ for optimal utilization and
successful post-transplant outcome.

Cardiac organ preservation is an area of active research facilitated by the development of
novel EVHP devices that allow organ perfusion in a loaded working mode. The EVHP loaded-
mode circuit allows for the assessment of functional parameters such as cardiac output, cardiac
index, stroke volume, and systolic and diastolic pressures, as well as for metabolic parameters
including lactate, oxygen consumption and electrolytes to be recorded in real time (24, 25).
However, although these data provide valuable information about cardiac functional status, they

do not demonstrate the specific pathophysiological mechanisms underlying the observed
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phenotypes. Hatami et al demonstrated that preservation during EVHP is associated with a time
dependent decline in cardiac function (19). Specifically, they found a decline in cardiac output,
stroke work, cardiac index, systolic pressure, oxygen extraction, myocardial oxygen consumption,
and maximum and minimum rates of pressure change over 12 h of EVHP. Linking gene expression
patterns with these existing measures of organ status may further enhance our ability to understand
and predict organ quality by elucidating the molecular mechanisms of EVHP-related injury and

repair.

Investigating the mechanisms underlying complex biological processes can include one of
two approaches: 1) interrogating signaling pathways with gain and/or loss of function experiments,
or 2) the use of transcriptomic-based discoveries to identify molecular markers that define a given
phenomenon (26). With the relative ease of modern transcriptomics approaches, including
genome-wide microarrays and RNA sequencing, the biological mechanisms of cardiovascular
physiology and disease are being increasingly explored by correlating gene expression alterations
with physiological parameters (27, 28). One of the greatest challenges in these studies is the
attribution of functions to genomic characteristics, with relatively few functional annotations being
authenticated by experimental evidence (29, 30). However, the availability of transcriptomic data
has led to the development and exploitation of several gene function hypotheses that are based on
the homogeneity of expression patterns of genes with known functions (31). The utility of
transcriptomics in cardiovascular research has facilitated greater understanding of the molecular
features associated with numerous entities, including hypertrophic and ischemic cardiomyopathies

(32).

Most of the currently available myocardial biomarkers have been identified through binary

case-control studies including a comparison between normal working hearts and failing ones, such
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as dilated cardiomyopathy (33, 34). However, the feasibility of binary case-control studies in
longitudinal research on human myocardial biopsies is limited and, therefore, transitional analysis
using correlation and associational research could help in defining molecular biomarkers that
correspond to functional or structural alterations (34-36). This chapter tested the hypothesis that
increased expression of gene transcripts during EVHP could represent a molecular marker for
cardiac injury and/or repair. The objective of the present study was to correlate functional and
histopathologic changes in porcine hearts after 12 h of EVHP with the gene expression changes

described in Chapter 3.

4.2 Methods
4.2.1 Histology

The FFPE tissue blocks (IV=7, H+L=7, EVHP=32), prepared as described in Chapter 3,
were utilized for histological assessment. The tissue blocks were sectioned at 5 um thickness on a
rotary microtome (Leica HistoCore AUTOCUT Microtome, Leica Biosystems Inc., Buffalo
Groove, IL). Each section was floated on a water bath (40°C), picked up on a glass slide, and baked
at 60°C for 1 h prior to staining. Standard hematoxylin and eosin (H&E) staining was performed
Harris Hematoxylin-3801561; Eosin-3801602, Surgipath®, Leica Biosystems, Richmond, IL,
USA). A previously reported histopathologic scoring scheme for cardiac injury was utilized (5),
including assessment of myofiber degeneration, hemorrhage, interstitial edema and endothelial
changes on a scale of 0-3+ (Table 4.1). Furthermore, interstitial and perivascular lymphocytes,
neutrophils and eosinophils were assessed for myocardial inflammation injury (37) as described

in Table 4.1.
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Table 4.1. Cardiac injury histology scoring schema

Histology Marker Score Description

Myofiber Degeneration 0 Absent

1+ Single to multiple foci of vacuolated, shrunken, or fragmented, hypereosinophilic myofibers
2+  More frequent multifocal foci to larger zones of vacuolated, shrunken, or fragmented hypereosinophilic

myofibers
3+ Large coalescing to regionally extensive zones of vacuolated, shrunken, or fragmented hypereosinophilic
myofibers
Myocardial hemorrhage 0 Absent

1+ Focal to multifocal mild myocardial, epicardial, or endocardial hemorrhage
2+ Moderate multifocal to regionally extensive myocardial, epicardial, or endocardial hemorrhage
3+ Severe regionally extensive hemorrhage involving large portions of heart section

Interstitial edema 0  Absent

1+ Mild and multifocal separation of myofiber bundles or expansion of perivascular spaces
2+ Moderate and multifocal separation of myofiber bundles or expansion of perivascular spaces
3+ Marked regionally extensive or multifocal separation of myofiber bundles and perivascular spaces

Endothelial changes 0 Absent
1+ Plump endothelial cells, separation of endothelium from underlying basal lamina

2+  Cellular infiltration of vessel wall or disruption of layers of vessel wall
3+ Necrosis or severe vascular cellular infiltration

Reproduced with permission from Wolters Kluwer Health Inc. (5)

Histology Marker Score Description

Inflammation 0 Absent
1+ Mild inflammation; inflammatory cells within capillary lumina
2+ Moderate inflammation; scattered inflammatory cells infiltrating myocardium
3+ Severe inflammation: myocardium densely infiltrated with inflammatory cells

4.2.2 Functional Assessment of the Ex Vivo Perfused Heart

Functional assessment was performed by Dr. Sanaz Hatami in the Department of Surgery,
University of Alberta. During the perfusion period described in Chapter 3, myocardial function
was assessed at 1 h (T1; representing early perfusion), 5 h (T5; representing mid-perfusion), and
11 h (T11; representing late perfusion) in physiologic WM. The perfusion apparatus software
collected the atrial, ventricular, and aortic pressure throughout the perfusion, and calculated the
ventricular stroke volume (SV) and stroke work (SW). The SW (mmHg-ml) was calculated as the
product of LV developed pressure (mmHg) and SV (mL/beat; cardiac output (mL/min)/heart rate
(beats/min) (15). To assess the maximum (dP/dt max) and minimum (dP/dt min) rates of pressure

change, a pigtail catheter (5F) was placed in the left ventricle via the subclavian branch of the
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aortic arch. The cardiac index (CI) was calculated by measuring the flow through the LA line
divided by the heart weight (mL/min/g). Only T11 functional data, representing the closest

timepoint to biopsy collection, were utilized for correlation with gene expression.

4.2.3 Gene expression

The expression levels of genes described in Chapter 3 were correlated with function and
histology. Additionally, the two aggregate gene sets that were identified in Chapter 3, including
the upregulated 44-gene set and the downregulated 12-gene set, were correlated with each

histologic and functional parameter to assess for possible associations.

4.2.4 Statistics

R Version 3.4.1 was used for all analyses. Mann Whitney U-test was performed for all
class comparison analyses and statistical significance considered at P<0.05. Spearman’s rank
correlation coefficients (rho) were calculated to characterize the relationships between aggregate
gene sets and functional and histologic parameters. Correlation heatmap analysis was used to
visualize the association between gene expression and functional parameters. Scatter plots and box

plots were used for the significantly correlated parameters to confirm the directions of association.

4.3 Results

4.3.1 Cardiac injury histology scoring
The aim of the histology analysis was to assess for the presence of any microscopic features

of cardiac injury. The EVHP biopsies demonstrated significantly more interstitial edema versus

the in vivo group (EVHP=0.515+0.507 vs. [IV=0+0, P=0.030) (Table 4.2, Figure 4.1).
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Table 4.2. Histology results for cardiac injury

‘ Cardiac Injury Score (mean + SD) ‘

Histology parameter ‘

Myofiber degeneration 0£0
Myocardial hemorrhage 0+0
Endothelial changes 0+0
Interstitial edema 0+0
Inflammation 0.5+0.534

0.125 £0.353

0.375 £0.517

0+0

0.030 +0.174

0.030 £0.174

0.515 £ 0.507

0.696 + 0.535

P- values

NA NA NA
NA NA NA
NA NA NA
0.030 0.116 0.703
0.596 0.271 0.703

IV, in vivo; H+L, combined heart, and liver perfusion; EVHP, ex vivo heart perfusion; NA, not available

A Histology assessment
1
0.9
0.8 mIv
@ 07 (n=7)
8 0.6
(72}
g- 05 OH+L
T oa (n=7)
E 0.3
§ ’ HEVHP
02 (n=32)
0.1 H
0 -] -
MD MH EC IE INF

Histology assessment

2.5
P=0.030*
2
o P=0.116*
§ 15 P=0.703*
z
=]
g 1 .
x
=
0.5 y
x
o .

IV (n=7)

H+L (n=7) EVHP (n=32)

M |nterstitial Edema [ Inflammation

Figure 4.1. Cardiac injury histology scoring. A: Clustered column with mean injury score. B: Box plot. IV, in vivo;
H+L, combined heart, and liver perfusion; EVHP, ex vivo heart perfusion; MD, myofiber degeneration; MH,
myocardial hemorrhage; EC, endothelial changes; IE, interstitial edema; INF, inflammation; x, mean. *Interstitial

edema P values.

However, there was no significant difference in interstitial edema between H+L and IV

(H+L=0.125+0.353 vs. IV=0+0, P=0.703), nor between EVHP and H+L (P=0.116). Mild to no

inflammation was observed in all sample groups, with no statistically significant differences

between them. No myofiber degeneration was identified in any of the sample groups. Myocardial

hemorrhage and endothelial swelling were observed in only one of the EVHP hearts (Figure 4.2).
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Figure 4.2. EVHP histology, hematoxylin and eosin stain. (a) in vivo X100 and (b) EVHP X100 demonstrating normal myocardium. (c) X400 of normal
myocardium. (d) EVHP X100 showing mild interstitial edema. (¢) EVHP X400 myocardial hemorrhage; black arrows. (f) EVHP X400 narrowed myocardial
capillary lumen with plump endothelial cells; circle, and lymphocyte infiltration; white arrow.
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4.3.2 Correlation between gene expression, histology and function

Hatami et al previously demonstrated a gradual decline in cardiac function during EVHP

for the hearts included in this study (19). Correlation heatmap analysis demonstrated distinct

clustering of these functional parameters based on gene expression patterns (Figure 4.3).

E .
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- |

Cl Change
Stroke Work
Cardiac Index
Cardiac Output
Systolic Pressure
dP/dt max

MvVQ2

Oxygen Extraction
Weight Gain
Arterial Lactate
dP/dt min

Figure 4.3. Correlation heatmap showing the association between gene set expression and cardiac functional

parameters.
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A total of 46/68 (67.6%) genes demonstrated a negative correlation with favorable functional
markers including cardiac index change, stroke work, cardiac output, systolic pressure, maximum
pressure change, myocardial oxygen consumption and oxygen extraction, while positively
correlating with unfavorable parameters including weight gain, arterial lactate production and
minimum rate of change of pressure. These genes included 39/44 (88.6%) identified within the
upregulated 44-gene set in Chapter 3 (Figure 3.6). The other five genes in the upregulated 44-gene
set were HSP90AA1, CXCL9, CXCL10 and CXCLI1. CXCL9, CXCLI10 and CXCLI1 positively
correlated with some favorable parameters including systolic pressure, maximum pressure change,
myocardial oxygen consumption and oxygen extraction, and negatively correlated with two
unfavorable parameters including weight gain and arterial lactate, as well with other favorable
parameters including cardiac index change, cardiac index, stroke work and cardiac output. No
correlation was seen between these three genes with minimum pressure change. HSP90AAT levels
positively correlated with oxygen extraction, MVO., dP/dt max, systolic pressure, cardiac output
and cardiac index and negatively correlated with dP/dt min. No correlation was observed with
cardiac index changes and weight gain. Of the genes within the identified downregulated 12-gene
set in Chapter 3 (Figure 3.6), 11/12 (91.7%) positively correlated with the favorable functional
parameters and negatively correlated with the unfavorable markers. CCR2 clustered with most of
the upregulated genes (Figure 4.3).

Further analysis of the correlation between aggregate upregulated 44-gene set expression
and cardiac function demonstrated significant negative correlation with cardiac index (rho=-0.516,
P=0.002), change in cardiac index (rho=-0.626, p<0.001), stroke work (rho=-0.623, P<0.001),
cardiac output (rho=-0.523, P=0.002), MVO (tho=-0.513, P=0.002), dP/dtmax (rho=-0.382,

P=0.030) and oxygen extraction (rho=-0.612, P<0.001) and positive correlation with arterial
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lactate (rho= 0.640, P<0.001) and dP/dtmin (tho=0.481, P=0.006) (Table 4.3). There was no
significant correlation between upregulated 44-gene set expression and weight gain (rho=0.101,
P=0.553). Conversely, the downregulated 12-gene set demonstrated significant positive

correlation with oxygen extraction (P=0.011) and negative correlation with arterial lactate

(P<0.001) (Table 4.3).

Table 4.3. Correlation between gene set expression and functional parameters in EVHP (n=39) T12h

Correlation between gene set expression and functional parameters

in 39 porcine hearts after 12h of ex vivo perfusion

Upregulated ‘ Downregulated
44-gene set 12-gene set

0.101 | 0.553 | -0.121 | 0.474 |
-0.516 | 0.002 | JQJSJ J.ﬂ&lJ
-0.626 | <0.001 | -0.072 | 0.682 |
-0.513 | 0.002 | 0.260 | 0.143 |
0.640 | <0.001 | -0.549 | <0.001 |
0.612 | <0.001 | 0.434 | JﬂllJ

-0.347 | 0.051 | 0.327 | 0.067 |

-0.382 0.030 | 0.174 | 0.341 |
0.481 | 0.006 | -0.241 | 0.190 |

Published as per footnote on page 112.

Scatter plot analysis confirmed the direction of correlation for oxygen extraction and
arterial lactate and the aggregate gene sets (Figure 4.4). There was no significant correlation

between downregulated 12-gene set expression and all other functional parameters.
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Figure 4.4. Scatter plots representing the correlation between gene set expression and arterial lactate (A, B)
and oxygen extraction (C, D)

Correlation was also assessed between gene set expression and histologic features for all

46 samples. However, the only statistically significant relationship was between upregulated 44-
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gene set expression and interstitial edema (absent vs. mild; rho=0.429, p=0.003) (Table 4.4 Figure

4.5). No other significant correlations between gene expression and histology were identified.

Table 4.4. Correlation between gene set expression and histological parameters in 46 porcine hearts including

all three groups (IV, H+L and EVHP)

Correlation between gene expression and histological parameters in all the 46

porcine hearts

Upregulated 44-gene set
. . r*-value P-value
Histological parameter
Myocardial hemorrhage -0.028 0.853
Endothelial changes -0.072 0.633
Interstitial edema 0.429 0.003
Inflammation 0.205 0.172

Downregulated 12-gene set
r*-value P-value
-0.241 0.106
0.257 0.085
-0.151 0.317
-0.048 0.750

* Asterisk represent Spearman rank (rho) correlation.
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Figure 4.5. Box plot demonstrating correlation between aggregate gene sets versus interstitial edema (IE).
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4.4 Discussion

The objective of this Chapter was to correlate the functional and histological cardiac
changes that occur during EVHP with injury and repair gene expression patterns. As recently
reported by Hatami et al (19), EVHP is associated with a decline in cardiac function, represented
by decreased cardiac output, stroke work, systolic blood pressure, cardiac index, and changes in
load-dependent measures. Previously, the study in Chapter 3 demonstrated that EVHP induces a
quantifiable molecular pattern that is consistent with cardiac injury. Significantly differentially
expressed genes were clustered into two sets based on the direction of gene expression after 12 h
of EVHP: an upregulated 44-gene set and downregulated 12-gene set. Notably, immune response,
signal transduction and tissue remodeling genes were the most upregulated genes, whereas
structural genes were the most downregulated. To further assess the potential clinical significance
of this molecular signature, this study aimed to correlate gene expression with cardiac functional
and histological parameters. Interestingly, the molecular injury response correlated with cardiac
function but not with histology, except for interstitial edema. The previously identified upregulated
44-gene set negatively correlated with favorable clinical parameters and positively correlated with
adverse parameters, supporting the supposition that this represents a molecular signature for
cardiac injury. In contrast, the downregulated 12-gene exhibited the opposite pattern of correlation
with cardiac function, consistent with the hypothesis that increased expression of these transcripts
represents a molecular marker for cardiac health and/or repair. The lack of significant differences
and associations with histology in this study likely reflects the relatively lower sensitivity of this
method of evaluation for acute cardiac injury compared with functional and molecular tools.

Inflammation and fibrosis represent the key pathophysiologic mechanisms occurring in a
failing heart (38). Notably, cytokines are known to exert deleterious effects on the myocardium

(39). TNFo and IL-6 are powerful pro-inflammatory cytokines that were found to be highly
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upregulated in this experimental study, and they are involved in crucial pathophysiologic roles in
a failing heart. In particular, previous studies have reported TNFa and IL-6 to be involved in
decreasing the expression of genes involved in the regulation of Ca?’ release channels and
sarcoplasmic reticulum Ca®** ATPase (40, 41). This inflammation-mediated Ca®" imbalance
promotes pathological cardiac remodeling including ventricular dilation, myocardial hypertrophy
and fibrosis and pump dysfunction, ultimately leading to heart failure (42). Furthermore, other
studies have reported /L-6 to cause cardiomyocyte stiffness through reduced phosphorylation of
titin, a large protein that is responsible for myocardial elasticity (43).

The cardiac extracellular matrix (ECM) is a complex architectural network that provides
structural and functional support to the myocardial cells in addition to regulating intercellular
signal transduction (44, 45). Any alterations in the ECM could directly affect the functionality of
the heart and cause cardiac dysfunction (46). Cardiac remodeling due to acute myocardial
impairment as well as myocardial edema have been associated with cardiac dysfunction (47, 48).
Under normal circumstances, collagen deposition represents an adaptive response for tissue
integrity maintenance and preservation of left ventricular function (46, 49, 550). However, in
response to injury, both profibrotic and pro-inflammatory responses act together resulting in
excessive activation of myofibroblasts (50, 51). This causes progressive collagen deposition and
accumulation in the ECM (54-56). In the present study, most of the genes involved in the upstream
activation of the fibrotic pathway including T7GF-f MMPI12, MMPI14, TIMP2, GDFI5 and
proinflammatory genes including T7NF-« and IL-6 were among the upregulated genes associated

with inferior cardiac function. This suggests that there is a process of deleterious tissue remodeling

during EVHP.
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Myocardial edema, which refers to fluid accumulation in the myocardial interstitial space,
is known to cause systolic and diastolic cardiac dysfunction as a result of developing an imbalance
in filtration between the coronary microvasculature and interstitial fluid (55, 56). Notably,
interstitial edema reduces left ventricular maximum pressure change and preload recruitable stroke
work following isovolumic contraction and increases stiffness of the diastolic chambers thus
inhibiting ventricular filling (52, 57-59). This consequently decreases cardiac output as well as
cardiac efficiency (48, 56). It is tempting to speculate that the decline in myocardial function
during EVHP in this study was at least partly a result of the interstitial edema that was
histologically observed across EVHP T12 biopsies. Studies using coronary sinus hypertension to
assess the impact of interstitial myocardial edema in preclinical models demonstrated failure of
both systolic and diastolic functions during myocardial edema in the absence of other features of
myocardial injury (48, 59). Although these findings are consistent with the absence of additional
histological characteristics of myocardial injury in this study, upregulated 44-gene set expression
did positively correlate with myocardial interstitial edema. A similar relationship was observed
with weight gain, although this was not statistically significant. Previous studies that investigated
serum cytokine levels in patients with cardiopulmonary bypass speculated an association between
pro-inflammatory response and the development of myocardial interstitial edema during prolonged
EVHP, negatively impacting post-transplant outcomes (60-62). Indeed, many of the genes that
positively correlated with myocardial interstitial edema in this study are pro-inflammatory.
Previous studies on the use of steroids such as methylprednisolone in OCS-EVHP to suppress the
pro-inflammatory response demonstrated a significant reduction of myocardial edema (63, 64),
thus supporting the role of pro-inflammatory mechanisms in myocardial interstitial edema.

Although the chemokines, including CCL2 and CXCL9-11, which are involved in chemotactic
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trafficking of leukocytes, were found to be among the upregulated genes associated with cardiac
injury in this experiment, there was no histological evidence of significant inflammatory cell
infiltration in any of the sample groups.

An interesting observation in this study is the positive correlation of upregulated
HSP90AAI with favorable functional parameters including oxygen extraction, myocardial oxygen
consumption, systolic pressure, cardiac output, stroke work and maximum rate of change of left
ventricular pressure. HSP90AAI is a molecular chaperone that codes for HSP90a proteins which
confer cardio-protection against progressive accumulation of misfolded proteins (65). Mechanical
and oxidative stress (the commonly encountered challenges with EVHP) reduce protein stability,
consequently causing increased levels of misfolded proteins (65). These misfolded proteins are
very toxic to the myocardium and can directly cause cardiac dysfunction (66). Additionally,
increased HSP90 levels have been reported to protect myocardium against cell death by inducing
anti-apoptotic effects via PI3K/Akt signaling pathways (67). These cardioprotective effects of
HSP90AAI explains its positive association with favorable markers of cardiac function in this
experiment. Heat shock proteins have also been shown to inhibit Jun N-terminal Kinase (JNK)
signaling pathway by binding to c-Jun N-terminal kinase enzyme (68) and this could be associated
with the downregulation of JUN observed in this experiment by means of a negative feedback
mechanism.

The non-significant mild inflammation observed across the study groups could represent a
response to inevitable surgical trauma incurred during organ retrieval, and not EVHP-induced.
Notably, previous studies have reported that systemic leukocytic changes such as neutrophilia,
leukocytosis and lymphocytosis may occur in response to surgery by different cytokines and acute

phase adjuvants (69, 70). Generation of immune mediators is well documented to be correlated
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with the proportion of surgical trauma, and that anaesthesia as well as anaesthetic techniques
influence this type of immune response (71-76). Total intravenous anaesthesia has been previously
associated with lower serum levels of immune mediators when compared with inhalation
anaesthesia (77). These previous studies indeed explain the observation in this experiment whereby
anaesthesia was initiated with intravenous injection of ketamine and atropine but maintained with

1soflurane inhalation.

4.5 Conclusion

Altogether, it is tempting to speculate that the previously observed decline in cardiac
function during EVHP is at least partly due to a pro-inflammatory response that induces cardiac
failure by either 1) inducing progressive myocardial interstitial edema, or 2) causing alteration in
sarcoplasmic Ca?* homeostasis, which in turn results in molecular pathways of early myocardial
fibrosis and cardiac muscle stiffness. This study also confirmed the reliability of gene expression
for measuring cardiac injury in relation to multiple established markers of cardiac function.
However, in contrast to nonspecific functional parameters, gene expression may provide the
opportunity for more precise, mechanism-based insights into the cardiac response to tissue injury.
Furthermore, the ability of gene expression to identify differences in injury response between all
three sample groups (IV, H+L and EVHP), which was not possible with histology or function,

suggests the possibility of gene expression as a more sensitive measure of cardiac injury.
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5.1 Review of thesis objectives and summary of results

Since the first successful heart transplant more than 50 years ago, this procedure has
become widely accepted as a life-saving treatment for patients with end-stage heart failure, and
many advances have been made to meet the increasing demand for transplantation (1). Some of
these advances include the use of extended donor criteria (2), donation after circulatory death
(DCD) hearts (3), and machine perfusion, all of which contribute to the aim of increasing the
suitable donor organ pool. Other strategies such as ischemic post-conditioning and normothermic
regional perfusion have also been utilized to reduce the deleterious effects of ischemia-reperfusion
injury (Chapter 1). Despite these efforts, however, the full potential benefit of this therapeutic
intervention is yet to be realized, partly due to the inability to reliably evaluate the quality of donor
organs prior to transplantation. Ex vivo heart perfusion (EVHP), which holds significant theoretical
potential for increasing the donor organ pool, has recently been reported to be associated with
progressive functional decline during prolonged perfusion (4). Persistent challenges associated
with EVHP include the lack of clearance of metabolic waste products and cellular debris, cardiac
edema, and cardiomyocyte loss (1). Many studies have demonstrated benchmarks for the
assessment of cardiac function and prediction of post-transplant outcomes; however, there are no
widely agreed-upon parameters for organ viability assessment. A sensitive and specific biomarker
is thus needed to help confirm the viability of hearts for transplant and ultimately improve quality
of life and survival for patients with end-stage heart failure.

The overall objective of the work presented herein was to advance the field of heart
transplantation by assessing the feasibility of using gene expression to measure and understand the
mechanisms of cardiac tissue injury and repair during EVHP. The first aim was to develop a novel
literature-based, cardiac-specific gene signature for measuring tissue injury and repair.

Investigation of the mRNA expression levels of the identified genes was then performed in hearts
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from a large animal model subjected to 12 h of EVHP. To evaluate the clinical significance of this
molecular signature as well as the potential mechanisms of cardiac tissue injury and repair during
EVHP, these gene expression results were then correlated with cardiac function and histology.

Tools for large-scale “omics” discovery are now widely available, however, the
opportunities to translate them into routine clinical practice in cardiac transplantation are limited
(5). The availability of the NanoString nCounter platform, which allows for multiplexed analysis
of gene signatures in suboptimal samples (6), made the design of this experiment possible. Its
utility in formalin-fixed paraffin-embedded (FFPE) biopsies facilitated direct histological
correlation with gene expression levels in the same tissue samples. Although the turnaround time
for this platform is insufficient for the very short timeframe required for measuring organ viability
during clinical EVHP, it represents an ideal research tool for identifying molecular markers for
future validation on other platforms with faster turnaround-times, such as real-time quantitative
PCR.

Chapter 2 of this thesis focused on the development of a gene signature for the above
described purpose. Seven sets of genes (a total of 68 genes altogether) were identified, including
inflammatory, tissue remodeling, signal transduction, oxidative stress, apoptotic, cell structure,
and cell proliferation functional annotations. These sets of genes represent the potential patterns
of molecular response following acute myocardial injury. Adult mammalian hearts lack
regenerative capacity and therefore healing of the damaged myocardium is facilitated by a
sequence of three cellular process that result in the development of fibrous scar tissue (7). These
cellular phases include: 1) inflammatory, ii) proliferative and iii) maturation phases (8). The genes
identified in this study represent the spectrum of these reparative cellular changes. Following acute

tissue injury, dying cardiomyocytes and damaged extracellular matrix secrete endogenous signals
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referred to as Danger Associated Molecular Patterns (DAMPs) which activate cardiac innate
immunity. The source of cardiac injury during EVHP has largely been associated with
peritransplant ischemia reperfusion injury. Given that the mechanisms of this injury are poorly
understood, and that biomarkers previously described in the literature are based predominantly on
case-control experiments, this study included a larger set of candidate genes. Acute myocardial
injury triggers innate immune signaling pathways which further induce a rapid but transient
inflammatory response, a reaction that is aimed at clearing dead cardiomyocytes and extracellular
debris (9). Notably, the TLR and IL-1 signaling pathways were identified as vital components of
this pro-inflammatory reaction. Important genes involved in these pathways include cytokines
such as TNFa and IL6 as well as several chemokines including CCL2 and CXCL9-11. These pro-
inflammatory genes have also been reported to act as pro-fibrotic effectors that activate TGFf-1,
which further activates myofibroblasts via the Smad2/3 pathway.

The identified set of genes was then analyzed in Chapter 3 with the aim of assessing gene
expression changes in a porcine model for EVHP. The present study provides molecular evidence
of cardiac injury during machine perfusion. Gene expression analysis demonstrated the ability to
molecularly discriminate all study groups, including in vivo, EVHP, and combined heart and liver
perfusion, as well as different EVHP strategies including working/ non-working, and hanging/
laying modes. Although the measured functional parameters demonstrated a significant time
dependent decline, they failed to demonstrate differences between study groups. Similarly, other
than interstitial edema, histological assessment could not discriminate sample groups. Previous
studies have highlighted the limitations associated with histologic assessment of tissue injury,
including 1) subjective classification of injury with limited diagnostic specificity and

reproducibility, and ii) limited ability to represent pathologic mechanisms of function and injury
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(10). Molecular diagnostics are potentially more sensitive for detecting lower amounts of injury
and may provide an opportunity to measure acute cardiac injury earlier than functional or
histological parameters. The gene sets identified in this study provide a novel molecular approach
that can potentially be used for rapid diagnosis and accurate identification of injury or repair in
EVHP, thus presenting an opportunity for optimal organ management during preservation.

To understand the significance and mechanisms of molecular injury and repair during
EVHP, Chapter 4 aimed to correlate gene expression with histology and function. As previously
reported by Hatami et al, the hearts included in this study demonstrated a progressive decline in
cardiac function during 12 h of EVHP (4). In the present study, correlational analysis demonstrated
a distinct pattern of association between gene expression and functional parameters. Genes that
were significantly upregulated with EVHP positively correlated with unfavorable functional
parameters and negatively correlated with favorable functional parameters. In contrast, most of the
downregulated genes positively correlated with favorable functional parameters and negatively
correlated with unfavorable parameters. Correlation with histology did not show any significance
except for the upregulated genes positively correlating with mild interstitial edema. Given that
most of the upregulated genes were inflammatory response transcripts, these findings suggest that
inflammation pathways may be the main molecular driver of cardiac functional deterioration
during EVHP. It is noteworthy that cardiac injury in this experiment appears to be predominantly
mediated by pro-inflammatory genes that further induce injury through fibrosis, edema and
calcium homeostasis disruption, and through downregulation of structural genes.

Interestingly, EVHP also seemingly demonstrated a molecular signal of repair through the
downregulation of LOX, COLIAI, CCR2 and upregulation of HSP90AAI. Downregulation of LOX,

a key gene for lysyl oxidase enzyme, which facilitates collagen crosslinking, suggests the
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generation of collagen that is more susceptible to degradation by matrix metalloproteinase and,
hence, the possibility of overall reduced collagen deposition. Additional downregulation of
COL1A1 suggests reduction of type 1 collagen, which is the most abundant type of collagen in the
heart and has previously been associated with cardiac dysfunction through loss of extracellular
matrix integrity. Taken together, the upregulation of MMP12 and MMP 14 and downregulation of
LOX and COLAIAI seem to work synergistically to result in a cumulative loss of extracellular
matrix integrity. However, upregulation of 7/MP1, which is associated with inhibition of MMP
degradation of the ECM as well as collagen synthesis promotion via the Smad2/3 pathways,
warrants further research. On the other hand, HSP90AA1 upregulation demonstrated an opposite
pattern of association with function when compared with other upregulated genes. This gene has
been shown to confer protection to the myocardium through the PI3K/Akt signaling pathway.
The nonsignificant difference between hearts that received dialysis and those that did not
receive dialysis suggests that metabolite accumulation is not the main driver of cardiac dysfunction
during EVHP. However, improved function in hearts perfused in combination with the liver is
hypothesized to be related to an undetermined difference in metabolic properties. Of note, although
the differences were not statistically significant, there was a trend toward improved function in

hearts subjected to laying working modes, which warrants further research.

5.2 Contributions to cardiac transplantation and future directions

The contribution of my thesis to cardiac transplantation includes the following:
1) Providing comprehensive molecular biomarkers that could potentially be used to assess organ
viability during EVHP (Chapter 2, Chapter 3 and Chapter 4)
2) Providing an understanding of the underlying mechanisms of cardiac injury and repair during

EVHP (Chapter 3 and Chapter 4).
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3) Elucidating molecular pathways that could be used as candidate targets for the development of
therapeutics to improve cardiac function during EVHP (Chapter 2, Chapter 3 and Chapter 4).

To illustrate the first contribution, it is important to highlight that currently there are no
widely agreed upon biomarkers for monitoring organ quality during EVHP. This thesis
demonstrated that the available functional parameters and histologic morphologies used in other
studies to characterize cardiac health had inferior sensitivity and specificity compared with gene
expression. My thesis produced a novel gene signature comprised of 56 cardiac injury and repair
genes that could potentially be used as a clinical molecular diagnostic assay for assessing organ
viability during preservation in machine perfusion. This is important because it could help
transplant surgeons make better informed decisions and more accurately predict post-transplant
outcomes through identification of suitable donor hearts. The use of molecular biomarkers to
monitor and characterize tissue injury is gaining attention in transplantation pathology (11).
Significant progress has been made, including the adoption of endothelial gene expression for
measuring acute antibody mediated rejection in renal allografts (12) and monitoring acute lung
injury during ex vivo lung perfusion (13).

Secondly, through correlational analysis of gene expression with cardiac function and
histological morphologies, my thesis has provided a preliminary understanding of the mechanisms
of injury and repair during EVHP. The identification of pro-inflammatory genes as the upstream
effectors of interstitial edema, tissue remodeling, and calcium homeostatic imbalance has
advanced our understanding of the mechanistic etiology of the reported functional decline during
EVHP. This knowledge could provide guidance for the development of new strategies to optimize

EVHP, ultimately increasing the donor organ pool.
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Future directions in this area should focus on validation of the 56-gene signature for cardiac
injury and repair in human organs using the experimental approach provided by this thesis. These
findings should be further correlated with post-transplant outcomes. This should then be followed
by translation of the gene signature to a more clinically appropriate point-of-care testing platform
with faster turnaround time such as real-time quantitative PCR for final validation in human
clinical trials. Such turnaround time should be sufficient to identify a viable organ within the
timeframe required for successful cardiac transplantation.

For therapeutic interventions, proinflammatory and pro-fibrotic pathways should be
targeted as they represent upstream effectors of cardiac injury. Available evidence suggests that
the use of anti-IL-1 agents may be beneficial in patients exhibiting dilation and systolic
dysfunction cause by overactive and prolonged post-infarction inflammatory reaction (14). IL-1
has been previously reported to be the master cytokine of both local and systemic inflammatory
response (15). The identification of IL-1 signaling as the upstream effector for most of the pro-
inflammatory genes as well as the chemokine-chemokine signaling pathway in this thesis represent
targets for potential therapeutic development to mitigate pro-inflammatory-mediated cardiac
injury. Targeting the Smad2/3 signaling pathway as well as TIMP1 should also be an area of focus
to reduce tissue remodeling-mediated cardiac injury. Notably, further research is warranted to
measure collagen levels to better understand the extent of injury within the cardiac extracellular
matrix and evaluate whether this results from increased collagen degradation or deposition.
Existing evidence suggests that inhibition of the Smad3 pathway may help patients with
progressive cardiac fibrosis, thus preventing the development of heart failure (9, 14). Other
signaling pathways that require further research include AP-1, INK-MAPK and PI3K/Akt as well

as the pathways associated with the three cardiac injury-repair associated molecular MCODEs
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identified in this thesis. Future research should also focus on the development of drugs that
promote structural genes. Such studies may benefit from the inclusion of genetically modified pre-
clinical animal models, such as mouse models with similar genomes to the human genome. For
example, knock-out mice may be used to better understand the roles of specific pro-inflammatory
and profibrotic genes/signaling pathways in cardiac injury during EVHP. Similarly, knock-in mice
could be utilized to understand the role of each of the structural genes in promoting cardiac
function.

Altogether, I hope this work will help address a critical need in the field of cardiac
transplantation by facilitating the optimization and clinical implementation of EVHP so that more
suitable donor organs can be used for transplantation, thus reducing waitlists and enhancing

survival and quality of life for end-stage heart disease patients around the world.
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