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CHAPTER 1 - BACKGROUND ON ACUTE HEART FAILURE

Cardiovascular systems rely on the interplay between various complex
mechanisms to maintain homeostasis ['l. However, in pathological states like heart failure,
there is a shift from normal processes to compensatory extremes that often lead to
negative consequences to various organ systems in terms of structure and function ..

The American Heart Association (AHA) reports that from 2020 to 2021, heart
failure (HF) remained the most significant contributor to mortality after the COVID-19
pandemic 4. The burden acute HF poses to the healthcare system is substantial, with 6
million Americans diagnosed annually at the cost of $35 billion with projections it will
double to a cost $70 billion, affecting nearly 8 million people by 2030 256, Despite this,
outcomes for acute HF have not significantly improved in decades, prompting interest in
novel therapeutics to alter this trajectory [/-21.

A diagnosis of acute HF is defined by either a new onset of symptoms or
exacerbated symptoms induced by known underlying ischemic cardiomyopathy ['3-151 In
patients with new, sudden symptoms, which comprise nearly 20% of all cases, they can
occur by viral/drug agent, valvular dysfunction, or increased sympathoactivation, causing
acute increases in filling pressures ['®17], For patients with worsening symptoms of pre-
existing HF, which comprise nearly 80% of all cases, it typically occurs due to precipitating
factors like acute coronary syndrome (ACS), infection, atrial fibrillation (AF), hypertension,
and non-compliance 718 Accordingly, acute HF patients can be triaged into two groups:
one with and the other without a history of HF. Physiological changes for acute HF
patients include increased fluid retention (causing increased weight gain) as opposed to
pulmonary edema ['%22 dysregulation of neuro-hormonal mechanisms that begin to

progressively worsen causing further decompensation, and cardiogenic shock due to



decreased cardiac output ['41517.19.23]_Ujtimately, acute HF with underlying ischemic heart
disease can result from multiple sequelae that may lead to patients having other
comorbidities strongly associated with adverse health outcomes and poor quality of life
[19,24-27]

In acute HF, the diseased cardiac substrate can be associated with either systolic
or diastolic dysfunction, which can also be better classified by ejection fraction (EF) as
heart failure with reduced ejection fraction (HFrEF) or heart failure with preserved ejection
fraction (HFpEF) 128291, Both HFrEF and HFpEF display symptoms of dyspnea/exercise
intolerance, volume overload, and increased risk of mortality and low quality of
lifel'321.24.30 Due to the growth in the number of elderly individuals in the United States
population over the last decade, there may be a shift in more patients diagnosed with
HFpEF over HFrEF BY. Nevertheless, HFrEF continues to present in most cases with
higher in-hospital mortality, exaggerated RAAS activation, and an enlarged-hypertrophic
left ventricle (LV) 13233 These factors expose the heart, kidney, and other end-target
organs to ischemic-like conditions that may manifest to chronic HF.

For these reasons, ischemic heart disease is principal culprit in patients with a
clinical diagnosis of chronic HF. Therefore, the etiology of acute HF is dependent on the
degree of the pre-existing ischemic cardiomyopathy, which initiates various
compensatory mechanisms that causes inflammation, fibrosis production, and cardiac
remodeling 8371 These remodeling processes though initially beneficial, become
progressively aberrant and uncoordinated, which if not managed becomes maladaptive
to both cardiac structure and function as well as end-organ damage 383°. During this
critical condition, an acute precipitant, like exercise, may shift this balance and cause

decompensation and ischemia #9411 The overall mechanistic pathways attenuated and



exaggerated in acute HF are shown in the adapted Figure 1.1 from Freda and Slawsky,

2011 231,
Ischemic Cardiomyopathy
I (HFrEF)
(NYHA | ->1V)
Neurohormonal-
SNS Activation y
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A Catecholamines | Oxygen Delivery
N Aldosterone
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Acute Heart Failure

Figure 1.1: The pathophysiology of acute HF with underlying ischemic
cardiomyopathy. Cardiac output (CO), Renin-Angiotensin-Aldosterone-System (RAAS),
Left Ventricle (LV), New York Heart Association (NYHA), Heart failure with reduced
ejection fraction (HFrEF), sympathetic nervous system (SNS). Adapted from Freda and
Slawsky, 2011 231,

The overall goal of treatment for acute HF is to mitigate symptoms but also ideally
to prevent/reverse cardiac remodeling which is typically in late-phase conditions ©2l.
During remodeling, there are alterations to the ventricle in terms of size, function, and
shape due to neurohormonal, mechanical, and genetic factors %4344 Within a few hours
following a cardiac insult (i.e., myocardial infarction) begins the early phase of ventricular
remodeling [36-38:4345-47] Tg maintain stroke volume (SV) and cardiac output (CO), there
is exaggerated sympathetic activation that releases catecholamines to vasoconstrict the

systemic vasculature and maintain CO [#4. Due to myocardial scarring, there is an impact

on contractility due to the necrotic tissue and the decrease in the number of contractile



units in the myocardium, which forces the ventricle to create increased pressure against
a higher afterload [3%-37:42:44-461 During the middle phase, measured in hours to days, there
is an effort to repair damaged tissue 548l Therefore, collagen forming activators are
recruited to replace the necrotic tissue in the scar as well as an increase in transforming
growth factor-p (TGF-B) associated pathways, which are able to promote apoptosis and
hypertrophy by inhibiting the activin receptor-like kinase (ALK) & SMAD pathways 1951,
Finally, during late-phase remodeling, occurring from days to weeks, there is a
stabilization of wall stress; however, the compensatory mechanisms begin to run away
and do not terminate, and as such would be an ideal therapeutic target [46:52], Interestingly,
recent evidence suggests that long-term treatment of HF by neurohormonal blocks in
particular (i.e., renin/aldosterone blockers) to mitigate symptoms has been shown to in
fact increase negative-remodeling processes 8. In summary, the goal of HF
management is treatment within a few hours of presentation and to prevent the
downstream cascade of remodeling as seen above 4346471,

Clinical assessment of acute HF is by profusion (hot or cold) or by congestion (wet
or dry) evaluation ['”:%3], Gold-standard markers of acute HF involves natriuretic peptides,
troponin, hemodynamics, and assessment of renal function and electrolytes U7l
Unfortunately, as previously stated, many of the current therapeutics manage symptoms
rather than reverse pathology 4. Accordingly, pivotal trials of novel therapeutics to treat

acute HF have largely failed and have not taken this to account [7:8:32.5%],



CHAPTER 2 - TREATING ACUTE HEART FAILURE WITH SERELAXIN

Of the therapeutic agents studied to date that treat acute HF, none have proven to
be efficacious in reversing its detrimental effects [10:3547.55-611 Serelaxin (SLX) (RLX 030,
Novartis), a recombinant form of the human peptide relaxin-2 [°:5462-64] initially showed
promising results towards improving mortality and possibly impacting the
pathophysiological effects of acute HF [8:5462.6566] However, it was unsuccessful in Phase
1l trials [26:56.60.67] Review of SLX in a translatable animal model may yet provide further
insight into its mechanics in treating acute HF 68721,

Relaxin was first identified in the early 1900s by Dr. Fredrick Hisaw during his study
of pregnancy in guinea pigs "3l It wasn’t until later half of the 1900s where investigation
by Dschietzig et al. into the effects of relaxin opened the possibility of whether the
hormone could treat cardiovascular disease, specifically acute HF 6574 SLX is the
recombinant form of the naturally occurring human hormone relaxin 2, secreted during
pregnancy 65751 SLX’s novelty for treating acute HF stems from its inherent ability to
vasodilate the vasculature ['075-78 S| X was named to describe the role it plays in
parturition whereby it “relaxes” the cervix; this mechanism of action also mediates
cardiovascular responses such increasing cardiorenal hemodynamics, vascular
compliance, and likely arterial elastance [°:62.65.75.79.80]

SLX belongs to a family of seven peptides that are involved in various metabolic
and vasomotor regulatory activities while also possessing anti-fibrotic it has a desirable
profile for therapeutic use in patients with acute HF 8183 The relaxin family peptide
(RXFP) receptor is a G-protein coupled receptor that regulates the actions of SLX on the
cardiovascular system vasodilating blood vessels, thereby increasing CO and renal blood

flow (RBF) 4. Further, SLX has also been reported to increase nitric oxide synthase and



impact late phase cardiac remodeling in heart failure by mediating the transforming
growth factor-p/vascular endothelial growth factor pathways, matrix metalloproteinases,
as well as the extracellular matrix of the vasculature [©:10.50.76.82.84-86] Moreover, SLX also
suppresses COX-associated inflammatory pathways 778 Pharmacokinetic studies
measuring half-life (6-8 hrs in humans) and bioavailability show rapid clearance (1-4 hrs)
from the kidney and liver, following infusion of SLX intravenously (V) [78:86-88]

In comparison with drug development for chronic HF, drug development for acute
HF has been sparse with current treatment involving the use of diuretics and vasodilators
(such as nitroprusside). Since the 1980’s only a few drugs have been approved by the
food and drug administration (FDA) for IV use in treating acute HF, for example, milrinone,
levosimendan, and nesiritide 4561, For these reasons, SLX proved to be of interest due
its physiological actions and its promising preliminary data regarding its reduction of
mortality associated with acute HF 87.8%-°11 One study from 2014 even postulated how
long-term treatment, in parallel with the phases of cardiac remodeling as shown in Figure
2.1, may improve compensatory mechanisms acutely and attenuate negative processes
chronically 2, The utility of SLX seemed to have wide applicability, thus in addition to
investigation of its role in treating heart failure, it has also shown impactful results in
treating pathologies such as altered cerebral blood flow during hypoxia, hypertension,
chronic kidney disease, and sclerosis [61.93.94],

Results from the pre-clinical trials matched SLX with favorable outcomes
[51,54,66,74,77,89,90,95-97] ' Key findings from the RELAX-AHF ftrial reported that of the 1161
patients enrolled, SLX treatment conferred dyspnea relief and reduction in mortality over
180-days 4. Further, SLX also showed improvement in biomarkers like troponin, NT-

proBNP, as well as Cystatin-C 2. Yet, similar to previous acute HF drug studies, there



was no change for readmission/hospitalization following SLX treatment ['°26:6% and was
subsequently rejected by the FDA and a European regulator. To explore SLX treatment
in lieu of its impact in improving biomarkers of HF like troponin, a phase Il study termed
RELAX-AHF 2 was initiated to confirm whether SLX significantly reduced HF-associated
biomarkers, death, and/or worsening HF outcomes post-5 days from treatment [56:58.60.67],
However, the definitive trial, which involved more than 6500 randomized subjects,
reported neutral effects in terms of mortality benefit and associated
hemodynamics/biomarkers 6967981 Therefore, SLX was shown not to be effective as a
first-line treatment for acute HF [26:56. Model systems are always used to understand the
basic pharmacology and pathways involved in a potential therapeutic, but all animal
models are imperfect reflections of human pathophysiology, potentially leading to the
inaccurate determination of true therapeutic effects [04099]  Therefore, careful
investigation in animal models that more closely resemble human disease could provide
greater insightsf68.72],

Understanding why drugs, like SLX, succeed or not is vital for future developmental
efforts [82141] Yet animal models upon which drugs are developed do not typically reflect
the varying presentations of acute HF, leading to potentially inaccurate determination of
actual therapeutic effects 294099 |n addition, many preclinical studies collect data during
an anesthetized state, potentially confounding data [85:97.100],

With this in mind, we studied SLX using a canine model specifically tailored to
reflect acute on chronic HF that recapitulates the many aspects of common human
pathophysiology, including chronic ischemic etiology with decompensation due to an
acute precipitant [41.56.101.102 |mportantly, this model utilizes non-anesthetized data

collection in the conscious state allowing for unaltered determination of the hemodynamic



impact of specific drugs during an episode of acute decompensation [5:103-1051 Thjs

dissertation investigates the extent to which SLX impacts cardiac and renal

hemodynamics in acute HF 2],
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Figure 2.1: 3-phase time course of physiologic changes associated with serelaxin
infusion. This time course reviews the mechanism of action of serelaxin (SLX) during the
early, middle, and late phase shown as Phase 1, Phase 2, and Phase 3, respectively.
SLX binding to the transmembrane RXFP receptor is shown above and post-intervention
associated pathways below. This image was reported by Du et al., 201402

SPECIFIC AIM: To determine if SLX infusion positively impacts the on-treatment
effects of SLX infusion (vs. placebo) following acute HF on cardiac and renal
function using hemodynamics, biomarker, and renal clearance.

i) 1 hypothesize that SLX infusion will recover the loss of function observed
following acute HF-induced impact to cardiac hemodynamics versus control.
Furthermore, that effective arterial elastance and cardiac-specific biomarkers will also
significantly improve following SLX treatment.

ii) I hypothesize that the acute HF-associated impairment on renal hemodynamics

and function will improve following SLX infusion.



CHAPTER 3 — DEVELOPMENT OF A TRANSLATIONAL CANINE MODEL OF
ACUTE HEART FAILURE TO TEST EMERGING THERAPEUTICS

ABSTRACT

Many well-established large animal models of HF closely mirrors human
pathophysiology. However, all face limitations and none are currently well-accepted for
acute HF. Given the paucity of established models of acute decompensation, an aspect
of HF that has gained increased attention over the past decade, translatable animal
models are needed that evaluate its pathophysiology for drug development and scientific
understanding. Herein we briefly review existing large animal models of HF and then
describe a novel approach to invoke acute HF in canines. This model combines the state
of chronic ischemic cardiomyopathy via coronary artery microembolization (CAM) with
subsequent hemodynamic challenge using rapid ventricular pacing (RVP), thus enabling
a recapitulation of clinical mechanisms that trigger decompensation. N-terminal pro B-
type natriuretic peptide (NT-proBNP) and EF are used as function indicators of the
methodology presented. Our translational CAM/RVP model could allow for better-
targeted evaluation of therapeutics meant to lower the morbidity and mortality associated
with HF by allowing better interrogation of this vulnerable period and specific acute
stressors.
INTRODUCTION

Chronic HF is a major public health concern that affects over six million Americans
[3.4.6] many of whom will experience periods of acute decompensation referred to as acute
HF 116221 Episodes of acute exacerbation result in approximately one million associated
hospitalizations annually, and remains the leading cause of hospital admission for

patients age 65 years and older ['9. This leads to a decreased quality of life for patients
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admitted and discharged from the hospital with acute HF as well as a large economic
burden on the healthcare system [106.107],

Though definitive diagnosis is still challenging, components of evaluation for those
with acute HF include dyspnea measures, blood pressure, fluid volume assessment,
natriuretic peptides, and EF ['327.52] Cases in patients stem from idiopathic causes,
neurohormonal activation or via cardiorenal dysfunction 4198l Worsening myocardial
structure and function are not prerequisites for acute decompensation ['4l. However, given
that ischemic heart disease is one of the leading causes of death in the United States and
with at least 53% of acute HF cases involving HFrEF, it is important to study models that
incorporate this phenotype [34.14.24],

Acute HF is a prevalent condition that places great strain on patients and the
healthcare system alike ['%. To improve upon this, novel approaches and therapeutics are
needed 5989, Standardized and highly translational large animal models can facilitate the
developmental process and provide insight into cardiorenal physiological responses 2,
However, to be most effective, these models must accurately represent acute HF
phenotypes and recapitulate the human condition [109-113],

The purpose of this chapter is to: 1) provide a brief overview of current large animal
models of acute HF and chronic ischemic cardiomyopathy (ICM), including circumstances
when these models are most appropriate to employ, and 2) present a newly developed
canine model that superimposes a tachycardic precipitant on underlying ischemic
cardiomyopathy resulting in acute decompensation to test my hypotheses. Throughout,
we will provide insight into developmental difficulties of our new model so that future

researchers can build upon existing knowledge and avoid potential complications.
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Current large animal models of chronic HF

There are several established models for the study of ICM in large animals. CAM,
coronary ligation, RVP, volume overload, myocardial toxicity, and ischemia reperfusion
are all well-recognized methods for inducing ischemic cardiomyopathy [69.72,109-111,113]
These models have been applied in canines, rabbits, pigs, and sheep. While other more
extensive reviews of such models have been written, this manuscript focuses exclusively
on canine models of ischemic cardiomyopathy that may be most applicable to the study
of acute HF [72,
Ischemic models
Coronary ligation — ischemia-reperfusion

The coronary ligation model creates a reproducible ICM phenotype with a suture
occlusion procedure 721131, Advantages include the ability to precisely control blood flow,
allowing for ischemia-reperfusion studies, rapid preparation, and neurohormonal
activation 11011131 Disadvantages include the incidence of fatal arrhythmias,
requirement for surgical skill and knowledge, inconsistent infarct size due to collateral
circulation ['14.115] and scar tissue development that prevents future surgical procedures
[69,110,111,113] Despite such considerations, models of ischemia and ischemia-reperfusion
achieved by coronary ligation remains a valuable method for the study of infarct
development, contractility changes in under-perfused tissue, myocardial remodeling, and
cardioprotective agents [69.101,110],
Coronary artery microembolization

Initial embolization studies established a preparation for more diffuse cardiac
damage than complete coronary ligation ['®l. To enable more controlled, smaller infarcts,

CAM was developed, with the injection of starch granules into specific branches of the
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coronary circulation '8, The CAM model has been gradually refined ['2117-120 gnd is
considered a gold standard technique for the induction of ischemia, offering the benefits
of non-reversible myocardial damage and the generation of a permanent ICM phenotype
with high clinical correlation 101211 |n addition, this approach allows for reliable targeting
of a specific ejection fraction and controlled induction of a global ICM. Also, unlike
coronary ligation methods, embolizations are performed via a minimally invasive, closed-
chest preparation. CAM successfully produces inflammatory responses ['221, LV dilation,
increases in filling pressures, systolic and diastolic dysfunction, and myocardial
scarring'?®. The downfalls of CAM include dispersed infarction areas, expensive
preparation with a need for repeated procedures, dysrhythmias, and high mortality rates
[69.110.113] ' along with the inability, in some models (i.e., canines), to achieve a sustained
impairment in blood flow due to the development of coronary collateral circulation ['24],
Non-ischemic models
RVP

Initial investigation of RVP created a reproducible HF preparation that avoided
surgical trauma, ischemia, and toxic side effects of existing models (i.e., p-adrenergic
dysfunction during the induction of canine cobalt cardiomyopathy) ['2°126]. Subsequently,
a reliable protocol for RVP was successfully developed ['27-130 and is frequently used in
large animal research ['3!1, Unlike some ischemic models, RVP generates chronic HF with
a dilated ICM 11101241 While this model succeeds in producing left or right ventricular
dysfunction and neurohormonal alterations, it fails to produce permanent HF and
ischemia-related damage as the HF animal often recovers after pacing is ceased
[110,112,124,132] 'However, more aggressive models, with increased frequency or duration of

pacing, can be used to produce permanent underlying damage such as fibrosis,
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hypertrophy, and increased filling pressures with preserved hemodynamics ['?’l. The
model is technically easier to perform and utilizes less time and resources than ischemic
models 691131 Furthermore, pacing is valuable in translational studies because it is highly
reproducible [''2 This model is well suited for the furthering the study of the
neurohormonal pathway, cardiac remodeling, and vascular changes during the onset or
recovery from dilated ICM [69.110.124]
Pressure overload

The classic canine pressure overload model involves aortic banding (transverse
aortic constriction) '3, This model is advantageous for producing increases in LV
hypertrophy, fibrosis, and stiffness of the ventricle [6%.134. Disadvantages include surgical
preparation ['34 and the prolonged time (8+ weeks) necessary for development of LV
hypertrophy and remodeling ©%13. Pressure overload is specifically well-suited for
studying diastolic dysfunction in ischemic cardiomyopathy produced by underlying
hypertrophy 691131 Aortic banding is similar to hypertension as it generates increases in
afterload and produces comparable cardiac dysfunction and remodeling (1331,
Hypertensive heart disease

While aortic banding does produce increased afterload, it does not result in
changes in systemic blood pressure ['10.133]  Other preparations do exist that more
accurately generate hypertensive physiological changes, including occlusion or ligation
of the renal artery [’?l, Advantages of this model include sustained increases in blood
pressure, neurohormonal activation, end-organ damage, and cardiac hypertrophy,
among others [7213%  Disadvantages include the development of renal collateral
circulation within 2-3 months ['3%. Similar preparations that wrap the kidney in silk with

contralateral nephrectomy produce hypertension and LV hypertrophy ['36]. Endocrine
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induction of hypertension also exists by administering mineralocorticoids, such as
deoxycorticosterone acetate (DOCA), paired with renal mass removal and a high salt diet
[135,137] This model also increases fluid volume, increased cardiac mass, and decreased
kidney function 3% Small animal models of genetically induced hypertension may be
applicable in the future, but genetic manipulation has yet to be translated into large animal
designs ['371. Unfortunately, hypertension-induced HF methods are rarely used in large
animal models due to confounding factors such as cost or genetic variability '3, Large
animal models have been developed that establish HF followed by induction of acute
hypertension, such as RVP followed by infusion of angiotensin Il ['38 or CAM with pacing
and methoxamine pressure loading that are more time and cost appropriate ['23]
However, there are few, if any, large animal models of HF with underlying hypertension
and adequate clinical translatability.
Volume overload

There are several available pathways for the induction of ICM via volume overload,
the most prominent being destruction of the mitral valve with induction of mitral
regurgitation [69.110.113.124] * Advantages of mitral regurgitation include the use of a closed
chest preparation, the accompanying neurohormonal activation, LV dilation and
hypertrophy, and high clinical translatability for the volume overload HF phenotype
[69,110,113,124] Disadvantages include the approximate 3-month period before hypertrophy
and dilation develop, as well as the lack of ischemic injury [110.113.124] Both volume and
pressure overload could be paired with other models of ICM to better represent what is
seen clinically ['1% but this has not yet been successfully developed to our knowledge.
Mpyocardial toxicity

Injection of toxic chemotherapeutic agents such as doxorubicin have proven to be
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successful for induction of ICM [110.113.13%-1411 " Though less popular, this approach is
advantageous due to its closed chest preparation ['"3l. Disadvantages include systemic
side effects and high rates of arrhythmia ['19.113] Administration of the toxin often involves
either repeated low-doses or one high-dose bolus, that could lead to exacerbated
cardiotoxicity if dose-response curves are not properly observed. Systemic side effects
can be reduced by sequential intracoronary administration ['4%141]: however, this
increases cost dramatically [0,
Development of a novel acute-on-chronic HF model

Despite a rich history of ICM model development, few models have been
developed to specifically evaluate acute HF as mentioned in Chapter 1. Acute coronary
artery occlusion can produce acute HF ['42143] byt is accompanied by an excessive risk
of mortality 4?1 and would perhaps not be as representative of acute HF than acute
myocardial infarction. Volume overload by administration of colloid fluid has been shown
to produce acute episodes of HF in the presence of underlying cardiac dysfunction [110.113]
but the responses are inconsistent and dependent on concurrent renal function. Acute
hypertensive HF using pharmaceuticals to induce increased afterload has also been used
with varied success ['?3 but, absent underlying cardiomyopathy do not reliably induce an
acute decompensated state. Moreover, a recent review of existing HF animal models
concluded that HF is caused by myriad disorders stating that the model selected must
closely match the type of HF being studied, that no one comprehensive model of HF
exists, and that combinations of existing acute and chronic models are needed [9,
Critical to the entire discussion is the duality of processes, which necessitates both an
acute precipitant and underlying heart disease

In their review, Monnet et al [''% specifically suggest the value of a model pairing
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an ischemic preparation with acute pacing to help understand clinical HF and therapeutic
strategies. Atrial arrhythmias are a common cause of decompensation in patients with
ICM ['#4 and a model combining the chronic ICM state with short-term pacing induced
tachycardia has clinical relevance. Using the combined expertise of two established large
animal labs, we designed such a model 101451461 Qur novel model closely adheres to
recommendations set by the AHA as well as the American College of Cardiology and the
European Society of Cardiology on how a model of dilated cardiomyopathy should be
structured, measured, and analyzed, 191471 and has broad applicability to the study of
other novel therapeutics. Figure 3.1 provides an overview of model development with
specific details on the successful implementation on 10 canines, including the overall
process and procedures.
METHODS
Experimental subjects

Ten mixed-bred mongrel canines (6 females, 4 males; 21-27 kg; 8-10 months old)
were chronically instrumented for hemodynamic measurements (Figure 3.3, Adobe
lllustrator, CS5). All animals were acclimatized to the laboratory surroundings and trained
to stand quietly in a sling for rest data via positive reinforcement. Canines were sourced
from Marshall Bioresources and fed a standard Purina puppy chow diet based on their
body score index assessed by veterinary guidance and were given free access to water.
Procedures performed began between 07:00-10:00 hrs., in fluorescent-lit rooms with a
controlled temperature between 23-25° C. Canine kennels operated with a 12-hour
day/night cycle. Inclusion criteria included mixed-bred canines, 21-27 kg, 8-10 months of
age. As this was a model development study there were no a priori exclusion criteria other

than extreme illness in the animals and there was no blinding of results. All the procedures
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Surgical instrumentation of hemodynamic monitoring devices in 10 purpose-bred dogs in 2 procedures spaced 10-14 days apart.

A4

One inulin clearance analysis performed to determine baseline GFR. Collect control data as well as blood sample collection for
biomarker and hemodynamic data.

Rz

Induce ICM via CAM technique.

A4

If desired, weekly experiments to collect hemodynamic measurements can assess the progression of ICM.

N\

Collect data during the chronic heart failure state once desired ejection fraction is reached, serving as post heart failure baseline.
Perform inulin clearance analysis and collection of blood samples for biomarker and hemodynamic data.

N7

Trigger an acute HF episode by RVP.

\Z

Randomize to treatment

N\

Perform inulin clearance before and immediately after drug infusion. Collect hemodynamic and biomarker data during infusion at
hours 0,6,12,24,and 48.

A4

Collect experiment data and blood for hemodynamic and biomarker data exactly 5 days post infusion. Perform one inulin clearance.
(Post 5 day)

N\

Collect experiment data along with blood for hemodynamic and biomarker data. (Post 10 day)

A4

Collect experiment data along with blood for hemodynamic and biomarker data. (Post 20 day)

A4

Collect experiment data along with blood for hemodynamic and biomarker data. (Post 30 day)

N2

Sacrifice animal and collect cardiac/renal tissue samples .

Figure 3.1: Protocol overview. Outline of the important steps in the acute HF study
protocol over time. See text for definition of abbreviations.
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were approved by the Institutional Animal Care and Use Committee (IACUC) of Wayne
State University, complied with the National Institutes of Health Guide to the Care and
Use of Laboratory Animals, and performed in accordance with relevant guidelines and
regulations. Reporting in the manuscript follows the recommendations in the Animal
Research: Reporting of /In Vivo Experiments (ARRIVE) guidelines.
Surgical instrumentation and procedures
Preparation

In preparation for surgical instrumentation, animals were pre-anesthetized via an
intramuscular injection of buprenorphine (0.01-0.03 mg/kg) and acepromazine (0.02-0.05
mg/kg). Once sedated, a combined mixture of ketamine and diazepam (5 mg/kg and 0.2-
0.3 mg/kg IV, respectively) was administered prior to endotracheal intubation.

Preoperative administration of carprofen (4.4 mg/kg IV) and a transdermal fentanyl patch
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Figure 3.2: Visual representation of canine Instrumentation. lllustration of canine
instrumentation used in the study protocol. Canine in the sling, full view of catheter, flow
probe, LV implant and pacing wire placement (Left). Enlarged view of flow probe and
pacing wire placement on the heart and surrounding vasculature (Right). See text for
definition of abbreviations.
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(50-125 ug/h TDD) were also given over 72 hours. Anesthesia was maintained
pre/intraoperatively with isoflurane gas (1-3%). Animals were carefully monitored post-
operatively and given buprenorphine and acepromazine subcutaneously (0.01-0.03
mg/kg and 0.2-0.3 mg/kg) as needed, thus ensuring multimodal anesthetic/analgesic
care. Furthermore, canines received IV antibiotics (cefazolin 1g/1mL) before and after
surgery and were continued prophylactically (cephalexin 500 mg, BID) thereafter by oral
delivery for the duration of the experimental protocol.
Thoracotomy

In the first surgical procedure a left thoracotomy was performed through an incision
at the 3rd or 4th intercostal space. A telemetry pressure transmitter (TA11 PA-D70, Data
Sciences International) was implanted subcutaneously two intercostal spaces caudal to
the thoracotomy incision. The implant was secured at the level of the left ventricular apex
though a 5-7 cm incision, and its catheter tunneled into the thorax at the 7th intercostal
space. An incision was then made to the pericardium to expose the heart. Following a
puncture into the apex of the heart the catheter was then inserted and sutured in place
with 4-0 prolene to measure left ventricular pressure (LVP). A perivascular flow probe
(3PSB, Transonic Systems) was placed around the circumflex coronary artery to measure
coronary blood flow (CBF). Four stainless steel ventricular pacing electrodes (0-Flexon,
Ethicon) were secured to the right ventricular free wall. In addition, for measurement of
CO, a perivascular flow probe (20PAU, Transonic Systems) was placed around the
ascending aorta. Finally, the pericardium was loosely reapproximated, avoiding the
phrenic nerve and the left anterior descending coronary artery. All wires were then made
to exit the thorax through the 4th or 6th intercostal space and then tunneled

subcutaneously and exteriorized between the scapulae at the dorsal midline through a
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0.5-1.0 cm incision. After at least ten days of recovery, a second surgical procedure was
performed.
Retroperitoneal

In the second surgical procedure, via a left flank retroperitoneal approach,
additional flow and pressure measuring devices were implanted using the same surgical
preparation as described above. A perivascular flow probe (4PSB, Transonic Systems)
was placed around the left renal artery to measure RBF. In addition, a single 19-gauge
polyvinyl catheter (Tygon, S54-HL, Norton) was inserted into a branch of the terminal
aorta and advanced cranially approximately 15 cm to measure systemic mean arterial
pressure (MAP) and for blood collection. The transducer cable and catheter were
tunneled subcutaneously and exteriorized between the scapulae on the dorsal midline via
a 0.5-1 cm incision next to the incision from the previous surgery, and all incisions were
closed in layers. The animals were allowed 10 days to recover before any additional
procedures were conducted. After recovery, baseline hemodynamic data and renal
function were assessed.
Data acquisition

To collect hemodynamic data, indwelling catheters were connected to pressure
transducers set at mid-heart level and MAP was measured. Perivascular probes were
connected to flow meters to measure CO, CBF, and RBF. A telemetry transducer was
used to measure LV pressure. All data were collected standing at rest on the treadmill or
a sling. Hemodynamic data were recorded continuously on a computerized data
acquisition system at 1000 Hz for subsequent analysis as beat-by-beat averages and as
raw waveforms. Advanced hemodynamic calculations such as LVEDP were made using

LabScribe 3 software (iWorx, Dover, NH).
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Biomarkers

To collect blood samples for biomarker analysis, indwelling catheters were
aspirated. Plasma concentrations of NT-proBNP were quantified using a commercially
available canine-specific ELISA kit (Kamiya Biochemical Company, Seattle WA, catalog
# KT-23770) as per the manufacturer’s instructions. A 96-well plate reader was used to
measure the results.
Inulin clearance

In addition to RBF, renal function was assessed by inulin clearance using an
established protocol ['“8l. Given the 4-hour duration of the procedure a lactated ringer
solution was infused |V at a rate of 3 ml/kg/hr from 30 min prior to the beginning of the
clearance experiment and continued throughout the duration of the procedure. Animals
were anesthetized for the sterile foley catheter (8-10 Fr) insertion using propofol (3-6
mg/kg) and maintained on sevoflurane (2-5%) with 100% oxygen in effort to minimize the
vasodilatory effect of the anesthetics on inulin measures. Total time under anesthesia
was less than 20 min. Upon consciousness, fluorescein isothiocyanate-labeled inulin
(FITC-inulin, Sigma Aldrich) was administered via an indwelling venous catheter using a
bolus injection of 5 mg/kg IV in 10 ml isotonic saline over 1 min followed by constant
infusion at 0.25 mg/kg/min delivered in 0.35 ml/min isotonic saline via an infusion pump
(3D Mini, SAI infusion technologies). After an equilibration period of one hour, the
collection bag was emptied of urine. Then, three 30-minute urine collections were
obtained as described previously 491501 As required for accurate inulin clearance
analysis, 100% of urine output was collected after catheterization using a closed urine
collection system. At the midpoint of each clearance period, whole blood was obtained

via the indwelling arterial catheter for measurement of plasma inulin concentration. The
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volume of urine was measured gravimetrically. Blood and urine samples were processed
immediately after following the conclusion of the clearance procedure for that day. FITC-
inulin fluorescence in plasma and urine samples was measured using a plate reader with
excitation and emission wavelength of 490 and 520 nm, respectively ['4°l. Plasma and
urine samples were assessed for sodium and potassium by flame photometry. All
samples were analyzed at least in duplicate.

Microembolization (induction of ischemic cardiomyopathy)

In the third surgical procedure, animals were pre-medicated before each CAM with
hydromorphone (0.1 mg/kg) and acepromazine (0.02-0.05 mg/kg) and received pre-and
post-operative doses of cefazolin (1g/1mL). All animals were maintained intraoperatively
with isoflurane (1-1.5%). On the ventral side of either the right or left hindlimb, the femoral
artery was nicked, and a sheath was placed. Using fluoroscopic guidance, a catheter was
advanced into the heart via the sheath. Bolus injections consisted of a solution of
deionized water (1-5 mL) that contained approximately 2.5% polystyrene latex
microspheres by volume (Polysciences, Warrington, PA, 4-5x104 particles/1 mL), with
each particle ~90 um in diameter. Microspheres were warmed to room temperature and,
once vortexed, were subsequently injected within 5-10 sec. Injections were repeated
incrementally until vitals and function showed impairment (i.e., ST-segment elevation,
supraventricular tachycardia, and decreased ventricular wall motion) but before adverse
outcomes. Microspheres were injected sub-selectively in an alternating fashion into the
circumflex and left anterior descending coronary arteries. Microembolizations were
repeated weekly until the EF reached our a priori targeted value of 30-40%. The animals
underwent 5-20 intracoronary embolizations to produce this level of cardiac dysfunction.

The procedure was performed on alternating legs each week.
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Before the CAM, a ventriculogram and/or ultrasound was captured to measure
baseline EF qualitatively. Subsequent determinations for EF with videos were captured
using a 15 fps OEM c-arm fluoroscopy machine with a vascular package and were
measured against EF obtained using a GE Vivid-I portable ultrasound machine in real-
time. During and following the CAM, vitals were carefully monitored using the implanted
instrumentation, pulse oximetry, and ultrasound, especially for pre-ventricular
contractions, heart and respiratory rate increases, and drops blood oxygenation (SPO2);
propranolol (10 mg PO) and buprenorphine (0.01 mg/kg 1V) were given as needed. The
canines were allowed at least one week to recover before another CAM procedure was
performed. Upon achievement of the targeted EF, hemodynamic data and renal function
were reassessed.

Rapid ventricular pacing (induction of acute HF)

Following induction of ischemic cardiomyopathy, angiography was repeated and if
the EF remained < 40%, an RVP protocol was employed to induce acute HF. Pacing
electrodes implanted in the first surgery were connected to an external pacer. During the
initial pacing period, the heart rate was set at ~180 bpm and then progressively increased
to a maximum of ~240 bpm. The rate was titrated based on hemodynamics and the
animal’s overall health status. Hemodynamics and symptoms of acute HF including
pulmonary edema, dyspnea, and lethargy, were checked multiple times daily. Animals
were paced for a period of 1-21 days to achieve the target degree of acute HF as
described below.

Our intent was not to induce florid pulmonary edema as this is often unrecoverable
in canine models once present. Instead, we targeted hemodynamic evidence of acute

decompensation, with an initial goal to increase LV end-diastolic pressure (LVEDP) by
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50%. However, we found that we were unable to reliably achieve this goal, as shown in
Table 3.1, presumably because the animals were mainly in a compensated, euvolemic
state of cardiac dysfunction.

Table 3.1: Protocol adjustments made during model development.

(EF below 30%) over 24-48 hours.

due to acute HF.

Problems Changes Made Possible Implications
Unable to achieve a 50% increase | Change from using LVEDP to CO | CO is a better indicator of cardiac
in LVEDP across pacing animals | as an indicator of decompensation | dysfunction and impairment than

an indicator of volume overload in
this model.

Rhabdomyolysis, due to complete
ligation of femoral arteries in
microembolization affected the
cardio-renal study.

Change from treadmill to sling
experiments.

Unable to use exercise strain to
induce acute decompensation.

The transition from treadmill to
sling data collection.

No change to experimental design

following treadmill to sling switch.

Comparison of treadmill and sling
rest data revealed no significant
difference in hemodynamic
measurements.

Higher mortality rate due to
aggressive pacing.

Gradually increasing the duration
of pacing to achieve acute HF.

Lower mortality rate and increased
appetite benefit.

The number of
microembolizations necessary to
achieve chronic HF at or below
30% EF began to exceed more
than 11 (max) procedures affecting
budget, time, instrument
efficiency, and mortality.

Target EF of at or below 30% was
changed to 40% EF or below. In
addition, sonication was
recommended for use during
procedures.

Shortened the time necessary to
achieve chronic HF by half and
adequate decompensation was
present despite the higher EF
endpoint.

Instrument failure became a
problem after 6 months’ time.
Catheter tubing became brittle and
was prone to cracking and clotting.

Took advantage of anesthesia
dependent procedures and
surgically implanted catheters at
later time periods in the study
protocol.

Increased the longevity of
catheters.

Ventricular tachycardia and
premature ventricular contraction
episodes post-24 hours after CAM.

Administered propranolol pill
orally, every 6 hours for 24 hours.

Minimized the incidence of fatal
arrhythmias or other cardiac
events that lead to mortality.

Anesthesia related effects on
hemodynamics following inulin
clearances.

Catheterization process was
completed under 20 minutes
maximum.

Reduced anesthesia effects on
hemodynamics.

Dehydration of animals that may
not have had fluids before inulin
clearance.

Intravenous fluids were given for
at least 30 minutes prior to inulin
clearance.

Prevented dehydration related
volume issues that may affect
renal clearance collections.

Bulky osmotic infusion pump
required constant 48-hour
supervision of the animal and
administration line within a
metabolic cage.

Switched to a mini infusion pump
which could be packaged inside
the canine’s t-shirt and jacket.
Checked the infusion pump every
4 to 8 hours.

Ensured proper drug delivery with
the animal in its normal housing
facility. This decreased anxiety for
the animal and prevented the
handler from monitoring the
metabolic cage continually.

One lab oversaw both data
collection, drug delivery, and data
analysis.

Standardized certain tasks to
separate labs and personnel. A
third party prepared the serelaxin
and placebo infusion.

Ensured a properly randomized
double-blind study.

This table includes problems, changes made, and possible implications to study design that‘
occurred during model development. See text for the definition of abbreviations.
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By consensus, we empirically elected to shift our target to a 20% reduction in CO
from the averaged CO measured post-HF experiments. A reduction in CO was
considered to be a robust physiological indicator of acute cardiac dysfunction and proved
consistently achievable with our experimental methods.

Experimental protocol

Our model is intended to serve as an accurate, experimental environment to test
new drugs for the management of acute HF. To ensure that we achieve a state of acute
decompensation that is translationally relevant, we targeted a sustained CO reduction of
at least 20% for three hours after discontinuation of pacing. To measure this, animals
were brought to the lab the morning after initiation of pacing, and hemodynamic rest data
were collected for at least 15 minutes. Pacing was then discontinued, and the animal was
monitored for another three hours. At three hours, CO was re-measured for 15 minutes.
The calculated average CO was obtained and compared to the mean CO post-induction
of ICM. If a sustained reduction in CO was not achieved, pacing was resumed for another
24-48 hours, and CO was reassessed in the same manner. This cycle was repeated until
a persistent CO reduction was seen. The animal was then considered to have achieved
the status of ‘acute HF' and would be ready for enroliment into a drug trial, with
subsequent measurement and analysis of hemodynamics, LV function, inulin clearance,
and other study endpoints of interest for days-weeks following randomization.

Following the completion of the experimental protocol, the canines were
euthanized according to American Veterinary Medical Association (AVMA) guidelines
with pentobarbital (100 mg/kg) IV.

Statistical analysis:

Plasma concentrations of NT-proBNP were quantified using a commercially
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available canine-specific ELISA kit (Kamiya Biochemical Company, Seattle WA, catalog
# KT-23770) as per the manufacturer’s instructions. A 96-well plate reader was used to
measure the results. A 1-tailed ANOVA was utilized to statistically measure the lab
values. Results and statistics for the canines in the protocol (n=10) were plotted using
Prism 9.1.0 (version 216, Graphpad, LLC).
RESULTS

Our initial experience shows that our novel CAM/RVP model provides a reliable
method of inducing acute decompensation of chronic HF (due to underlying ICM). Given
the success of our approach, we propose this to be a generalizable approach to test novel

HF therapeutics aimed at acute HF. As shown in Figure 3.3 a significant reduction in EF
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Figure 3.3: Ejection fraction over time. Qualitative measurements of EF taken during
the CAM procedure for canines (n=10) over an approximately 7.5-month period. Target
EF was 40% as identified by the horizontal dashed line. See text for definition of
abbreviations.

was achieved with CAM, and the goal of 30-40% proved to be attainable. Moreover, the

CAM procedures modeled ICM without an acute perturbation, as shown by assessment
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of NT-proBNP. Mean values of NT-proBNP (Figure 3.4) averaged approximately 300
pg/mL at baseline, remained stable at 300 pg/mL following confirmation of ICM, and
increased significantly (p=0.0371) to 600-800 pg/mL following pacing indicating
myocardial stress and acute decompensation. Raw data for NT-proBNP protein
concentration for the canines (n=10) are available in the online supplement. This
significant (p=0.0057) increase was maintained for our observation period of 30 days and
indicates that the animals were in a state of stable compensation prior to RVP.

Figure 3.4: NT-proBNP values during

NT ProBNP (pg/mL) acute-on-chronic HF protocol. Average
1500 - * * NT-proBNP (pg/ml) concentrations in
RV canines (n=10) with accompanying
1230-] . standard error bars are shown. Onset of
1000 - RVP and the acute HF state is denoted by
A, v vertical and horizontal black bars
e I vy respectively. Individual measurements are
500 - " A == reported during baseline (black circle),
L A 1771 ICM (black square), 48-hours post-RVP
20 | ' | a® (black triangle pointing upwards), and 30
0 , Ll , , days post-RVP (black triangle pointing
Baseline ICM 48 hr 30 days downwards). See text for definition of
abbreviations.  Statistical  significance
Acute HF between subsequent timepoints is shown

as * p <0.05 versus ICM.

DISCUSSION

It has previously been shown that while there are may not be overt signs of cardiac
dysfunction after embolization recovery, the contractie myocardium is damaged
morphologically "' In moderate CAM preparations, myocardial remodeling can recover
diastolic and systolic contractility even with permanent LV dilation!'?!. This is reflected in
the marked variability in time and number of repeat embolizations necessary to produce
ICM (Figure 3.3): a total of 5-20 microembolizations were required, with 2 weeks-6

months needed to achieve the target EF < 40%. Raw data for ejection fraction for the
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canines (n=10) are available in the online supplement. Accordingly, this inherent
variability in the model that may be a reflection of what occurs in humans clinically, must
be accounted for in study design.

More aggressive CAM endpoints with EF’s < 30% can cause NT-proBNP elevation
representative of more severe HF ['2 and should be considered in the future, though
caution is needed to avoid fatal infarctions. The acute HF endpoint set as a CO reduction
of 20% also proved to be attainable. As an acute precipitant, RVP mirrors the clinical
situation in which patients with extensive coronary artery disease suddenly experience
atrial or ventricular tachycardia, exacerbating underlying ICM and overcoming
established compensatory mechanisms by increasing myocardial strain '3, As shown in
Figure 3.4, elevated NT-proBNP levels seen from following pacing and induction of acute
HF confirm that, indeed, a sufficient degree of myocardial stress resulted from the pacing
procedure coupled with the already damaged myocardium. Importantly, the level of acute
cardiac stress induced was sufficient to trigger a moderate degree of physiological
decompensation while avoiding negative outcomes.

Overall, the utility of this model is strengthened by the ability to assess the degree
of HF in the conscious state, eliminating potential concerns about whether cardiac and
renal hemodynamic findings are altered by sedation. It also has the advantage of enabling
serial monitoring to observe how interventions affect both the pathophysiologic state.

The causes of HF are diverse, often multifaceted, and difficult to incorporate into
large animal models 721111, As discussed previously, simple models of HF are not enough
to successfully transition from basic science research to clinical intervention 7,721 We
hope our experience can serve as a template and thus accelerate the creation of other

novel acute HF models using different combinations of acute and chronic dysfunction in
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order to investigate specific phenotypes of interest. For example, hypertension,
myocardial infarction, and aortic banding devices could be used to produce underlying
ICM. Likewise, methods to induce acute decompensation may include pre-load and
afterload stressors, myocardial ischemia, and RVP. Each alteration in the model could be
thoroughly evaluated using the methods we have outlined, and importantly, complications
can be closely monitored. New combinations and alterations of precipitants and
underlying substrate can be predictably burdened by unforeseen complications; thus,
careful research and inquiry are required before execution.

In conclusion, high clinical translation of large animal models for novel drug testing
in acute HF depends on the model’s ability to closely reproduce the complex causes of
this condition in humans. The combination of ICM with an isolated episode of tachycardia
induced decompensation is a novel approach to the study of acute HF, improving upon
existing models. Our CAM/RVP protocol represents an advance in the means to
accurately assess new therapeutic interventions in the setting of acute HF and serves as
a guide for future research and development of multifaceted acute HF models. While
model creation is a labor-intensive process that requires a great deal of patience and
recognition of unanticipated complications, the development of an appropriate response
helps to ensure scientific rigor and reproducibility. Therefore, this newly synthesized
canine model of acute HF will be effective in evaluating the hypotheses identified in

Chapter 2.
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CHAPTER 4 - DECIPHERING THE EFFECTS OF SERELAXIN ON THE
CARDIORENAL AXIS IN ACUTE HEART FAILURE WITH UNDERLYING ISCHEMIC
CARDIOMYOPATHY

ABSTRACT

Objectives: To evaluate the cardiorenal effects of SLX using a novel canine model
of acute HF. Background: SLX showed promising preliminary data in humans with acute
HF but failed to provide outcomes benefit when tested in an adequately powered clinical
trial, and intermediate mechanisms of possible benefit remain unestablished. Methods:
Chronic ischemic cardiomyopathy was initiated in 10 canines via repeated coronary
microembolizations until an ejection fraction < 40% was achieved. Acute HF was then
induced via overdrive pacing targeting a 20% reduction in cardiac output. Upon
achievement of acute HF, a 48-hour infusion of serelaxin or placebo was delivered.
Hemodynamic, renal function, and biomarkers were compared between induction of
acute HF (0 hr) and post-treatment during several timepoints over 30 days. Animals were
then sacrificed, and post-mortem histological comparisons were performed. Results: No
significant differences were observed in cardiac and renal hemodynamics between
placebo (n=5) and serelaxin (n=5) following acute HF induction. NT-proBNP and troponin
concentrations increased in both groups with the onset of acute HF, but there was no
difference in attenuation over 30 days between treatment groups. There were also no
histological differences on renal and myocardial tissue post-mortem analysis. Conclusion:
Using a canine animal model of acute HF, a 48-hour infusion of SLX produced minimal
hemodynamic, biomarker, or histological effects. These data are congruent with the
absence of benefit in the pivotal clinical trial and suggest that future drug development
programs in acute HF may benefit from the early establishment of proximate mechanism

of action via animal models.
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INTRODUCTION

Acute HF is a common, high burden condition that typically presents as a rapid
worsening of symptoms in patients with ischemic cardiomyopathy and is often
precipitated by abrupt changes in salt load, blood pressure or heart rate %1531 The
pathophysiology of acute HF is complex involving systolic and/or diastolic LV but also an
interplay of dysfunction between the heart, lungs, peripheral vasculature, and kidneys
[6,153] as well as inflammatory responses, fibrosis, and overall worsening of cardiorenal
hemodynamics [#0.84.154-158] Despite interest and resources towards novel therapeutics to
treat acute HF, pivotal trials have largely failed, including drugs with promising preliminary
data [7:15:22,27.55,58,77,108] * A petter understanding of why drugs succeed or not in pivotal
trials is essential for future developmental efforts to improve the efficiency and pace of
development 821411 This study seeks to elucidate the effects of SLX on cardiac and renal
hemodynamics and test the hypothesis listed in Chapter 2.
METHODS

A general overview of our study protocol and corresponding time frames for
specific procedures and measurements is shown in Figure 4.1, with angiographic
evidence of instrumentation shown in 4.2. Study procedures were employed using the
methodology previously reported in Chapter 3, inulin clearance experiments will be
referred to as renal function test (RFT) for this chapter.
Experimental subjects/animal handling

Ten mongrel dogs (6 females, 4 males; 21-27 kg) were chronically instrumented
for hemodynamic measurements. All animals were acclimatized to the laboratory
surroundings. All the procedures were approved by the IACUC of Wayne State University

and complied with the National Institutes of Health Guide to the Care and Use of
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Laboratory Animals. Before study procedures commenced, all investigative staff
members were blinded to the drug, and the canines were randomized into either placebo

or SLX treatment groups.

i ® o ® Tissue Harvest /
1. Participant Selection & Lab  Control-Exp 1. Microembolization: 1. Pre-Drug Exp & Sample Analysis
Acclimation (1-2 wks) 1-2 weeks 5-20 Procedures RFT, Serial BCs at 1-day

0, 6, 12, 24, 48 hrs.

Thoracotomy (1 day) 2. Recovery

Recovery (10-14 days) 3. RFTand BC 2. Drug Infusion
. Lft Retroperitoneal (1 day) 4. Post-ICM Exp "W’ 3. Post-Drug RFT
. Recovery (10-14 days) (1-2 wks) 4. Post Drug Exp

TN

1. BC and RFT (1 Day) 1. Rapid Ventricular 1. RFT at post-5

2. SOC Labs (1 Day) Pacing , g(a:vs S postt

3. Control Ex 2. Achieve Target . and Post-Drug
d CV reduction Expat0, 5, 10,

(CO, LVEDP) ) 20, and 30 day
lnductu?n of Ischemic Drug Delivery 3. Terminal Harvest
, Cardiomyopathy 48 hours at 30 days.
L

® 5-21 Weeks

Figure 4.1: Timeline of experimental procedures. Outline of canine SLX-study
procedures with time.

Serelaxin/placebo infusion

Achievement of acute HF for this study was defined as a sustained reduction of
CO = 20% for 4 hours post-discontinuation of external pacing. Once this was
demonstrated, the SLX/placebo infusion protocol was initiated. First, pre-treatment
hemodynamic data along with blood for biomarker analysis and void urine for inulin
clearance were collected. Second, 1V saline and FITC inulin were infused for 1 hour to
achieve a steady state, which was established as the acute HF/O hr timepoint. Finally,
drug infusion then commenced and based on the randomization scheme, either placebo
or SLX (30 ug/kg/min) was administered for a period of 48 hours. All canines were placed
in the sling only during data collection (30 min) at 0, 6, 24, 48 hours following initiation of
the infusion. Inulin clearance was reassessed immediately upon completion of the 48-

hour infusion, and at 5 days post-infusion. Blood samples for biomarker analysis and
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hemodynamic data were collected at 0, 6, 24, and 48 hours during the infusion and at 5,

10, 20, 30 days post-infusion.

Figure 4.2: Angiogram of heart undergoing CAM to induce ICM. The angiograph is
from a female mongrel-bred canine that shows the placement of pacing wires, cardiac
output flow probe, coronary artery flow probe as well as the pig tail catheter inserted into
the left ventricle to infuse the isovue contrast agent to qualitatively measure EF.

Data acquisition

All experiments were performed after the animals had fully recovered from surgery,
with specific attention on thermoregulation, body condition scoring (BCS), and general
activity. Based on qualitative serial observations utilizing BCS, the degree of HF in our
model may best be categorized as the New York Heart Association (NYHA) functional
class 2 % Hemodynamic data were collected throughout the study using standard
procedures, as shown in Figure 4.1. Procedures/experiments commenced between 07:00
and 08:00 hrs to account for any diurnal variations. Each animal was brought into the

laboratory and allowed to roam freely and acclimate for 10-20 min before being placed in
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a sling designed to restrain movement in the upright position while allowing full weight-
bearing. The CO, CBF, and RBF flow probe cables were connected to flowmeters
(TS420, Transonic Systems), and the telemetry-based LV transmitter was turned on to
collect data (DSI). The arterial catheters were aspirated, flushed, and connected to
pressure transducers (Transpac IV, ICU Medical). Animals were observed until resting
hemodynamic data were noted to be stable (typically 5-10 min). All hemodynamic
variables were then collected in real-time with waveforms acquisition using an analog to
digital data system (Labscribe 3, iWorx, Dover, NH).
Biomarkers

NT-proBNP as well as troponin (both | and T components) was assessed via blood
plasma/serum and cardiac tissue samples collected throughout the protocol as indicated
in Figure 4.1.
Terminal harvest

As described in Chapter 3, after 30 days animals were euthanized to measure
protein adaptations and fibrosis. The canines were euthanized according to AVMA
guidelines with pentobarbital (100 mg/kg) IV. The heart and kidneys were removed intact
using a non-sterile surgical procedure, and tissue samples were harvested on-site and
prepped within minutes of collection. After proper fixation, samples were stored in a -80°C
freezer and only thawed once before analysis.
Data analysis

All hemodynamic data, including MAP, CO, HR, RBF, and LVP were continuously
recorded during each experimental procedure. Other hemodynamic parameters were
calculated during off-line data analysis [e.g., total vascular conductance (TVC), renal

vascular conductance (RVC), maximal rate of rise in LVP (dP/dtmax), maximal rate of fall
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in LVP (dP/dtmin)]. TVC, RVC, and cardiac power (CP) were calculated as CO/MAP,
RBF/MAP, ((MAP x CQO)/451) [159.160] respectively. Arterial elastance (Ea) was measured
as End Systolic Pressure/SV %, One-minute averages of all variables were taken during
steady-state at rest to maintain consistency across all conditions. Hemodynamic data are
reported as means +* SE. An a-level of P< 0.05 was used to determine statistical
significance. Average responses for each animal were analyzed with Systat software
(Systat 11.0). A two-way ANOVA with repeated measures was used to compare
hemodynamic data for time effect and/or condition effect between treatment vs control.
In the event of a significant treatment effect, sidaks post-hoc test was used. For RBF, a
mixed model comparison rather than ANOVA was used to account for missing data
values in the SLX cohort.

Inulin clearance rate was measured using standard methods of FITC inulin
preparation and flame photometry/plate reader analysis [85.149.150.161]  P|asma and urine
samples were assessed for sodium and potassium by flame photometer [1%0.162]
Measures of Pna, UnaV, UkV, Cin, FENna, and FEk were then calculated using standard
equations and compared between treatment groups and within groups using K matrix and
multivariate analysis ['50. Statistics were applied using SPSS software (Version 25.0,
IBM Inc. Chicago, IL) using one or two-factor parametric ANOVAs to examine mean
differences between factor groups and time points of measurement. A Sidak post-hoc test
was utilized, and a homogeneity of variance was checked and verified.

Plasma concentrations of NT-proBNP were quantified using a commercially
available canine-specific ELISA kit (Kamiya Biochemical Company, Seattle WA, catalog
# KT-23770) as per the manufacturer’s instructions. A 96-well plate reader was used to

measure the results. A 2-factor ANOVA (for group and time) was utilized to statistically
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measure the lab values.

Troponin I and T in cardiac tissue samples were assessed via SDS-polyacrylamide
gel electrophoresis (SDS-PAGE) and Western blot analysis where frozen muscle was
directly homogenized in SDS-gel sample buffer containing 2% SDS and heated at 80°C
for 5 min to avoid protein degradation ['63164 The SDS gels used were 14%
acrylamide/bisacrylamide at the ratio of 180:1. Monoclonal antibodies against cardiac
troponin | (cTnl) and cardiac troponin T (cTnT) were used for the Western blot [163.164],
SDS-glycerol gel electrophoresis was applied to assess the expression of cardiac myosin
isoforms as described previously (63). Blood serum samples were quantified for cTnl and
cTnT, using canine-specific ELISA kits (Biotang Inc, Lexington, MA, Item# CA0544) as
per the manufacturer’s instructions.

RESULTS
Ventricular function and arterial elastance

Figure 4.3 shows the measures of LV function in all animals (n=10) during distinct
time periods within the study. Hemodynamics were measured in both SLX and placebo
treated animals to examine the impact of treatment on acute HF induced by RVP at time
0 hr. MAP did not show significant change over time following 0 hr in SLX treated animals
whereas in placebo treated animals MAP significantly improved from O hr (Figure 4.3A).
Neither placebo nor SLX infusion showed a significant effect on heart rate, though in the
SLX group there was a significant reduction in HR over time between day 10 to day 30
from O hr (Figure 4.3B). Contractility (dp/dfwax) and lusitropy (dp/dfmin) were not
significantly impaired between either treatment group by CAM; however, both were
significantly attenuated by RVP at time O, in accordance with our acute HF model.

Additionally, in both treatment groups, we observed that dp/dfvax and dp/dtwin improved
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Figure 4.3: Ventricular function following serelaxin infusion. (A-D) Shows averaged
2-min steady-state values with accompanying standard error bars for mean arterial
pressure, heart rate, dP/dTuwax & dP/dtmin, and effective arterial elastance (Ea, end-
systolic pressure divided by stroke volume). Each parameter was measured during
baseline, chronic ischemic cardiomyopathy (post-ICM), the onset of acute HF and
treatment (acute HF/ O hr), remainder of the 48hr treatment period (6, 24, 48 hr) denoted
by the horizontal blue bar and during recovery (5, 10, 20, 30 days) denoted by the
horizontal orange bar. Placebo (n=5) and SLX (n=5) cohorts were delineated by black
and red bars, respectively. Statistical significance between subsequent time points are
shown as * p < 0.05 versus post-ICM, # p < 0.05 versus 0 hr (acute HF), + p < 0.05 versus
baseline.

post-infusion, beginning at 24 hr from the onset of infusion to day 30 (Figure 4.3C). Eadid
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not increase significantly during or post-infusion in either treatment group (Figure 4.3D).
However, in the SLX group there was a non-significant rise in Ea, indicating ventricular-
vascular uncoupling at time 0 with statistically significant recovery following treatment at
5 and 10 days toward pre-acute HF levels. No interaction was found between treatment
groups in any of the hemodynamic variables.

Cardiorenal axis

Figure 4.4 A-D shows the average values for CO, SV, RBF, and CP over time. For
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Figure 4.4: Overall cardiac function following serelaxin infusion. A-D Shows
averaged 2-min steady-state values with accompanying error bars for cardiac output,
stroke volume, renal blood flow, and cardiac power (calculated as CO x MAP). Each
parameter was measured during baseline, chronic ischemic cardiomyopathy (post-ICM),
the onset of acute HF and treatment (acute HF/ O hr), remainder of the 48hr treatment
period (6, 24, 48 hr) denoted by the horizontal blue bar and during recovery (5, 10, 20, 30
days) denoted by the horizontal orange bar. Placebo (n=5) and SLX (n=5) cohorts were
delineated by black and red bars respectively. Statistical significance between
subsequent timepoints is shown as * p < 0.05 versus post-ICM, # p < 0.05 versus 0 hr
(acute HF), + p < 0.05 versus baseline.
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both treatment cohorts, CO increased at 6 hrs, but no further improvements were noted.
SV increased (Figure 4.4B) at 6 hrs post-infusion and continued throughout the recovery
period for placebo-treated animals. In contrast, no difference in SV was noted until day 5
in the SLX treated group, which was also sustained throughout the recovery period. Of
note, SV was lower at the 0 hr compared to measurements pre-ADHF in the SLX group
but not in the placebo group. RBF is shown in Figure 4.4C. Despite an apparent decrease
in RBF at time 0, there was no significance across timepoints. CP (Figure 4.4D) was
significantly lower compared to pre-ADHF levels at 0 and 6 hrs and increased compared
to 0 hr at 24 hrs in the placebo group. No significant change in CP was observed over
time in the SLX treated group. Following analysis of these measures, though there were
significant changes within both groups, there was no effect of treatment between the
cohorts.
Biomarker data

NT pro-BNP and troponin were selected as indicators of ADHF [164.166,167] tq
determine the degree of recovery following SLX infusion. NT-pro BNP data (Figure 4.5A)
showed no significant effect over time, either between or within groups. Troponin land T
values increased post-infusion with a wide level of variability (Table 4.1 and Table 4.2).
Western blots and SDS-glycerol-PAGE results (Figure 5B-E and Table 4.2) did not show
any significant change in troponin |, troponin T, and myosin isoform expressions. In both
treatment groups, there was no discernable degradation of cTnl and cTnT. Western blot
data in Figures 4.5B and 4.5C further showed similar data between treatment groups,

which correlated with the values for serum troponin in the samples (n=10).
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Figure 4.5: Biomarker results in both placebo and serelaxin cohorts. Troponin
Analysis of the SDS Page NT-proBNP results. A: NT-proBNP levels from baseline to post
30 days infusion (n=10). B-E: SDS page results from the left and right ventricular
epicardium and endocardium, and MHC adaptor proteins, including control gels.

Figure 4.5D and 4.5E showed similar results for expression of myosin heavy chain

(MHC) a/B, indicating insignificant chronic adaptation in the RV and LV endocardium.
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Table 4.1 did not show increases except in cTnl-ND and MHC a when collected during
the terminal harvest post day 30. Serum cTnT results are shown in the Supplement Table
3.

Table 4.1: Summary of Tnl protein concentration following SLX treatment

Tnl (pg/ml) SLX Treated (n=5) Placebo Treated (n=5)
Control 29 |29 40 ND |[ND ND ND 46 36 ND
Post-ICM 39 |[ND |27 32 40 44 35 31 28 ND
Acute HF/0 hr | 31 28 42 32 53 42 33 33 33 33
6 hr 33 |36 29 ND |ND ND ND 30 28 ND
24 hr 33 |30 28 47 32 34 56 48 41 0
48 hr 32 140 30 35 31 31 31 49 39 45
5 days 37 |28 42 ND |[ND ND ND 33 49 50
10 days 33 |30 33 34 36 27 33 33 34 55
20 days 30 |31 30 42 37 34 33 29 39 27
30 days 34 |ND |29 ND |[ND ND ND 31 32 ND

Tnl concentration following analysis of blood serum samples between placebo and SLX treated canines.
ND denotes not determined. Each column represents an individual animal.

Table 4.2: Summary of Myofilament Protein Adaptation

LV Endocardium

RV

cTnT-ND

cTnl-ND

o-MHC

B-MHC

cTnT-ND

cTnl-ND

o-MHC

Placebo

Placebo

Placebo

Placebo

Placebo

Increase

+

SLX

Increase

Decrease

SLX

+

SLX

+

SLX

+

SLX

+

Quantification of myofilament proteins in the LV endocardium and the right ventricle following end of study
terminal tissue harvest (n=10). NHz-terminal truncated cardiac troponin T and | (cTnT-ND or ¢TnI-ND) and
both alpha and beta isoforms of myosin heavy chain (a-MHC and B-MHC) are presented. The presence or
absence of detected proteins is denoted by + or — respectively, and increases or decreases are labeled as
such.

Renal function using inulin clearance
Little to no significance was found across each timepoint or between treatment

cohorts with respect to inulin clearance, RBF, HR, Plasma Na and K, urine volume, UnaV,
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UkV, FEk, FEna, and MAP during the measurement period (see supplement Tables 4.1
and 4.2 for measures of median/IQR and mean/SD respectively).
DISCUSSION

This is the first study to test the efficacy of SLX in treating acute HF using a highly
translatable conscious canine model. We found that SLX overall does not have a
significant impact on the cardiorenal axis, making it unlikely to have a significant clinical
effect in the setting of acute HF.

SLX impact on ventricular function, vascular response, and the cardiorenal axis

SLX’s reported effects on the cardiovascular system during acute HF have
included vasodilation and the reduction of aberrant remodeling that follows cardiac injury
[9,10,21,50,84,86,96,167] ~ As such, we anticipated that increased LV function, improved arterial
elastance, and a shift in cardiorenal hemodynamics towards pre-acute HF levels with SLX
treatment. Yet, positive recovery following SLX was not consistently demonstrated. In
fact, when looking at SV, there was a seemingly better return of function observed in the
placebo than the SLX group suggesting that SLX had a limited if not detrimental effect on
stroke work ['68] Assessment of MAP did not show a significant impact of HF nor
treatment, which may be attributed to the length of time of the study or other
compensatory mechanisms like remodeling and/or increased blood flow to collateral
vasculature in canines [169],

Ea was calculated in effort to gain insight into the ventricular-vascular coupling
relationship or, more specifically, an index of cardiac cycle time decay, resistance, and
pressure. It has been shown in canines that baseline Ea values are between 3.0-4.0 (with
human values between 0.6-1.2), which was also observed in this study 6%, Across both

treatment groups during the CAM-induced reduction in LVEF and subsequent induction
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of acute HF, arise in Ea was observed, indicating disruption in the flow-pressure dynamic
from baseline values. While there was a greater rise in Ea for the SLX group, it was not
statistically significant and no longer present at 5 days post-treatment. Further, no other
relationship was found to indicate that SLX increased RBF, glomerular filtration rate, or
renal excretory function. Ultimately, as in the case with all of the hemodynamic measures
collected in the study, no interaction existed between the placebo and SLX groups to
suggest sustained treatment benefit to cardiac or renal structure and function.
SLX impact on renal function

Various studies have highlighted SLX’s impact on the vasculature as vasodilator,
which has prompted interest its ability to treat impaired renal function inherent in acute
HF 110861 This study employed an RFT utilizing FITC-inulin over creatinine to confer a
better measure of renal function during ICM and ADHF induction as well as after
treatment. It was hypothesized that GFR (Cin) would improve following treatment,
however, the results were inconclusive. RFT specific hemodynamics were collected
during the procedures in effort to calculate functional measurements. As shown in
supplemental tables 1-2, we did not observe any significant improvement in Na/K
handling in plasma or urine samples nor in calculating fractional excretion of Na/K
following SLX treatment. During the beginning of the study, treadmill exercise was being
assessed. However, due to the CAM procedures ligating the femoral artery, we observed
that one animal during the RFT procedure was positive rhabdomyolysis. This animal was
removed from the study protocol for 30-day’s time before reintroduced, and the RFT was
performed again. Nevertheless, we did not observe significant variation to our
measurements for that animal for the remainder of the study, even during the end-of-

study comparisons with other animals. These results show that SLX does not impact renal
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function.
Biomarker and tissue analysis

Tissue bloc analysis and troponin biomarker analysis displayed no significant
improvement towards pre-acute HF. The anticipated decrease in troponin following
treatment with SLX did not occur. Protein expression too did not indicate appreciable
change between SLX and placebo groups. Additionally, the adaptor proteins did not
increase or decrease in MHC lla and MHC a/B #0581 Further, NT-proBNP results, too,
did not show beneficial impact of treatment on heart failure. It has been previously
reported that post-ICM at NT-proBNP levels were 2000 pg/ml, which is higher than the
reported values in this study (between 600-900 pg/ml) ['7°. The lower values reported
could be the result of the degree of HF as well as the age and breed of the canines.
Additionally, differences in sequence homology may be another culprit, for instance, if
studies used a human-specific antibody, it may not reliably detect the presence of canine
proteins. Finally, modified forms and fragments of NT-proBNP result in variations in
molecular weight which impact measurements ['71],

Myocardial tissue immunohistochemistry images reported in Figure 4.6, does
illustrate interesting morphological impacts of our acute HF model as seen in Figure 4.6A
where focal lesions developed following the embolization’s which is in contrast to the
dispersed collagen deposits that persist following RVP. It is very likely that a combination
of focal and dispersed collagen deposition was present in the cardiac tissue by the end
of the study. To that end, the method by remodeling was likely the result of microspheres
targeting the left side of the heart (LAD and CX) coupled with RVP impacting the left
ventricular free wall, which perhaps synergistically furthered the development of collagen

and fibrosis in the cardiac tissue. Despite, structural and functional detriment of this
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model, the analysis of the study results does not suggest any noticeable sustained impact

results from SLX infusion. These data parallel the subsequent studies of the pre-RELAX

trial that also reported little to no significance for SLX infusion in treating acute HF.

X " S .“““A h‘;...‘-;?\\ '~C“-,- g‘ ‘Q
Figure 4.6: Imnmunohistochemistry of CAM vs RVP cardiac tissue and renal tissue.
Using IHC, the image is stained with picrosirius red (PSR) and viewed with bright-field
(BF) illumination. Panel 4.6a illustrates myocardial tissue derived from normal heart.
Myocardium following microembolization-induced HF. Arrows show the focal lesions.
Panel 4.6b, shows section stained with hematoxylin and eosin with BF illumination. The
image depicts the architecture of intramyocardial arteries and collagen fibers. Likely
showing impaired relaxation and increased arterial stiffness due to the structural change
due to the microspheres. Panel 4.6¢c shows the focal nature of the lesions and the
clumping of the latex microspheres. Panel 4.6d shows myocardial tissue following
microembolization-induced HF whereas Panel 4.6e shows myocardium post-overdrive
pacing (without microembolizations) with dispersed fibrosis and collagen deposition.
Panel 4.6f shows focal lesions in renal samples following microembolizations.

Conclusion

In conclusion, these data provide a better understanding of the cardiac and renal
hemodynamic mechanisms that are impacted following 48 hr infusion of SLX in the setting
of acute HF. Using a highly translatable animal model, we found no cardiovascular or
renal benefits with SLX treatment in the setting of acute HF. ['6% These data also portend

that our hypotheses were not correct in that 1) SLX did not positively improve the loss in
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function in cardiac hemodynamics as seen after acute HF induction 2) SLX did not

improve renal hemodynamics or function following induction of acute HF.
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CHAPTER 5 - CONCLUSIONS

Overall, in accordance with our results, the significant findings in these studies

were:

i) Our lab established a novel and highly translatable large animal model of heart

failure with acute decompensation that enabled the recapitulation of human
pathophysiology to test the effect of a 48-hr infusion of serelaxin.

ii) SLX treatment for acute-on-chronic HF did not recover 20% of the loss of

function in cardiac hemodynamics and does not result hemodynamic or
biomarkers improvement.

iii) Acute HF-induced renal impairment, though attenuated due to RVP, did not
significantly improve over 30 days post-treatment with SLX.

To our knowledge, this is the first study to utilize two HF methods (CAM and RVP)
in a highly translatable large animal species to create a novel model for treating acute HF
while assessing implications to the heart and kidney. Ultilizing histology and biomarker
analysis, we noted significant injury to the myocardial wall due to focal and dispersed
lesions caused by CAM and RVP, thereby validating that our model was indeed one of
acute HF where an acute insult is superimposed on underlying chronic ischemic
myocardial injury. ['51.1774.175] This study confers valuable insight into understanding of SLX
in the treatment of acute HF to first responders and emergency room physicians alike
particularly in the domain of medical knowledge. Understanding impact of SLX on
physiological responses of acute HF benefits decision making and future analysis of study
decision and execution for the evaluation of new treatment methods for scientists and

clinicians.
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Limitations

The primary limitations of our study design are based on the use of an artificially
induced model of ischemic heart disease, which, depending on the individual animal, may
impact the desired degree of cardiac dysfunction; with increased cardiac insults that could
contribute potentially to premature death, while too little would result in an incomplete
capture of the pathological state. For these reasons, acute HF is problematic to model
due to its diverse etiology, where many concerns could impact treatment outcomes ['%31,
Accordingly, the use of mix-breed mongrel canines in this study does certainly engender
variability into the data however it helps to mimic the implications of genetic variability
observed and accounted for in larger-population phase Il trials. Further, because we
utilized chronic instrumentation in a conscious animal, there is potential for device failure,
a circumstance that cannot be fixed midstream, thus precluding derivation of meaningful
data from that device. However, chronic instrumentation provides the significant
advantage of allowing measurements to be obtained in the conscious state unperturbed
by the effects of acute surgery and anesthesia. Measures of blood collection used to
identify NT-proBNP and troponin may have been impacted by improper freezing,
collection methods, or by general user error. Though this study during its inception was
sufficiently powered, it was skewed to the cardiac hemodynamic measurements and not
the renal function procedures. Accordingly, the reduced sample size, due to early
mortality, may have also been an impact factor in reaching significance. Finally, a
significant concern in this study was the inability to exercise the animals due to the
possibility of rhabdomyolysis ['2 and/or premature mortality thus all measurements were
in resting/sedentary-like conditions in a supported sling ['°%. Therefore, conditions were

not present to stress the diseased heart into a further decompensated state, a
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phenomenon that occurs in older humans in heart failure and pathologies that result in
sedentary-like state #1-173],
Future directions

SLX not having any significant impact in improving cardiac or renal parameters
proved our null hypothesis correct. The findings mirrored what was observed in the
human RELAX-AHF 2 trial however, if future consideration is made to some of the
challenges within our model and with identifying the merits of recent studies, like Murphy
et al., 2019, that have reported positive findings following titration of different study
parameters perhaps future studies may report the positive impact of SLX infusion in
recovering cardiac and renal structure and function associated with acute HF ['76],

Within the context of this study, the neutral results reported in this translational
study could have been a result of various factors deriving from limitations with either study
design and/or SLX treatment. In terms of study design, in addition to the majority of
complications reported in the aforementioned table 1.1, another component that may
have confounded the results was tonic activation of the muscle metaboreflex (MMR). In
our study procedures, we were unable to re-suture the femoral artery in any of our
canines. As such, when the animal was standing for periods of up to 1 hour, it was likely
possible that metabolite build-up may have occurred. For this reason, the “exercise
challenge” in this study was removed, and the animals were kept in the sling for short
periods of time. Nevertheless, increased hindlimb collateral circulation may have
mitigated the activation of MMR. In summary, it stands to reason that hemodynamics may
have been influenced by other mechanisms like MMR. In the future, we would try to suture
the vessel rather than ligating the artery in effort to better minimize confounding factors

to functional status assessment ['77],
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Our evaluation of the study objective also did not seek to compare calculated
invasive calculated measures such as Ea to that of non-invasive measures of cardiac
strain performed via echo imaging during the progress of HF. The latter may provide an
alternative non-invasive measure of assessing the benefit of SLX in mitigating end organ
damage and improving peripheral vasculature dysregulation ['78l,

Additionally, in Murphy et al.’s investigation of SLX, they hypothesized that the
binding affinity of SLX with its receptor could be modified to increase the duration of time
the ligand has with its substrate ['"6l. Further, they also identified that longer-term treat
than that which was previously reported (either 48 or 72 hrs) should be extended to 28
days to mirror the length of time it takes to cause a reversal in remodeling. Though their
observations and results were dependent on the severity of the underlying
cardiomyopathy/remodeling, they reported positive conclusions that show that SLX is
indeed effective in treating acute HF and fibrosis. For future explorative studies to assess
SLX, especially using our ICM/RVP model of inducing acute HF, | would measure the
degree modified SLX would have on hemodynamic mechanisms, especially during
strenuous bouts of activity such as exercise. Further, | would also try to assess fibrosis
and hemodynamic attenuation due to acute HF was abolished given the different length
of time for treatment. Finally, assess mortality benefit over 30 days following treatment.

In conclusion, treatment options (and adjuvants) are imperative for patients with
acute HF as time is a large factor. Reports from medical professions within the last year
during pandemic have urged more emphasis be made on quick diagnosis and treatment
of cardiac conditions to reduced negative outcomes ['79. Accordingly, our evaluation of
SLX though non-significant, does not preclude SLX from still possibly being an efficacious

therapeutic for the treatment of acute HF.
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SUPPLEMENT

Supplemental Table 1: RFT: Assessment of renal function using inulin clearance
using median values.

Supplemental Table 1: Renal Function (median values)

Controlgn Post-ICMgrr Pre-SLXger Post-SWXgpsr 5 Days Recoveryger
(n=5/treatment group) (n=5/treatment group) (n=5/treatment group) (n=5/treatment group) (n=5/treatment group)
I  Control SLX Control SLX Control SIX Control SLX Control SLX
1159(20.5) 106.6(27.7) 103.2(724) 90.5(144) 101.4(120.1) 88.3(26.8) 93.0(19.9) 81.5(18.1) 93.7(13.3) 94.5(5.7)
HRger (bpm) 958(22.0) 97.6(629) 950(61.4)  92.9(18.3) 96.6(66.7)  107.0(235) 97.6(25.3) 79.4(20.7) 87.9(38.8) 104 (14.0)
3.4(0.9) 41(3.7) 3.9(13) 3(1.3) 3.4(0.9) 3.1(1.1) 3(1.8) 3.7(1.2) 33(17) 43(1.3)
[T T 83.7(50.9) 82.3(104.5) 64.2(84.7) 70.4(164.0) 64.2(87.9) 55.9(1015) 66.5(47.4) 67.6(121.2) 90.1(46.1) 104 (128.4)
Cin 13.5(33.9)  47.1(36.3) 14.2(36.8)  22.8(38.8) 15.4(39) 315(47.3)  49.4(146)  26.8(34.7)* 56.2 (7.9) 29.7(35.5)
(mL/min/kg)*BW
139.5(16.3) 138.1(16.6) 137.4(146) 1424(161)  140.5(11.0) 139.3 (15) 138.7(15.7)  143.3(11.7) 139.2(8.4) 141.7 (10.5)
3.9(0.9) 3.3(0.6) 3.7(1.0) 4.2(0.8) 3.7(0.6) 3.8(5.7) 3.7(0.9) 3.6(0.8) 3.80(0.9) 3.9(0.7)
UpaV (uL/min) 21.6(49.6) 45(12.3) 55.3(59.5) 3.0(26.5) 20.3(62.1) 47(23.2) 25.5(73.5) 16.8(32.7) 52.5(87.4) 6.3 (44.3)
227(13.7)  56.9(59.4)* 23.6(8.2) 34.2(31.8) 25(18.9) 30.2 (40.5) 11(16.7) 29.1(25) 31.3(24.7) 30.7 (26.7)
FEna 39(95.7) 26.5(29.3) 55.3(78.3)  23.7(14.2) 41.9 (86.0) 35.3 (41.8) 29.1(19.3) 27.4(53.2) 31(24.2) 13.1(9.1)
“ 0.5(1.8) 0.1(0.1)* 0.7 (1.8) 0.1(0.3)* 0.5(1.8) 0.1(0.3) 0.3(0.9) 0.4(0.5) 0.7 (0.8) 0.3(0.4)

Inulin clearance, plasma solute concentrations, urine excretion and fractional excretion rates were
assessed with corresponding hemodynamic measures during the SLX (n=5) /placebo (n=5) drug protocol
in canines. Timepoints included control, post-ICM, pre-drug, post-drug, and 5 days recovery. Values are
median (Interquartile Range); "P<0.05 vs treatment group; *P<0.05 vs previous condition and time. Non-
parametric Mann-Whitney U test for median differences was used.

Supplemental Table 2: RFT: Assessment of renal function using inulin clearance
using mean values.

lemental Table 2: Renal Function (mean values

Controlgy Post-ICMgsy Pre-SLXz:r Post-SLXger 5 Days Recoveryzr
(n=5/treatment group) (n=5/treatment group) (n=5/treatment group) (n=5/treatment group) (n=5/treatment group)
Control SLX Control SLX Control SLX Control SLX Control SLX
113.20+11 103.7 £ 888+ 95.03 + 68.34 = 91.25% 95.64 + 852796 9343:6.7 10150
: 166 50.8 8.2 629 145 10.7 125
HRgsy (bpm) 100.68 + 99+31.5 80.67 + 88.8+9.38 83.1% 1038+ 9194+ 85+114 9228+ 103.8+7.0
130 46.2 486 127 13.2 20.65
COgsr (L/min) 36004 450£20 390+08 3.07+06 309205 295:06 338x1 345207 376:10 3.99:07
8545+ 117.52+ 70.64 9895+90 65.72+48 6545+ 7096 101.13 = 81.30% 104 £90.8
275 77.8 48.1 546 256 67.2 259
255+196 514253 243:20 308+ 26.56 38.98+23 4862+ 2464+ 541+59 2822+20
19.9 206 76 15.7
Avg Py, (mM) 142209 136.22 14150 + 14482 + 14298 14068 = 139.20 138.28 = 135.22+ 14282+
9.1 9.7 8.3 76 7.5 8.6 6.4 938 45
Avg Pg(mM) 3.89+05 338+03 376+05 41004 388x03 588x489 374:x05 35404 3.70x05 380x03
UpeV (pL/min) 26.88+ 76884 38.22+ 1164+ 3258+ 1384+ 3948+ 13.34+ 618+328 1936+
215 313 141 321 148 356 13.7 25.4%
U,V (uL/min) 2052+7 63.01% 442+ 2158 418+ 268+ 336+ 138+£101 352%158 264132
415" 17.6 214 103 147
Exa 55.44 + 28.1+185 5452+ 241+87 55.78 £ 34.28+20 2512+ 2258+ 36.76 = 2487 =
45.76 414 535 10.5 214 131 145

090£09 011201 115:11 (j3g.0,% 104:13 019:02 05505 027:02 088:05 034103

Inulin clearance, plasma solute concentrations, urine excretion and fractional excretion rates were
assessed with corresponding hemodynamic measures during the SLX (n=5) /placebo (n=5) drug protocol
in canines. Timepoints included control, post-ICM, pre-drug, post-drug, and 5 days recovery. Values are
mean * SD; "P<0.05 vs treatment group; *P<0.05 vs previous condition and time. ANOVA was used.
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Supplemental Table 3: TnT (pg/ml) concentration from blood serum following SLX
infusion.

(nTe/m) | s | Placsho
m_ 0 16 17 ND ND 23 18 ND ND ND
[ PosticM [V ND 21 24 27 33 29 ND 20 22
0 21 30 21 39 17 22 98 30 23
_ 0 21 18 ND ND 16 22 ND ND ND
ElE 0 28 21 26 0 27 86 22 21
I 19 17 21 25 26 29 47 26 22
m 21 15 21 ND ND 18 18 35 ND ND
0 31 25 21 24 17 28 29 ND 27
27 52 26 21 25 17 21 ND 24 24
0 ND 20 ND ND 17 23 ND ND ND

TnT (pg/ml) gathered during 10-stage steps of the protocol in both SLX and placebo cohorts are
quantified via ELISA analysis. ND: Not determined.



53

APPENDIX A
IACUC PROTOCOL APPROVAL LETTER

WAYNE STATE CARE AND USE COMMITTEE
UNIVERS]TY 87 E. Canfield, Second Floor

Detroit, Ml 48201-2011
Telephone: (313) 577-1629
Fax Number: (313) 577-1941
ANIMAL WELFARE ASSURANCE # A3310-01
PROTOCOL # A 02-03-14

Protocol Effective Period: June 27, 2014 — February 28, 2017

TO: Dr. Philip Levy
SOM Emergency Medicine
6G4 University Health Center

FROM:  Lisa Anne Polin, Ph.D. 7,y (2,0, . 0.
Chairperson
Institutional Animal Care and Use Committee

SUBJECT: Approval of Protocol # A 02-03-14
“Deciphering the Cardiorenal Effects of Serelaxin in Acute Heart Failure”

DATE: June 27, 2014

Your animal research protocol has been reviewed by the Wayne State University Institutional
Animal Care and Use Committee, and given final approval for the period effective June 27,
2014 through February 28, 2017. The listed source of funding for the protocol is Novartis
Pharmaceuticals. The species and number of animals approved for the duration of this
protocol are listed below.

USDA
Species Strain Qty. Cat.
DOGS............ Mongrels, either sex, over 1 year old and between 21—27kg ................ 20....... D

Be advised that this protocol must be reviewed by the IACUC on an annual basis to remain
active. Any change in procedures, change in lab personnel, change in species, or additional
numbers of animals requires prior approval by the IACUC. Any animal work on this research
protocol beyond the expiration date will require the submission of a new IACUC protocol form and
full committee review.

The Guide for the Care and Use of Laboratory Animals is the primary reference used for
standards of animal care at Wayne State University. The University has submitted an appropriate
assurance statement to the Office for Laboratory Animal Welfare (OLAW) of the National Institutes
of Health. The animal care program at Wayne State University is accredited by the Association for
Assessment and Accreditation of Laboratory Animal Care International (AAALAC).
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Acute heart failure (HF) with underlying ischemic cardiomyopathy (ICM) is one of
the leading causes of cardiovascular associated death in the United States. Acute HF
pathophysiology involves a complex interplay of neurohormonal activation, increased
cardiac ventricular pressures (fluid overload), vasoconstriction, impaired renal function,
and progressive end-organ failure. Serelaxin (SLX), a recombinant form of the human
hormone relaxin 2, is a vasodilator and an ideal pharmacological agent to treat acute HF.
Though SLX was associated with positive preliminary outcome data for acute HF it
however failed to provide benefit during clinical trials. Greater understanding of cardiac
and renal parameters may elucidate these neutral findings.

We addressed two specific questions: 1) To what extent does SLX treatment of
acute HF with underlying ICM improve cardiac associated hemodynamics and biomarkers
2) To what extent does SLX treatment of acute HF with underlying ICM improve renal
associated hemodynamics and biomarkers. Our study utilized a novel, highly translatable
canine model of acute-on-chronic heart failure, data were collected before and after the

induction of ICM, following acute HF, and during and after SLX/placebo treatment over
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30 days. We found 1) SLX does not significantly improve acute HF blunted cardiac
hemodynamics or biomarkers, 30 days post-treatment vs placebo. 2) Acute HF blunted
renal hemodynamics and biomarkers were not significantly improved following SLX
treatment vs placebo. As such, SLX did not significantly improve acute HF associated
cardiac and renal hemodynamics, which further parallels the finds of the human RELAX-
AHF2 clinical trial results that show little to no significant improvement in SLX in improving

acute HF-linked parameters and outcomes.
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